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ABSTRACT

An increased prevalence of Pneumocystis jirovecii with point mutations in the fas
gene, coding for dihydropteroate synthase (DHPS), has been associated with
sulfonamide use. The purpose of this research was to investigate the prevalence of
P. jirovecii strains containing DHPS polymorphisms in South Africa, and to
ascertain their clinical relevance in HIVV-positive patients with Pneumocystis
pneumonia (PCP). A pilot study confirmed the presence of DHPS polymorphisms
in 42% of specimens. A subsequent prevalence study confirmed the high
prevalence (56%) of mutant P. jirovecii in adult patients. A prospective clinical
study found that 61% of PCP patients were infected with mutant P. jirovecii. The
overall in-hospital mortality was 21%. Significantly more patients died in hospital
of mutant P. jirovecii than those infected with wild-type strains (P = 0.04).
Mortality at three months among the discharged patients was associated with the
wild-type genotype. However, cause of death was unknown. There were no
significant associations in patients infected with P. jirovecii containing single
DHPS mutations versus those infected with the M3 genotype. There was an
insignificant trend for patients infected with M3 strains to have lower median
CD4" cell counts versus patients harbouring single mutant strains (P = 0.06). Few
patients were exposed to sulfonamides and 58% of patients diagnosed with HIV
on admission harboured mutant P. jirovecii. P. jirovecii strains, in a subset of
clinical study patients, were characterized by ITS typing. Eleven bona fide ITS
haplotypes, six ITS1 and nine ITS2 types, were found. Almost half of the patients
harboured more than one P. jirovecii strain. Eg occurred at a high frequency of
85%, and the presence of the local South African haplotype Eu was confirmed.
Other ITS haplotypes detected were: Em, Ec, Eb, Bi, Gg, Ep, Fus, Ne and Ai.
Two novel ITS1 sequences SAL and SA2 were detected. There were no obvious
associations between ITS haplotype and a particular clinical characteristic or
outcome. Eg haplotypes were more often associated with a wild-type DHPS
genotype. Inter-human transmission of P. jirovecii carrying mutant DHPS
genotypes could, at least in part, explain the high prevalence of DHPS mutations

in adult HIV-positive South Africans.
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CHAPTER ONE
INTRODUCTION
1.1 Literature Review

1.1.1 History and Taxonomy

Pneumocystis is an atypical fungus with a worldwide distribution, which
opportunistically inhabits the lungs of humans and other mammals. The organism
was first discovered over 100 years ago in Brazil by Carlos Chagas in the lungs of
guinea pigs, and later in the lungs of a patient who died of trypanosomiasis.® He
was studying Trypanosoma cruzi in marmosets and experimentally infected
guinea pigs, dogs and rabbits.*) Chagas incorrectly presumed that Pneumocystis
was a developmental stage of that parasite. Antonio Carini had, in 1910, also
discovered Pneumocystis in the lungs of Brazilian rats co-infected with
Trypanosoma lewisi. He sent tissue samples to the Pasteur Institute in Paris,
where the Delandes, a hushand and wife research team, were also studying rats.®
The Delantes observed similar cysts in the lungs of sewer rats and in 1912 they
realized that Pneumocystis was a unique organism unrelated to trypanosomes.
They proposed the name Pneumocystis carinii in honour of Antonio Carini, and

because of the organism’s tropism for the lungs and cyst-like shape.®™

The next mention of Pneumocystis occurs 30 years later after the Second World
War, when premature and malnourished infants in orphanages in Europe were
dying of an interstitial pneumonia. It was discovered that Pneumocystis was the
cause of these epidemics.®? The first case outside of Europe was described in an
English infant who died 12 weeks after birth. Her alveoli “were filled with a
peculiar foamy or honeycombed material”.*? After the 1950’s Pneumocystis was
associated with pneumonia in children with leukaemia, who were receiving
immunosuppressive drugs.® Thirty years ago in 1981, the Centers for Disease

Control in the USA reported the unusual diagnosis of Pneumocystis pneumonia
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(PCP) in five young men from Los Angeles.® Pneumocystis suddenly became a
major opportunistic infection in immunocompromised patients with the beginning
of the acquired immunodeficiency syndrome (AIDS) epidemic. PCP in non-HIV
immunosuppressed patients is becoming increasingly important as these patient
numbers rise. This group of patients includes those with haematological and solid
organ malignancies, allogeneic bone marrow and solid organ transplant recipients,
and patients with autoimmune inflammatory disorders such as Wegener’s

granulomatosis.®

The name P. carinii was used for any Pneumocystis until it was discovered that
Pneumocystis species were highly host-specific. As early as 1976, Frenkel et al
(4 suggested that rat and human Pneumocystis should be treated as separate
species, based on host specificity and phenotypic differences. It was only in the
late eighties that Pneumocystis was found to be related to fungi, based on
similarities in the nuclear small rRNA subunit.>*® DNA analysis also showed
the extensive diversity of the Pneumocystis genus and a rather lengthy name was
adopted for the human form: P. carinii formae specialis hominis (P. carinii f. sp.
hominis). In 1999, Frenkel again proposed the name P. jirovecii for the species
that infects humans, and P. carinii is now only used to describe the species that
occurs in rats.“”*® In 2006, Redhead et al “ reviewed the classification and
nomenclature of Pneumocystis and proposed guidelines for the publication of new

species according to the International Code of Botanical Nomenclature (ICBN).

Pneumocystis was initially classified as a protozoan parasite on the basis of early
morphological observations, and the organism’s response to anti-protozoal drugs
as opposed to antifungal drugs.®® Stages in its life cycle were described as cysts
and trophozoites and these names are still in use today. However, Pneumocystis
was found to have staining properties consistent with fungi. A component of the
organism’s wall is -1,3-glucan, which is a major component of fungal cell walls.
Certain fungal genes were found in Pneumocystis, such as the gene for translation
elongation factor 3 (EF-3), which is unique to fungal protein synthesis.*® The

enzymes thymidylate synthase (TS) and dihydrofolate reductase exist as two

14



distinct enzymes in Pneumocystis, unlike protozoa where their activities are
included in a single bifunctional protein.®’?Y) Pneumocystis was found to be
related to the ascomycetous fungi with Schizosaccharomyces pombe as its closest
relative species.?? The current classification of Pneumocystis according to the
ICBN is as follows:*?*2%

Eukaryota

Kingdom: Fungi

Phylum: Ascomycota

Subphylum: Taphrinomycotina

Class: Pneumocystidomycetes

Order: Pneumocystidales

Family: Pneumocystidaceae

Genus: Pneumocystis

Species: P. jirovecii, P. carinii, P. murina, P. wakefieldiae

1.1.2 Prevalence and Incidence of Pneumocystis Pneumonia

P. jirovecii causes a life-threatening pneumonia in immunocompromised patients
and infants less than six months of age. Persons who are immunologically normal
usually do not develop clinically important disease.® Acute primary infection
usually presents in patients previously unaware of their HIV status.®
Corticosteroid use, neutropenia and immune suppression related to organ
transplantation are major non-AIDS predisposing factors for P. jirovecii
infection.®® The mortality rate of PCP in HIV-infected adult patients has
remained unchanged over the past 20 years, at an average of 12%.%"*® Morrow et
al, 2010 reported a high in-hospital case fatality rate of 39% for infants with PCP
in South Africa.®®

The incidence of PCP, which increased dramatically with the advent of the
HIV/AIDS pandemic, has decreased in the industrialised world owing to the
widespread use of sulfa drug prophylaxis and the introduction of highly active
antiretroviral therapy (HAART).® Even with ready access to HAART,

P. jirovecii remains the leading cause of serious opportunistic infection in HIV-
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infected patients, particularly those unaware of their HIV status.” PCP is an
important cause of morbidity and mortality in immunocompromised non-HIV-

infected patients in whom its incidence is increasing.®%3"

Studies from African countries report variable prevalences of PCP in adult
HIV/AIDS patients and generally higher rates in children (Table 1.1).%49%%*") The
mean prevalence of PCP in African children calculated from studies in Table 1.1
is 27% (range 10%-49%), and in adults it is 18% (range 4%-43%). Some of these
studies were based on autopsy findings, whilst others were hospital-based with
various selection criteria and specimen types. Most of the prevalence studies from
Africa used only one diagnostic method to detect P. jirovecii, and the different
diagnostic methods have variable sensitivities for the detection of P. jirovecii.
Post-mortem lung biopsies of HIV-positive Zimbabwean infants, who died of
pneumonia, were tested for P. jirovecii using a combination of three different
methods. PCR detected most cases, followed closely by cytological staining and
the least number of cases were detected by histology.“® In South Africa, where a
limited number of laboratories offer testing for P. jirovecii, the vast majority of
PCP cases are diagnosed clinically and radiologically. These factors make it
difficult to establish prevalence rates for this disease. In South African children
infected with HIV, PCP is a major cause of hospitalization and mortality, despite
the availability of HAART.#%4D
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Table 1.1 Prevalence of PCP in Sub-Saharan Africa

Country Reference Adults/children, Study type Total Percentage Concurrent infections with
patients prevalence PCP
HIV status PCP TB
Botswana  Ansari Adults, HIV-positive  Autopsy, died of pulmonary 104 11 40 NS
2002 @2 disease, suspected PCP
Botswana  Ansari Children <13y, HIV-  Autopsy, death all causes 35 29 11 NS
2003 &3 positive
Ethiopia Aderaye Adults, HIVV-positive ~ Hospital, , smear negative TB 131 30 24 13% (17/131) of all
2007 ©¥ patients patients had coinfections
Cote Lucas Children <15m, HIV-  Autopsy, death all causes 36 31 0 NS
d’Ivoire 1996 positive
Kenya Chakaya Adults, HIVV-positive ~ Hospital, smear negative TB 51 37 NS 8/19 (42%) PCP patients
2003 ©© patients coinfected with another
organism
Malawi Hargreaves  Adults, 88% were Hospital, smear negative TB 186 9 NS 2/17 (12%) PCP patients
2001 @7 HIV-positive patients coinfected with PTB
South Garcia- Adults & children Autopsy, included all patients 86 9 38 NS
Africa Jardon 2010 (14% <18 years), who died in hospital
(38) HIV-positive
South Morrow Children <5m, 61% Hospital, patients with acute 202 21 3 30/43 (70%) PCP patients
Africa 2010 @9 were HIV-positive hypoxic pneumonia coinfected with another
organism, mainly CMV
South Murray Adult gold miners, Autopsy, death all causes 66 14 21 NS
Africa 2007 ©9 HIV-positive,
South Wong Adult miners, HIV- Lung autopsy, death all causes 8421 4 NS 107/328 (33%) PCP
Africa 2006 “0 positive and negative patients coinfected with

another microorganism
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Table 1.1 Continued

Country Reference Adults/children, Study type Total Percentage Concurrent infections with
HIV status patients prevalence PCP
South Ruffini Children <2y, HIV- Hospital, severe pneumonia 105 49 3 9/51 (18%) PCP patients
Africa 2002 “V) positive coinfected with a
respiratory viral infection
or bacteraemia.
South Zar Children, HIV- Hospital, pneumonia 151 10 NS NS
Africa 2000 “? positive
South Mahomed Adults, HIV-positive  Hospital, smear negative TB 67 43 13 NS
Africa 1999 ¥ Adults, renal patients with a lower respiratory
transplant recipients tract infection 36 31 17
Uganda Worodria Adults, HIVV-positive ~ Hospital, smear negative TB 83 39 24 5/32 (16%) PCP patients
2003 4 patients coinfected with PTB
Zambia Chintu Children <16y, 68% Chest autopsy, died of respiratory 264 22 20  43/58 (74%) PCP patients
2002 49 were HIV-positive disease coinfected with another
lung pathogen
Zimbabwe  Nathoo Children <6m, HIV- Post mortem lung biopsy, died of 24 67 0 5/16 (31%) PCP patients
2001 “® positive pneumonia coinfected with a bacterial
pathogen
Zimbabwe  Malin Adults, HIVV-positive ~ Hospital, smear negative TB 64 33 39  6/21 (29%) PCP patients
1995 “7 patients, diffuse pneumonia coinfected with PTB

unresponsive to penicillin

PCP Pneumocystis pneumonia, TB tuberculosis, PTB pulmonary tuberculosis, CMV cytomegalovirus, NS not stated,

8episodes/events
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1.1.3 Life Cycle and Transmission

The putative life cycle of Pneumocystis is based on ultrastructural observations, as
no reliable long-term culture system has been developed (Figure 1.1). The route of
human infection is assumed to be airborne via spores, but this infectious stage of
the life cycle has yet to be isolated.“®) Pneumocystis has a tropism for the lungs
and attaches to alveolar epithelial cells. Haploid trophic forms replicate by binary
fission during the asexual phase. The fungus proliferates and fills the alveolar
spaces, causing lung injury and hypoxia. Matsumoto et al, “ found the presence
of synaptonemal complexes, indicating meiotic division, followed by nuclear
divisions in Pneumocystis infecting rat alveoli. This discovery of a Pneumocystis
sexual cycle occurring in animals is most unusual for fungi.®® During the sexual
phase two presumptive mating types conjugate, undergo karyogamy, and produce
a diploid zygote. The zygote undergoes meiosis and then mitosis to produce eight
nuclei. The nuclei are packaged into spores by invagination of the ascus cell
membranes. Excystment occurs via protunicate release by unknown mechanisms,
and the spores become the vegetative forms that undergo asexual or sexual

replication.“®
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Figure 1.1 Putative life cycle of Pneumocystis.“*®

Permission to use this diagram was obtained from the American Society for
Microbiology, license number: 2695350073704, 24 June 2011.
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P. jirovecii is not a zoonotic disease, as Pneumocystis species are highly host-
specific. The most likely route of transmission of P. jirovecii organisms is person-
to-person via the airborne route. Evidence for this is provided by the
demonstration of airborne transmission in rodent models, the detection of

P. jirovecii DNA in exhaled air samples from PCP patients, and cases of
nosocomial clustering.®**® An outbreak of PCP was described in 16 renal
transplant patients attending an outpatient department at a medical centre in The
Netherlands 2 The identical ITS haplotype was found in 75% of patients, and
researchers concluded that their results were compatible with inter-human

transmission or a common environmental source of infection.

Two-thirds of immunocompetent children have been exposed to Pneumocystis
organisms, demonstrated by the presence of serum antibodies, by the age of four
years.5%® This indicates that the fungus is ubiquitous, and raises the question of
how these infants become exposed at such an early age. It is likely that the spores
are the infectious stage in the life cycle with their resistant wall, allowing the
fungus to potentially survive in the environment. Cushion et al ®® found strong
evidence for the spore as the agent of transmission when studying P. muris in
mice. On the other hand, immunocompetent adults have been proposed as
reservoir hosts for P. jirovecii, as carriage or colonization in the respiratory tract
of healthy individuals has been demonstrated.®” Asymptomatic carriage of

P. jirovecii in healthcare workers in close contact with PCP patients has been
described.®® Transplacental transmission of P. jirovecii has been demonstrated in
rabbits, and vertical transmission was detected in aborted foetuses of
immunocompetent women by molecular techniques.®**? However, placental
transmission of P. carinii in rats was not demonstrated.®” A case of potential
transmission from immunocompetent grandparents to an infant was reported from
Spain.® Both grandparents were colonized with P. jirovecii, and the
grandmother had a history of rheumatoid arthritis, and the grandfather suffered
from chronic bronchitis. Patients with chronic pulmonary diseases, such as

chronic obstructive pulmonary disease (COPD), have been shown to be colonized
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with P. jirovecii and are suggested to be reservoirs of this fungus.®**? HIV-
infected patients with PCP are a likely source of infection in localities with high
prevalence rates. A combination of all of the above acting as potential reservoirs

of infection could account for the ubiquitous nature of this fungus.

There has been much debate around reactivation of a latent P. jirovecii infection,
perhaps acquired as an infant, versus reinfection. Evidence for de novo acquisition
of P. jirovecii with mutant DHPS genotypes has been provided by studies
including patients who had never received sulfa drug prophylaxis for PCP.®>%) |n
one of these studies, more than half of the patients newly diagnosed with HIV
infection had mutant P. jirovecii.®® This suggests recent infection with strains
from other patients who were exposed to sulfa medications. Genotyping studies
have also supported recent transmission with clusters of PCP cases having a single
predominant P. jirovecii genotype.®® Patients with recurrent infections have

shown genotype switching in support of this hypothesis.©”

1.1.4 Host Defence

Pneumocystis organisms attach to alveolar epithelial cells and the alveolar
macrophages are the first line of defence to prevent infection. To counter this,
Pneumocystis organisms reduce the ability of alveolar macrophages to
phagocytose, as well as decrease their numbers by inducing apoptosis.“® Much of
the lung damage with a Pneumocystis infection is due to inflammation. The
immune response to Pneumocystis is complex and involves both the humoral and
cellular immune systems.®®®9 CD4" T lymphocytes are essential to clear

P. jirovecii infection, and most infections occur in immunocompromised patients
with lower than 200 cells/mm®. CD8" T lymphocytes work together with the
CD4" cells, but play a less significant role in host defence against Pneumocystis.
CD8" T lymphocytes have been shown to decrease the severity of PCP.® B
lymphocytes act as effector cells against Pneumocystis infection, and are

important in the generation of CD4" memory T cells.©%
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1.1.5 Diagnosis and Clinical Manifestations

1.1.5.1 Clinical Manifestations

PCP patients usually present with dyspnoea (shortness of breath), a non-
productive cough and hypoxaemia. PCP is an AIDS-defining infection and HIV-
infected patients present subacutely with progressive dyspnoea, low grade or no
fever, and malaise. Non-HIV immunosuppressed patients, such as those with
malignancies or transplant recipients, present with a more acute illness. These
patients have substantial shortness of breath causing severe respiratory distress
that frequently requires urgent mechanical ventilation. The clinical presentation in

PCP patients can vary and may mimic other infections or disease processes.®%*?)

Typical chest radiography shows bilateral, diffuse interstitial infiltrates involving
the perihilar regions, with sparing of the apices. However, all types of atypical
chest radiographs have been linked with PCP. A high resolution computed
tomography scan is more sensitive than chest x-ray and shows the characteristic

bilateral groundglass opacities of PCP.1%1%)

1.1.5.2 Laboratory Diagnosis

The laboratory diagnosis of P. jirovecii can be made within 2 hours on an induced
sputum specimen, stained with a fluorescent monoclonal antibody. Treatment
based on a confirmed diagnosis, as opposed to empirical therapy, ensures that the
patient receives the appropriate medication and potentially toxic medications are
avoided. Bronchoalveolar lavage fluid (BAL) is considered the best specimen

type for P. jirovecii diagnosis, apart from a lung biopsy.

Immunofluorescence (IF) microscopy is commonly used for the laboratory
diagnosis of P. jirovecii. A UV microscope equipped with the correct wavelength
filter is required, as well as an experienced microscopist. Commercial kits are
available for either direct or indirect fluorescent staining with monoclonal

antibodies. All kits are able to stain the so-called “cyst” forms, but not all kits can
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reliably stain the smaller trophic forms. The analytical sensitivity of IF

microscopy is high and the specificity is good.©®

Molecular techniques, such as real-time PCR, are becoming more popular and are
often used in conjunction with IF microscopy. Several in-house real-time PCR
methods targeting various genes have been developed to replace nested PCR and
gel electrophoresis.®® One of the most common gene targets is that coding for the
mitochondrial large subunit (mtLSU). The highly sensitive nature of PCR creates
a challenge when interpreting PCR-positive results with low copy numbers and
negative IF microscopy results. Distinguishing between colonization and active

clinical disease is not easy.

Cytological staining techniques to diagnose P. jirovecii are still used in some
institutions, as well as in resource-poor settings. Grocott’s methenamine silver,
toluidine blue O and calcofluor white stains can be used to stain the “cyst-like”
forms (Figure 1.2).® Giemsa is a non-specific stain that colours all nuclear
material red and cytoplasm blue. Trophic forms and “intracystic bodies” are
stained with Giemsa, however the cell wall does not take up stain leaving a
characteristic halo around the “cyst”. Giemsa-Stained smears are time-consuming
and difficult to read, especially sputum smears that may contain many cells and
other microorganisms. The sensitivity and specificity of the different cytological
stains varies depending on the specimen type and experience of the microscopist.

Cytological stains are generally less sensitive than IF microscopy.©®

Tissue sections of lung biopsy specimens have long been stained with the non-
specific histological stain of haematoxylin and eosin (H&E). The presence of
foamy pink exudates filling the alveolar spaces is typical of P. jirovecii.®) The
classical Grocott’s methenamine silver stain, which was widely used in the past, is

mainly reserved for histological specimens.
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Figure 1.2 P. jirovecii stained with toluidine blue O (1000x magnification)

The idea of a quick, cheap, non-invasive serological test for P. jirovecii is
enticing. Unfortunately, the main disadvantage of the current techniques is the
lack of a high degree of specificity. Tests that measure serum lactate
dehydrogenase (LDH) and S-adenosylmethionine (SAM) have not yet
demonstrated performance characteristics to suggest that they can be useful for
the diagnosis of P. jirovecii.”® Elevated serum levels of LDH have been
associated with PCP, but are not specific. SAM is essential for methylation
reactions and polyamine biosynthesis. Pneumocystis was thought to lack the
enzyme SAM synthase, and needed to acquire this metabolic intermediate from its
human host. Low or undetectable levels of SAM have been reported in PCP
patients, with a rise in concentration as the patient recovers.™ However, de Boer
et al ™ studied 31 patients, 21 of whom were PCP-positive, and found that SAM

levels did not discriminate between patients with and without PCP.

B-glucan, (1—3)-B-D-glucan, is a polysaccharide cell wall component in many
fungi, including Pneumocystis.™ This polysaccharide triggers an innate immune
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response and can be measured in blood and BAL specimens.’? In the largest
study to date, Sax et al, 2011, measured plasma B-glucan levels in a group of 282
HIV-positive patients.”™ They found that PCP patients had higher levels of B-
glucan (median 408 pg/ml) compared to those without PCP (median 37 pg/ml),
and the test had an analytical sensitivity of 92%. However the specificity was only
65%, which is lower than that for stains of induced sputum. Other invasive fungal
infections caused elevated levels of B-glucan. The levels of B-glucan did not
correlate with disease severity or response to treatment. The test was cheaper than

IF microscopy in their setting.

1.1.6 Management of PCP

Untreated PCP in AIDS patients is almost invariably fatal. Management of the
disease in patients with AIDS falls into two categories: therapy for acute primary
infection and prophylaxis for those whose HIV infection status is known.
Antiretroviral drugs are an integral part of therapy for acute primary PCP.
Sulfonamides, usually combined with trimethoprim as in trimethoprim-
sulfamethoxazole (TMP-SMX, also known as co-trimoxazole), and dapsone are
used for the treatment and prophylaxis of PCP. TMP-SMX is the drug of choice
for both the treatment and prophylaxis of mild, moderate and severe PCP. In HIV
patients the recommended treatment is trimethoprim 15-20 mg/kg/day plus
sulfamethoxazole 75-100 mg/kg/day for 21 days. In non-HIV patients, the
duration of treatment can be shortened to 14 days, with decreased risk of
relapse."® Clinical improvement should occur within 4-7 days.®® TMP-SMX
may cause significant toxicity in up to 40% of patients, but a gradual introduction
of TMP-SMX may improve tolerance to the drug."”™ Adjunctive corticosteroids

are recommended for patients with moderate to severe PCP.(™

There are few alternatives for those who cannot tolerate TMP-SMX. Regimens
include intravenous pentamidine, clindamycin plus primaquine, trimethoprim plus
dapsone and atovaquone suspension.’® Intravenous pentamidine isethionate is an
alternative for patients with severe PCP who are intolerant or unresponsive to

TMP-SMX. Aerosolized pentamidine has also been used for the treatment of
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active disease, but is associated with unacceptably high relapse rates, as well as
the promotion of atypical pulmonary and/or extrapulmonary P. jirovecii infection,

and is not considered adequate therapy for PCP.("8""

PCP prophylaxis has decreased the incidence of the disease and increased the
median survival of AIDS patients. It also appears to delay the first AIDS-defining
illness by six to 12 months and patients have lower CD4 counts at the time of
diagnosis. Prophylaxis is indicated for any HIV-infected adult or adolescent,
including pregnant women, with a CD4 count of less than 200 cells/mm?®.('"
TMP-SMX is the recommended first-line treatment for prophylaxis against
PCP." Failure of prophylaxis may be due to resistance to the agent of choice, or
may reflect factors such as poor compliance or unfavourable pharmacokinetics. It
has been suggested that when PCP develops in patients receiving prophylaxis,
therapy should be instituted with a different agent, at full dose, rather than the one

used for prophylaxis.®

1.1.7 DHPS Mutations and Drug Resistance

Sulfonamides inhibit the enzyme dihydropteroate synthase (DHPS) and
trimethoprim inhibits dihydrofolate reductase (DHFR), which are essential
components of the folate synthesis pathway.”® Pneumocystis organisms require
the synthesis of folates, and the role that these two enzymes play in this process of
folic acid biosynthesis is illustrated in Figure 1.3. DHPS catalyses the
condensation of para-aminobenzoic acid (PABA) and pteridine to form
dihydropteroic acid. Further steps in this pathway lead to folic acid synthesis and
eventually DNA synthesis. Sulfa drugs are chemical analogues of PABA and
bind to DHPS, thus competitively inhibiting the enzyme and folate synthesis
(Figure 1.4). DHPS gene mutations are thought to cause structural changes in the
enzyme’s substrate binding site, which interfere with sulfonamide binding and
decrease the affinity to these drugs. Point mutations in the DHPS-encoding gene
of other microorganisms such as Plasmodium falciparum, Staphylococcus aureus,
Mycobacterium leprae and Escherichia coli have been shown to confer resistance

to sulfonamides.("®%)
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In P. jirovecii, two nonsynonymous point mutations in the fas gene encoding the
DHPS enzyme are associated with prior exposure to sulfa drugs.®®¢7848" There
are concerns about the possible emergence of sulfonamide resistance in this
organism. These single nucleotide mutations, at positions 165 and 171, cause
amino acid substitutions at positions 55 (threonine to alanine, so called mutation
M1) and 57 (proline to serine, mutation M2) in the DHPS protein, respectively.
The presence of both mutations is denoted as mutation M3, and the wild-type
sequence is commonly accepted as the one with no substitutions (DHPS sequence
in GenBank AF139132). As P. jirovecii cannot yet be cultured, conventional in
vitro susceptibility tests cannot be utilized to ascertain drug resistance; therefore,
studies of drug resistance in this organism rely on the use of genetic markers and
suitable models. Functional complementation of either DHPS-disrupted E. coli
with mutant P. jirovecii fas gene, or FOL1-disrupted Saccharomyces cerevisiae
with the foll gene mutated at nucleotide positions analogous to 165 and 171 in
fas, result in loss of susceptibility to sulfamethoxazole and other sulfa-containing

drugs.®89

The clinical significance of DHPS mutations in P. jirovecii is not fully understood
and the few studies that have investigated the clinical effects of these mutations
showed conflicting results.©67848687.90-9) Thase studies used different definitions
for patient outcome, as well as different time points for their assessments. Some
studies from the developed world have used pooled retrospective data from
several countries, as a limited number of clinical studies had adequate sample
sizes for the mutant DHPS genotype category. Table 1.2 summarizes results from

ten studies that had at least 14 patients in the mutant DHPS category.

An early study from 1999 by Helweg-Larsen et al,®” found a significantly lower
three-month survival in patients infected with mutant P. jirovecii compared to
patients infected with wild-type organisms. In contrast, two other studies ©4°%
found no significant association between patient survival and DHPS genotype at

four and six weeks respectively. Huang et al ® found an insignificant trend for
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patients infected with mutant P. jirovecii DHPS to have an increased mortality,
whilst Nahimana et al  had similar in-hospital rates of death for patients with or
without mutant P. jirovecii. Crothers et al " found that mortality was not
associated with the presence of P. jirovecii containing DHPS mutations. Whether
the presence of DHPS gene mutations confers clinical resistance to sulfonamides

remains unclear and requires further study.

1.1.8 Prevalence of P. jirovecii DHPS Mutations

The prevalence of P. jirovecii DHPS mutations reported from countries in the
developed world ranges widely, from 0% to 81% (Figure 1.5).(65/67:84-87.90-99)
Studies from the USA generally report the highest prevalences of P. jirovecii
DHPS mutations, with an average of 67% calculated from Figure 1.5. European
countries by contrast, have much lower prevalences with an average of 17%. The
few studies performed in developing countries all report low prevalences of

P. jirovecii containing DHPS mutations (Table 1.3). A study from 2003, based on
a small sample size of 14 patients, reported a prevalence of P. jirovecii DHPS
mutations in 7% of Zimbabwean HIV-infected adults with PCP. ® |n South
Africa, a handful of studies that screened specimens from limited numbers of
adults and children have reported low mutation prevalences of up to 13%.2%1%)
The apparent low prevalence of DHPS mutations in P. jirovecii from developing
countries has been assumed to be the result of limited availability of sulfa drug

prophylaxis against PCP.
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Figure 1.3 Folate synthesis pathway and the roles of the DHPS and DHFR
enzymes (adapted from Huang et al ).
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Figure 1.4 Inhibition of the folate synthesis pathway by sulfonamides.
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Table 1.2 Results from studies (>14 patients in the mutant category) investigating the clinical significance of P. jirovecii DHPS mutations

No. of patients, DHPS mutations  Sulfa prophylaxis ~ Clinical significance of DHPS mutations Reference
country, patient type (%), prevalent associated with
genotype DHPS mutations

372°, UK & USA,  268%(72), Yes City of residence associated with presence of DHPS Huang 2006 ©?
HIV+ not stated mutations. Insignificant trend for patients with mutant

strains to have increased mortality at 6 weeks.
215%, USA, 175% (81), Yes Presence of DHPS mutations not associated with Crothers 2005 "
HIV+ adults, M3 (113/175) mortality at 60 days. Trend for patients with mutant

strains to have worse outcomes vs WT.
194, France, HIV+/- 64 (33), Yes Suboptimal prophylaxis - failure associated with Hauser 2010 ®
adults & children M2 (42/64) mutant strains.
158, France, 57 (36), Yes Rates of death (in hospital) attributed to PCP similar in  Nahimana
76% HIV+ adults M2 (36/57) patients with or without mutant strains. 2003 9
154, Italy, 14 (9), No Correlation between DHPS mutants and greater Valerio 2007 ©?
HIV+ adults M1 (6/14) severity of PCP and worse outcomes.
144, Denmark, 29 (20), Yes Significantly lower 3-month survival in patients with Helweg-Larsen
HIV+ adults M1 (18/29) mutant DHPS strains. 1999 ¢
136, USA, 97 (71), N/A No association between DHPS genotype & deathat 6  Navin 2001 ¥
HIV+ adults M3 (72/97) weeks.
98, Spain 17 (17), Yes Similar in-hospital, 3-month & 6-month mortality rate ~ Alvarez-Martinez
HIV+ adults M3 (8/17) regardless of DHPS genotype. 2010 ©¥
97, USA 42 (43), Yes No significant difference in survival at 4 weeks. Kazan{'ian
HIV+ adults M3 (41/42) Patients with mutant strains had significantly increased 2000 ©4

risk for failure of sulfa/sulfone therapy vs WT.
92, France, 90% 16 (17), No No difference in outcome according to DHPS Latouche 2003 )
HIV+ M3 (4/16) genotype.

# Episodes or specimens, HIV+ HIV-positive, HIV- HIV-negative, WT wild-type
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Spain, n = 188 (Alvarez-Martinez 2008)
Spain, n = 98 (Alvarez-Martinez 2010)
Portugal, n = 89 (Costa 2003)

Italy, n =107 (Ma 2002)

Italy, n = 154 (Valerio 2007)

France, n = 92 (Latouche 2003)

France, n = 158 (Nahimana 2003)
France, n = 194 (Hauser 2010)

Sweden, n= 103 (Beser 2011)
Denmark, n = 144 (Helweg-Larsen 1999) |
USA, n =136 (Navin 2001) |

USA, n =97 (Kazanjian 2000) |

USA, n =215 (Crothers 2005) |

UK & USA, n =372 (Huang 2006) |

|

|

|

Australia, n = 60 (van Hal 2009) 13 ‘
Japan, n = 24 (Takahashi 2000) | 25 |
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Figure 1.5 Prevalence of DHPS mutations in P. jirovecii from studies conducted in developed countries



Table 1.3 Prevalence of P. jirovecii containing DHPS mutations from studies

conducted in developing countries

Country Year Sample size DHPS Reference
(n = patients) mutation
prevalence (%)
South Africa 2008 6 0 Govender
2008 (109
South Africa 2005 53? 1(2) Robberts
2005 1%
South Africa 2004 30 4 (13) Zar 2004 10
Zimbabwe 2003 14 1(7) Miller
2003 %0
Brazil 2006 57 0 Wissmann
2006 (%%
China 2009 10 0 Li 2009 1%
China 2004 15 1(7) Kazanjian
2004 (107
India 2010 24° 1(4) Tyagi 2011 %9
India 2008 5 0 Tyagi 2008 9

® PCP episodes, not patients

® non-HIV-infected patients
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1.1.9 Strain Characterization Based on ITS Typing

Conventional microbial typing methods for Pneumocystis are not possible, as the
organism cannot be cultured for a lengthy period of time. Instead, genetic loci
with nucleotide sequence variation have been used for strain characterization, and
include the mitochondrial large-subunit rRNA (mt LSU rRNA), the major surface
glycoprotein (MSG), beta-tubulin (B-TUB), thymidylate synthase (TS),
cytochrome b (CYB), superoxide dismutase (SOD), thioredoxin reductase (Trrl),
dihydrofolate reductase (DHFR), the dihydropteroate synthase (DHPS) region of
the fas gene, and the internal transcribed spacer (ITS) regions in the nuclear
ribosomal RNA gene complex. ITS and MSG sequences show marked diversity,
but the other loci have been poor candidates for strain typing due to their low

sequence diversity.

Characterization of P. jirovecii strains in this research study was performed by
analysis of sequence variation in the ITS regions in the nuclear rRNA gene
complex. The ITS regions show great diversity among Pneumocystis strains and
provide an informative epidemiological tool for the typing of these strains.**
There are two ITS regions in the genome of Pneumocystis. The ITS1 region is
located between the genes encoding the 18S rRNA and the 5.8S rRNA, and the
ITS2 region lies between the 5.8S rRNA and the 26S rRNA genes (Figure 1.6).
The ITS regions are processed by splicing events during the maturation of the
rRNA molecules. Most fungi have multiple copies of rRNA genes and the ITS
regions are usually conserved within species, providing a species-specific
signature. However, the nuclear ribosomal genes of Pneumocystis exist as a single

copy, and there is considerable intra-specific sequence variation.™%

18S rRNA ITS1 |5.8SrRNA ITS2 | 26S rRNA

Figure 1.6 Schematic diagram of the nuclear ribosomal gene complex of
Pneumocystis showing the positions of the non-coding ITS1 and ITS2

regions (based on Lu et al 1)
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ITS typing methods have been devised by Lee et al **? and Tsolaki et al.**)

Different naming systems were devised for the various ITS types, making the
comparison and interpretation of their results complicated and sometimes
impossible if not enough information is provided in the publications. For this
study Lee’s system for the naming of ITS haplotypes was used. The uppercase
letter represented the 1TS1 type and the lowercase letter represented the ITS2
type.1? At least 100 ITS haplotypes have been described to date, and more than
30 ITS1 types and 40 ITS2 types. The diversity of ITS haplotypes is lower in
reality, as some of the haplotypes have been proven to be artifacts generated by
the PCR method. Beser et al, 2007 showed that chimeric ITS sequences were
produced at high rates during PCR amplification of specimens that were co-
infected with more than one ITS haplotype.™* Under standard PCR conditions
using Taq polymerase, up to 37% of the amplified sequences were hybrid DNA
artifacts. By modifying the PCR amplification conditions, the formation if ITS
chimeras could be largely abolished and the erroneous establishment of artifactual

haplotypes was avoided.

Co-infections with more than one ITS haplotype are common. According to Lee
et al 2, a sequence found in two or more specimens is considered a distinct
haplotype (a combination of ITS1 and ITS2 sequences). Beser et al ™ suggested
that a single infection is the only true basis for the definition of a bona fide

P. jirovecii ITS haplotype.

The most common ITS haplotype is Eg, which occurs worldwide. Ne, Ai and Eb
haplotypes have been reported from many countries.™251) The ITS haplotype
Ne was associated with an outbreak of PCP in renal transplant patients attending
an outpatient department at a medical centre in The Netherlands.®® The same Ne
ITS haplotype was found in 75% of patients. A single study from South Africa
has investigated the ITS haplotypes in P. jirovecii organisms from 19 patients.**®
The global haplotype Eg was most prevalent, and was found in 74% of patients.

The second most common haplotype was Gg occuring in 21% of patients. A new
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ITS2 type u was described in three patients and was associated with an E in the
ITS1. It remains to be seen if Eu is a local P. jirovecii ITS haplotype.
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1.2 Objectives

The purpose of this research was to investigate the prevalence of P. jirovecii
strains containing dihydropteroate synthase (DHPS) mutations in South Africa,
and to ascertain their clinical significance in HIV-positive patients with
Pneumocystis pneumonia. The molecular epidemiology of P. jirovecii was

explored by characterizing the strains circulating in HIV-infected patients.

The research included the following objectives:

1.2.1 To investigate the presence of DHPS polymorphisms in P. jirovecii strains
in South Africa (Chapter Three).

1.2.2 To determine the prevalence of DHPS polymorphisms in the general

P. jirovecii population in South Africa (Chapter Four).

1.2.3 To ascertain the clinical significance of P. jirovecii DHPS polymorphisms in
HIV-infected patients with PCP (Chapter Five).

1.2.4 To characterize the P. jirovecii strains circulating in HIV-infected patients
and explore potential correlations with DHPS genotype and patient outcome
(Chapter Six).

It was hypothesized that the prevalence of DHPS polymorphisms in P. jirovecii
strains in South Africa would be low, i.e. less than 15%. Two smaller studies from
South Africa and a few studies performed in other developing countries, all
reported low prevalences of P. jirovecii containing DHPS mutations (Table 1.3).
It was important to perform a large prevalence study sampling patients from
different parts of South Africa, as the overall prevalence of DHPS polymorphisms

in the P. jirovecii population was unknown.
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It was hypothesized that patients infected with P. jirovecii containing mutant
DHPS genotypes would have poor clinical responses to treatment with sulfa-
containing drugs. It was important to perform a clinical study, as the clinical
significance of DHPS mutations in P. jirovecii is not fully understood and the few
studies that have investigated the clinical effects of these mutations showed
conflicting results (Table 1.2). If the presence of DHPS gene mutations confers
clinical resistance to sulphonamides, then this will have severe implications for

the treatment of this disease.

It was hypothesized that the diversity of P. jirovecii ITS haplotypes circulating in
South Africa would be lower than previously reported '8 and that the most
common ITS haplotype would be the global Eg haplotype. In addition it was
hoped to confirm the presence of the Eu haplotype in the South African

P. jirovecii population.

1.3 Candidate’s role in the studies

The candidate performed all molecular analyses for the prevalence study (Chapter
Four) and the ITS characterization study (Chapter Six) at the Swedish Institute for
Infectious Disease Control (SMI) in Sweden. The molecular analyses for the
clinical study (Chapter Five) were performed both at SMI and at the National
Institute for Communicable Diseases (NICD) in South Africa. The candidate had
help from a Masters student in South Africa to perform some of the analyses for
the clinical study, as well as the cloning of mixed DHPS genotypes. The candidate

performed all data analysis and drafted the publications.
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CHAPTER TWO

METHODS AND MATERIALS

2.1 Laboratory Setting

The Parasitology Reference Unit of the National Institute for Communicable
Diseases (NICD), in Johannesburg, South Africa, is the largest recipient of
referrals for the microbiological confirmation of P. jirovecii infection in the
country, receiving about 1000 specimens annually. Specimens were processed at
the NICD, as well as at the Swedish Institute for Infectious Disease Control
(SMI), in Solna, Sweden.

2.2 Hospital Setting

The clinical study in Chapter Five was conducted at Chris Hani Baragwanath
Hospital, in Soweto, South Africa. This is one of the largest hospitals in the world
with 2 700 beds (maximum 3 200) in current use and serves an estimated
population of four million people.

2.3 Specimens and Patient Information

2.3.1 Pilot Study (Chapter Three)

A subset of 79 respiratory specimens from 65 patients were non-randomly chosen
for the screening of P. jirovecii DHPS polymorphisms. The specimens were
received at the National Institute for Communicable Diseases (NICD) in
Johannesburg for the routine diagnosis of P. jirovecii from April 2003 through
September 2004. The majority of specimens were sputa, and two specimens were
bronchial washings. All of the specimens were positive for P. jirovecii by
immunofluorescence (IF) microscopy. The patients were hospitalized in 12
hospitals in four provinces of South Africa: Gauteng (46 patients), North West (11

patients), Eastern Cape (5 patients) and Mpumalanga (3 patients). The mean age
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of patients was 34 years (range 17-59 years) and 56% were female. Data
concerning the HIV status of patients were not available.

2.3.2 DHPS Prevalence Study (Chapter Four)

Respiratory specimens (n = 932) from patients with suspected PCP (n = 712) were
referred to the NICD from 38 public hospitals and clinics in six provinces of
South Africa from January 2006 through February 2007. Data regarding patient
age, gender and hospital location were extracted retrospectively from a laboratory
information system. The mean age of patients was 34 years (SDx13), with a range
of one month to 86 years (age was unknown in 81 patients). The female to male
ratio was 1.6:1 (gender was unknown in 18 patients). Most patients (n = 491/712,
69%) were from Gauteng Province, and the rest were from the Eastern Cape,
Mpumalanga, Free State, Limpopo and Northern Cape Provinces. The majority of
specimens received for P. jirovecii diagnosis were sputa (n = 839/932, 90%).
When dealing with multiple specimens from the same patient and PCP episode,
only the first P. jirovecii-positive specimen received in the laboratory was
included in the analysis. If more than one specimen was taken on the same day,
the specimen with the higher fungal load was included in the analysis. Data
concerning HIV status, and prophylaxis and/or treatment for PCP were not
available for these patients. All procedures followed were in accordance with the
ethical standards of the Human Research Ethics Committee (Medical) of the
University of the Witwatersrand in Johannesburg (Protocol no. M050320,
Appendix G).

2.3.3 Clinical Study (Chapter Five)

Patients admitted to Chris Hani Baragwanath Hospital in Soweto, Johannesburg,
South Africa, with clinically and radiologically suspected PCP (n = 268), were
prospectively enrolled into the study from March 2005 through June 2009. A
sample size calculation was performed based on the results of the laboratory
study. A minimum of 250 patients would need to be screened to ensure at least
25-30 patients in the double DHPS mutant M3 category. Informed written consent
was obtained from each patient and all procedures followed were in accordance
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with the ethical standards of the Human Research Ethics Committee (Medical) of
the University of the Witwatersrand in Johannesburg (Protocol no. M040612,
Appendix H). At enrolment, patients underwent sputum induction and were
interviewed using a standard form (Appendix A). A single respiratory physician,
who examined radiological films and completed a standard form for data
collection, assessed almost all of the patients. Patients were monitored regularly
during their hospital stay and data were recorded on the standard form (Appendix
B). Patient treatment regimens were recorded throughout the study period, and the
therapy of choice for PCP was co-trimoxazole (15-20 mg/kg/day trimethoprim
and 75-100 mg/kg/day sulfamethoxazole for three weeks). Adjunctive
corticosteroids (prednisone 40 mg bd for five days, then 40 mg daily for five days,
followed by 20 mg daily for 11 days) were given to all patients who were treated
for PCP. A telephonic and postal follow-up of discharged patients was conducted
to ascertain their outcome at three months after their discharge (Appendices C and
D).

Patient features considered for statistical analysis were gender, age, CD4" cell
count, newly diagnosed with HIV on admission, history of previous PCP, sulfa
drug exposure, duration of hospital stay, development of pneumothorax, need for

mechanical ventilation, respiratory failure and patient outcome.

Sulfa drug exposure was defined as the use of any sulfa-based medication in the
four months prior to admission. Patient outcome was classified as follows: died in
hospital during the current admission, or discharged and died within three months
after discharge, or alive at three months after discharge, or discharged but three-

month outcome was unknown.

The respiratory samples were coded and all laboratory analyses were performed
blind to the patient and clinical details. When dealing with multiple specimens
from the same patient and PCP episode, the first P. jirovecii-positive specimen

received in the laboratory was included in the analysis. If more than one specimen
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was taken on the same day, the specimen with the higher fungal load was included

in the analysis.

2.3.4 Strain Characterization (Chapter Six)

The first 40 HIV-positive patients enrolled in the prospective clinical study
(Chapter Five) from March 2005 through March 2007, with specimens containing
more than 100 P. jirovecii-DNA copies, were selected for ITS typing. Respiratory
specimens containing less than 100 P. jirovecii-DNA copies were excluded, as the
nested ITS PCR assay was not sensitive enough to reliably detect DNA in these
samples. The specimens comprised 38 induced sputa and two bronchial washings.
The respiratory samples were coded and all analyses were performed blind to the

clinical details.

2.4 Specimen Processing and Laboratory Diagnosis of P. jirovecii

The accuracy of laboratory diagnosis was dependent upon successful sputum
induction, as well as the presence of organisms in numbers above the limit of
detection for the diagnostic methods. A standard sputum induction protocol was
used to train the three study nurses and patient sampling was repeated if the

sample volume was inadequate for laboratory diagnosis.

Sputum specimens and other specimen types containing mucus were pre-treated
with 0.1% dithiothreitol (Sigma-Aldrich, South Africa). After concentration by
centrifugation, microscopic slides were prepared with the sediment. The
remaining sediment was washed with phosphate-buffered saline and stored at -
70°C prior to DNA extraction. Slides were stained with a direct
immunofluorescent antibody (IF) test specific for the detection of P. jirovecii
cysts (Light Diagnostics, Millipore, Temecula CA), according to the
manufacturer’s instructions. A positive IF result was defined as a specimen
containing at least one cluster of P. jirovecii cysts with a characteristic
morphology and fluorescent immunostain. An equivocal result was defined as a
specimen with suspicious Pneumocystis-like cyst morphology, but not meeting

the criteria to confirm a positive result. In our setting, IF microscopy had an
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analytical sensitivity of 82.4% and specificity of 100% compared with the real-
time polymerase chain reaction (QPCR).

2.5 DNA Extraction

2.5.1 Pilot Study (Chapter Three)

DNA was extracted from 50 pL of stored sediment, which was digested with
proteinase K at 56°C for 2 hours, prior to extraction using the QlAamp DNA Mini
Kit (Qiagen, Hilden, Germany), according to the manufacturer’s tissue protocol.
Purified DNA was eluted in 100 pL of sterile water and stored at -20°C.

2.5.2 DHPS Prevalence, Clinical and Strain Characterization Studies (Chapters
Four, Five, Six)

Genomic DNA was extracted from 50 pL of sediment, which was digested with
proteinase K at 56°C for 2 hours, prior to automated DNA extraction with an M48
BioRobot (Qiagen, Germany) according to the manufacturer’s soft tissue protocol.
Purified DNA was eluted in 100 pL of sterile water and stored at -20°C.

2.6 Determination of P. jirovecii DNA Load

The amount of P. jirovecii DNA in specimens was determined by a quantitative
real-time polymerase chain reaction (qPCR) targeting a portion of the
mitochondrial gene coding for the large ribosomal subunit (mtLSU) of the fungus.
This real-time PCR method had a lower limit of detection of 17 target gene
copies/pL of extracted DNA. The following primers and probe were used: LSU1.:
5-AAA TAA ATA ATC AGA CTATGT GCG ATA AGG-3"; LSU2: 5°-GGG
AGC TTT AAT TAC TGT TCT GGG-3"; LSUP1: FAM 5"-AGA TAG TCC
AAA GGG AAA C-3'TAMRA (Applied Biosystems, Foster City, CA).
Amplification reactions were carried out in a total volume of 25 pL containing 1x
TagMan Universal PCR Master Mix, 0.25 pL of a mixture of primers and probe at
20 UM each, 5 pL of template DNA and RNase-free water to complete the
volume. Thermal cycling was performed in an Applied Biosystems GeneAmp
PCR System 7900 thermocycler as follows: 2 minutes at 50°C, 10 minutes at
95°C, followed by 45 cycles of 15 seconds at 95°C and 1 minute at 60°C.
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Quantification was based on extrapolation from standard curves generated by
amplification of serial dilutions of a linearized pCR2.1 plasmid containing the
P. jirovecii DNA fragment defined by primers LSU1 and LSU2.

2.7 Analysis of DHPS Genotypes

2.7.1 Pilot Study (Chapter Three)

Amplification of a 300 bp region of the fas gene of P. jirovecii spanning the
DHPS binding site was performed as previously described by Beard et al.™? In
the first round of this PCR, the primers DHPS F1 (5' - CCT GGT ATT AAA CCA
GTTTTG CC-3)and DHPS Bys (5'- CAATTT AAT AAATTT CTT TCC
AAA TAG CAT C-3") were used. In the second round, the primers DHPS Apum
(5'- GCG CCT ACA CAT ATT ATG GCC ATT TTA AAT C-3') and DHPSBN
(5- GGA ACT TTC AAC TTG GCA ACC AC - 3') were used. The primary
amplification reaction contained 2 pl of template DNA, 1U of AmpliTaq Gold
DNA polymerase (PE Applied Biosystems), 125 uM of each deoxynucleotide, 2
mM MgCI2 and 1 uM each of primers in 1x PCR buffer (PE Applied Biosystems)

and adjusted with RNase-free water to a total volume of 25 ul. The second
amplification reaction contained the same concentration of reagents, and 2 ul of
PCR product from the first reaction was included in the mixture. The
amplification conditions for the first round were 93°C for 10 minutes, followed by
35 cycles of 92°C for 30 seconds, 52°C for 30 seconds, 72°C for 60 seconds, and
a final extension step at 72°C for 5 minutes. The amplification conditions for the
second round of PCR were 93°C for 10 minutes, then 35 cycles of 92°C for 30
seconds, 55°C for 30 seconds, and 72°C for 60 seconds, followed by a final
extension step at 72°C for 5 minutes. PCR products were visualised by gel
electrophoresis on 2% agarose gels. Nested PCR products, encompassing
polymorphic nucleotide positions 165A/G and 171C/T, were directly sequenced
using the BigDye Terminator sequencing kit (Applied Biosystems, Foster City,
CA) and an Applied Biosystems model 310 automated DNA sequencer.
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2.7.2 DHPS Prevalence Study (Chapter Four)

Specimens with >20 target mtLSU gene copies/pL of extracted DNA were
selected for DHPS analysis, as amplification of the single-copy DHPS fas gene
proved to be less sensitive than the real-time PCR assay. Primers SMIF1: 5’-CAA
ATT AGC GTATCG AAT GAC C-3’ and SMIB2: 5°-GCA AAATTA CAA
TCA ACC AAA GTA-3’ were used to amplify a 1030 bp region of the DHPS
gene. Subsequently, the nested primers SMIF6: 5’-AGC GCC TAC ACA TAT
TAT GG-3’ and SMIB7: 5°-GTT CTG CAA CCT CAG AAC G-3’ were used to
amplify a 278 bp region, encompassing polymorphic nucleotide positions **°A/G
and *"*C/T. The primary amplification reaction contained 5 pl of template DNA,
1.25U of Taq polymerase (Invitrogen, Carlsbad CA), 200 uM of each
deoxynucleotide, 3 mM MgCIzand 1 uM each of primers in 1x PCR buffer

(Invitrogen, Carlsbad CA), and adjusted with RNase-free water to a total volume
of 25 ul. The second amplification reaction contained the same concentration of
reagents, but only 1 ul of PCR product from the first reaction was included in the
mixture. PCR amplification was performed in a Mastercycler Gradient (Eppendorf
AG, Hamburg Germany) using the following conditions for the primary PCR:
94°C for 5 minutes, followed by 35 cycles at 94°C for 30 seconds, 55°C for 1
minute and 72°C for 2 minutes with a final extension at 72°C for 7 minutes.
Nested PCR conditions were 94°C for 5 minutes, followed by 35 cycles at 94°C
for 30 seconds, 52°C for 30 seconds and 72°C for 1 minute with a final extension
at 72°C for 7 minutes. PCR products were visualised by gel electrophoresis on 2%
agarose gels. Nested PCR products were sequenced using the primer SMIF6 and

BigDye terminator chemistry.

2.7.3 Clinical and Strain Characterization Studies (Chapters Five and Six)
Amplification of a region of the fas gene of P. jirovecii spanning the DHPS
binding site was performed as described in 2.7.2. Nested PCR products were
directly sequenced using the primers SMIF6: 5°-AGC GCC TAC ACA TAT TAT
GG-3’ and SMIB7: 5’-CTG CAA CCT CAG AAC G-3’ and BigDye terminator
chemistry (Applied Biosystems, Foster City, CA). A second PCR reaction,™? as

described in 2.7.1, was performed on those specimens that did not amplify with
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the above set of primers. PCR products from specimens containing a mixture of

P. jirovecii genotypes were ligated into pCRZ.l-TOPO® plasmid vectors from the
TOPO TA Cloning Kit (Invitrogen, Carlsbad CA), according to the
manufacturer’s instructions. Nine to ten independent clones per specimen were
sequenced in both directions using the M13 primers and BigDye Terminator
chemistry (ABI Prism 310 Genetic Analyzer, PE Applied Biosystems, Foster
City, CA).

2.8 Definitions of DHPS Genotypes

The P. jirovecii wild-type (WT) genotype was defined as a DNA sequence with
no substitutions at positions 165 and 171 in the fas gene, i.e. a threonine at DHPS
amino acid position 55 and a proline at position 57. The mutant genotype M1 was
defined as a sequence with a G substitution at position 165, M2 as a T substitution
at position 171, and M3 as having substitutions at both positions. The observed
mutations were all non-synonymous changes that resulted in amino acid
substitutions at amino acid positions 55 and/or 57. Specimens containing a

mixture of mutant and wild-type genotypes were classified in the mutant category.
2.9 Analysis of ITS Haplotypes

29.1ITSPCR

Amplification of the ITS1-5.8S-1TS2 region was performed as previously
described by Lee et al ™2 with modifications to reduce the formation of
recombinants by Beser et al ®*¥ The primary amplification reaction contained 5
ul of template DNA, 1.25U of Taq polymerase (Invitrogen, Carlsbad CA), 200
uM of each deoxynucleotide, 3 mM MgCl2 and 0.8 uM each of primers 1724F2

(5’-AGT TGA TCA AAT TTG GTC ATT TAG AG-3’) and ITS2R (5’-CTC
GGA CGA GGA TCC TCG CC-3’) in 1x PCR buffer (Invitrogen, Carlsbad CA)
and adjusted with RNase-free water to a total volume of 25 pl. DNA amplification
was carried out under the following conditions: 5 min at 94°C; followed by 10
cycles of 1 min at 94°C, 1 min at 60°C, 4.3 min at 72°C; followed by 30 cycles of

1 min at 94°C, 1 min at 60°C, 1.3 min at 72°C; and a final extension of 15 min at
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72°C. The second amplification reaction (nested PCR) contained 2 pl of PCR
product from the primary reaction, 1.25U of Taq polymerase, 200 uM of each
deoxynucleotide, 1.5 mM MgCIZ, 2 uM each of primers FX (5’-TTC CGT AGG

TGA ACC TGC G-3’) and RT2 (5’-CTG ATT TGA GAT TAA AAT TCT TG-
3”) in 1X PCR buffer and adjusted with RNase-free water to a total volume of 25
ul. Secondary amplification was performed under the following conditions: 5 min
at 94°C; followed by 10 cycles of 1 min at 94°C, 1 min at 56°C, 4.3 min at 72°C;
followed by 30 cycles of 1 min at 94°C, 1 min at 56°C, 1.3 min at 72°C; and a
final extension of 15 min at 72°C. The amplified products were separated by gel
electrophoresis on 1.2% agarose gels. Negative controls not containing template
DNA were included in all reaction batches to monitor for contamination.

2.9.2 Cloning and Sequencing of ITS PCR Products
Nested PCR products were excised from the agarose gels and purified using a

QIAquick Gel Extraction kit (Qiagen, Germany) according to the manufacturer’s

instructions. The PCR products were ligated into pCR2.1-TOPO® plasmid vectors
from the TOPO TA Cloning Kit (Invitrogen, Carlsbad CA) according to the
manufacturer’s instructions. Bacterial cells transformed by vectors not containing
the PCR products expressed LacZ a-peptide and formed blue colonies in the
presence of X-gal (Invitrogen, Carlsbad CA). Bacterial cells containing the PCR
products did not express the LacZ a-peptide and formed white colonies. Screening
of white bacterial colonies containing the PCR insert was performed with M13
vector-specific primers in an amplification reaction mix containing 2.5U of Taq

polymerase, 200 uM of each deoxynucleotide, 3 mM MgCIZ, 0.2 ng/ul of each

primer, in 1x PCR buffer and adjusted with RNase-free water to a final volume of
20 pl. Bacterial clones were picked directly into the reaction mix and amplified
under the following conditions: 5 min at 94°C; followed by 25 cycles of 30 sec at
94°C, 30 sec at 45°C, 1 min at 72°C; and a final extension for 7 min at 72°C. The
presence of cloned inserted PCR products was confirmed by gel electrophoresis
on 1.2% agarose gels. Between nine to twelve independent clones per specimen

were sequenced in both directions using the M13 primers and BigDye Terminator
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chemistry (ABI Prism 310 Genetic Analyzer, PE Applied Biosystems, Foster
City, CA).

2.9.3 Determination of ITS Haplotypes

The ITS1-5.8S-1TS2 sequences were edited, aligned and analyzed using the
BioEdit Sequence Alignment Editor, version 7.0.4.1.4?% A database was
constructed with previously reported ITS sequences and study sequences were
aligned with these using Clustal W software and the “best fit” was chosen (Lee et
al ™*? GenBank accession numbers AF013806 to AF013834; Hosoya et al *?;
Nimri et al “? GenBank accession numbers AF374238 to AF374265; Matos et al
(123) GenBank accession number AY390601; Nevez et al “?¥ GenBank accession
number AF498265; Robberts et al “'® GenBank accession numbers AY328043 to
AY328078 and AY330724; Totet et al “**) GenBank accession numbers
AY135711 and AY135712; Siripattanapipong et al “® GenBank accession
numbers AY550105 to AY550109; van Hal et al ®® GenBank accession numbers
EU442879 to EU442882; Beser et al ?® GenBank accession number EU527019
and Gupta et al **® GenBank accession numbers GU228517 to GU228519).
Novel sequences were compared to published sequences using the NCBI
nucleotide BLAST function.*?” P_ jirovecii ITS haplotypes were assigned
according to the classification system of Lee et al. “*?) The uppercase letter
represented the ITS1 type and the lowercase letter represented the ITS2 type.
Variations in the long homopolymeric thymine and adenine tracts were ignored in
the determination of ITS type, as these have previously been reported as PCR-
induced errors.“*® Sporadic single nucleotide changes were excluded from the
analysis of sequence variation, as their significance and origin were uncertain.
These sporadic changes were presumed to be PCR-generated errors if they
occurred only once and in only one clone from a specimen. The anticipated error
rate for the ITS1-5.8S-1TS2 region using Taq polymerase is known to be higher
than that for introns and exons of the Trrl gene (2.6 £1.2 misincorporations/1000
bp, with 12 558 bp sequenced vs 1.5 +0.4 misincorporations/1000 bp, with 30 600

bp sequenced).*
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2.9.4 Nucleotide Sequence Accession Numbers
The sequences of the novel ITS1 E variants SA1 and SA2 were deposited in
GenBank with these respective accession numbers JN387046 and JN387047.

2.10 Measures to Prevent Contamination of DNA

Different rooms were used for the initial processing and immunostaining of
specimens, DNA extraction, handling of template DNA, addition of PCR product
to the nested reaction mix, sequencing steps and gel electrophoresis. A separate
pre-PCR laboratory was used to prepare all PCR and sequencing master mixes.
DNA was handled in a laminar flow cabinet equipped with a UV lamp for
decontamination. Positive and negative controls were included with the DNA

extraction process and PCR reactions.

2.11 Data Analysis

All clinical and laboratory investigations were performed blind to each other’s
results. DNA sequences were analysed using BioEdit Sequence Alignment Editor
Software version 7.0.9.0. Statistical analyses were performed with Excel and
VassarStats Website for Statistical Computations.*?® The Chi square or Fisher
exact tests were used to assess significant associations (P<0.05) among
categorical variables. Continuous variables were compared using the Mann-
Whitney test when data were not distributed normally. A P value of less than 0.05

was considered significant and tests were two-tailed.
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CHAPTER THREE

APILOT STUDY TO INVESTIGATE THE PRESENCE OF DHPS
POLYMORPHISMS IN SOUTH AFRICAN P. JIROVECII STRAINS

Paper |: Published in 2006.%?% Dini, L., du Plessis, M., Wong, M., Karstaedt, A.,
Fernandez, V. and Frean, J. Prevalence of DHPS polymorphisms associated with
sulfa resistance in South African Pneumocystis jirovecii strains, J. Eukaryot.
Microbiol., vol. 53(S1), 2006, pp. S110-S111 (Appendix E).

3.1 Introduction

Pneumocystis pneumonia (PCP) is a risk to a substantial proportion of the
population of South Africa, in a setting of high HIVV/AIDS prevalence, where
HAART has been to a large extent unavailable.®*% The South African
government initiated the provision of HAART to the public sector in April 2004,
but prior to that the HIV epidemic was largely untreated. By the end of 2006,
HAART coverage was estimated at 21% of those needing antiretroviral
therapy.®™Y The prevalence of HIV infection among prenatal clinic attendees in
South Africa had risen dramatically from 0.7% in 1990 to 30.2% in 2005.%?) In
Gauteng Province, the estimated HIV prevalence in the total population was
14.5% in 2006.% In 2007, an estimated 5.7 million people were living with HIV
infection out of a total population of 48.5 million, and 350 000 deaths were

attributed to AIDS during the same year. ®%

An increased prevalence of DHPS point mutations has been associated with the
use of trimethoprim-sulfamethoxazole (TMP-SMX), the drug of choice for the
treatment and prophylaxis of PCP. (66784134138 Thjs awoke concern for possible
drug resistance in fungal strains. Prior to 2004 no studies had been conducted to
assess the potential presence of DHPS polymorphisms in P. jirovecii strains from
South Africa. A single study in 2003, based on a small sample size of 14 patients,

had reported a prevalence of P. jirovecii DHPS mutations in 7% of Zimbabwean
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HIV-infected adults with PCP. @ Prior to 2003, no other studies investigating
P. jirovecii DHPS polymorphisms had been published from developing countries.

The aim of this pilot study was to investigate whether DHPS polymorphisms were

present in P. jirovecii organisms in South Africa.

3.2 Results and Discussion

This is one of the first studies from South Africa investigating DHPS mutations in
P. jirovecii organisms. A total of 79 respiratory specimens from 65 patients was
successfully genotyped at the DHPS locus (Table 3). The prevalence of

P. jirovecii containing DHPS mutations was 42% (27/65). Two other studies from
South Africa with smaller sample sizes were published after we had analyzed our
results. They reported much lower prevalences of DHPS mutations, 13% and 4%
respectively.®1%) Robberts et al *°? detected a single M3 DHPS genotype in

P. jirovecii from 53 PCP episodes. The study by Zar et al “® enrolled 30 children
from one hospital in the Western Cape Province. They found the M1 DHPS
genotype in P. jirovecii from two children; the M2 genotype in P. jirovecii from
one child and another child was infected with P. jirovecii containing the M3

genotype.

In this pilot study, P. jirovecii strains containing single DHPS mutations, either
M1 or M2, were detected in 29% (19/65) of patients, and the double mutation M3
was detected in P. jirovecii from 5 patients (8%). The most common DHPS
mutation was M1, occurring in 18% (12/65) of P. jirovecii isolates. All five
patients from the Eastern Cape Province were infected with P. jirovecii containing
wild-type DHPS genotypes. The other three provinces had patients infected with
wild-type and mutant P. jirovecii strains. Multiple specimens were available for
13 patients and all except one patient had P. jirovecii with identical DHPS
genotypes. This patient’s first specimen initially contained P. jirovecii with a
wild-type DHPS genotype, and the second specimen taken two days later
contained a mixture of wild-type and M1 DHPS genotypes. Fourteen percent

(9/65) of specimens contained mixtures of P. jirovecii DHPS genotypes.
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A limitation of our pilot study was the non-random selection of specimens, and a
larger population-based study would be required to confirm the high prevalence of

DHPS mutations in P. jirovecii organisms from South Africa.

3.3 Conclusions

This is one of the first studies from South Africa investigating DHPS mutations in
P. jirovecii organisms. The prevalence of DHPS mutant genotypes was high at
42%, and the most common DHPS mutant genotype was M1. P. jirovecii strains
containing single DHPS mutations were detected in a third of patients, and
mixtures of P. jirovecii genotypes were found in 14% of patient specimens. Based
on the results of this pilot study, a decision was taken to proceed with a large
prevalence study investigating DHPS polymorphisms in the general P. jirovecii
population (Chapter Four), as well as a clinical study to ascertain their potential
significance in patients with PCP (Chapter Five).
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Table 3 P. jirovecii DHPS genotypes in respiratory specimens from South
African patients

Nucleotide at position Proportion of
DHPS genotype (amino acid) patients (%)
165 (55) 171 (57) n=65
Wild-type (WT) A (Thr) c 1% 38/65 (58)
Mutant genotype, total 27165 (42)
Single mutation: position 165 12/65 (18)
M1 only GG C (109 7165 (11)
M1+ WT G/A (Ala/Thr) C (9 5/65 (8)
Single mutation: position 171 7/65 (11)
M2 only A (Thr) T (Ser) 6/65 (9)
M2 + WT A (Thr) T/C (Ser/Pro) 1/65 (2)
Double mutation: 27
N G ® T (Ser) 5/65 (8)
positions 165 + 171 (M3)
Mixed genotypes® G/A (Ala/Thr)  T/C (Ser/Pro) 3/65 (5)

# Mixed infections in which the presence of double DHPS mutants and wild-type

and/or a mixture of single mutants could not be resolved
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CHAPTER FOUR

THE PREVALENCE OF P. JIROVECII DHPS MUTATIONS IN SOUTH
AFRICA

Paper I1: Published in 2010.%*” Dini, L., du Plessis, M., Frean, J. and Fernandez,
V. High prevalence of dihydropteroate synthase mutations in Pneumocystis
jirovecii isolated from patients with Pneumocystis pneumonia in South Africa, J.
Clin. Microbiol., vol. 48 no. 6, June 2010, pp. 2016-2021 (Appendix F).

4.1 Introduction

The prevalence of P. jirovecii DHPS mutations reported from countries in the
developed world ranges widely, from 4% to 81%.(¢78687:90.92.95.98.138) The feyy
studies performed in developing countries all report low prevalences of

P. jirovecii containing DHPS mutations. %1% | South Africa, a handful of
studies that screened specimens from limited numbers of adults and children have
reported mostly low DHPS mutation rates.®®"% However, the results of the pilot
study (Chapter Three), where 42% of specimens contained P. jirovecii with DHPS
mutations, suggested that the prevalence of these mutations in the general

population could be high.

The aim of this large laboratory-based study was to ascertain the prevalence in
South Africa of P. jirovecii strains in the population harbouring mutations at

positions 165 and 171 in the fas gene.

4.2 Results

During the study period, from January 2006 through February 2007, 932
respiratory specimens from 712 patients (93% >15 years of age) with suspected
PCP were consecutively received for microbiological confirmation of P. jirovecii
at the NICD in Johannesburg, South Africa. Immunofluorescence (IF) microscopy

was positive for P. jirovecii in specimens from 168 (24%) patients. Table 4.1
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provides the demographic details of the patients screened for P. jirovecii infection
using IF microscopy. P. jirovecii DNA was detected in all of the IF-positive
specimens from 150 patients that were available for assessment of fungal load
using quantitative real-time PCR (qPCR). The quantity of P. jirovecii DNA
measured in the first IF-positive specimen from each of these 150 patients is
shown in Table 4.2. Microscopy was deemed equivocal for specimens from 14
patients, and 10 of these yielded positive results with gPCR. Specimens from 530
patients were IF-negative for P. jirovecii. Quantitative PCR was performed on a
subset of IF-negative specimens from 191 patients that were arbitrarily chosen
throughout the year. P. jirovecii DNA was detected and quantified in IF-negative

specimens from 32 (17%) of these patients.

Amplification of the DHPS gene of P. jirovecii was attempted in 201 specimens
from 162 patients with a qPCR result of >20 target gene copies/uL of extracted
DNA. The DHPS locus was successfully genotyped in a total of 183 specimens
from 151 patients. Point mutations resulting in amino-acid substitutions Thr55Ala
and/or Pro57Ser were detected in P. jirovecii from 85 (56%) patients (Table 4.3).
Of these, 36 patients (42%) harboured P. jirovecii with either mutation Thr55Ala
(19 patients, 22%) or Pro57Ser (17 patients, 20%). In specimens from 18 patients
(21%) the presence of P. jirovecii organisms with both mutations in the DHPS
gene could be ascertained. Specimens from 31 patients (36%) contained mixtures
of mutant P. jirovecii DHPS genotypes, both with and without wild-type, which
could not be resolved with direct sequencing. Infections with more than one
DHPS genotype were detected in 69% (59/85) of patients harbouring mutant

P. jirovecii. Multiple respiratory specimens collected during the same PCP
episode were available from 23 patients and the majority (17/23, 74%) presented
identical DHPS genotypes. There were no significant differences in the frequency
of wild-type or mutant DHPS genotypes between genders (P = 0.39), age groups
(P =0.38) or patients from distinct geographical locations (P = 0.1).
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4.3 Discussion

The primary aim of this study was to assess the prevalence in South Africa of

P. jirovecii strains harbouring DHPS mutations previously shown to be associated
with exposure to sulfa or sulfone drugs. The number of screened specimens and
patients makes this study the largest of its kind conducted to date in the
developing world. We found that 56% of PCP patients were infected with mutant
P. jirovecii strains. This figure stands in contrast to the lower frequencies reported
from the African continent and other countries outside of the industrialized
world,(100-103.105-107.109) The risk of P. jirovecii developing DHPS mutations is
higher for PCP patients receiving sulfa prophylaxis than for those not receiving
it.®6678487) A general assumption is that the occurrence of DHPS mutations in
developing countries is low due to a less extensive use of sulfa prophylaxis
against PCP. Thus, the high frequency of DHPS mutations among PCP patients in
South Africa would be indicative of a considerable exposure to sulfa medication,
used either prophylactically against PCP or for treatment of other infections. We
regard it as unlikely that sulfa (usually TMP-SMX) prophylaxis for PCP alone
accounts for the high prevalence of mutant P. jirovecii observed in the present
investigation. Although information regarding patient HIV status and use of
prophylaxis was not available for this laboratory-based study, it is well recognized
that a large proportion of HIV-positive patients in South Africa are either unaware
of their HIV infection when they present with PCP or have limited access to
prophylaxis. A large clinical study at a public hospital in Johannesburg showed
that 58% of adult patients presenting with PCP were newly diagnosed with HIV,
and only 16% of patients with a previously-confirmed HIV infection were
receiving TMP-SMX prophylaxis (see Chapter Five). Furthermore, in a survey of
South African primary level health care services for HI\VV-positive children, two-
thirds of public sector clinics did not have a policy in place for the administration
of PCP prophylaxis.®®

The widespread use of sulfa drugs, particularly TMP-SMX, against diseases other

than PCP could be contributing to the selection of P. jirovecii strains carrying

mutations in the DHPS gene. In South Africa, guidelines issued by the
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Department of Health have recommended the use of TMP-SMX to treat urinary
tract infections, cholera, and acute otitis media at the primary care level, as well as
invasive bacterial infections caused by Shigella and Salmonella species in
hospitalised patients.®® Indications for HIV-positive individuals, apart from PCP
prophylaxis and treatment, include prophylaxis against recurrent bacterial
infections in children, prophylaxis against bacterial pneumonia, bacteraemia and
isosporiasis in adults, as well as prophylaxis and treatment of toxoplasmosis. A
2002 report revealed that 26% of primary health care clinics also administered
TMP-SMX for acute respiratory and gastrointestinal tract infections in
children,** a finding in line with the generalized perception that sulfa-based
drugs are often used in primary care as empiric treatment for a variety of
conditions including diarrhoea and non-specific respiratory infections in adults
and children. Extensive usage of TMP-SMX is known to exert considerable
selective pressure on microbial populations and lead to the development of
resistance.X*1%Y That this is the situation in Gauteng Province and other
localities of South Africa is also suggested by the very high rates of TMP-SMX
resistance consistently observed in surveillance isolates of pneumococcal and
other bacterial species; for example, rates of TMP-SMX resistance in isolates of
Streptococcus pneumoniae, Shigella spp and non-typhoidal salmonellae of over
50%, 83% and 37% respectively, have been reported.®*? Sulfadoxine-
pyrimethamine (Fansidar) was used as first-line treatment for malaria in South
Africa until 2006; while the number of patients treated (between 1990 and 2006,
an average of around 25 000 malaria cases per year) was relatively small in
comparison to the burden of HIV-infected individuals, this may have contributed

to selective pressure.

The transmission of P. jirovecii strains is another factor that may influence the
high prevalence of mutant DHPS strains observed in the present investigation.
Airborne transmission of Pneumocystis spp. from host to host has been
demonstrated in rodent models and numerous observations, including several
cases of nosocomial clustering, suggest that direct or indirect transmission occurs

in humans.® Evidence for de novo acquisition of P. jirovecii with mutant DHPS

56



genotypes has been provided by studies including patients who had never received
sulfa prophylaxis for PCP.®5%) |n one of these studies, more than half of the
patients newly diagnosed with HIV infection had mutant P. jirovecii.®® It is
possible that inter-human transmission of P. jirovecii and concomitant circulation
of DHPS genotypes in the population is accelerated in localities of South Africa
with high HIV prevalence and large numbers of individuals with some degree of
immunosuppression, from subclinical stages to overt AIDS, who are susceptible
to colonization by the fungus. It is also possible that mutant strains have an
inherent fitness that enables enhanced transmission. Widespread empiric use of
TMP-SMX and increased transmission and circulation of strains/genotypes in the
population could, at least in part, explain the high prevalence of mutant

P. jirovecii in settings with limited implementation of PCP prophylaxis.

Lack of clinical surveillance, unavailability of chest radiographic facilities and
limited laboratory diagnosis contribute to the scarcity and disparity of information
regarding burden of disease and epidemiology of PCP in African settings. In
South Africa, collection of bronchoalveolar lavage (BAL) specimens is rare. The
few specimens sent for laboratory confirmation are mostly sputa and these are
often spontaneously expectorated rather than induced with hypertonic saline.®**
149 Although collection procedure was not specified for the majority of sputum
specimen referrals in this study, we estimate that a high proportion were
spontaneously expectorated. Clinically, it is accepted that BAL and induced
sputum specimens are superior to spontaneously expectorated sputum for the
microscopic diagnosis of PCP, in part, because many patients with PCP have a
non-productive cough and cannot produce an adequate specimen without
undergoing sputum induction. Whilst proper collection of the respiratory sample
is of major importance for optimal laboratory diagnosis of PCP, it may also be
crucial for the strain/genotype representativity of the specimen and the accurate
assessment of mixed-genotype infections. In five out of a total of six cases with
discrepant DHPS genotypes, we observed large differences (>10-fold) in the
quantity of P. jirovecii DNA measured in specimens from the same PCP episode

showing non-identical DHPS genotypes. In some of these cases multiple samples
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had been collected within 24 hours or less. This suggests that variable specimen
quality, likewise initiation of PCP therapy, may be a cause of inconsistent results

in the genotypic analysis of P. jirovecii infections.

In South Africa, PCP has been studied more extensively in children and it is now
recognised as a common pathogen in HIV-infected infants.“? In the present
study, which predominantly includes specimens from adults, P. jirovecii infection
was confirmed by IF microscopy in 24% of patients with suspected PCP. By
quantitative real-time PCR analysis we could confirm P. jirovecii carriage in an
additional 17% of patients with clinical PCP suspicion and negative IF
microscopy. Detection of P. jirovecii was also verified by real-time PCR in
specimens from 10 of 14 patients with equivocal microscopy results. Quantitative
real-time PCR performed as a single-round amplification in a closed system offers
the advantages of increased diagnostic sensitivity and rapidity with a reduced risk
of contamination. Quantification of the level of P. jirovecii infection or
colonization can be useful for monitoring therapy and the improved management
of patients.**® Although increased diagnostic sensitivity carries a higher risk of
clinically-false positives, it enhances the chances for early detection of
biologically-true positives in individuals with no or incipient clinical
manifestations, something that could be of critical importance in localities with
high HIV incidence.

This study has certain limitations. Data regarding HIV status, use of sulfa
prophylaxis or other medication, and outcome of the patients were not available.
These shortcomings, that preclude further analysis of possible underlying
associations, expose the type of constraints that are common for laboratory-based
studies. However, they do not have any bearing on the central issue of assessing
the frequency of DHPS genotypes in P. jirovecii strains prevalent in the
population. Although the study included patients from a large number of hospitals
in South Africa, 57% of the patients with data on P. jirovecii DHPS genotypes

came from two hospitals in Gauteng Province.
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The increased risk of carrying mutant P. jirovecii DHPS genotypes in patients
receiving sulfa prophylaxis suggests that mutations in the fas gene provide a
selective advantage so that subpopulations of the fungus may eventually
overcome the effects of prophylactic doses of TMP-SMX. The clinical
significance of DHPS mutations and in particular whether single polymorphisms
or a double mutation have differential effects on response to higher therapeutic
doses are questions not yet resolved (see Chapter 5). The appearance of

P. jirovecii strains with additional mutations and significantly higher levels of
tolerance to sulfonamides and/or sulfones is a possibility that cannot be excluded.
Examples of cumulative mutations leading to increased antibiotic resistance have

been documented for viruses, bacteria and parasitic protozoa.

4.4 Conclusions

The number of screened specimens and patients makes this study the largest of its
kind conducted to date in the developing world. P. jirovecii infection was
confirmed by IF microscopy in 24% of patients with suspected PCP. Colonization
by the fungus, characterized by IF-negative microscopy and low gene copy
numbers in the real-time PCR, occurred in 17% of patients. The prevalence of
infections with P. jirovecii containing DHPS mutations in adult South African
patients is high at 56%. The results of this prevalence study confirmed the
findings of the pilot study in Chapter Three, which reported a prevalence of 42%
for P. jirovecii DHPS mutations. The frequencies of the different mutant DHPS
genotypes were similar. P. jirovecii containing single DHPS mutations was found
in 42% of patients and strains containing the double mutant M3 genotype were
found in 21% of patients. Infections with more than one DHPS genotype were
detected in 14% of patients. There were no significant differences in the
proportions of wild-type or mutant P. jirovecii DHPS genotypes between genders,
age groups or patients from distinct geographical locations. Widespread empiric
use of TMP-SMX, as well as increased transmission and circulation of mutant
DHPS strains/genotypes in the population could account for the high prevalence
of mutant P. jirovecii in settings with limited implementation of PCP prophylaxis.

It was therefore of great importance to proceed with a study to investigate the
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potential clinical significance of these mutations in patients infected with this

fungus (Chapter Five).

Table 4.1 Comparison of patient demographic data between IF-positive and IF-

negative specimens, South Africa

Variables Patients®
(n=712)

P. jirovecii immunofluorescence (IF)

microscopy result

IF-positive IF-negative

(n = 168) (n = 544)

Mean age £SD (range) 34 £13 (1m-86y)

Female:male 1.6:1

Province:
Gauteng 491
Eastern Cape 149
Mpumalanga 53
Free State 12
Limpopo 4
Northern Cape 3

33110 (3m-66y) 34 +13 (1Im-86y)

1.8:1 1.6:1
123 368
28 121
15 38
2 10
0 4
0 3

493% of patients >15 years of age
m month, y year
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Table 4.2 Quantification of P. jirovecii DNA in respiratory specimens from

patients with suspected Pneumocystis pneumonia

Specimens Patients  Real-time P. jirovecii DNA quantity
PCR-positive Median (range)?
Sputum
IF-positive 140 140 3062 (8 - 291 894)
IF-negative” 173 30 7 (1 - 499)
IF equivocal® 12 10 151 (9 - 1 549)
Tracheal aspirate
IF-positive 7 7 1921 (10 — 180 498)
IF-negative 4 1 1
IF equivocal 0
Bronchoalveolar lavage
IF-positive 2 2 54 766 (3 — 109 529)
IF-negative 3 0
Other*
IF-positive 1 1 299
IF-negative 11 1 4
IF equivocal 1 0

IF immunofluorescence microscopy test

# Expressed as target gene copies/pL of extracted DNA. Detailed information
regarding handling of specimens and DNA extraction conditions is provided in

the methods section.

® A set of 205 specimens from 191 patients were arbitrarily chosen for gPCR

analysis from the 530 patients with IF-negative results.

 Immunofluorescence microscopy was suggestive of P. jirovecii, but not

conclusive.

% Includes 2 bronchial washings, 2 nasopharyngeal aspirates, 1 pleural fluid and 8

samples with unknown specimen types.
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Table 4.3 P. jirovecii DHPS genotypes in respiratory specimens from South

African patients

Nucleotide at position (amino acid)

No. patients (%)

DHPS genotype
n=151
165 (55) 171 (57)
Wild-type (WT) A (Thr) c 1) 66/151 (44)
Mutant genotype, total 85/151 (56)
Single mutation 36/85 (42)
Position 165 (M1) G ® c 1% 4/85 (5)
M1+ WT G/A (Ala/Thr) c 1% 15/85 (18)
Position 171 (M2) A (Thr) T (Ser) 7185 (8)
M2 + WT A (Thr) T/C (Ser/Pro) 10/85 (12)
Double mutation 18/85 (21)
Positions 165 + 171 (M3) G ® T (Ser) 15/85 (18)
M3 + M1 G © T/C (Ser/Pro) 1/85 (1)
M3 + M2 G/A (Ala/Thr) T (Ser) 2/85 (2)
Mixed genotypes® G/A (Ala/Thr) T/C (Ser/Pro) 31/85 (36)

4 Mixed infections in which the presence of double mutants and wild-type and/or a

mixture of single mutants could not be resolved.
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CHAPTER FIVE

OUTCOME OF HIV-POSITIVE SOUTH AFRICAN PATIENTS WITH
PNEUMONIA CAUSED BY P. JIROVECII WITH AND WITHOUT DHPS
GENE MUTATIONS

Paper I11: Manuscript in preparation. Dini, L., Wong, M., Frean, J., du Plessis,
M., and Karstaedt, A. Effect of Pneumocystis jirovecii dihydropteroate synthase
gene mutations on outcome of South African patients with HIV: a prospective

study.

5.1 Introduction

After establishing that the prevalence of P. jirovecii DHPS mutations
corresponding to the DHPS binding site was high (56%) in South Africa (Chapter
Four), a large prospective clinical study was launched to investigate the
significance of these polymorphisms in patients suffering from PCP. The clinical
significance of P. jirovecii DHPS mutations is not fully understood and results are
conflicting. One study ©” found a significantly lower three-month survival in
patients harbouring mutant P. jirovecii, whilst two other studies ®*® found no
significant association between patient survival and DHPS genotype at four and
six weeks respectively. Huang et al ®® found an insignificant trend for patients
harbouring mutant P. jirovecii DHPS to have an increased mortality, whilst
Nahimana et al ®® had similar in-hospital rates of death for patients with or
without mutant P. jirovecii. Crothers et al ®” found that mortality was not
associated with the presence of DHPS mutations. The majority of clinical studies
found an association between sulfa prophylaxis and the presence of DHPS
mutations, 6-67:8486-87.90-9) \nhj|st two studies, with low numbers of patients
infected with mutant P. jirovecii, reported no association with sulfa prophylaxis

and mutant DHPS genotype. 2%
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The aim of this large, prospective, clinical study was to ascertain the clinical
significance of P. jirovecii strains harbouring mutations at positions 165 and 171

in the fas gene.

5.2 Results

From March 2005 through June 2009, 306 respiratory specimens from 266 adult
patients with clinically and/or radiologically suspected PCP were screened for

P. jirovecii infection. All patients were confirmed HIV-positive or were clinically
strongly suspected of AIDS. Immunofluorescence (IF) microscopy was positive
for P. jirovecii in specimens from 150 patients (56%). Microscopy was deemed
equivocal for specimens from 11 patients; four of which yielded positive results
with guantitative real-time PCR (qPCR). P. jirovecii DNA was detected by
quantitative real-time PCR in specimens from 189 patients (71%), and the median
fungal load was 837 target gene copies/pL of extracted DNA (range: 2-704 257).

Prevalence of DHPS genotypes

The DHPS locus was successfully genotyped in specimens from 161 patients
(85%). DHPS amplification was not always successful in specimens with fungal
loads of less than 170 target gene copies/pL of extracted DNA. Point mutations
resulting in amino acid substitutions Thr55Ala and/or Pro57Ser were detected in
P. jirovecii strains from 98 patients (61%) (Table 5.1). Of these, 57 patients (58%)
harboured P. jirovecii with single DHPS mutations. The frequency of mutation
M1 was 26% (25/98) and M2 was 56% (55/98). The double mutation M3 was
present in specimens from 41 patients (42%). P. jirovecii infections with more
than one DHPS genotype were detected in 47% (75/161) of patients. Specimens
containing multiple ambiguous genotypes were cloned and sequenced to resolve
the mixtures. Specimens containing mixtures of wild-type and mutant DHPS
strains were classified into the mutant category. The proportion of mutant DHPS
genotypes stayed relatively stable over the study period, except in 2007 where it
dropped to 44% (Figure 5).

64



Multiple respiratory specimens collected during the same PCP episode were
available from 10 patients and six (60%) presented with identical DHPS
genotypes (Table 5.2, patients 1 to 10). No genotype switching occurred in the
other four patients, but an additional genotype was detected in each case. In two
patients the additional DHPS genotype was detected in specimens with a higher
fungal load, suggesting that the additional genotype was present at a lower
frequency than the original genotypes. DHPS sequences from patient 2 were
cloned and sequenced and the additional genotype M2 occurred at a lower
frequency than the original genotypes. One patient (patient 11 in Table 5.2) was
admitted twice for PCP, with episodes separated by six months. This patient
initially presented with a mixture of wild-type, M1 and M2 genotypes, which
were resolved by cloning and sequencing of PCR products. During the second

admission an M3 genotype was detected in addition to the wild-type genotype.

Association between DHPS mutations and sulfa exposure

Patient demographics, clinical characteristics and outcome are provided in Table
5.3. According to patient interview, only five patients had a previous history of
PCP and 26 patients (16%) were exposed to sulfa in the four months prior to
admission. There were no significant associations between the presence of DHPS
mutations and previous PCP (P = 0.37) or exposure to sulfa-based medication (P
= 0.34). In our study 57 of the 98 patients (58%), who were newly diagnosed with
HIV on admission, harboured P. jirovecii with mutant DHPS genotypes.

Outcome of patients infected with PCP according to DHPS genotype
Significantly more patients infected with mutant P. jirovecii DHPS genotypes
died in hospital compared with patients infected with wild-type DHPS genotypes
(26/98, 27% versus 8/63, 13%, P = 0.04) (Table 5.3). The overall in-hospital
mortality was 21% (34/161). The median stay in hospital was 10 days and was
similar for patients in the DHPS mutant and wild-type groups. There were no
significant associations between DHPS genotype and patient gender, age, CD4"
count, diagnosis of HIV on admission, pneumothorax, need for mechanical

ventilation, or respiratory failure. When examining the different mutant DHPS
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genotypes, there were no significant associations in patients harbouring

P. jirovecii with single DHPS mutations (genotypes M1 and M2) compared with
those infected with the double mutant M3 genotype (Table 5.4). However, there
was an insignificant trend for patients infected with the M3 genotype to have a
lower median CD4" cell count compared to patients harbouring strains with single
mutations (P = 0.06). In-hospital mortality was similar for patients infected with
P. jirovecii containing single DHPS mutant genotypes compared with double
mutant genotypes (18/57, 32% versus 8/41, 20%).

Patients that survived (79%) were either discharged home well, referred to a TB
treatment facility or to a step-down clinic for further treatment. A telephonic
and/or postal follow-up was conducted to assess the mortality of patients at three
months after discharge, and the response rate was 70% (89/127). When assessing
the mortality of only the discharged patients at three months, significantly more
patients died of wild-type P. jirovecii strains than those infected with mutant
strains (9/63, 14% versus 4/98, 4%, P = 0.02). The overall mortality rate of the
discharged patients at three months was 15% (13/89). When combining in-
hospital patient mortality and mortality at three months after discharge, the
mortality rate was 38% (47/123) and there were no significant associations with a

DHPS genotype (P = 0.82), nor with a particular mutant genotype (P = 0.12).

5.3 Discussion

This study is unique in the developing world as it was conducted prospectively
and has a large sample size, especially in the P. jirovecii mutant DHPS category.
The primary aim of this study was to assess the clinical significance in South
Africa of P. jirovecii strains harbouring DHPS mutations previously shown to be
associated with exposure to sulfonamide drugs. The majority of patients (61%)
harboured mutant P. jirovecii strains, a result which is consistent with the
prevalence of 56% reported from our previous study *3”(Chapter Four). The
proportion of mutant DHPS genotypes stayed relatively stable over the study
period. The most frequent DHPS mutant genotype was M2, which has a single

point mutation at nucleotide position 171 in the fas gene, followed by the double
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mutant genotype M3, which has single nucleotide point mutations at positions 165
and 171. Multiple P. jirovecii infections were found in 47% of patients.

The in-hospital mortality was higher than the mortality of the discharged patients
at 3 months. Significantly more patients died in hospital of P. jirovecii containing
mutant DHPS genotypes than those infected with wild-type strains (P = 0.04).
Our study is one of the few to show an association between mutant DHPS
genotypes and increased in-hospital mortality. A study from Italy with a low
prevalence of mutant genotypes also showed a correlation between DHPS mutants
and worse outcomes.®? Crothers et al ®” found that patients infected with mutant
P. jirovecii strains tended to have worse outcomes than those infected with wild-
type strains. Helweg-Larsen et al ®” found that the presence of DHPS mutations

was the most important predictor of mortality.

Interestingly, mortality at three months among the discharged patients was
associated with the wild-type DHPS genotype. This result could not have been
affected by the relative proportions of DHPS genotypes in the discharged patient
group, as more patients were infected with mutant P. jirovecii than wild-type
(61% versus 39%). However, 30% of discharged patients were lost to follow up
and their results may have an effect on the mortality figure. The prevalence of
mutant P. jirovecii in these patients compared with wild-type was 18% versus
32%. It was not possible to ascertain if the patients died of P. jirovecii infection
within the three months after discharge. An autopsy study from South Africa
showed that one third of patients with P. jirovecii infections were co-infected
another pathogen.“? Co-infections with other pathogens contribute to the

morbidity and mortality of patients with PCP.

When combining in-hospital mortality and mortality at three months after
discharge, there were no significant associations with a particular DHPS
genotype. These results appear to be conflicting, but assessing if a patient’s
outcome is due entirely to the presence or absence of DHPS mutations is very

difficult. The assessment of a patient’s outcome is complex, because many factors
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can affect outcome, such as co-infections with other pathogens, underlying health
conditions, severity of disease, and adherence to treatment. Crothers et al "
suggested that mortality in most HIV-infected patients with PCP was related
primarily to the underlying severity of illness and the initial severity of PCP, even
though they found a trend towards worse outcomes in patients with mutant

P. jirovecii.

There were no significant associations between the presence of DHPS mutant
genotypes and previous PCP or exposure to sulfa medication. However, very few
patients (3%) reported a previous PCP episode and only 16% of patients had been
exposed to any sulfa-based medication in the four months prior to admission,
according to patient recall. One patient who had a previous PCP episode
developed an M3 (double mutant) genotype during his second PCP episode six
months later. Our data support the hypothesis that P. jirovecii strains with mutant
DHPS genotypes may be transmitted from person to person, as 58% of the
patients diagnosed with HIV on admission harboured P. jirovecii with mutant
DHPS genotypes. Several studies have reported patients harbouring P. jirovecii
strains with mutant genotypes, who had not been exposed to sulfa drug

prophylaxis_(65-66,91,96)

This study has certain limitations. Some patients could not provide clear
information as to their use of sulfa-based medication prior to admission. Patient
adherence to treatment could not easily be monitored. The patient outcome results
at three months post-discharge may be affected by the fact that 30% of patients
(38/127) were lost to follow-up.

5.4 Conclusions
This study is unique in the developing world as it was conducted prospectively

and has a large sample size, especially in the mutant DHPS category.
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5.4.1 Prevalence of DHPS Genotypes

The majority of patients (61%) harboured mutant P. jirovecii strains, a result
which is consistent with the 56% reported from the prevalence study (Chapter
Four). The proportion of mutant DHPS genotypes stayed relatively stable over the
study period. Multiple P. jirovecii infections were found in 47% of patients. The
most frequent DHPS mutant genotype among patient specimens was M2 followed
by M3.

5.4.2 Inter-human Transmission

Few patients were exposed to sulfonamides prior to their admission, and almost
60% of the patients diagnosed with HIV on admission harboured P. jirovecii with
mutant DHPS genotypes. Inter-human transmission of P. jirovecii carrying mutant
DHPS genotypes could, at least in part, explain the high prevalence of DHPS
mutations in adult HIV-positive South Africans.

5.4.3 Clinical Significance of DHPS Mutant Genotypes

The in-hospital mortality was higher than the mortality of the discharged patients
at three months. Significantly more patients died in hospital of P. jirovecii
containing mutant DHPS genotypes than those infected with wild-type strains (P
= 0.04). Our study is one of the few to show an association between mutant DHPS
genotypes and increased in-hospital mortality. Mortality at three months among
the discharged patients was associated with the wild-type DHPS genotype.
However, cause of death in these patients was unknown. There were no
significant associations in patients harbouring P. jirovecii with single DHPS
mutations (genotypes M1 and M2) compared with those infected with the double
mutant M3 genotype. However, there was an insignificant trend for patients
infected with the M3 genotype to have a lower median CD4" cell count compared

to patients harbouring strains with single mutations (P = 0.06).
The next chapter (Chapter Six) focuses on a subgroup of patients from this

clinical study and characterizes the P. jirovecii strains in these patients based on

ITS typing.
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Figure 5 The proportion of mutant DHPS genotypes per year in 161 patients

infected with Pneumocystis jirovecii (n = total number of patients)
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Table 5.1 P. jirovecii DHPS genotypes in respiratory specimens from 161 South

African patients

Nucleotide at position

No. patients (%)

DHPS genotype (amino acid) 161
165 (55) 171 (57)
Wild-type (WT) A (Thr) c ™ 63/161 (39%)
Mutant genotype, total 98/161 (61%)
Single mutation: position 165 15/98 (15)
M1 only GG C (109 0
M1+ WT G/A (Ala/Thr) c (109 15/98 (15)
Single mutation: position 171 39/98 (40)
M2 only A (Thr) T (Ser) 11/98 (11)
M2 + WT A (Thr) T/C (Ser/Pro) 28/98 (29)
Single mutations: positions 165 + 171 3/98 140
M1 + M2 + WT? G/A (Ala/Thr)  T/C (Ser/Pro) 3/98 (140
Double mutation: positions 165 + 171 41/98 (42)
M3 only G ® T (Ser) 12/98 (12)
M3 + WT? G/A (Ala/Thr)  T/C (Ser/Pro) 12/98 (12)
M3 + M1 G© T/C (Ser/Pro) 2/98 (2)
M3 + M1 + WT? GIA (Ala/Thr)  T/C (Ser/Pro) 2/98 (2)
M3 + M2 G/A (Ala/Thr) T (Ser) 5/98 (5)
M3 + M2 + WT? G/A (Ala/Thr)  T/C (Ser/Pro) 5/98 (5)
M3 + M1 + M2 G/A (Al/Thr)  T/C (Ser/Pro) 2/98 (2)
M3+ M1+ M2 + WT? G/A (Ala/Thr)  T/C (Ser/Pro) 1/98 (1)

? Mixed genotypes were resolved by cloning and sequencing
WT wild-type, M1 mutation 1, M2 mutation 2, M3 mutation 3
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Table 5.2 Comparison of DHPS genotypes in 11 patients with multiple specimens

Patient Specimen Sampling Fungal DHPS Cloning result”
no. interval  load? genotype
1 1 2 days 33825 WT
2 156 WT
2 1 2 days 12270 WT+M3+M2 WTx7, M3x2, M2x1
2 192 794 WT+M3 WTx8, M3x2
3 1 1 day 2566 M2
2 388 M2+WT
4 1 1 day 585 WT
2 475 WT
5 1 2 days 873 M3+M2
2 45 M3
6 1 3 days 134 M2+WT
2 649 M2+WT
7 1 2 days 202 WT
2 1085 WT
8 1 3 days 826 MI1+WT
2 939 MI1+WT
9 1 2 days 401 WT
2 1705 WT+M2
10 1 2 days 396 WT
2 1714 WT
11 1 6 months 8568 M2+WT+M1 M2x6, WTx3, M1x1
2 83596 WT+M3 WTx6, M3x3

% Expressed as target gene copies/pL of extracted DNA

® Specimens containing mixtures of DHPS genotypes were resolved by cloning

and sequencing
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Table 5.3 Demographic, clinical characteristics and outcome of 161 PCP patients

according to DHPS genotypes

DHPS genotype

Characteristic i P

Mutant®  Wild-  510e

(n=98) type

(n=63)

Gender: Female, No. of patients (%) 78 (80%) 42 (67%) 0.07°
Mean age, years =SD (range) 36 +8 34 £9 0.10°

(20-58) (19-56)
Median CD4" cell count, cells/mm?® (range) 18 26 0.20°

(1-226) (1-470)
Newly diagnosed with HIV on admission, No. 57 (58%) 41 (65%) 0.38°
of patients (%)
History of previous PCP, No. of patients (%) 4 (4%) 1 (2%) 0.65¢
Sulfa/sulfone exposure®, No. of patients (%) 18 (18%) 8(13%) 0.34°
Median hospital stay, days (range) 10 (2-42) 10(3-34) 0.48°
Development of pneumothorax, No. of patients 4 (4%) 2 (3%) 1.0
(%)
Mechanical ventilation necessary, No. of 4 (4%) 2 (3%) 1.0
patients (%)
Respiratory failure, No. of patients (%) 87 (89%) 55 (87%) 0.78°
Outcome:
Death in hospital, No. of patients (%) 26 (27%) 8 (13%)

c

Discharged, No. of patients (%) 72 (73%) 55 (87%) 0.04
Discharged, alive after 3 months, No. of patients 50 (51%) 26 (41%)
Discharged, death within 3 months, No. of 4 (4%) 9 (14%) '
patients (%)
3-month outcome unknown, No. of patients (%) 18 (18%) 20 (32%)

% Specimens containing mixtures of wild-type plus mutant DHPS genotype were

classified into the mutant category after cloning and sequencing.

® Use of any sulfa-based medication in the 4 months prior to admission.

© Chi square test, @ Fisher exact test, ® Mann-Whitney test, considered significant

at the 5% level if P<0.05
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Table 5.4 Demographic, clinical characteristics and outcome of 98 PCP patients

according to mutant DHPS genotype

Characteristic Single Double? P
mutation  mutation  value
M1 and/or M3
M2 (n=41)
(n=57)
Gender: Female, No. of patients (%) 44 (77%) 34 (83%)  0.49°
Mean age, years £SD (range) 3748 3518 0.16°
(21-58) (20-54)
Median CD4" cell count, cells/mm? (range) 20 12 0.06°
(3-184) (1-226)
Newly diagnosed with HIV on admission, No. 37 (65%) 20 (49%) 0.11°
of patients (%)
History of previous PCP, No. of patients (%) 1 (2%) 3(7%)  0.30°
Sulfa/sulfone exposure®, No. of patients (%) 9 (16%) 7(17%) 0.87°
Median hospital stay, days (range) 10 (2-26)  9(2-42)  0.47°
Development of pneumothorax, No. of patients 3 (5%) 1 (2%) 0.64¢
(%)
Mechanical ventilation necessary, No. of 3 (5%) 1 (2%) 0.64¢
patients (%)
Respiratory failure, No. of patients (%) 49 (86%) 38(93%) 0.35°
Outcome:
Death in hospital, No. of patients (%) 18 (32%) 8 (20%)
c
Discharged, No. of patients (%) 39 (68%) 33 (80%) 0.18
Discharged, alive after 3 months, No. of 25 (44%) 22 (54%)
patients (%) 0.37¢
Discharged, death within 3 months, No. of 4 (7%) 1 (3%) '
patients (%)
Three-month outcome unknown, No. of 10 (18%) 10 (24%)

patients (%)

% Specimens containing mixtures of M3+M1/M2 were classified into the M3

category.

® Use of any sulfa-based medication in the 4 months prior to admission

° Chi square test, 9 Fisher exact test, © Mann-Whitney test, considered significant

at the 5% level if P<0.05
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CHAPTER SIX

STRAIN CHARACTERIZATION OF P. JIROVECII BASED ON ITS
TYPING

Paper 1V: Manuscript in the final stage before submission. Dini, L., Beser, J. and
Wong, M. Characterization of Pneumocystis jirovecii strains from South Africa
based on nucleotide sequence variations in the internal transcribed spacer regions

of rRNA genes.

6.1 Introduction

The aim of this component of the research was to characterize the P. jirovecii
strains present in respiratory specimens from a subset of patients enrolled in the
prospective clinical study described in Chapter Five. A secondary aim was to
investigate possible correlations between different strains and a particular clinical
feature, DHPS genotype or patient outcome. Characterization of P. jirovecii
strains in this study was performed by analysis of sequence variation in the
internal transcribed spacer (ITS) regions in the nuclear rRNA gene complex. The
ITS regions show great diversity among Pneumocystis strains and provide an

informative epidemiological tool for the typing of these strains.'%

6.2 Results

The ITS1-5.8S-1TS2 region was successfully amplified, cloned and sequenced in
specimens from 40 HIV-positive patients. A total of 11 different bona fide ITS
haplotypes were detected; six ITS1 types and nine ITS2 types, all of which had
been previously described. The majority of patients (85%, 34/40) were infected
with P. jirovecii possessing an Eg ITS haplotype, either singly or in combination
with another ITS haplotype (Table 6.1). Eg was present as a single infection in
43% (17/40) of patients. The frequency of multiple ITS haplotype infections in
patients was 48% (19/40), which made cloning of PCR products prior to
sequencing necessary. At least ten clones per specimen were sequenced in both

75



directions. The second most common ITS haplotype was Eu, which was found in
13% (5/40) of patients, and occurred as a single infection in 3% (1/40) of them.
The Eu haplotype has previously been reported in specimens from South African
patients at a frequency of 16%."® Three ITS haplotypes, Em, Ec, and Eb, were
each found in 10% of patients, and both Ec and Eb occurred as single infections in
3% of patients. Three ITS haplotypes, Bi, Gg and Ep each occurred in 8% (3/40)
of patients, but only Gg was found as a single infection in 3% of patients. The ITS
haplotype Fus, previously reported by Hosoya et al 2% in patients from Japan,
occurred in 5% (2/40) of patients and was not found as a single infection. The ITS
haplotypes Ne and Ai were present in 3% (1/40) of patients and did not occur as
single infections. The haplotypes Ei, Au, Eus, Fe, Ee, Ng and Cg were considered
to be possible recombinant or artifactual haplotypes. This assumption was based
on the low frequency of these haplotypes, their unusual association with an ITS1
or ITS2 type, the lack of single infections, and their consistent presence as mixed
infections with other accepted more common haplotypes. The generation of

artifactual haplotypes by the actual PCR method was proven by Beser et al.*

Two novel ITS1 sequences, SAL and SA2, were detected in patient specimens
(Table 6.1) and no exact matches were found when the sequences were blasted
against published sequences in the NCBI database. Both SA1 and SA2 showed
most similarity to ITS1 type E and both were combined with a g in the ITS2 type.
Figures 6.2 and 6.3 show SA2 and SA1 aligned with ITS1 type E respectively.
SA2 had an AT deletion at position 113 and a T insertion at position 145 in Figure
6.2, and SA1 had an A insertion at position 17 in Figure 6.3. Sporadic single
polymorphisms were ignored, as well as variable lengths of homopolymeric
thymine tracts at nucleotide positions 66-67. These were presumed to be PCR-
generated errors. According to Lee’s (112) definition, SA1 and SA2 were not
considered as new distinct ITS1 types, as they were not found in two or more
specimens. SA1 was identified in eight clones of P. jirovecii isolated from a
single patient and the other four clones were Eg. SA2 was identified from ten
clones of P. jirovecii isolated from another patient and the other two clones were
Gg.
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Table 6.2 describes the P. jirovecii ITS haplotypes and their corresponding DHPS
genotype that occurred in specimens from each of the 40 study patients. The
maximum number of combined ITS haplotypes in a single patient was five, and
this particular patient had clones with recombinants that could have arisen from a
hidden Ne haplotype (see patient 13 in Table 6.2). Point mutations resulting in
amino-acid substitutions Thrb5Ala and/or Pro57Ser were detected in P. jirovecii
strains from 24 patients (60%). P. jirovecii with single DHPS mutations were
found in 19 patients (48%). The frequency of mutation M1 was 8% (3/40) and M2
was 40% (16/40). The double mutation M3 was present in specimens from 11
patients (28%). Infections with more than one DHPS genotype were detected in
40% (16/40) of patients. Specimens containing mixtures of wild-type and mutant

DHPS strains were classified into the mutant category.

Thirty patients had specimens with either a single ITS haplotype or a single DHPS
genotype, enabling an analysis of potential associations between them. The
prevalence of DHPS genotypes in these 30 patients was 73% wild-type, 27% M2
single mutation, 20% M3 double mutation and 3% M1 single mutation. When
comparing ITS haplotype with DHPS genotype, three combinations had a higher
than expected prevalence (50%) of mutant genotypes (Table 6.3): Eb with M2, Bi
with M3, and Gg with M3.

Patient demographics, clinical characteristics and outcome are provided in Table
6.4. Only 21 patients (53%) were infected with P. jirovecii of a single ITS
haplotype. There were no obvious associations between ITS haplotype and a

particular clinical characteristic or outcome.

6.3 Discussion

The P. jirovecii strains present in respiratory specimens from a subset of patients
enrolled in the prospective clinical study were characterized by ITS typing. A
total of 11 different bona fide ITS haplotypes, six ITS1 and nine ITS2 types, were
found in P. jirovecii isolated from 40 HIV-positive patients in South Africa. As

77



with the majority of studies from other countries, the global ITS haplotype Eg was
most prevalent among P. jirovecii infecting HIV-positive patients in South Africa.
This haplotype occurred at a high frequency of 85% in the South African isolates,
and is the highest reported frequency of Eg to date. This study confirmed the
presence of the local South African haplotype Eu. Two ITS haplotypes, Fu, and
Ep, that had previously only been reported in Japan were also found in South
Africa.®?1®) The |TS2 type p was first described in Thailand, where it was
linked with the ITS1 types | and R.®*® The frequency of Ne in the South African
samples was extremely low and is in keeping with an earlier study from South
Africa.*® The ITS haplotype Ea, previously reported to occur in South Africa
was absent in specimens from this study. The two novel ITS1 sequences SA1 and
SA2 are likely variations of type E. It remains to be seen if these variants are

novel ITS1 types and if their occurrence is local or global.

There were no obvious associations between ITS haplotype and a particular
clinical characteristic or patient outcome. However, the groups of patients with a
single ITS haplotype infection were often too small to perform statistical analyses.
Helweg-Larsen et al, 2001 found no association of ITS haplotypes with clinical

severity of PCP in 130 patients.**"

The prevalence of mutant DHPS P. jirovecii strains among this group of patients
was 60%, which is consistent with the prevalence of 56% reported from our
previous study.®*” The most frequent DHPS mutant genotype was M2, which has
a single point mutation at nucleotide position 171 in the fas gene. Genotype M2
had a higher than expected prevalence in specimens with the P. jirovecii ITS
haplotype Eb, suggesting a possible association between them. In addition, the
double mutant M3, had a higher than expected prevalence in specimens with the
ITS haplotypes Bi and Gg. Despite the fact that the vast majority (85%) of
specimens contained P. jirovecii with an Eg haplotype and 60% of specimens
contained a mutant DHPS genotype, Eg strains were more often associated with a

wild-type DHPS genotype. This was also the case for the ITS haplotypes Eu, Ec,
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Fus and Ep. Meshnick et al, 2001 found that Ne, Eg and Ee isolates were more
likely to contain DHPS mutations than other ITS haplotypes.®4”

Sporadic single nucleotide changes were presumed to be PCR-generated errors if
they occurred only once and in only one clone from a specimen. By ignoring these
sporadic nucleotide additions, deletions and substitutions in the cloned sequences,
novel ITS types may have been overlooked in this study. However, a strict
approach to ITS classification was applied in order to minimize further
complications in the field of ITS typing. Minor base changes were ignored in a
clone if most of the clones from the specimen were 100 percent similar to a
common, accepted ITS type. The usual associations between ITS1 and ITS2 types
were considered during the analysis. In addition, the frequencies of previously
reported ITS haplotypes were taken into consideration, with less frequent
haplotypes being more likely to be recombinants. The occurence of PCR-
generated recombinants was minimized by using the modifications suggested by
Beser et al .Y The primer concentration was increased two-fold in the first PCR
reaction and five-fold in the second PCR reaction, and the time for the elongation
step was increased during PCR cycling. We have chosen to report all ITS type
combinations, but have marked those that could be artifacts, either PCR-generated

or naturally occuring in the population.

The frequency of multiple ITS haplotype infections in patients from this study
was 48%, which made cloning of PCR products prior to sequencing essential.
Some studies of ITS typing have employed only direct sequencing of PCR
products without cloning, despite the fact that Lu et al ¥ warned that this will
not work for specimens with mixed ITS haplotypes. Direct sequencing of ITS
PCR products can be performed on specimens containing unambiguous sequences
I.e. those with a single P. jirovecii ITS haplotype. However, when specimens
contain more than one type of P. jirovecii, a mixture of sequences are obtained
and interpretation of ITS haplotypes is hampered. Thus cloning of PCR products

prior to sequencing is required. By sequencing multiple clones it is possible to
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detect multiple infections within the same specimen, as well as strains present in

lower concentrations.

6.4 Conclusions

A total of 11 different bona fide ITS haplotypes, six ITS1 and nine ITS2 types,
were found in P. jirovecii isolated from 40 HIV-positive patients. There were no
obvious associations between ITS haplotype and a particular clinical characteristic
or outcome. Almost half of the patients were infected with more than one

P. jirovecii strain. Eg occurred at a high frequency of 85% among P. jirovecii
infecting patients. The presence of the local South African haplotype Eu was
confirmed. Other ITS haplotypes detected were: Em, Ec, Eb, Bi, Gg, Ep, Fus, Ne
and Ai. Two novel ITS1 sequences SAL and SA2 were detected and are likely
variations of type E. Eg haplotypes were more often associated with a wild-type
DHPS genotype. The following ITS haplotypes had possible associations with a
particular DHPS genotype: Eb with M2, Bi with M3, and Gg with M3.

More studies from South Africa and the African continent are needed to
characterize and understand the molecular epidemiology of P. jirovecii.
Specimens from non-HIV immunocompromised patients with PCP should be
included in future investigations. A single, standardized ITS typing system is
required with simple names for the different ITS haplotypes. An alternative typing
system for Pneumocystis using multilocus genotyping has shown promise and
may be cheaper and less labour-intensive than ITS typing by cloning and

sequencing.
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Table 6.1 Frequency of P. jirovecii ITS haplotypes isolated from 40 HIV-positive
patients with PCP in South Africa

ITS haplotype  No. of patients (%) No. of patients with a single

n=40 ITS haplotype infection (%)
Eg 34 (85) 17 (43)
Eu 5 (13) 1 140
Em 4 (10) 0
Ec 4 (10) 1 140
Eb 4 (10) 1 (40
Bi 3(8) 0
Gg 3(8) 1 140
Ep 3(8) 0
Fuy 2 (5) 0
Eit 2 (5) 0
Ne 1 140 0
Ai 1 140 0
SA1°g 1 140 0
SA2°g 1 140 0
Au? 1 140 0
Eug® 1 140 0
Fe® 1 (40 0
Ee? 1 (40 0
Nga 1 (140) 0
Cga 1 (140) 0

#Possible artifactual haplotype

®Novel ITS1 E variants, GenBank accession numbers JN387046 and JN387047
ITS2 type u reported by Robberts et al,*® GenBank accession number
AY328054

ITS2 type u4 reported by Hosoya et al
ITS2 type p GenBank accession number AF013836

(121)
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Table 6.2 Description of P. jirovecii ITS haplotypes and corresponding DHPS

genotype in specimens from 40 HIV-positive patients with PCP

Patient ITS haplotype (no. of clones) DHPS genotype®
1 Eb (11); Eg (1) M2 + WT
2  Eg(11) WT
3 Ai(6); Eg ™ Eu (2); Au® (1) WT
4  Eg(1l) M3+ WT
5  SA1%(8); Eg (4) WT
6 Eg(12) WT
7 Eg (5); Ec (2); Bi (2) M2 + WT
8  Fu, (6); Ec **9: Ey,” %) WT
9 Eg (11) M2 + WT
10 Eg (8); Ec (2); Em (1); Eu (1) M3 + WT
11  Eg(8); Eu *? M3+ M2 + WT
12 Eg(10) M2
13 Eb (5); Fu, “*: Eg (2); Fe® (1); Ee (1) M2+ WT
14 Em (10); Eg (2) M3 + M1
15  Ec(11) M2 +WT
16  Eg(12) WT
17 Gg(12) M3
18  Eg(8); Em (4) WT
19  Eg(10) M2
20  Eg(8); Ne (1); Ep (1); Ng° (2) M2 + WT
21 Eb(8); Ep ™: Eg (1) M2 + M3 + WT
22 Eg (10) M2 + M3+ WT
23 Eg(12) WT
24 Eg(9); Eu WT
25  Eg(9); Gg ™ WT
26 SA2% (10); Gg (2) M2 + WT
27  Eg(12) M2
28 Eu(12) M2
29  Eg(6): Bi (1); Cg° (1); Ei® "9 WT
30 Eg(12) M3
31 Eg (10); Em (1) M1 +M2 + M3
32  Eb(12) M2 + WT
33 Eg(12) WT
34  Eg(12) WT
35  Bi(8): Eg (2); Ei" (2) M3
36  Eg(11) WT
37  Eg(9); Ep (1) WT
38  Eg(12) M1+ WT
39  Eg(12) M3
40  Eg(12) WT

#Mixtures of DHPS genotypes were resolved by cloning and sequencing
®possible artifactual haplotype

¢ possible recombinant with a hidden Ne

“hovel ITS1 E variants, GenBank accession numbers JN387046 and JN387047



Table 6.3 Prevalence of DHPS genotype with corresponding ITS haplotype in
specimens from 30 HIV-positive patients with PCP

ITS haplotype + DHPS genotype  DHPS genotype
prevalence (%)

Eg+WT 26 (70)
Eg + M2 5 (14)°
Eg + M3 5 (14)
Eg + M1 1 140
Eu+WT 2 (67)
Eu + M2 1 (33)
Eb + WT 1 (50)%
Eb + M2 1 (50)°
Ec+WT 2 (67)
Ec + M2 1 (33)
Em+WT 1 (100)
Bi + WT 1 (50)*
Bi + M3 1 (50)°
Gg+WT 1 (50)*
Gg + M3 1 (50)°
Ep+WT 1 (100)
Fus + WT 1 (100)
Ai + WT 1 (100)
SA1°g + WT 1 (100)

# Lower than expected prevalence of DHPS genotype. Expected
genotype prevalence: WT 73%, M2 27%, M3 20%, M1 3%
®Higher than expected prevalence of DHPS genotype

°Novel ITS1 E variant, GenBank accession number JN387046
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Table 6.4 Patient demographics and clinical details of 40 HIVV-positive patients according to ITS haplotypes

Single ITS haplotype infections

Characteristic All
Eg Eu Ec Eb Gy

Number of patients (%) 40 17 (43) 1 W0 @ q G40 (0
Gender: Female, No. of patients (%) 32 (80) 14 (82) 1 1 1 1
Mean age, years =SD (range) 34+10 (20-56) 36x11 (20-56) 40 56 30 29
Median CD4" cell count, cells/mm?® (range) 35 (2-175) 27 (2-106) 5 U 29 44
Newly diagnosed with HIV on admission, No. of patients (%) 26 (65) 10 (59) 1 U 0 0
History of previous PCP, No. of patients (%) 3(8) 1(6) 0 0 0 1
Median hospital stay, days (range) 10 (2-38) 10 (2-38) 22 5 8 18
Mechanical ventilation necessary, No. of patients (%) 2 (5) 1(6) 0 0 0 0
Respiratory failure, No. of patients (%) 33 (83) 14 (82) 1 1 0 1
Outcome:
Death in hospital, No. of patients (%) 10 (25) 5 (29) 1 1 0 0
Discharged, No. of patients (%) 30 (75) 12 (71) 0 0 1 1

Discharged, alive after 3 months, No. of patients (%) 14 (47) 3 (25) 1 1

Discharged, death within 3 months, No. of patients (%) 3 (10) 3 (25) 0 0

3-month outcome unknown, No. of patients (%) 13 (43) 6 (50) 0 0
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Figure 6.2 The novel ITS1 sequence SA2 identified in ten clones of P. jirovecii isolated from a single PCP patient in South Africa. The

sequence of SA2 is shown aligned with ITS1 type E, which exhibited the closest homology among established ITS1 types.
Sequence E (AF013810) was originally described by Lee et al 2
. nucleotide identical to E sequence

- gaps in sequences, 1 sporadic polymorphisms presumed to be PCR-generated errors
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Figure 6.3 The novel ITS1 sequence SA1 identified in eight clones of P. jirovecii isolated from a single PCP patient in South Africa. The

sequence of SA1 is shown aligned with ITS1 type E, which exhibited the closest homology among established ITS1 types.

Sequence E (AF013810) was originally described by Lee et al *?

. nucleotide identical to E sequence

- gaps in sequences, 1 sporadic polymorphisms presumed to be PCR-generated errors
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CHAPTER SEVEN

GENERAL DISCUSSION AND CONCLUSIONS

The purpose of this research was to investigate the prevalence of P. jirovecii
strains containing DHPS mutations in South Africa, and to ascertain their clinical
significance in HIV-positive patients with Pneumocystis pneumonia. The
molecular epidemiology of P. jirovecii was explored by characterizing the strains
circulating in HIV-infected patients.

7.1 Prevalence of DHPS Polymorphisms in South Africa

An increased prevalence of P. jirovecii with point mutations in the fas gene,
which codes for the DHPS enzyme, has been associated with the use of
sulfonamides. This awoke concern for possible drug resistance in fungal strains.
The pilot study, which non-randomly screened P. jirovecii-positive specimens
from 65 patients from four different provinces in South Africa, confirmed the
presence of DHPS polymorphisms in 42% of these specimens (Chapter Three).
This is one of the first studies from South Africa investigating DHPS mutations in
P. jirovecii organisms. Two other studies from South Africa with smaller sample
sizes were published after the pilot study results were analyzed. They reported

much lower prevalences of DHPS mutations, 13% and 4% respectively.(:0:0?

Based on the results of the pilot study (Chapter Three), a decision was taken to
proceed with a large prevalence study investigating DHPS polymorphisms in the
general P. jirovecii population (Chapter Four), as well as a clinical study to
ascertain their potential significance in patients with PCP (Chapter Five). The
prevalence study was conducted over one year, and the number of screened
specimens and patients (n = 712) makes this study the largest of its kind
conducted to date in the developing world. P. jirovecii infection was confirmed by
IF microscopy in 24% of patients with suspected PCP. Colonization by the

fungus, characterized by IF-negative microscopy and low gene copy numbers in
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the real-time PCR, occurred in 17% of patients. The prevalence of infections with
P. jirovecii containing DHPS mutations in adult South African patients was high
at 56%, and these results confirmed the findings of the pilot study. There were no
significant differences in the proportions of wild-type or mutant DHPS genotypes
between genders, age groups or patients from distinct geographical locations.
Studies from the USA generally report the highest prevalences of P. jirovecii
DHPS mutations, whilst European countries have much lower prevalences (Figure
1.5). The few studies performed in developing countries have all reported low

prevalences of P. jirovecii containing DHPS mutations (Table 1.3).

The clinical study is unique in the developing world as it was conducted
prospectively and had a large sample size, especially in the mutant DHPS
category (Chapter Five). The majority of patients (61%) harboured mutant

P. jirovecii strains, a result which is consistent with the 56% reported from the
prevalence study. The proportion of mutant DHPS genotypes stayed relatively
stable over the study period. Multiple P. jirovecii infections were found in 47% of
patients, compared with 21% in the prevalence study. Figure 7.1 illustrates a
comparison of the prevalence of P. jirovecii DHPS mutations from the pilot,

prevalence and clinical studies.

A comparison of the proportions of P. jirovecii DHPS mutant genotypes from the
pilot, prevalence and clinical studies is presented in Figure 7.2. M1 was the most
common mutant DHPS genotype in the pilot study, whilst the different mutant
genotypes had similar frequencies in the prevalence study. The M2 genotype was
most frequent in the clinical study, followed by the M3 genotype. P. jirovecii
strains containing single DHPS mutations, either M1 or M2, were present at
similar frequencies in all three studies at an average of 29%. The double mutant
M3 genotype was most prevalent in P. jirovecii infecting clinical study patients
(25% clinical study versus 12% prevalence study versus 8% pilot study). The
median frequency of the M3 genotype from all three studies was 12%. P. jirovecii
infections with more than one DHPS genotype were detected in 47% of patients

from the clinical study, 21% from the prevalence study and 14% from the pilot
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study.These apparent differences in the frequencies of DHPS mutant genotypes
could be explained by different sample populations with local variations in
genotype frequencies. The prevalence study had a large sample size from
hospitals in six provinces, whilst the clinical study was conducted at a single large
hospital in Gauteng Province. Another factor that could affect the distribution of
genotypes is the lack of resolution of mixed genotypes in 36% of specimens from
the prevalence study. Specimens from the clinical study with mixed ambiguous

genotypes were cloned and sequenced to resolve the individual genotypes.

7.2 Clinical Significance of DHPS polymorphisms

The in-hospital mortality was higher than the mortality of the discharged patients
at 3 months (21% versus 15%). Significantly more patients died in hospital of

P. jirovecii containing mutant DHPS genotypes than those infected with wild-type
strains (26% versus 8%, P = 0.04). Our study is one of the few to show an
association between mutant DHPS genotypes and increased in-hospital mortality.
A study from Italy with a low prevalence of mutant genotypes also showed a
correlation between DHPS mutants and worse outcomes.®® Crothers et al "
found a trend for patients with mutant strains to have worse outcomes than those
with wild-type P. jirovecii. Helweg-Larsen et al ©” found that the presence of

DHPS mutations was the most important predictor of mortality.

Mortality at 3 months among the discharged patients was associated with the
wild-type DHPS genotype. However, cause of death in these patients was
unknown. There were no significant associations in patients harbouring

P. jirovecii with single DHPS mutations (genotypes M1 and M2) compared with
those infected with the double mutant M3 genotype. However, there was an
insignificant trend for patients infected with the M3 genotype to have a lower
median CD4" cell count compared to patients harbouring strains with single
mutations (P = 0.06).

There were no significant associations between the presence of DHPS mutant

genotypes and previous PCP or exposure to sulfa medication. However, very few
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patients reported a previous PCP episode and only 16% of patients had been
exposed to any sulfa-based medication in the 4 months prior to admission. Almost
60% of the patients diagnosed with HIV on admission harboured P. jirovecii with
mutant DHPS genotypes. Inter-human transmission of P. jirovecii carrying mutant
DHPS genotypes could, at least in part, explain the high prevalence of DHPS
mutations in adult HIV-positive South Africans.

7.3 Strain Characterization of P. jirovecii

The P. jirovecii strains present in respiratory specimens from a subset of patients
enrolled in the prospective clinical study were characterized by ITS typing.

A total of 11 different bona fide ITS haplotypes, six ITS1 and nine ITS2 types,
were found in P. jirovecii isolated from 40 HIV-positive patients. There were no
obvious associations between ITS haplotype and a particular clinical characteristic
or outcome. Almost half of the patients were infected with more than one

P. jirovecii strain. The global ITS haplotype Eg occurred at a high frequency of
85% among P. jirovecii infecting patients. The presence of the local South
African haplotype Eu was confirmed, and it was the second most common ITS
haplotype. Other ITS haplotypes detected were: Em, Ec, Eb, Bi, Gg, Ep, Fus, Ne
and Ai. Fu, and Ep had previously only been reported in Japan. Two novel ITS1

sequences SAL and SA2 were detected and are likely variations of type E.

The prevalence of mutant DHPS P. jirovecii strains among this group of patients
was 60%, and the most frequent DHPS mutant genotype was M2. The Eg
haplotype was most often associated with a wild-type DHPS genotype. The
following ITS haplotypes had possible associations with a particular DHPS
genotype: Eb with M2, Bi with M3, and Gg with M3.
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7.4 Concluding Remarks

The prevalence of P. jirovecii strains containing DHPS polymorphisms among
adult HIV-positive South Africans is high. A third of patients were infected with
P. jirovecii strains containing single DHPS mutations and 12% contained the
double mutant M3 genotype. Inter-human transmission of P. jirovecii carrying
mutant DHPS genotypes could explain, at least in part, this high prevalence.

Significantly more patients died in hospital of P. jirovecii containing mutant
DHPS genotypes than those infected with wild-type strains. This finding has
potentially grave consequences in the light of the high prevalence of DHPS

mutations in the general P. jirovecii population.

A limited number of P. jirovecii strains, characterized by ITS typing, defines the
diversity in South Africa. More studies from South Africa and the African
continent are needed to characterize and understand the molecular epidemiology
of P. jirovecii. Specimens from non-HIV immunocompromised patients with PCP

should be included in future investigations.
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8. APPENDICES A TO H
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APPENDIX A
PCP Study, Clinician’s Clinical Case Report Form

STUDY NO:

HIV status: pos [ neg ! declined to be tested [
Date of first positive HIV test:

Previous PCP: no [ yes [] If yes, date:
Previous pneumonia or RTI: no [ yes [ If yes, date:
Bactrim prophylaxis in last 3 mo: no [ yes [] If yes, dose:

HAART: nol] yes [ If yes, date started:
Drugs and dose: [1d4T/stavudine/Zerit
[13TC/lamivudine
"1 efavirenz/Stocrin
1 nevirapine/Viramune
1 zidovudine/AZT
C1ddI/Videx
1 lopinavir + ritonavir/Kaletra

Previous TB: no [ yes [] If yes, when?
Previous medical/surgical history:

Medication in last 3 mo:

Smoker: no [ yes [

SYMPTOMS

Dyspnoea: no L[] yes [ If yes, duration:

Cough: no [1yes ] Productive [] Non-productive [] Duration:
Fever: no [ yes [] If yes, duration:

Chest pain: no [ yes [ Right [J Left [ Duration:
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STUDY NO:

EXAMINATION:

Temp:
BP:
Pulse:
RR:

Oral thrush : 1 yes 7 no
Chest auscultation:

Other significant clinical findings :
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STUDY NO:

INVESTIGATIONS

Blood investigations:

Date Result
FBC
U&E
CD4
ABG: Date: FiO,
pH HCO3
pCO; BE
pO: sat
CXR: Date: No.
Sputum:
Date Result
MC&S
TB auramine
TB culture
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STUDY NO:

Investigations for PCP:
e.g. sputum, induced sputum, bronchial washings, BAL, transbronchial biopsy:

Specimen Date Result

If induced sputum was performed: by wall O, [J by portable nebulizer []

TREATMENT

Oy 24% 11 28% (1 35% [] 40% 1 60% (]  polymask ]

Co-trimoxazole:

Route Dose Start date End date

Steroids:

Route Dose Start date End date

Other drugs:

Route Dose Start date End date




DAILY PROGRESS

Day Date | Temp

BP Pulse RR | O,saton O, sat on
room air | oxygen (%)

COMPLICATIONS
Respiratory failure:

Pneumothorax:

no [l yes []

no [ Yes [ Spontaneous [ latrogenic [
Right(1 Leftl]  Date:
Rx: O, Heimlich valve (] IC drain [

Sulpha allergy: no [ yes [

Other:

OUTCOME

Discharged [ Date: Follow-up appointment:
Died O Date:

Excluded [ Date:
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APPENDIX B
PCP Study Nurse’s Clinical Case Report Form

Informed consent obtained: yes [ no [

If yes, check that a study number has been assigned to this patient and proceed
with the interview.

STUDY NO:

Interviewer’s name:

Date of admission:

Ward:

Patient’s name:

Age:

Gender: M [ FO

Hospital no:

Weight:
Height:

Address:

Telephone no:

Leigh Dini will detach this page once the form is complete and keep it secure.
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STUDY NO:

HIV status: pos [ neg [ declined to be tested [

Date of first positive HIV test:

Previous PCP: no [ yes [] If yes, date:

Previous pneumonia or RTI: no [ yes [ If yes, date:

Bactrim prophylaxis in last 3 mo: no [ yes [ If yes, dose:

HAART: nol] yes [1 If yes, date started:

Drugs and dose:
[ d4T/stavudine/Zerit

[1 3TC/lamivudine

(] efavirenz/Stocrin

1 nevirapine/Viramune

] zidovudine/AZT

1 ddI/Videx

1 lopinavir + ritonavir/Kaletra

Previous TB: no [ yes [] If yes, when?

Previous medical/surgical history:

Medication in last 3 mo:

Smoker: no [ yes []

SYMPTOMS

Dyspnoea: no L[] yes [ If yes, duration:

Cough: no Jyes [ Productive (1 Non-productive [J Duration:
Fever:no ] yes[] If yes, duration:

Chest pain: no [ yes [ Right [1 Left (] Duration:
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STUDY NO:

Investigations for PCP:

e.g. sputum, induced sputum, bronchial washings, BAL, transbronchial biopsy:

Specimen Date Result
If induced sputum was performed: by wall O, [J by portable nebulizer []
DAILY PROGRESS
Day Date Temp BP Pulse RR O, sat on O, sat on

room air | oxygen (%)

OUTCOME
Discharged [1  Date:

Died N Date:

Follow-up appointment:

Excluded 0 Date:
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APPENDIX C
PCP Study, Telephonic Questionnaire

Patient name: Date discharged:

Months after discharge: STUDY NO:

This form is to be completed about 4 months after a patient with PcP has been
discharged from hospital

Name of interviewer:

Introduction: Introduce yourself and explain why you are calling and that you would like
to ask a few questions about the patient’s health and the medications they are taking.

Date | Telephone Reached Name of Relationship
number called | someone? person reached | to patient
1% attempt Yes No
2" attempt Yes | No
3 attempt Yes | No
(if you can’t make contact after 3" attempt please record the patient as lost to follow-up)

Please complete the form once you’ve made contact with the patient or secondary contact

0=No 1=Yes
(If yes: cross through questions 2 through 9 and skip to question 10)

If you are speaking to the secondary contact: (explain that the participant is part of a research
study and that you would like to contact him or her)

2. Is there a phone number to reach the participant directly?...........ccccccoevenenine. []
0=No 1=Yes
3. What is that NUMbBEr?........cccoveiiiiic e HRRNERNEEN

(If number is provided: please call the patient and complete the questionnaire starting
with guestion 10. If the number is not provided: please ask the contact questions 4-9)

If the contact number for the participant is not provided, then ask the following questions
4. How is the participant’s general health status?

5. Is the participant still alive? ...........ooviiiiii i []
0=No 1=Yes 2=Not sure/don’t know
(If yes: the form is completed. Thank the contact for their help.
If no: ask questions 6-9)
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If the participant has died

6. Approximately when did the participant pass away?................ DD/D D/DDDD

7. Where did the participant Pass WaY?.........cccecvererereeieeeese e eeeses e se e see e sseens []
1=At home 2=Hospital 3=Hospice 4=0Other
If other specify

8. Did the participant have pneumonia when he or she passed away? ............... []
0=No 1=Yes 2=Not sure/don’t know

9. Can you tell me more about how he or she passed away?

If you’ve answered this question: the form is completed. Please thank the contact for

their help.

If you are speaking to the participant directly

10.

How is your health generally?

11.

Have you had any health problems since your discharge from Chris-Hani

Baragwanath HOSPItal?............ccooveiiiiiiccc e []
0=No 1=Yes 2=Not sure/don’t know
(If no: skip to question 13)

12.

Tell me more about the health problems you have had

13. Have you had pneumonia since you were discharged?......................................D
0=No 1=Yes 2=Don’t know/Not sure

14. Have you had PcP since you were discharged? D
0=No 1=Yes 2=Don’t know/Not sure

15. Are you taking Bactrim (also called Nucotrim) drugs at the moment?.................... []
0=No 1=Yes 2=Not sure/don’t know

16. Have you had TB since you were disCharged?.............coeveriniinienenenenenesesesieias []
0=No 1=Yes 2=Not sure/don’t know

17. Have you been given ART (antiretroviral) drugs?.........ccooeriereeieieiie e []
0=No 1=Yes 2=Not sure/don’t know

Thank you for answering my questions and | appreciate your time.
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APPENDIX D

PCP Study, Postal Questionnaire

Hello, my name is Doctor Michelle Wong from Chris Hani Baragwanath
Hospital. 1 am trying to find one of patients that | treated for a respiratory illness.
Please can you help me to find this patient by answering a few questions?

My patient’s name is: type in patient’s name.

1. Do you know my patient? Yes [ No [

2. Do you have a contact telephone number for my patient? Yes [1 No [
If yes, please write the telephone number here:

3. Do you have an address for my patient? Yes [ No [
If yes, please write the address here:

4. Do you know if my patientis alive [, has passed away [1  or unknown [1?
If he/she has passed away, do you know the date of death?

Please could you send this form back to me in the enclosed envelope (I have
already paid for the postage)?

Thank you very much for helping me.

Best regards

Dr Michelle Wong and Enrolled nurse Prudence Seboka
(Tel. 011 933 9168)

104



. Fabasgs, Woraisiol, S305 2006 pp. 51 B-8101
D 2008 The Acthor]
ks Bty of Frotisclop

Armrmal comyplaticn ) A0 by fhe |
DO TELEET 1 1580 7400, 2006 50190y

APPENDIX E

Prevalence of DHPS Polymorphisms Associated with Sulfa Resistance in
South African Preumocystis jirovecii Strains

LETGH DIMT,® MIGNON DU PLESSIS," MICHELLE WOXNG,” ALAN EARSTAEDT," VICTOR FERNANDEE® and JOITN FREAN
*Parasiolagy Reference Unit, Notional Insiitute for Communicable Diseases, Private Bag X4, Sandringhom,
Sodannarburg 2131, South Africa, and
*Chriz Heni Baragricnanh Hospial, fobamnesivig, South Afrios, and
*Swedish bastitare for Infections Direase Conral, Stockholm, Sweden

Tabde 1. Estirealed HIV prevalence in South Africa®.

Estimated HIV -infacisd

HIV prevalence:

Ceographic lecation Pogisl aticn HIW m_um
(miElio) peopls (mdllion) peenatal elinis {mnge)® ozl pegpl ation (%)
Scuth Africa A6.50 554 30.2% (20.1%-31.2%) 1.2
Gauteng Prewince 202 140 196% (27 8%-31.59%) 145
Weslern Cape Province 4,05 ik 13.0% (B.5%—17.70%) 54

"Diaes feom Crewe-Brown ol al Wﬁwbap-nmnimﬂm{m}..

*Data from calendsr year 2005: 95% confidence interval (CT).

I T s esnimated that 5-6 million South Africans, including some
of ihe growing nuember of ATDS arphans (over one million o
dale]. are ot risk for developing Mrewmocystis pneamonia (PeP) a
snie podil in their lives, especinlly s the availability of highly
active antiretroviral therapy (HAART)Y is limited (UMATDS
UNICEFUSAID 2004). The prevalemce of HIV amang prenatnl
clinic sitendess in Soath Africa has risen dramatlealiy from 0.7 %
im 1900 po 30.2% in 3005 (Table 1; Department of Health 3006).
Prewmocysfis jirovecil was the most common pathogen isolated
from HIV-infected children hospitalized for pneamonta during a
study @i Chris Hond Baragwanath Hospital (Madhi ex al, 2003},
This haspital is ome of the largest in the world with 2,700 beds
(mancimuen 3, 2000) in carrent use and serves an estimated popula-
tion of four million people. Trimethoprim-sulfamethoxazole
(TMP-SMX) is the drag of chaice for treatment and proghylaxis
of PcP, An increased rate of poinl mutations at aming scid resi-
dues 55 (M1} and 57 (M2} in the P, jirovecii dibydropieroate syn-
thase (DHPS) gese have been linked io sulfa prophylaxis
{Helweg:Larsen i al, 1994%; Huang et al. 2000; Kazanjian et al.
20080, Ma, Borio, and Maser 1999; Mahimana c1 al. 2003; Zingale
et al, BH13), Dibydropleraate synthase matstions have been shown
o confer resistance to sulfo componnds in some bacteria and
proiozean parazites (Brooks et al, 1994; Dallns ed al. 1993, The
gemernl aims of this project anc to (1) estimate the burden of P,
Jirovecii infections in South African adulta and children, (2) in-
crease awaneness of PoP in Africa, and (3) assess the provalence of
DHPS mutations in a Soutl African P. jircovecii populntion as pan
af this clinical stdy. An initial pilot slody was eonducted 1o de-
wermine the rate of DHPS mumntions in P, jirovesii soaing circu-
Inting i the popalation. The majarily of specimens wese from
HIW-pasative adulis in the Gauteng province. Specimen types in-
cluded spuem, bronchial washings, ond bronchoalveolar lavage.
Soraing detected in routine diagnostic respiralory specimens were
sereened for the presence of M1 and M2 DHPS polymarphisms.
In the: current prospective clinkcal study we are investigating the
prevalence of P. jirevecdi DHPS mutations in patiemts with PP
and irs cormelation with sulfa prophylaxis and clinical outcame.

Comesponding Auther: L, Dind, Parasitalogy Beference Uniz, Mation.
&l [nstitule for Communicable [Hseases, Privaie Bag X, Sandringham,
Fohanneiburg Z131, South Afica=—Telephose number: #77-11-555-
%11 Fex mumber: +27-11-555-0446; e-mail: bighd@nicd ac.za

MATERIALS AND METHODS

The study sites are three government hospitals in Gauleng
Province: Chris Hani Baragwanath Hospital (primary site), Tam-
by Memaorial Hospital and Helen Jossph Hospital. HIV.positive
adult inpatients with clinically asd radiodogically suspected
Fel* are earolled. Patients undergo sputam induction and a siasd-
ardized interview on admission, and are monitored daily until
discharged. Preumocyens firovecit is detected by direct |mmumo-
fluorescent antibody microscopy, DNA is estracted using the
HAamp DNA Mini Kit (Qiagen, Hilden, Germany) amd a frag-
et of ihe DHPS gene is amplified by PCR using & previausly
deseribed method (Beard et al. 200}, Cleaned PCR products are
sequenced direcily,

RESULTS AND DISCUSSION

Tt prewalence of DHPS mutaisons in the initial pilol shedy of 79
respimbory specimens was 38%. M1 muwintions were detocled in
15.2% af specimens, M2 musations in 1 1.4%, 2 mixbare of M1 and
M2 in 11.4% amd mixed wild type nnd mutasts in 11.4%. The
prevalence mie of meiatdons in he clinical shady to dace is 53,65
31.8% of specimens contained an M2 muation, 31.8% had 2 mix-
fure af M1 and M2 and 505% were mixed wild type and mstant.

Fomty-foar induced spurum specimans were obinined from 41
patieats and laboratory.confirmed Preimocystic infection was
found in 54% (22413 of patients (17 females, five males). Me-
dian age was 29,5 yr (range 23-56) and 95% (21/22) were con-
firmexd o be HIV-positive (one patieat declined testing, i had
clinical symploms consistent with HIV nfection). The median
€D cound (20422) was 24 x [0°L (ranga 2-99 = 10% and none
of ihe patients were receiving HAART. One patient wha was re-
ceiving salfa prophylaxis had a wild-type Pacwmocystic penotype.
Une patient that was previcusly treaved empirically for Pel had a
mixed MLM2 genotype. Three patienis were co-infected with
Mycobacierivn ubercuiosi, one pstiznt had cytomegaloviras
(CMY} poewmeaitis; and one patient had Kaposi®s sarcoma. Five
patients died, three of intractable respiratory [ailuse despite ther-
apy for PcP; one patieal after being re-admitted 2 week aftar dis-
charge with passible Guillain-Barré syndrome; and cne death was
probably mlated o M. aviwn becterasmia,

5110
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DN ET AL JROVECH DHPS POLYMORPHISM: 204UTH AFRICA

A high prevalence of P. jirovecii DHPS polymorphisans was
feand in Camieng Provinee, South Africa, which contrasis wiih
two shadies from the Westerm Cape Province thal found moch
lawer Fares of 1.9% (Robbers et al. 2005) and 13.3% (Zar a1 al.
2004, respectively. However, these siulies nre not directly com-
parable, as the bater stody (Zar et al. 2004} included only children
and the curend siady so far only has adulia, Provinctal HTV prev-
alence rates show geogmphic varstions in HIV prevalence, which
iy accounl for the comsaderable phical differences in the
prevalence of DHPS mamndions (Table 1), Untl pow very few pa-
tiznes have received PoP prophylaxis and the geneml use of sulfa
drsgs in thke populstion is nor Enown, Howeves, dats on poeuiro-
coccal isplates shows a steadily increasing mte of TMP-SMX
resistance from 20000 10 2004 (Crewe-Brawn el al. T04). Wi biy-
pothesize thal the penernl use of sulfs drugs is exening a selecive
pressure on P jirovecil srains conlainimg DHPS mwlations in

South Africa,
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High Prevalence of Dihydropteroate Synthase Mutations in
Preumocystis firovecii [solated from Patients with
Pneumocystis Pneumonia in South Africa”

Leigh Dini,'** Mignon du Plessis,** John Frean,** and Victor Fernandez'
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Sweden’; School of Molecwler and Cell Binlogy, University of the Winsatersrand, Jotumneshurg, Sowtl: Africa”; Respiratory and
Meningeal Pathogens Research Unit, National festinte for Commumicable Diseases, Jokannevhurg, Soeth Africa’; School of

Paeology, Universine of the Winnrtersrand, Sokannevhurg, Soeth Africa’; and Parasitelogy Reference Uniy,
Netional Tnstivete for Connunicelle Diseases, Iohannesburg, Sowuth Africe”

Retived 10 Otober D0 Retarned for moditication 10 December 2080 Aepted 23 March 2000

Preumocystiz jirovecii pneamaonia {MCF) is an impertant canse of morbidity and mortality in immuonacom-
promised patients. Sulfa-containing drugs are used for the trentment and prophylaxis of FCP. Mutations in the
P. jirovecii fax gene, which encodes dibvdropiernate synthase (DHPS), are associated with prior exposare fo
sulin drugs, and their appearance saggests the emergence of varinnts with reduced sulfa sasceptibility. The
present sindy examined the prevalence of DHPS muiations in P jirevecii strains isclated from South African
patients with PCP. P. jirevecii infectinon was investigated by immunoHusrescence microscopy and quantitative
real-time PFCHR with respirntory specimens from 712 patients (93% af whom were > 15 years af agel with
suspected PUP consecntively received for the detection of P jirevecii over 1 year. PUR amplification and
sequencing of the DHPS far gene was attempied with DNA from the P jirovecii-positive samples. P, jirovecii
infection was confirmed by immunofluorescence microscopy in 168712 (24%) of the patients. Carriage of the
fungus was revealed by real-time PUR in 17% af the patienis with negative microscopy resulis. The P. jirovecii
s gene was successfully amplified from specimens from 151 patients and sequenced. Mutations resulting in
the ThrEZAla and,or Pro37TSer amino acid substitmiion were detected in P, firovecis strains from 857151 (565
paticnts. The high frequency of PUP episodes with P jirovecii harboring DHPS mutations in Soath Africa
indicates that papulations of this fangus are evolving under the cansiderable selective pressure exerted by
sulfp-contnining antibiotics. These results, similar to previons abservations af sulfa drog resistance in bacterial
popualations, uaderscore the importance of the rntional use of sulfa medications either prophylactically against

PUF or for the treatment of ather infections,

Presnocystis pneumonia (PCF), & major opportunistic in-
fection in immunocompromised patients, is caused by the fun-
s Preeeeseyntis jiroveci. The mcidence of PCP, which -
creased dramatically with the advent of the HIV/AIDS
pandemic, has decreased in the industrialized world owing
to the widespread wse of sulfa drug prophylaxis and the
introduction  of  highly active  antiretrowviral  therapy
{HAART). However, PCP remains an important couse of
morbkidity and moriality in HIV/AIDS patients, as well as m
immunccompromised non-HIV-infected patients, in whom its
incidence & increasing {17, 33). In South Atfrca, which has a
population of 455 million, an estimated 5.7 million people
were Iving with HIW in 2007, and 350,000 deaths were attrib-
uted to AIDS during the same vear {20). The South Adfrican
government imitiated the provision of HAART to the public
sector in Aprl 2004, bat prior to that, the HIY epidemic was
latgely untreated. By the end of 2006, the rate of HAART
coverage was estimated 1o be 21% among thos: needing anti-
refroviral therapy (2. Stedies from African countries report
variable incidences of PCP im adult patients with HIV/AIDS

* Correspondimg antbaor. Mailing address: Swedish Iestitute fiar In-
fectious Diszase Contral, Mobeleg 12, Selna 1TIEL Sweden. Phone:
4622572408, Fax: 468318450 E-mail: leigh dinké smi se.

“ Published ahead of pried oo 24 March 2000

&

and generally higher rates in children (1, 3, 27 28435, 47, 49)
In South Africa, where a limited number of lsboratories offer
testing for P jirovecs, the vast majority of PCP cases are diag-
nosed chinically and radiologically.

Sulfonarmides, uswally combined with trimethoprm. a5 m
trimethopnm-sulfamethoazole (TMP-SMX), and dapsone
are used for the treatment and prophylais of PCP. There are
few altemative drugs for the treatment of this infection
Sulfonamides inhibit the enzvme dibydropteroate synthase
{DHFPS), an essentia] component of the folate synthesis path-
wiy (36). In ¥ jrrovecy, two nonsynonymous poant mutations m
the jas gene, which encodes the DHPS encyme, are assocated
with prior exposure fo sulfa drogs (5, 15, 16, 22, 26, 31), and
concerns have been raised about the possible emergence of
resistance to sulfa drogs (38). These mutations. at nucleotide
positions 163 and 171, cause the amino acid substitutions
ThriZAla and Pro3T5er in the DHPS protein, respectively.
Point mutations in the DHPS-encoding genes of microorgan-
isms such as Mlasmadiemn falcipanon, Siapilococous aurens,
Micohacierune leprae., And Eecherichin colf have been shown to
confer resistance to sulionamides {6, 14, 21, 45). As P jiroveci
cannot yet be cultured, corventional i vitro susceptibility tests
cannot be utilized; therefore, studies of drug resistance in this
arganism rely on the use of genetic markers and suitable mod-
¢ls. Functional complementation of either DHPS-disrupted £
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Wl 48, 210

coli with a mutant P jimneci for gene or FOLL-disrupted
Sweccharomyces cerevisiae with the fof! gene mutated af prss
tions anabogous b pesitions 165 and 171 i far results in the
lInss of suscephbility o sulfamethexazale and ather sulfa-eon-
taining drugs {19, 24}

The prevalence of P grovecsi DHPFS mutations reported
from countries in the developed woarld ranges widely, from 44
1o K19 {25, 15, 18, 32 34 41, 42} In Sowth Afnea, a few
studies that screened speamens from lmited numbers of
adults and children hove reported mastly low mutatsen rates
{5, 12, 34, 48], Here we present the resulis of a large labora-
tory-based study aimed at ascertaming the prevalence in South
Adrica aof # jirovensi strains harbermg mutations 2l pasitions
165 and 171 in the firs gene.

MATERIALS ANI METHOHRE
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R Mzm-free waler B complele the volume. Thenmal epdng wee pesformed inoan
Appsd Hinsestems GomeAmp PCR sytem TR tha rmoeveler, s fillvas: T min
al SIFC arad 10 rrom at 570, Followed by 45 epglen of 15 0 o8 955 and | min at
&l C. Quanisfiestion was hased on extrapolatien feom standand curee g ted
by amplfEation of senal dikstions of Imearved plomid pCRLD tontairemg the
P reeen DA fagment defined by primess LS sad LSLI2.

Anslysin of HHPS preatypes. Speeimens with = target mal 310 gene cop-
meeml ol extrssted DNA wese sclested For TRHFS analbymn, an bhe amphfeation of
the mnple-gopy THHFS fan genc proved g0 be lexs senaitive than tha real-ime FCR
assiy. Frmen SMIFL (3'-UAA ATT AGC GTA TOG AAT GAC O-3) amd
SMIED (S.G0A AMA TTA CAA TOA ADD AAA GTA-T') wene usad o
amphfy o Likbp regien of the DHPS pence Subsequently, rested poimers
SMIFR {5 -AGT GOC TAD ACA TAT TAT GG-37) and SMIBT {3"'-0TT CTG
CALCCT -!".u' AAC G2 were waed o amplify o ZTE-be regien angnmpasang

| t ] st [ AN and YO, POR amplifiestion was
p-.rlnrmn:hl mon Maﬂn:ltnﬂ.-.r praadiend app {Eppendot AG, Haml
Tlermany) by uning thae follewing soncbbenn foa the prmany PCR: '-l-l"r'rllr‘mln
Foloued by 35 epeken al 98°C for 3 e, 555 for | min and 7270 for 2 min and =
Bl extemaion s TIC fowe 7 min. The nested PCR sorditmone were 847 for 5
min, folkewed by 15 speles ot W0 dor 30, S0 dow 3l n, sorad 7290 For 1 minand
a hrmal exd al T2 for 7 peeme The POR pamchetts were vaualized by gel

-abaradery awiling. The Parmsbology Referenee Unit of the Maboaal Tnstilul
I-nr Coremunizahle Dieasen (NICT, in I..\h:rl.:d‘mrg_. Roth Afries, &= the
Eargeat regipient of seferrals for Bhe el gl win ol 2
mizétam in Ehe ouniry, reteremg sbouat §EHI :p-:r.r-:nl: annually.

Chmaral specimens amal pationt imfsrmatice. Regpirabory spaéimaens {n = 9313
from pabsents with nugpesiad POP {n = 7125 wene referred b the NHCTF fom 38
puhliz hoepatals snd chirms m o prosmess of South Adrigs frem January 10606
Ehrough February 2007 Dals regarding pafient age, pender, and hoapibal hesa-
fiom were rebruapeitveh extsssied from o laboratory infomation svtem. The
mian ape of P pationts was 34 213 vear, with the age swrge bairg | month
B Bhyemrs [he agen of B pabents were unksosmn) The sk of Temalen fo mades

wleetrophoress on 25 aparcse pek The reded PCR produsts were sequenesd
by mung primer SMIFS amd Biglhye Termunstor chemisty.

Lt takiom ba pr nrDH.L Dreffrant libaraiore s were
wsedl Tor tha II"' p sl g of tha o . DA
exlrstion, sddibion of the PCR produst o the neded resstion medae, and gel
wleetrophoress. & lsboratery free of Fossmaoxio DM A was usad o prepare all
PCR measter et urce. The DN wor handled in s Erancr How éibenet cquippae:d
with x UV lsmp for desoraminaton. Prdiwve snd mepgative conbrols were m-
chuded with the DMA axtrsstion procea ard FORY.

Thaks anabysis. The DMA secquensen were anabwed with BioEdE sequenee

wum 1Lh:| {tae penders of IR patieniy wore unk k The maj ol palmnt
gn o= T2, S were from Claoleng Provmes; and the resl were from the
Fastern Cape, Mpmmalings, Free Stale, Limpopn, amd Horthern Cape Fros-
meéen The majorey of spetimans regereed for the deteztion of P provecn wore
spula fn o= EIWULD HFE . When muliple spetanens from ihe same paticat aml
PCF cpinnde were providad, caly gha firt B provecn-poaitee spegmen resemved
= the lak v wa inchadicd in Phe haie I§ more than cne speéimen was
Eaken on Ehe game day, the speésmen with the higher fusgal kad wee méwded
the anahaiz Duits sonzerning HIY status sl prophyboas sdior i finr
POP weze nad aloble for Bhese policngs All prosed Tl | were in
acenrdange with tha cthiesl starainds of thae Human Resareh Frhis Committae
Bdediead} of the L ity of Bhe Witmal 1 in Jakh burg {f d nn.
Mll'illﬂ‘!}'l.

& P ing amd lak y san o F. i, Spulum spais-
mers and other speimen bypes éoalaining mudus were prebreated with 115
dithaibrestcd (Ssgrma-Alddeich, South Alvies). Afker conirifugtion, misrcssoms
sliden ware prepared with 1he sedi The ini lirsszril wean woashesd
with phoaphate -huBered galine and stooed «f —HAC pnnr b DA extrachon.
The dslex were stmined with 3 direes il 1 hoedy (Tor i il
cenge |IF] migrcotupyl apecifie for the delethion of P proeco épde [Light
TDhisgrnetas, Ml . T la, AL, g ko the I ® instrue-
Bioma A& paoskre |F mieEreasnpry el wie defmed an the presenée m oo petimen
of al leasl one duster of P proveci: Spsts waith II.-. charagtermts morphelogy and
fucroitent immmosisning pattern. An | resalt was diefird as the
preserée inoa spedimen of & s that b 3 ssmpigios Prousosto-ble Gt
morphelogy But that did nol meet the freria doo gonfirmation of & poaitive
mezull

INA potroction A& wan ectracted from 50 pl of sediment, which woas
digenied with prolems K al 3850 for Il priar g sutomatald DN A axtrsstion
with an M43 BaoHobal apparate (Qiagen, Gamany), s2cording fo Phe mzra-
fagtwrer's prolognl for solt traue The ponficd DINA wie chated in 10 pl of
sherde waker snd sboand a3l — 2PC.

Ihelerminadion al F. grovecn INA Jead. The smound of P oproecn T in
spretmmera wan determirad by 3 quantitative real-tme FOR (qPCR | sageting the
miboehondiel] gene fmdhing for the large niboomal subund (miLELG of the
furgue The fellirang peimers and probe weore med: LR (5-A405 TAL ATA
AT AGA CTA TOT GOG ATA AGG-3'S, LSUZ (57600 AGET TTT AAT
TAL TOT TOT GGG-3), and L5LUPT (carbood@ureston-5-A0A TAG
TOC AdA GGG ARA O S-earbomdeiramethyl rhedsming) (Applicd Binees-
tema, Fostes Oy, CA} The amplsalion resthions were £arriad oul im s lolal
weldume of 25 pl enmtmning 1% TagMan unrecrual PCR master migbare, 005 pl
of & miocture of primess and peobe 3l 20 pM esch, § pl of lemplae DINA, and

li editior niift eermien T Sabmteal srohomes were perfonmed
mll the Extel program. The chicsquarn: I-:I:I. wean used lo coen signihzant (P <
1] i amurg el

B

RESULTS

Durang the study peniad, from January 2006 through Febru.
ary 2007, 932 respiratory specimens fram 712 patients (939 of
wham were =15 years of age) with suspecied PCF were oon-
secutmvely recerved for the mecrabialegical confirmation of
PCP at the NICD in Jahannesburg, South Afnca. IF micras
copy was positive for P jirovesii i specimens from VAR {24750}
patients. P jirovecid DNMA was detected mall af the [F micras
copy-pasitive specimens from 1500 patients that were mmilahle
for assessment of the fungal load by gPCR. The quantity of P
jirovecii IPMA mensured m the first IF microscopy-posibive
specimen from each of these 150 patients 15 shaown m Table 1.
The IF microscopy result was deemed equivacal far specimens
fram 14 patients, and 10 of these yielded posiirve resulis by
qPCR (Table 1. Specimens from 530 patients were IF micras.
copy negative for P jirevect. Quantitatnee POR was performed
with a subset of |F miemscopy-negainve specimens from 191
patients that were arhitranly chosen throughout the vear. P
frovesit DNA was detected m [F macroscopy-negative speci-
mens fram 32 {174 ) of these patsents and guantified [ Table 1)

Amplihicatian of the DHPS gene of P jirovecid was al-
tempied i X1 specimens from 162 patients with o gfCR
result af =20 target gene coprespl of extracted DNA. The
DHPS kcus was successfully genalyped in a todal af 183 spec-
imens from 151 patients. Peint muotations resulting in the
ThridAla and/ar Prad7%er amino acikd substitution were de-
tected in P jiroveci iolates from 85 (567 ) patients {Tahle 2.
Of these, 36 patients (429 ) harbared P grovecii isslates with
either the Thr3sAla mutaton (19 patients, 232%) or the
PrafTSer mutation {17 patients, X In specimens from 18
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TABLE 1. Duantificstion of F jrenvecd DINA in resparsiony
spodimins [rom South Africsn patients with suspssied
Preumooslis prduimsie

1. Cu. MKROEIOL

TABLE I Preamorvetin jiresver’ DHPS penotypes in respiraton
spacimend from Soulh Alrikan paticsls

Mucleinde at posiisoen Mo, ol paiienis
Specimen and IF W, of Mo of patients r"';‘l'lj_c'l’ll'il”l';ﬁ'if' DHPS gomotyps [amina acid): HT?,IIHI_.T‘:::J‘I‘:,I.-
mecTossopsy Taslt patsanis QTR pomirs quantiey 8 {35 171 {37} (5 dn = 1513
Spurtum Wild type A {Thr} C [Pra) GELTL (44
Positive 140 L14m 3062 [B-291 804
Megative 173 n T L=4u4) Mutant genotvpe, BS/151 (58
Eguivocal 12 I 151 [8-1,544) todal
Trachez] aspirate Single mutalion 36485 (42)
Pasitive 7 T 1LUZ1 [ L= 1R, 44H) Position 165 (M1p G [Ala) ' [Fra) diE5 (5}
Kegative 1 1 [IF] M1 + wald bype GiA (AL They T [Pra) 15M3 {15}
Eguivacal 1 o Pasition 171 (MI} A {Thr) T (SBer TIES (B}
M2 + wild type A {Thr} T/C (Ber/Pra)  IINE5 {12}
Brendoalvealar
Lavage Dicarhle manaticn LS (20
Pasitive 2 2 54,766 [3-108,5249) Pasitions 165 + G [Ala) T (Zeri I5/85 {15}
Negative 3 [ 171 (M3}
M3 + M1 G Al TC (Ser/Pra) 1/E5 {1}
Other M3 + M2 GiA (AL They T (Ser) NES (3
Pemitive 1 1 L]
Megative 11 1 1 Mixed genotypes* GA (ALThr) TVC (Sex/Pra) 3135 (36)
Eguivocal 1 o

¢ Empressed as the tapel number of gene copies’pl of exracied DNA Des
l::.lh:d n.ﬂ'rn:.l:un n:-__l,aulr@, the hamlllnl, of FPeCim and DNA extraciion
o M B and Meth
NG T nI "iﬁ q:u..lrrn.n.l from %1 paisents from ameag the 34 patsenis wih
IF microsoopy-negaimve resulis was arbiiranty chosen dor gFCR amahsic
* Immur@anne seence MECToscnyy Wi suggesive of P eeveca, bul e resolt
Wil Tt COnchsive
¢ Inchadies T brnnchial washings, o nasopharympeal aspiates, one pleural
Sl speamen, and eght samples of Gnknoewn recmen ipes

patients (21%), the presence of M piwveci oTganisms with both
mutatiens in the DHPS gene could be ascertaimed. Specimens
from 31 patients {36% ) contamed mixtures of mutant M joove.
cit DHPS genodypes, both with and withowt the wild-type ge-
nofype, which could noet be resolved by direct sequencing. 2
jirovecii infections with more than one DHPS genotype were
detected in 6%% (39%55] of patients harboring mutant M jimve.
cit sirains. Multiple respiratory specimens. collected during the
same PCP epissde were available from 23 patients. and strains
in the majority of the specimens (17123, T4% ) presented iden-
tical DHPS genotypes. There were no significant differences
the frequency of wild-type or mutant DHPS genofypes be-
tween genders (# = (1.39), age groups (M = 0.38), or patients
from distinct geographical locations (P = 0.1).

IMECTUSSI0N

The primary aim of the present study was to assess the
prevalence in South Afmca of P jirovecss strains harboring
DHPS mutations previously shown to be associated with expo-
sure to salfa or sulfone drugs. The number of specimens and
paticnts screened makes this study the largest of its kind con-

ducted in the developing world to date. We found that $6% of

paticnts with PCP were infected with mutant / jireveci strains
This proportion stands in contrast o the lower frequencies
reported from the Afncan continent and other countries owt-
side the industrialzed world (8, 12, 13, 15, 31 34, 40, 46, 45).
The risk that # jrovecs will develop mutations in the DHPS
gene is higher for patients with PCP receiving sulfa drug pro-

# Mimed indections in which the presence of mmanis wich doublke mucainons
and the wild type andd'er a miciure of mutants with siaghe mmasens oould ot be
remived

phylaxis than for those not recedving it (5. 15, 16, 12, 26, 32, 38).

A general assumplion s that the frequency of oocourrence of

mutations in the DHPS gene in developing countries is low
dwe to the less extensive use of sulfa drug prophylaxis
against PCP. Thus, the high frequency of mutations in the
DHPS gene among strains from PCP patients in South Af-
rica would be indicative of a considerable exposure to sulfa
medication used either prophylactically against FCF or for
the treatment of other infections. We repard it as unlikely
that sulfa drog {usually TMP-58MX)} prophylaxis for PCP
alone accounts for the high prevalence of mutant & firoveci
strains observed in the present imestigation. Although in-
formation regarding the HIV infection siatus of the patients
and the use of prophylaxis was not available for this labo-
ratory-based study, it is well recognized that a large propor-
tion of HIV-positive patients in South Africa are either
umaware of their HIV infection when they present with PCP
or have limited access to prophylaxis. During a large climical
study in progress at a public hospital in Johanneshurg, in-
terim results showed that 38% of adult patients presenting
with PCP were newly diagnosed with HIV infection and that
anly 27% of patients with a previously confirmed HIV in-
fection were receiving TMP-SMX prophylaxis (M. Wong.
persenal communication).  Furthermore,
South African primary-level health care services for HIV-
positive children, two-thirds of the public-sector clinics did
not have in place a policy for the administration of PCP
prophylaxs {110

The widespread use of sulfa drogs, particularly TRIP-SR3C
against diseases other than PCP could be contributing o the
selection of P fircvecy sirams carmying muitations in the DHPS

gene. In South Afreca, guidelines sswed by the Depariment of

Health have recommended the wse of TMP-5MX to treat
urinary fract infections. cholera, and acute ofitis media at the
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primary-care level, as well as imvasive bactenal infections
cased by Sugella and Salmorelle species in hospitalmed pa-
tients (37). Indications for HIV-positive individuals, apart
from PCP prophylaxis and treatment, include prophylaxis
against recurrent bacterial infections v children; prophylais
against hacterial preumonia, bacteremia, and isosporiass in
adults; as well as the prophylaxis and treatment of toxoplas-
misis. A 2002 report revealed that 26% of primary health care
clinics alse administered TMP-SMX for the treatment of acute
respiratory and gastrointestinal tract infections in children
{11}, a fnding in line with the generalized perception that
sulfa-based drogs are offen wsed in primary care as emparscal
treatment for a variety of conditions, iscluding diarrhea and
noenspecific respiratory infections i adults and children, The
extensive usage of TMP-5MX is known to exert considerable
selectve pressure on microbizl populations and lead 1o the
development of resstance (4, 9} That this is the situation in
Grauteng Province and other kcalities of South Afnica s also
suggested by the very high rates of TMP-5MX resistance con-
sistently ohserved in surveillance isolates of preamacoccal and
other bacterial species: for example, rates of TMP-5MX resis-
tance in isolates of Srepoceconr preumaniae, Shigelln spp..
and nontvphoidal salmonellae of over 0%, B3%, and 37%.
respectmvely, have been reported (13, H) Solfadoxine-py-
rimethamine { Fansidar} was wsed as the first-line treatment for
mialariz i South Adrica until 2006; while the number of pa-
tients treated (between 19900 and 2006, an average of abouwt
25 (M) malaria cases per year) was relatively small in compar-
izom o the burden of HIV-infected individuals, this may have
contributed fo selective pressure.

The transmission of P jirevecii strains is another factor that
muy influence the high prevalence of mutant DHPS strains
observed i the present imwvestigation. The airborne transmis-
sion of Preumacysis spp. from host to host has been demon-
strated in rodent models; and numerous ohservations, imched-
ing several cases of nosoosmial clustering, suggest that direct
or indirect transmission ocours in humans (33). Evidence for
the de pove acquisition of P prevecs with mutant DHFS pe-
natypes hias been provided by studies that included patients
wha had never received sulfa drug prophylaxis for PCP (16,
243, In one of those studies, more than half of the patients
newly diagnesed with HIV infection harbored mutant /. jisve
i stramns [ 16). It is possible that the interhuman transmission
of . provecs: and the concomitant circulation of DHPS geno-
types in the population are accelerated in becalities of South
Adrica with a high prevalence of HIV infection and large num-
bers of individuals with some degree of immunosuppression.
from subclinical stages to overt AIDS, who are susceplible to
colonization by the fungus. The widespread empirical use of
TMP-5MX and the rates of increased transmission and circw-
lation of strains/genolypes in the population could explain, at
least in part, the high prevalence of mutant P jrovecs strains
in settings in which the implementation of PCP prophylaxis is
limited.

A lack of clinical surveillance, the lack of availability of chest
radipgraphic facalities, and limited laboratory diagnostic capa-
hilities contribute to the scarcity and disparity of information
regarding the burden of disease and the epidemislogy of PCP
in African settings. In Sputh Adrica, the collection of bron-
choalveolar lavage (BALY specimens is rare. The few speci-

FREVALENCE OF # NROVECTT DHEFS MUTATIONS 2019

mens sent for lahoratory confirmatian are mostly sputa, and
these are often spontanesusly expectorated rather than in-
duced with hypertonic saline {7, 10}. Although the collection
procedurs was not spectlied for the magority of sputum speci-
men referrals in this study, we estimate that a high proporiion
of specimens were spontancously expectorated. Clinscally, it is
accepted that BAL Auid and induced spotum specimens ane
superior to spontanesusly expectorated sputum for the micro-
scopic diagnosts of PCP, in part because many patients with
PCP have a nonproductive cough and cannot produce an ad-
equate specimen withouwt undergoing sputum induction, While
the proper collection of the respiratory sample is of major
importance for the optimal laboraterny diagnosis of PCP, it may
also be crucial for the strain'genotype representativity of the
specimen and the accurate assessment of med-genotype in-
fections. In five of a total of six cases with discrepant DHFPS
genotypes, we observed large differences (=10-foldy in the
quantity of #. jirovecss DNA measwred in specimens from the
same PCP episede caused by strains showing nonidentical
DHPS genotypes. In some of these cases, multiple samiples had
heen collected within 24 b or less. Thes suggests that variable
specimen quality, as well as initiation of PCF therapy, may be
a cawse of inconsistent results in the genotypic analysis of 2
jirovecir infections.

In Souwth Africa, PCP has been studied more extensively in
children, and # frovecs is now recognized as a commaon pathao-
cen in HIV-infected infants (49). In the present study, which
predominantly included specimens from adults, # jrovec in-
fection was confirmed by IF microscopy in 24% of patients
with suspected PCP. By quantitative real-time PCR analysis,
we could confirm 2 jirovecii carriage in an additional 175 of
patients with a clinical suspicion of PCF and negative IF mi-
croscopy resulls. The detection of # jerevecn was also verified
by real-time PCR in specimens from 1 of 14 patients with
equivocal microscopy results. Cruantitative real-time PCR, per-
formed in a closed system offers the advantages of moreased
diagnestic sensitrvity and rapidity with a reduced risk of con-
tamination. Quantification of the Jevel of P groveci infection
ar colonization can be useful for the monitoring of therapy and
the improved management of patients (31). Although in-
creased diagnostic sensitivity carries a higher risk of clinically
false-positive Tesults, it enhances the chances for the early
detection of bisdogically true-positive resulls for mdividuals
with no or incipient clinical manifestations, something that
could be of critical importance in localities with a high inci-
dence of HIV infection.

This study has certain limitations. Data regarding HIV in-
fection status, the use of sulia doag prophylaxis or some other
medication, and the sutcomes for the patients were not avail-
able. These shortcomings, which preclude further analysss of
possible underlying associations, exprse the tpes of con-
straints that are common for lohoratory-based studies. How-
ever, they do not have any bearing on the central issue of
assessing the frequency of DHPS genolypes in P jroveci
strains prevalent in the population. Although the study in-
cluded patients from a large number of hespitals m South
Adfrica, 57% of the patients for whom data on P jrevecs DHPS
cenotypes were available came from ten hospitals in Gauteng
Frovince.

The mcreased risk that patients receiving salfa drug prophy-
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laxis carry mutant P urovecs DHPFS genptypes suggests that
mutations in the fer gene provide a selective advantage so that
subpopulaticns of the fungus may eventually overcome the
cffects of prophylactic doses of TMP-5MX. The dinscal signif-
icance of DHPS muotations and, in particular, whether single
polymarphisms or double mutations have differential effects on
the response to higher therapeufic doses are questions not yet
resolved. The appearance of P jiovecis strains with additional
mutations and significantly higher kevels of tolerance to sulfon-
amedes and/or sulfones s a possibility that cannot be excluded.
Examples of cumulative mutations leading 1o increased anti-
molic resistance have been documented for viruses, bacteria,
and parasitic protozoa.

In summary, the results of the present ivestigation show
that the frequency of infections with /* provecs sirains harbor-
ing DHPS mutations 5 high in adult patients in South Africa.
This finding suggests the existence of corsiderable antimicro-
binl pressure favoring the establishment in the population of &=
firevecii strains with reduced sensitivities to sulfa drugs. The
minsd likely source of this selective pressure is the utilization of
TMP-5MX, both prophylactically agamst PCP and for the
treatment of other infections. The importance of regular mon-
itoring for DHPS gene polymorphisms and the rational use of
sulfa medications is underscored.

ACENOWLEDMGMENTS

This wark was supported in pan by grants from the Seaedish Inter-
malioial Developmeit Cooperation Agency (STEWA), the Nations] Be-
search Foumdation of Seuth Afrvics. ke MNational Health Labsaratary
Service Research Towt, and the South AfricanSwedish Health Forum

Wi gratelully scknoewledge Rita van Deventer for performing [F
microscopy amd helping with data collection. Ansa Persson Tor help
with real-time FOR, and Michelle Wiang and Adan Barstaedt B <rin-
wal review of the manuscripl

REFERENCES

Il ., 1 Erochfeld, . Asclla ¥, Ni s B Mlelaku V. Weld:
nll I Asral, A Werkn, H. fhl.nlhhlr.!! Lihaad, and L. Lsdquist. IHT7,
it e and oaher pulmeaary Infections in TH
smear-negamve HIV posite paitens with arypecal chest Xerwy in Eihiope.
"ic:nl] A, Indect. Dhs, MR 13- 01528,

L Martimes, M. J., & M o J N Bllice, ML E. Yalls, PV, Rivas, E.
s Laceary, 01, Sued, N. Bensie. P. Domings, E Libera, M. Saadin, & Sirom,
F. Segura, F. YWadal, F. Rodrigues, 8. Heera, M. E. Cordeora, | Asrdbas,
ML T. I de Awia, ). M. Galsdl, . E. Willsen, 5. . Meshnick, and Spanish
PUCF Workisg Group. 2008, Pocemocrnin ovecy IIZUMGRES 0 Spanish
HIIV=infected paitenss in the combined aniretnoviral thesapy em: prevalence
ol @hvdroprercale smihase mulKas and prognee Boors of merialey,
Demgn. Mlicrodvinl Infecl. THs. 62:34-43,

5 Chakays, . M., © Eii, L Ngang'a, E. Amukeye, T. Ouks, L Muia, 8.
Gathus, J. Gotss, [ (hdanga, 1. 8. Ksbanga, K. Magai, 8. Ssosmurs, sed ¥,
Sugiura. 2100, Fasnmocyrie carsan [IEIMania i B0 AIDS pallenis Gl an
urham deirict hospinad in Keaya. Basi Adr. bead. ). BleRI=35

£ Chanswoth, C.E. 5. Zaint, F. Martinez, . P, Lynch I, and A 3. Fondrick.

1L Arstimecrahial esBEnce I Srepiococcur pavnmonnes ! WHEEoas o

paners with commrmiryaoquired preumomin. Mayo Clin, Proc 75: 1060

T,

Crathers, K, C.E Bonrd, J. Turner, G. Groser, 5. Fax, & Marris, . Eisar,

amd L. Husng. 2HG. Seveney and ouicome of HIVassomied Paimocrrme

PRI CORRAINInG Frnumecst grman dhvdropeeraale syrehase gene

TARIimns. ALLES 1RA0L-50,

o Dallas, W. 8. J. E Gewen, F. B Hay, ML ], Cox, and 1. K Dev. 1952

Cloaing, sequencing, ared enhaced expression of the dibydmmeomase -

thase gere of Fuclenchur coft RICELN, ) Bacterinl. 1745500587

Dini, L., and ). Frean. 2000, Dmgnoss wad mansgement of Paamocerie

carian e 5. Adr. I Fped I. Endect. A8:25-26.

Dini, L, 8. L Wang, ML du Pleose, A, Karstaedi, V. Fernasdes, and J.

Froam. IH%. Frevalence of DHPS polymerphesms associated with sulfa re-

mstance m Souih Adrican Pasameessir grevecs smains. 1. Fukanmi. Bdicros

Pl S3(5uppd. 1ES1I-S111.

-

=4

-

]

Kl

. Giess, 5., and 0. Hmzsey.

1 . MKROEIDL

. Felmingham, In. DM, Comparative asmmiceobel susczpihilin of respras

1ory iran pathogens. Chemoberapy S0{Suppl 1:3=0i
Fream, L A, and L. A Dinl, 2000 Peesmocymie canny m Scouth Afnc S
Aty Med. I SR IR-RIN
2002 Kapid appraisl of pnmay level healih cae
services Tor HIV-posiive children at pubisc secvor clinks in Souih Adnca.
Bemearch report. Children’s Instiie, Universiy of Cape Town, Cape Toan,
South Alnica
Giovender, ., 5 1. dw Flessis, G S, vana, and L. 1 I'.'hll]l.-_r hHE
Pravakinee uf!hrllmhlw:m«'vand.'lh T s
presming with paoamcnis at keapiiak in Por [Ilz:huc-:h g Ml J Epide-
macd. Dot 282124
Gromp lor Eneeric, Hespiratory snd Meminges) Disease Swrvelllanee in
Seuth Africe. 206, GERMS-5A annual rapart 2007, Biip:iwew micd. ac.o
Jmuisipernaporms him. Accossed M June 2008
Hampzl, 1. C, & [Vrey, G, E. Dale, [k Kestresa, J. Nigksn, C. Cednar,
ML G Fape, HL ). Schanleld, . Staber, and B. L Thea, 1997, Stucrore and
function of ihe dibvdroprercaie symihase from Stoghdecocos awsue. 1. Mol
Bl 268:11=50
Hebareg:Larsen, 1. T, L. Benlield, J. Engen-@ilsen, 1. Ik Lusdgren, and B,
Landgres. 199, Efects of mstatons in Frermogpms canmy dilvdmoptaroats
syribase pane on aotcon of AlS-assecmiod . canoy prommonia. Lancet
Mk 1 1aT-1551
Husmg, L, C. B Beard, J. Cressman, D, Levy, 1. 5 Duchin, 5. Les, M.
Pienizasck, . L. Carter, T del s, 1. Rmland, and T. I& Navin, 20000 S0llE
or subiore prophylaos aad geographic regon preds macaions mthe Pa-
syt cavimit dlhpamplETnase syrahase pene. B Infecn. Dis 1821 192-11 %9,
Huamg, L, L. Morris, A . Limper, 1. 5. Beck and 4TS Macssocysiic
warkehap participasds, 2006 An ofical ATS workshop summary: recent
achvmees and futars directions in Pacimacyms preamons {PCFR Proc. Am
Thurac. Soc. 305540,
Flusng, L., I A Welsh, E. F. Miller, C. B, Eard, G G Lawrence, M. Fox,
A Swarterman, M. K. Besodey, D). Casbonnel, J. L. Davis, A Chie B L Yoo,
smd J. L Jomes. 2000, Pocsmocrne provecy dibpdropiencme synchase gene
musains and heman  mmunedefickenoy veusasscnied Pramocrsis
prenmedin B Pekarvod Micoatal. 8305mppl. 1ES1LES11n
Ihiades, P, %, K Neshnick, and L G Maoreadie, JHG. Mutsiions in the
Fuewmacyms proveen DHPS gene confor eroas-resistance 1o =ulfa drugs
Animicrokr. Agonis Chamotbor. 48;741-Ta8,
Junl Umited Matsans Pregramms on HIV,AIDS and the Warld Health Chr-

e IINE Ipid Ingical fac1 sheet on HIW and AIDS, Ssuil Al
rl:| DN upidate. hlq:v:‘-'-m-hmnl.hn' Acceszed | December 28
Bl ML, ML Msdspeka N, Makaia, o Maeda, 8, Gelah, ¥V Maeda, ke
Hashimsio, K. Kshavashi, a . Kashisabara, 199% Diaminodphonyd-
sulfons resistancs of Muabacremnm fqpee due 8o muiations in thg dibvdnop-
I-:-l-um st g FEMS Microbiol. Lo 171281-234

P, ag, P A Elossler, W. B 1. Bichasd

.M. ].ll L I:r—..] Koz, and 8. . Meshnick. 21000 Fromesoesir canns
MALIINING are asndiated wih dursia of sulla o suliome prophylaes expo-
sare in AIDS patieres. I Infect. Dis. BR2:551-557
Boranjen, I EL, 1 Fisk W, Armsirong, Uk Bholing L Lsssd, £ Re, and 5,
Meshmick 59H, Inorease in provakinee of Prcmecome carmp mwiabons in
pations with AIDS ad P oo pacumonia, m the United Siates and
Chimas, 1. Indect. Dhs, 18%: [ 684-18K7
Latunche, £, F. Lacube, E Maury, J. Balognini, M. Develmax, P. Girard, T
Crodiet, M. Labrotie, C. Moyansd, J. Cuilllat, sed F. Raos, JHG, Proimocrsiie
wreveen difydropicrome symhase gerogypes in French paiieats with pned-
mocysiosis: 3 1FR-2011 prospeciive study. Med. Myool 45:535-517,
Li, K, A Mo, W. P Cad, X, F. Tang. X. ¥. Ihin.;.!'l’l.q.—ll!.hlﬂ.-n
IHM, Ahsznie of Pammecadi prevecn QRYEITPIEImaL ARG gene m-
latioms ameong simples from a group of AIDS pamems in Chima. Scanid.
J. Irgect. [Hs. 4E:152-134.
Ma, L. LA Ii.ill'll:l..l Cargnel, A Valerio, G, Fanbonl, and O, Aleeri. JHZ2
Muizi ihase geno of hemarederreed Prowse-
cvme caven Bolates from [raly are infrequors bt corralate with price sulfa
prophylass. 1 Infoc. Des. 18& 15 H-1552
Mahsmed, & 2. . Murrsy, & Klem 3. Bichsrdr, . Foldmsn, N. T.
Levy, T Smithk, and ). Ksllanbach. 1999, P, it carsan PNEUMONRS 1N
HIIY Infecmed patienis from South Adrica. East Afn Med. 1 es0-84
Malin, & ., L. K £ Gwanesra, % Klein, V. 1, Rabertson, P, Musvaire, and
P B Mlason, 1955 Mrowssostr ceasy poesmonia in Smshabee. Lancet
i | 1581251
Memean, [, Ik Sanglard, J. Ballls, and P. M. Hagser, 204, Proamocriie
revecn dilvdropercale syrehase polymeaphisms confer resistaace 1o sulas
tomme and sulfanibimide in Seccharomycer comnanme. Antimicrob, Agems
Cremther, 48: 0 10-261 6
Rlaller, B F. A K. Lindley, W, E, Smtsrase, 4 5 Maling and & E Wakeheld,
BN, Gancerpes of Peaimeosur freveo solates obtaingd in Haram, Zim-
tabwa, and Lemdon, Uimesed Kmpdom. Anbmicrol, Agons Chameothar. 47:
W),

. Mari, 8- 1. Che, aud M. Smgimets. JH8. A followep siudy of mympiomatic

111

TLOT “LE ARy uo AR @ismsg) EsuRsarEsasa @ Sa wsewal way pepropmag



Vol 48, 2010

40

4

earriers ol Fossmocynis prravee heing immsunnespyrre eees therspy for rhoa-
arthaibn. 1. H.h...llriullll A RIS

A, AL . Famwttn 1. Mensom, P. Framcicl J.
Balle, and P. W, Hagser. 201} SAmngiation betweon a lpctﬁtl’m.umw-rnl.:

FREVALENCE OF & AROVECIT DHIFS MUTATIONS

Hz1

Dues, smad A Cargral. 2007, Cleretbypeng of Prewssocisten Aroveen’ praumssis
m [Baliza AIDS palicntx | Afque. Immsune Dehs. Sy 45571510

Wom Mal, & 0. F, Galigads, T, Divle, 1. Baawait, 10 Stk W Meyer, and I,
Harkness, 2000, Chnizil spuifizanss sl phdoperate rebitiondup of nesel

m\'\.r -:Hm.l.rlrrmrlul... mynithase meatation s dailore of pm '}
byl = human = fhekeni, nrm-pu-lllln.and-n-.,_—
atwve p:rll:rll:.] Infcst. s LER:1117- 1421,
Mowvexr, §a. M. Chabe, B l.llm'nl:mnnl1 M. Virmaos, E. Dei-Can, FBAL
Hausar, and A. Tolor. 2060E M | Fa i indeetizng
Pagamte 15:350-385
Eshharts, F. I, L. . Chalklboy, K. Woyer, P. sussard, and - D, Liskomite.
HHE, Dibpdroplencats ienthase and novel dibpdiefol e redugiase gens: ma-
Istican in sraine of Proimoerrie groceon fom Soah, Adries. 1 Chiee Bisre-
beal. d3: 144731844
L—l.l-.-\-s,l T, K. N dwrors, ssed 0. E. Sever. 301 Proimoceie canny
m padientz with and weiik HIV mfcétmm. Comp. Ther B0

0K

Skald, {0 JHEL. Sulf ks remi ch
mat. Updat 31551801

Seuth Afrsca Depariment af Health. 2008, panting dste. Staadsrd lreiiment
puidelinex and casentia] drugs Tet for Soeth Alriea hip: e dob gosza
oy, Aetewsed 11 Play THA

Stemm, O W, . H:uh,? K
shifydiropt L

FJ-.rg. rdces. Dua. 10 17H1-1 765

Takahashi, T. M. Hozeys, T. Ende, T. Ml H. Sakashita, K. Kz

K. @ihmichi, ¥. Mak w, and A T JHiL Relabonshyp Echescn

sl Eremide Drug Re-

and 5. Bt Mathnk
sred P L]

1. Sulla o,

A lian Pocromecyaie proveon genotypren. §. Oline Masobaol. 47181 E-1K21.

Wan Csterhont, 1 1 6, M. K. Laafer, 3, A Peree, S5 M, Lirakam, N,
Uhimaliva, F. . Thesing, M. 1 Abares-5Martines, P E Wilsen, M. Chage
merana, B E. fijlatra, T. E. Tayler, C. . Flowe, and 5. K& Meshnick. 07
FPresmocyrix pnesmonia in HIV-positiee sdults, Mok, Emerg. Infest. T
13:325-338.

vom Gerlberg, A 3 March B0, posting dite. Laboratory-based surwillance
For imcoave pecumsocoes] diseoe m Soeth Adrica. b e acbin o ke
Jnme T Hhenn 5 200G ot henp T Mdpaommn T Hircvisad polf. Acteewed 14 Faly
HHF

Wang; P M. Bend, I F. Sims, anad §, B, Byde, 1597, SoMadozine resistance
in Kb b parists Meooedie faloganen w detarmame:d by mutstions in
difpdropt I #hazl amnid an adddiomal factor ciated with folale
wtilizstinn. Mol Mierchinl, 13479465

Wissmamm, 4. 6. 1. Abvarer-Martinee. 5. K. Meshnick, A B, 5, Dihel, and
1. €. Frolla. 2006 Abscrée of dshydropiermale synihase mula m P
mmacyrde praveen from Breasdizn AIDE patsens 1 Eulcirges. Mizmhinl 53:
HIS-3IT

Worsdria, W, 8, Okst-Nuang. 5, Ik Yos, and T, Adso, 2008 Causgs of lowar
regpersiary mfesl in HIW-indected Ulganadm whar s sputum AFE
mmear-negatwe. Int. 1. Tuder Lung Ths. TI07-123

#ar, II. Lo ML I Alvaree-blantines, A Barrison, and 8, Meshnick, 7
P o od ditedmopl e syl m HIV-mieciod South Af-

meatatmms in shwdropternate mmthase of Prewsonsio cenos 1
pdafen in Fapan and renistanée to sullfonamide therapy. 1 Chae Migrobiol
IR: a3,

Trvape & K, B R Mandha, B Galerm, A Alshan, K. Luihra, and U K.
Singh. MR Stady of dibvdropteraate mmthase [DHFS) pene mutations
amung molales of Fh:umnurnrm.ur Indian I Med Rea. 1IE7H4-T770
Yalerin, A, E. Tranrmma, F. Klaxes, (& Fasteni, O Atrari, F. Tarisrsne, F.

rzzn childran with Pnowsmansts armeor preamesia. Clin, Bdeet. Dim 3%:
17141,

dar, W 1, A Deerhabiosn, D, Flanslo, I Apelies, b, L. Magnos, sl ds,
Hussey, 20001 Prenmooeme conuy proumoaa in Sowih Adncan childron
imdeited with buman immanmdeficiensy vims, Pediabr, Indeet Die 1 19507
HIT.

Permission to include this article was obtained and the license number is:

2716031317431

112

QLA ' LE ARy uo AR EEnsU| EYSIRR T 0E GRS B Sanrwsewal way) papeomuwa g



APPENDIX G

FROJECT Characizristion of Prsutiieystis jirovec)
Sy i Seuth Adbica

INVESTICATORS Div i Do Pleas(s

DEPARTMENT RAPRL

DATE CONSMERED 05 o0

RALE 050530 CEHATRPERSON ... pry

“tinidulines for wrifion ‘infoomed comsem” emehied wharo spplicabils
e Hupesvisgr: Prof | Fream

ram=mmmm|mumcmmnm&mrnnmLumlm.mm,
Senece Hops, Unlversing
Il'hhmﬂymdtmdihmdﬂumlmduﬁhlmmnmuﬂwcmfnmmm
tescarch mod Vwe pearmsece 10 enanre complianee with those conditiens. Showld any depoenure to he
tmrﬂ:ld'ﬂumﬂ'ﬂﬂm a3 approved L undertake to resulimit (he protoced s fe
Comm Hi oY 5 il i

R

PLEASE (HMOTE THE FROTOCOL. NUMWRER [ ALL EXNCUITRIES

113



APPENDIX H

T OF THE W ; LA MNESRUTRG
HIPALAN RESEARCILETHICS COMMITTEE (MEIHICAL)
RELM4D [liml
CLEARANCE CERTIFFCATE PROTECTR. MUMBER DT -

FROIECT Servey apd Mssegemeat oF Dy Roes st
Pasumacystls Joovesi Pasumania |n Gaukne Soath Aficn

VIS TIGATORS Pellcr 1, Thic
BEEARTMENT Pamsialo gy Bsferanne Unk:
DATE CONSIFRED W25

DECISIOM OF LHE COMBMITTER* Appraved uncord ey

LATH 06,23 CHAIRFERSTHY . bt e,
{Frofiesr PE Clesl -l

ce! Bedmarvine ; Pood | Faemem

Tobecompleted i duphicars aed ONF COFY rotemed & e Sccretry 31 Boom 10005, 18 Floor,
Semale Hrpse, Ureveraioy.

o fully wederdumd the conctitons nader which T meiwe sre arthoeied o comy oat o shovemsentioeed
st h g Iiwe peoranioe b0 seiee complences whit these sandiis, Bl amy deperirm by
eomumpisieal ot e research procodoe: & sppeeesd e mderieks 10 readbsit the protooo P o (he

Lmmimidise, 1 b ol daoc -q .
o LD

PLEASE QUIFTE THE FROUOCOL NUMBER T ALL BNGUIRIES

114



9. REFERENCES

1. Chagas, C. Nova trypanozomiaze humana. Mem. Inst. Oswaldo Cruz, vol.
1, 1909, pp. 159-218 (cited in Kovacs et al, 2009).

2. Chagas, C. Nova entidade morbida do homem: resumo geral de estudos
etioldgicos e clinicos. Mem. Inst. Oswaldo Cruz, vol. 3, 1911, pp. 219-275
(cited in Kovacs et al, 2009).

3. Kovacs, J.A. and Masur, H. Evolving health effects of Pneumocystis: one
hundred years of progress in diagnosis and treatment, JAMA, vol. 301 no.
24, Jun 24 2009, pp. 2578-2585.

4, Redhead, S.A., Cushion, M.T., Frenkel, J.K. and Stringer, J.R.
Pneumocystis and Trypanosoma cruzi: nomenclature and typifications. J.
Eukaryot. Microbiol., vol. 53 no. 1, Jan-Feb 2006, pp. 2-11.

5. Aliouat-Denis, C.M., Martinez, A., Aliouat el, M., Pottier, M., Gantois, N.
and Dei-Cas, E. The Pneumocystis life cycle. Mem. Inst. Oswaldo Cruz,
vol. 104 no. 3, May 2009, pp. 419-426.

6. Delande, P. and Delante, M. Sur les rapports des kystes de Carinii du
poumon des rats avec le Trypanosoma lewesi. Comp. Rend. Acad. Sci.
Paris vol. 155, 1912, pp. 658-660 (cited in de Souza et al, 2005).

7. de Souza, W. and Benchimol, M. Basic biology of Pneumocystis carinii: a
mini review, Mem. Inst. Oswaldo Cruz, vol. 100 no. 8, Dec 2005, pp. 903-

908.

115



10.

11.

12.

13.

14.

15.

van der Meer, G. and Brug, S.L. Infection a Pneumocystis chez 1’homme
et chez les animaux, Ann. Soc. Belg. Med. Trop., vol. 22, 1942, pp. 301-
307 (cited in Kovacs et al, 2009).

Vanek, J. and Jirovec, O. [Parasitic pneumonia. Interstitial plasma cell
pneumonia of premature, caused by Pneumocystis carinii], Zentralbl.
Bakteriol. Parasitenkd. Infektionskr. Hyg., vol. 158 no. 1-2, May 12 1952,
pp. 120-127.

Carmona, E.M. and Limper, A.H. Update on the diagnosis and treatment
of Pneumocystis pneumonia, Ther. Adv. Respir. Dis., vol. 5 no. 1, Feb
2011, pp. 41-59.

Baar, H.S. Interstitial plasmacellular pneumonia due to Pneumocystis
carinii, J. Clin. Pathol., vol. 8 no. 1, Feb 1955, pp. 19-24.

CDC. Pneumocystis pneumonia-Los Angeles, MMWR Morb. Mortal. Wkly
Rep., vol. 30 no. 21, Jun 5 1981, pp. 250-252.

Calderon, E.J., Gutierrez-Rivero, S., Durand-Joly, I. and Dei-Cas, E.
Pneumocystis infection in humans: diagnosis and treatment, Expert Rev.
Anti Infect. Ther., vol. 8 no. 6, Jun 2010, pp. 683-701.

Frenkel, J.K. Pneumocystis jiroveci n. sp. from man: morphology,
physiology, and immunology in relation to pathology, Natl. Cancer Inst.
Monogr., vol. 43, Oct 1976, pp. 13-30.

Edman, J.C., Kovacs, J.A., Masur, H., Santi, D.V., Elwood, H.J. and
Sogin, M.L. Ribosomal RNA genes of Pneumocystis carinii, J. Protozool.,

vol. 36 no. 1, Jan-Feb 1989, pp. 18S-20S.

116



16.

17.

18.

19.

20.

21.

22.

Stringer, S.L., Stringer, J.R., Blase, M.A., Walzer, P.D. and Cushion, M.T.
Pneumocystis carinii: sequence from ribosomal RNA implies a close
relationship with fungi, Exp. Parasitol., vol. 68 no. 4, May 1989, pp. 450-
461.

Frenkel, J.K. Pneumocystis pneumonia, an immunodeficiency-dependent
disease (IDD): a critical historical overview, J. Eukaryot. Microbiol., vol.
46 no. 5, Sep-Oct 1999, pp. 89S-92S.

Stringer, J.R., Beard, C.B., Miller, R.F. and Wakefield, A.E. A new name
(Pneumocystis jiroveci) for Pneumocystis from humans, Emerg. Infect.
Dis., vol. 8 no. 9, Sep 2002, pp. 891-896.

Ypma-Wong, M.F., Fonzi, W.A. and Sypherd, P.S. Fungus-specific
translation elongation factor 3 gene present in Pneumocystis carinii, Infect.
Immun., vol. 60 no. 10, Oct 1992, pp. 4140-4145.

Edman, J.C., Edman, U., Cao, M., Lundgren, B., Kovacs, J.A. and Santi,
D.V. Isolation and expression of the Pneumocystis carinii dihydrofolate
reductase gene, Proc. Natl. Acad. Sci. U S A, vol. 86 no. 22, Nov 1989, pp.
8625-8629.

Edman, U., Edman, J.C., Lundgren, B. and Santi, D.V. Isolation and
expression of the Pneumocystis carinii thymidylate synthase gene, Proc.
Natl. Acad. Sci. U S A, vol. 86 no. 17, Sep 1989, pp. 6503-6507.

Chabe, M., Aliouat-Denis, C.M., Delhaes, L., Aliouat el, M., Viscogliosi,
E. and Dei-Cas, E. Pneumocystis: from a doubtful unique entity to a group
of highly diversified fungal species, FEMS Yeast Res., vol. 11 no. 1, Feb

2011, pp. 2-17.

117



23.

24.

25.

26.

Eriksson, O.E. Pneumocystis carinii, a parasite in lungs of mammals,
referred to a new family and order (Pneumocystidaceae,
Pneumocystidales, Ascomycota), Systema Ascomycetum vol. 13, 1994, pp.
165-180.

Hibbett, D.S., Binder, M., Bischoff, J.F., Blackwell, M., Cannon, P.F.,
Eriksson, O.E., Huhndorf, S., James, T., Kirk, P.M., Lucking, R., Thorsten
Lumbsch, H., Lutzoni, F., Matheny, P.B., McLaughlin, D.J., Powell, M.J.,
Redhead, S., Schoch, C.L., Spatafora, J.W., Stalpers, J.A., Vilgalys, R.,
Aime, M.C., Aptroot, A., Bauer, R., Begerow, D., Benny, G.L.,
Castlebury, L.A., Crous, P.W., Dai, Y.C., Gams, W., Geiser, D.M.,
Griffith, G.W., Gueidan, C., Hawksworth, D.L., Hestmark, G., Hosaka, K.,
Humber, R.A., Hyde, K.D., Ironside, J.E., Koljalg, U., Kurtzman, C.P.,
Larsson, K.H., Lichtwardt, R., Longcore, J., Miadlikowska, J., Miller, A.,
Moncalvo, J.M., Mozley-Standridge, S., Oberwinkler, F., Parmasto, E.,
Reeb, V., Rogers, J.D., Roux, C., Ryvarden, L., Sampaio, J.P., Schussler,
A., Sugiyama, J., Thorn, R.G., Tibell, L., Untereiner, W.A., Walker, C.,
Wang, Z., Weir, A., Weiss, M., White, M.M., Winka, K., Yao, Y.J. and
Zhang, N. A higher-level phylogenetic classification of the Fungi, Mycol.
Res., vol. 111 Pt 5, May 2007, pp. 509-547.

Looney, W.J. and Windsor, J.J. Pneumocystis carinii infection in human
immunodeficiency virus-positive patients, Br. J. Biomed. Sci., vol. 56 no.
1, 1999, pp. 39-48.

Fishman, J.A. Prevention of infection due to Pneumocystis carinii,

Antimicrob. Agents Chemother., vol. 42 no. 5, May 1998, pp. 995-1004.

118



217.

28.

29.

30.

31.

32.

Walzer, P.D., Evans, H.E., Copas, A.J., Edwards, S.G., Grant, A.D. and
Miller, R.F. Early predictors of mortality from Pneumocystis jirovecii
pneumonia in HIV-infected patients: 1985-2006, Clin. Infect. Dis., vol. 46
no. 4, Feb 15 2008, pp. 625-633.

Arozullah, A.M., Yarnold, P.R., Weinstein, R.A., Nwadiaro, N., Mcllraith,
T.B., Chmiel, J.S., Sipler, A.M., Chan, C., Goetz, M.B., Schwartz, D.N.
and Bennett, C.L. A new preadmission staging system for predicting
inpatient mortality from HIV-associated Pneumocystis carinii pneumonia
in the early highly active antiretroviral therapy (HAART) era, Am. J.
Respir. Crit. Care Med., vol. 161 no. 4 Pt 1, Apr 2000, pp. 1081-1086.
Morrow, B.M., Hsaio, N.Y., Zampoli, M., Whitelaw, A. and Zar, H.J.
Pneumocystis pneumonia in South African children with and without
human immunodeficiency virus infection in the era of highly active
antiretroviral therapy, Pediatr. Infect. Dis. J., vol. 29 no. 6, Jun 2010, pp.
535-539.

Santamauro, J.T., Aurora, R.N. and Stover, D.E. Pneumocystis carinii
pneumonia in patients with and without HIV infection, Compr. Ther., vol.
28 no. 2, 2002, pp. 96-108.

Huang, L., Morris, A., Limper, A.H. and Beck, J.M. An Official ATS
Workshop Summary: Recent advances and future directions in
Pneumocystis pneumonia (PCP), Proc. Am. Thorac Soc., vol. 3 no. 8, Nov
2006, pp. 655-664.

Ansari, N.A., Kombe, A.H., Kenyon, T.A., Hone, N.M., Tappero, J.W.,

Nyirenda, S.T., Binkin, N.J. and Lucas, S.B. Pathology and causes of

119



33.

34.

35.

36.

37.

death in a group of 128 predominantly HIV-positive patients in Botswana,
1997-1998, Int. J. Tuberc. Lung Dis., vol. 6 no. 1, Jan 2002, pp. 55-63.
Ansari, N.A., Kombe, A.H., Kenyon, T.A., Mazhani, L., Binkin, N.,
Tappero, J.W., Gebrekristos, T., Nyirenda, S. and Lucas, S.B. Pathology
and causes of death in a series of human immunodeficiency virus-positive
and -negative pediatric referral hospital admissions in Botswana. Pediatr.
Infect. Dis. J., vol. 22 no. 1, Jan 2003, pp. 43-47.

Aderaye, G., Bruchfeld, J., Aseffa, G., Nigussie, Y., Melaku, K.,
Woldeamanuel, Y., Asrat, D., Worku, A., Gaegziabher, H., Lebaad, M.
and Lindquist, L. Pneumocystis jiroveci pneumonia and other pulmonary
infections in TB smear-negative HIV-positive patients with atypical chest
X-ray in Ethiopia, Scand. J. Infect. Dis., vol. 39 no. 11-12, 2007, pp. 1045-
1053.

Lucas, S.B., Peacock, C.S., Hounnou, A., Brattegaard, K., Koffi, K.,
Honde, M., Andoh, J., Bell, J. and De Cock, K.M. Disease in children
infected with HIV in Abidjan, Cote d'lvoire. BMJ, vol. 312 no. 7027, Feb
10 1996, pp. 335-338.

Chakaya, J.M., Bii, C., Ng'ang'a, L., Amukoye, E., Ouko, T., Muita, L.,
Gathua, S., Gitau, J., Odongo, I., Kabanga, J.M., Nagai, K., Suzumura, S.
and Sugiura, Y. Pneumocystis carinii pneumonia in HIV/AIDS patients at
an urban district hospital in Kenya, East Afr. Med. J., vol. 80 no. 1, Jan
2003, pp. 30-35.

Hargreaves, N.J., Kadzakumanja, O., Phiri, S., Lee, C.H., Tang, X.,

Salaniponi, F.M., Harries, A.D. and Squire, S.B. Pneumocystis carinii

120



38.

39.

40.

41.

42.

43.

pneumonia in patients being registered for smear-negative pulmonary
tuberculosis in Malawi, Trans. R. Soc. Trop. Med. Hyg., vol. 95 no. 4, Jul-
Aug 2001, pp. 402-408.

Garcia-Jardon, M., Bhat, V.G., Blanco-Blanco, E. and Stepian, A.
Postmortem findings in HIVV/AIDS patients in a tertiary care hospital in
rural South Africa, Trop. Doct., vol. 40 no. 2, Apr 2010, pp. 81-84.
Murray, J., Sonnenberg, P., Nelson, G., Bester, A., Shearer, S. and Glynn,
J.R. Cause of death and presence of respiratory disease at autopsy in an
HIV-1 seroconversion cohort of southern African gold miners, AIDS, vol.
21 Suppl 6 no., Nov 2007, pp. S97-S104.

Wong, M.L., Back, P., Candy, G., Nelson, G. and Murray, J. Pneumocystis
jirovecii pneumonia in African miners at autopsy, Int. J. Tuberc. Lung
Dis., vol. 10 no. 7, Jul 2006, pp. 756-760.

Ruffini, D.D. and Madhi, S.A. The high burden of Pneumocystis carinii
pneumonia in African HIV-1-infected children hospitalized for severe
pneumonia, AIDS, vol. 16 no. 1, Jan 4 2002, pp. 105-112.

Zar, H.J., Dechaboon, A., Hanslo, D., Apolles, P., Magnus, K.G. and
Hussey, G. Pneumocystis carinii pneumonia in South African children
infected with human immunodeficiency virus, Pediatr. Infect. Dis. J., vol.
19 no. 7, Jul 2000, pp. 603-607.

Mahomed, A.G., Murray, J., Klempman, S., Richards, G., Feldman, C.,
Levy, N.T., Smith, C. and Kallenbach, J. Pneumocystis carinii pneumonia
in HIV infected patients from South Africa, East Afr. Med. J., vol. 76 no.

2, Feb 1999, pp. 80-84.

121



44,

45.

46.

47.

48.

49.

50.

Worodria, W., Okot-Nwang, M., Yoo, S.D. and Aisu, T. Causes of lower
respiratory infection in HIV-infected Ugandan adults who are sputum
AFB smear-negative, Int. J. Tuberc. Lung Dis., vol. 7 no. 2, Feb 2003, pp.
117-123.

Chintu, C., Mudenda, V., Lucas, S., Nunn, A., Lishimpi, K., Maswahu, D.,
Kasolo, F., Mwaba, P., Bhat, G., Terunuma, H. and Zumla, A. Lung
diseases at necropsy in African children dying from respiratory illnesses: a
descriptive necropsy study, Lancet, vol. 360 no. 9338, Sep 28 2002, pp.
985-990.

Nathoo, K.J., Gondo, M., Gwanzura, L., Mhlanga, B.R., Mavetera, T. and
Mason, P.R. Fatal Pneumocystis carinii pneumonia in HIV-seropositive
infants in Harare, Zimbabwe, Trans. R. Soc. Trop. Med. Hyg., vol. 95 no.
1, Jan-Feb 2001, pp. 37-39.

Malin, A.S., Gwanzura, L.K., Klein, S., Robertson, V.J., Musvaire, P. and
Mason, P.R. Pneumocystis carinii pneumonia in Zimbabwe. Lancet, vol.
346 no. 8985, Nov 11 1995, pp. 1258-1261.

Beck, J.M. and Cushion, M.T. Pneumocystis workshop: 10th anniversary
summary. Eukaryot. Cell, vol. 8 no. 4, Apr 2009, pp. 446-460.
Matsumoto, Y. and Yoshida, Y. Sporogony in Pneumocystis carinii:
synaptonemal complexes and meiotic nuclear divisions observed in
precysts, J. Protozool., vol. 31 no. 3, Aug 1984, pp. 420-428.

Cushion, M.T., Smulian, A.G., Slaven, B.E., Sesterhenn, T., Arnold, J.,
Staben, C., Porollo, A., Adamczak, R. and Meller, J. Transcriptome of

Pneumocystis carinii during fulminate infection: carbohydrate metabolism

122



51.

52.

53.

54.

55.

56.

and the concept of a compatible parasite, PL0oS One, vol. 2 no. 5, 2007, pp.
e423.

Nevez, G., Chabe, M., Rabodonirina, M., Virmaux, M., Dei-Cas, E.,
Hauser, P.M. and Totet, A. Nosocomial Pneumocystis jirovecii infections,
Parasite, vol. 15 no. 3, Sep 2008, pp. 359-365.

Choukri, F., Menotti, J., Sarfati, C., Lucet, J.C., Nevez, G., Garin, Y.J.,
Derouin, F. and Totet, A. Quantification and spread of Pneumocystis
jirovecii in the surrounding air of patients with Pneumocystis pneumonia,
Clin. Infect. Dis., vol. 51 no. 3, Aug 1 2010, pp. 259-265.

de Boer, M.G., Bruijnesteijn van Coppenraet, L.E., Gaasbeek, A., Berger,
S.P., Gelinck, L.B., van Houwelingen, H.C., van den Broek, P., Kuijper,
E.J., Kroon, F.P. and Vandenbroucke, J.P. An outbreak of Pneumocystis
jiroveci pneumonia with 1 predominant genotype among renal transplant
recipients: interhuman transmission or a common environmental source?
Clin. Infect. Dis., vol. 44 no. 9, May 1 2007, pp. 1143-1149.

Meuwissen, J.H., Tauber, I., Leeuwenberg, A.D., Beckers, P.J. and Sieben,
M. Parasitologic and serologic observations of infection with
Pneumocystis in humans, J. Infect. Dis., vol. 136 no. 1, Jul 1977, pp. 43-
49.

Pifer, L.L., Hughes, W.T., Stagno, S. and Woods, D. Pneumocystis carinii
infection: evidence for high prevalence in normal and immunosuppressed
children, Pediatrics, vol. 61 no. 1, Jan 1978, pp. 35-41.

Cushion, M.T., Linke, M.J., Ashbaugh, A., Sesterhenn, T., Collins, M.S.,

Lynch, K., Brubaker, R. and Walzer, P.D. Echinocandin treatment of

123



57.

58.

59.

60.

61.

Pneumocystis pneumonia in rodent models depletes cysts leaving trophic
burdens that cannot transmit the infection, PLoS One, vol. 5 no. 1, 2010,
pp. e8524.

Medrano, F.J., Montes-Cano, M., Conde, M., de la Horra, C., Respaldiza,
N., Gasch, A., Perez-Lozano, M.J., Varela, J.M. and Calderon, E.J.
Pneumocystis jirovecii in general population, Emerg. Infect. Dis., vol. 11
no. 2, Feb 2005, pp. 245-250.

Miller, R.F., Ambrose, H.E. and Wakefield, A.E. Pneumocystis carinii f.
sp. hominis DNA in immunocompetent health care workers in contact with
patients with P. carinii pneumonia, J. Clin. Microbiol., vol. 39 no. 11, Nov
2001, pp. 3877-3882.

Sanchez, C.A., Chabe, M., Aliouat el, M., Durand-Joly, I., Gantois, N.,
Conseil, V., Lopez, C., Duriez, T., Dei-Cas, E. and Vargas, S.L. Exploring
transplacental transmission of Pneumocystis oryctolagi in first-time
pregnant and multiparous rabbit does, Med. Mycol., vol. 45 no. 8, Dec
2007, pp. 701-707.

Montes-Cano, M.A., Chabe, M., Fontillon-Alberdi, M., de-Lahorra, C.,
Respaldiza, N., Medrano, F.J., Varela, J.M., Dei-Cas, E. and Calderon,
E.J. Vertical transmission of Pneumocystis jirovecii in humans, Emerg,
Infect, Dis,, vol. 15 no. 1, Jan 2009, pp. 125-127.

Icenhour, C.R., Rebholz, S.L., Collins, M.S. and Cushion, M.T. Early
acquisition of Pneumocystis carinii in neonatal rats as evidenced by PCR

and oral swabs, Eukaryot. Cell, vol. 1 no. 3, Jun 2002, pp. 414-419.

124



62.

63.

64.

65.

66.

67.

Rivero, L., de la Horra, C., Montes-Cano, M.A., Rodriguez-Herrera, A.,
Respaldiza, N., Friaza, V., Morilla, R., Gutierrez, S., Varela, J.M.,
Medrano, F.J. and Calderon, E.J. Pneumocystis jirovecii transmission from
immunocompetent carriers to infant, Emerg. Infect. Dis., vol. 14 no. 7, Jul
2008, pp. 1116-1118.

Peterson, J.C. and Cushion, M. T. Pneumocystis: not just pneumonia, Curr.
Opin. Microbiol., vol. 8 no. 4, Aug 2005, pp. 393-398.

Morris, A., Sciurba, F.C. and Norris, K.A. Pneumocystis: a novel pathogen
in chronic obstructive pulmonary disease? COPD, vol. 5 no. 1, Feb 2008,
pp. 43-51.

Latouche, S., Lacube, P., Maury, E., Bolognini, J., Develoux, M., Girard,
P.M., Godet, C., Lebrette, M.G., Mayaud, C., Guillot, J. and Roux, P.
Pneumocystis jirovecii dihydropteroate synthase genotypes in French
patients with pneumocystosis: a 1998-2001 prospective study, Med.
Mycol., vol. 41 no. 6, Dec 2003, pp. 533-537.

Huang, L., Beard, C.B., Creasman, J., Levy, D., Duchin, J.S., Lee, S.,
Pieniazek, N., Carter, J.L., del Rio, C., Rimland, D. and Navin, T.R. Sulfa
or sulfone prophylaxis and geographic region predict mutations in the
Pneumocystis carinii dihydropteroate synthase gene, J. Infect. Dis., vol.
182 no. 4, Oct 2000, pp. 1192-1198.

Helweg-Larsen, J., Benfield, T.L., Eugen-Olsen, J., Lundgren, J.D. and
Lundgren, B. Effects of mutations in Pneumocystis carinii dihydropteroate
synthase gene on outcome of AlDS-associated P. carinii pneumonia,

Lancet, vol. 354 no. 9187, Oct 16 1999, pp. 1347-1351.

125



68.

69.

70.

71.

72.

73.

74.

75.

Kelly, M.N. and Shellito, J.E. Current understanding of Pneumocystis
immunology, Future Microbiol., vol. 5 no. 1, Jan 2010, pp. 43-65.

Lu, J.J. and Lee, C.H. Pneumocystis pneumonia, J. Formos. Med. Assoc.,
vol. 107 no. 11, Nov 2008, pp. 830-842.

Morris, A.M. and Masur, H. A serologic test to diagnose Pneumocystis

pneumonia: are we there yet? Clin. Infect. Dis., vol. 53 no. 2, Jul 2011, pp.

203-204.

Skelly, M.J., Holzman, R.S. and Merali, S. S-adenosylmethionine levels in

the diagnosis of Pneumocystis carinii pneumonia in patients with HIV
infection, Clin. Infect. Dis., vol. 46 no. 3, Feb 1 2008, pp. 467-471.

de Boer, M.G., Gelinck, L.B., van Zelst, B.D., van de Sande, W.W.,
Willems, L.N., van Dissel, J.T., de Jonge, R. and Kroon, F.P. beta-D-
glucan and S-adenosylmethionine serum levels for the diagnosis of
Pneumocystis pneumonia in HIVV-negative patients: a prospective study, J.
Infect., vol. 62 no. 1, Jan 2011, pp. 93-100.

Sax, P.E., Komarow, L., Finkelman, M.A., Grant, P.M., Andersen, J.,
Scully, E., Powderly, W.G. and Zolopa, A.R. Blood (1->3)-{beta}-D-
Glucan as a Diagnostic Test for HIVV-Related Pneumocystis jirovecii
Pneumonia, Clin. Infect. Dis., vol. 53 no. 2, Jul 2011, pp. 197-202.
Huang, L. Clinical and translational research in pneumocystis and
Pneumocystis pneumonia, Parasite, vol. 18 no. 1, Feb 2011, pp. 3-11.
Kaplan, J.E., Hanson, D.L., Navin, T.R. and Jones, J.L. Risk factors for

primary Pneumocystis carinii pneumonia in human immunodeficiency

virus-infected adolescents and adults in the United States: reassessment of

126



76.

77.

78.

79.

80.

81.

indications for chemoprophylaxis, J. Infect. Dis., vol. 178 no. 4, Oct 1998,
pp. 1126-1132.

Cailliez, J.C., Seguy, N., Denis, C.M., Aliouat, E.M., Mazars, E.,
Polonelli, L., Camus, D. and Dei-Cas, E. Pneumocystis carinii: an atypical
fungal micro-organism, J. Med. Vet. Mycol., vol. 34 no. 4, Jul-Aug 1996,
pp. 227-239.

Santamauro, J.T. and Stover, D.E. Pneumocystis carinii pneumonia. Med.
Clin. North Am., vol. 81 no. 2, Mar 1997, pp. 299-318.

Skold, O. Sulfonamide resistance: mechanisms and trends, Drug Resist.
Updat., vol. 3 no. 3, Jun 2000, pp. 155-160.

Brooks, D.R., Wang, P., Read, M., Watkins, W.M., Sims, P.F. and Hyde,
J.E. Sequence variation of the hydroxymethyldihydropterin
pyrophosphokinase: dihydropteroate synthase gene in lines of the human
malaria parasite, Plasmodium falciparum, with differing resistance to
sulfadoxine, Eur. J. Biochem., vol. 224 no. 2, Sep 1 1994, pp. 397-405.
Dallas, W.S., Gowen, J.E., Ray, P.H., Cox, M.J. and Dev, I.K. Cloning,
sequencing, and enhanced expression of the dihydropteroate synthase gene
of Escherichia coli MC4100, J. Bacteriol., vol. 174 no. 18, Sep 1992, pp.
5961-5970.

Hampele, I.C., D'Arcy, A., Dale, G.E., Kostrewa, D., Nielsen, J., Oefner,
C., Page, M.G., Schonfeld, H.J., Stuber, D. and Then, R.L. Structure and
function of the dihydropteroate synthase from Staphylococcus aureus, J.

Mol. Biol., vol. 268 no. 1, Apr 25 1997, pp. 21-30.

127



82.

83.

84.

85.

86.

Wang, P., Read, M., Sims, P.F. and Hyde, J.E. Sulfadoxine resistance in
the human malaria parasite Plasmodium falciparum is determined by
mutations in dihydropteroate synthetase and an additional factor associated
with folate utilization, Mol. Microbiol., vol. 23 no. 5, Mar 1997, pp. 979-
986.

Kai, M., Matsuoka, M., Nakata, N., Maeda, S., Gidoh, M., Maeda, Y.,
Hashimoto, K., Kobayashi, K. and Kashiwabara, Y.
Diaminodiphenylsulfone resistance of Mycobacterium leprae due to
mutations in the dihydropteroate synthase gene, FEMS Microbiol. Lett.,
vol. 177 no. 2, Aug 15 1999, pp. 231-235.

Kazanjian, P., Armstrong, W., Hossler, P.A., Burman, W., Richardson, J.,
Lee, C.H., Crane, L., Katz, J. & Meshnick, S.R. Pneumocystis carinii
mutations are associated with duration of sulfa or sulfone prophylaxis
exposure in AIDS patients, J. Infect. Dis., vol. 182 no. 2, Aug 2000, pp.
551-557.

Ma, L., Kovacs, J.A., Cargnel, A., Valerio, A., Fantoni, G. and Atzori, C.
Mutations in the dihydropteroate synthase gene of human-derived
Pneumocystis carinii isolates from Italy are infrequent but correlate with
prior sulfa prophylaxis, J. Infect. Dis., vol. 185 no. 10, May 15 2002, pp.
1530-1532.

Nahimana, A., Rabodonirina, M., Zanetti, G., Meneau, I., Francioli, P.,
Bille, J. and Hauser, P.M. Association between a specific Pneumocystis
jiroveci dihydropteroate synthase mutation and failure of

pyrimethamine/sulfadoxine prophylaxis in human immunodeficiency

128



87.

88.

89.

90.

91.

virus-positive and -negative patients, J. Infect. Dis., vol. 188 no. 7, Oct 1
2003, pp. 1017-1023.

Crothers, K., Beard, C.B., Turner, J., Groner, G., Fox, M., Morris, A.,
Eiser, S. and Huang, L. Severity and outcome of HIV-associated
Pneumocystis pneumonia containing Pneumocystis jirovecii
dihydropteroate synthase gene mutations, AIDS, vol. 19 no. 8, May 20
2005, pp. 801-805.

Meneau, I., Sanglard, D., Bille, J. and Hauser, P.M. Pneumocystis jiroveci
dihydropteroate synthase polymorphisms confer resistance to sulfadoxine
and sulfanilamide in Saccharomyces cerevisiae, Antimicrob. Agents
Chemother., vol. 48 no. 7, Jul 2004, pp. 2610-2616.

Iliades, P., Meshnick, S.R. and Macreadie, I.G. Mutations in the
Pneumocystis jirovecii DHPS gene confer cross-resistance to sulfa drugs.
Antimicrob. Agents Chemother., vol. 49 no. 2, Feb 2005, pp. 741-748.
Huang, L., Welsh, D.A., Miller, R.F., Beard, C.B., Lawrence, G.G., Fox,
M., Swartzman, A., Bensley, M.R., Carbonnet, D., Davis, J.L., Chi, A.,
Yoo, B.J. and Jones, J.L. Pneumocystis jirovecii dihydropteroate synthase
gene mutations and human immunodeficiency virus-associated
Pneumocystis pneumonia, J. Eukaryot. Microbiol., vol. 53 Suppl 1, 2006,
pp. S114-116.

Hauser, P.M., Nahimana, A., Taffe, P., Weber, R., Francioli, P., Bille, J.
and Rabodonirina, M. Interhuman transmission as a potential key

parameter for geographical variation in the prevalence of Pneumocystis

129



92.

93.

94.

95.

jirovecii dihydropteroate synthase mutations, Clin. Infect. Dis., vol. 51 no.
4, Aug 15 2010, pp. €28-33.

Valerio, A., Tronconi, E., Mazza, F., Fantoni, G., Atzori, C., Tartarone, F.,
Duca, P. and Cargnel, A. Genotyping of Pneumocystis jiroveci pneumonia
in Italian AIDS patients. Clinical outcome is influenced by
dihydropteroate synthase and not by internal transcribed spacer genotype,
J. Acquir. Immune Defic. Syndr., vol. 45 no. 5, Aug 15 2007, pp. 521-528.
Navin, T.R., Beard, C.B., Huang, L., del Rio, C., Lee, S., Pieniazek, N.J.,
Carter, J.L., Le, T., Hightower, A. and Rimland, D. Effect of mutations in
Pneumocystis carinii dihydropteroate synthase gene on outcome of P,
carinii pneumonia in patients with HIV-1: a prospective study, Lancet,
vol. 358 no. 9281, Aug 18 2001, pp. 545-549.

Alvarez-Martinez, M.J., Miro, J.M., Valls, M.E., Mas, J., de la Bellacasa,
J.P., Sued, O., Sole, M., Rivas, P.V., de Lazzari, E., Benito, N., Garcia, F.,
Agusti, C., Wilson, P.E., Gatell, J.M., Jimenez de Anta, M.T., Meshnick,
S.R. and Moreno, A. Prevalence of dihydropteroate synthase genotypes
before and after the introduction of combined antiretroviral therapy and
their influence on the outcome of Pneumocystis pneumonia in HIV-1-
infected patients, Diagn. Microbiol. Infect. Dis., vol. 68 no. 1, Sep 2010,
pp. 60-65.

Alvarez-Martinez, M.J., Moreno, A., Miro, J.M., Valls, M.E., Rivas, P.V.,
de Lazzari, E., Sued, O., Benito, N., Domingo, P., Ribera, E., Santin, M.,
Sirera, G., Segura, F., Vidal, F., Rodriguez, F., Riera, M., Cordero, M.E.,

Arribas, J.R., Jimenez de Anta, M.T., Gatell, J.M., Wilson, P.E. and

130



96.

97.

98.

99.

100.

Meshnick, S.R. Pneumocystis jirovecii pneumonia in Spanish HIV-
infected patients in the combined antiretroviral therapy era: prevalence of
dihydropteroate synthase mutations and prognostic factors of mortality,
Diagn. Microbiol. Infect. Dis., vol. 62 no. 1, Sep 2008, pp. 34-43.

Costa, M.C., Helweg-Larsen, J., Lundgren, B., Antunes, F. and Matos, O.
Mutations in the dihydropteroate synthase gene of Pneumocystis jiroveci
isolates from Portuguese patients with Pneumocystis pneumonia, Int. J.
Antimicrob. Agents, vol. 22 no. 5, Nov 2003, pp. 516-520.

Beser, J., Dini, L., Botero-Kleiven, S., Krabbe, M., Lindh, J. and
Hagblom, P. Absence of dihydropteroate synthase gene mutations in
Pneumocystis jirovecii isolated from Swedish patients, Med. Mycol., Jul 6
2011 [e-publication ahead of print].

van Hal, S.J., Gilgado, F., Doyle, T., Barratt, J., Stark, D., Meyer, W. and
Harkness, J. Clinical significance and phylogenetic relationship of novel
Australian Pneumocystis jirovecii genotypes, J. Clin. Microbiol., vol. 47
no. 6, Jun 2009, pp. 1818-1823.

Takahashi, T., Hosoya, N., Endo, T., Nakamura, T., Sakashita, H.,
Kimura, K., Ohnishi, K., Nakamura, Y. and Iwamoto, A. Relationship
between mutations in dihydropteroate synthase of Pneumocystis carinii f.
sp. hominis isolates in Japan and resistance to sulfonamide therapy, J.
Clin. Microbiol., vol. 38 no. 9, Sep 2000, pp. 3161-3164.

Miller, R.F., Lindley, A.R., Ambrose, H.E., Malin, A.S. and Wakefield,

A.E. Genotypes of Pneumocystis jiroveci isolates obtained in Harare,

131



101.

102.

103.

104.

105.

106.

Zimbabwe, and London, United Kingdom, Antimicrob. Agents
Chemother., vol. 47 no. 12, Dec 2003, pp. 3979-3981.

Zar, H.J., Alvarez-Martinez, M.J., Harrison, A. and Meshnick, S.R.
Prevalence of dihydropteroate synthase mutants in HIV-infected South
African children with Pneumocystis jiroveci pneumonia, Clin. Infect. Dis.,
vol. 39 no. 7, Oct 1 2004, pp. 1047-1051.

Robberts, F.J., Chalkley, L.J., Weyer, K., Goussard, P. and Liebowitz,
L.D. Dihydropteroate synthase and novel dihydrofolate reductase gene
mutations in strains of Pneumocystis jirovecii from South Africa, J. Clin.
Microbiol., vol. 43 no. 3, Mar 2005, pp. 1443-1444.

Govender, S., du Plessis, S.J., Ocana, G.S. and Chalkley, L.J. Prevalence
of Pneumocystis jirovecii and Mycoplasma pneumoniae in patients
presenting with pneumonia at hospitals in Port Elizabeth, South Afr. J.
Epidemiol. Infect., vol. 23 no. 2, 2008, pp. 21-24.

Huang, L., Crothers, K., Atzori, C., Benfield, T., Miller, R., Rabodonirina,
M. and Helweg-Larsen, J. Dihydropteroate synthase gene mutations in
Pneumocystis and sulfa resistance, Emerg. Infect. Dis., vol. 10 no. 10, Oct
2004, pp. 1721-1728.

Wissmann, G., Alvarez-Martinez, M.J., Meshnick, S.R., Dihel, A.R. and
Prolla, J.C. Absence of dihydropteroate synthase mutations in
Pneumocystis jirovecii from Brazilian AIDS patients, J. Eukaryot.
Microbiol., vol. 53 no. 4, Jul-Aug 2006, pp. 305-307.

Li, K., He, A, Cai, W.P., Tang, X.P., Zheng, X.Y., Li, Z.Y. and Zhan,

X.M. Absence of Pneumocystis jirovecii dinydropteroate synthase gene

132



107.

108.

109.

110.

111.

mutations among samples from a group of AIDS patients in China, Scand.
J. Infect. Dis., vol. 41 no. 2, 2009, pp. 152-154.

Kazanjian, P.H., Fisk, D., Armstrong, W., Shulin, Q., Liwei, H., Ke, Z.
and Meshnick, S. Increase in prevalence of Pneumocystis carinii
mutations in patients with AIDS and P. carinii pneumonia, in the United
States and China, J. Infect. Dis., vol. 189 no. 9, May 1 2004, pp. 1684-
1687.

Tyagi, A.K., Mirdha, B.R., Luthra, K., Guleria, R., Mohan, A., Singh,
U.B., Samantaray, J.C., Dar, L., lyer, V.K. and Sreenivas, V.
Pneumocystis jirovecii dihydropteroate synthase (DHPS) genotypes in
non-HIV-immunocompromised patients: a tertiary care reference health
centre study, Med. Mycol., vol. 49 no. 2, Feb 2011, pp. 167-171.

Tyagi, A.K., Mirdha, B.R., Guleria, R., Mohan, A., Luthra, K. and Singh,
U.B. Study of dihydropteroate synthase (DHPS) gene mutations among
isolates of Pneumocystis jiroveci, Indian J. Med. Res., vol. 128 no. 6, Dec
2008, pp. 734-739.

Lu, J.J., Bartlett, M.S., Shaw, M.M., Queener, S.F., Smith, JW., Ortiz-
Rivera, M., Leibowitz, M.J. and Lee, C.H. Typing of Pneumocystis carinii
strains that infect humans based on nucleotide sequence variations of
internal transcribed spacers of rRNA genes, J. Clin. Microbiol., vol. 32 no.
12, Dec 1994, pp. 2904-2912.

Tang, X., Bartlett, M.S., Smith, JW., Lu, J.J. and Lee, C.H. Determination
of copy number of rRNA genes in Pneumocystis carinii f. sp. hominis, J.

Clin. Microbiol., vol. 36 no. 9, Sep 1998, pp. 2491-2494.

133



112.

113.

114.

115.

116.

117.

Lee, C.H., Helweg-Larsen, J., Tang, X., Jin, S., Li, B., Bartlett, M.S., Lu,
J.J., Lundgren, B., Lundgren, J.D., Olsson, M., Lucas, S.B., Roux, P.,
Cargnel, A., Atzori, C., Matos, O. and Smith, J.W. Update on
Pneumocystis carinii f. sp. hominis typing based on nucleotide sequence
variations in internal transcribed spacer regions of rRNA genes, J. Clin.
Microbiol., vol. 36 no. 3, Mar 1998, pp. 734-741.

Tsolaki, A.G., Miller, R.F., Underwood, A.P., Banerji, S. and Wakefield,
A.E. Genetic diversity at the internal transcribed spacer regions of the
rRNA operon among isolates of Pneumocystis carinii from AIDS patients
with recurrent pneumonia, J. Infect. Dis., vol. 174 no. 1, Jul 1996, pp. 141-
156.

Beser, J., Hagblom, P. and Fernandez, V. Frequent in vitro recombination
in internal transcribed spacers 1 and 2 during genotyping of Pneumocystis
jirovecii, J. Clin. Microbiol., vol. 45 no. 3, Mar 2007, pp. 881-886.

Totet, A., Pautard, J.C., Raccurt, C., Roux, P. and Nevez, G. Genotypes at
the internal transcribed spacers of the nuclear rRNA operon of
Pneumocystis jiroveci in nonimmunosuppressed infants without severe
pneumonia, J. Clin. Microbiol., vol. 41 no. 3, Mar 2003, pp. 1173-1180.
Siripattanapipong, S., Worapong, J., Mungthin, M., Leelayoova, S. and
Tan-ariya, P. Genotypic study of Pneumocystis jirovecii in human
immunodeficiency virus-positive patients in Thailand, J. Clin. Microbiol.,
vol. 43 no. 5, May 2005, pp. 2104-2110.

Helweg-Larsen, J., Lee, C.H., Jin, S., Hsueh, J.Y., Benfield, T.L., Hansen,

J., Lundgren, J.D. and Lundgren, B. Clinical correlation of variations in

134



118.

119.

120.

121.

122.

the internal transcribed spacer regions of rRNA genes in Pneumocystis
carinii f.sp. hominis, AIDS, vol. 15 no. 4, Mar 9 2001, pp. 451-459.
Robberts, F.J., Liebowitz, L.D. and Chalkley, L.J. Genotyping and
coalescent phylogenetic analysis of Pneumocystis jiroveci from South
Africa, J. Clin. Microbiol., vol. 42 no. 4, Apr 2004, pp. 1505-1510.
Beard, C.B., Carter, J.L., Keely, S.P., Huang, L., Pieniazek, N.J., Moura,
I.N., Roberts, J.M., Hightower, A.W., Bens, M.S., Freeman, A.R,, Lee, S.,
Stringer, J.R., Duchin, J.S., del Rio, C., Rimland, D., Baughman, R.P.,
Levy, D.A., Dietz, V.J., Simon, P. and Navin, T.R. Genetic variation in
Pneumocystis carinii isolates from different geographic regions:
implications for transmission, Emerg. Infect. Dis., vol. 6 no. 3, May-Jun
2000, pp. 265-272.

Chenna, R., Sugawara, H., Koike, T., Lopez, R., Gibson, T.J., Higgins,
D.G. and Thompson, J.D. Multiple sequence alignment with the Clustal
series of programs, Nucleic Acids Res., vol. 31 no. 13, Jul 1 2003, pp.
3497-3500.

Hosoya, N., Takahashi, T., Wada, M., Endo, T., Nakamura, T., Sakashita,
H., Kimura, K., Ohnishi, K., Nakamura, Y., Mizuochi, T. and Iwamoto, A.
Genotyping of Pneumocystis carinii f. sp. hominis isolates in Japan based
on nucleotide sequence variations in internal transcribed spacer regions of
rRNA genes, Microbiol. Immunol., vol. 44 no. 7, 2000, pp. 591-596.
Nimri, L.F., Moura, I.N., Huang, L., del Rio, C., Rimland, D., Duchin,
J.S., Dotson, E.M. and Beard, C.B. Genetic diversity of Pneumocystis

carinii f. sp. hominis based on variations in nucleotide sequences of

135



123.

124.

125.

126.

127.

internal transcribed spacers of rRNA genes, J. Clin. Microbiol., vol. 40 no.
4, Apr 2002, pp. 1146-1151.

Matos, O., Lee, C.H., Jin, S., Li, B., Costa, M.C., Goncalves, L. and
Antunes, F. Pneumocystis jiroveci in Portuguese immunocompromised
patients: association of specific ITS genotypes with treatment failure, bad
clinical outcome and childhood, Infect. Genet. Evol., vol. 3 no. 4, Nov
2003, pp. 281-285.

Nevez, G., Totet, A., Jounieaux, V., Schmit, J.L., Dei-Cas, E. and Raccurt,
C. Pneumocystis jiroveci internal transcribed spacer types in patients
colonized by the fungus and in patients with pneumocystosis from the
same French geographic region, J. Clin. Microbiol., vol. 41 no. 1, Jan
2003, pp. 181-186.

Beser, J., Botero-Kleiven, S., Lebbad, M., Hagblom, P. and Fernandez, V.
A limited number of ITS haplotypes defines the diversity of Pneumocystis
jirovecii strains in Sweden, Infect. Genet. Evol., vol. 11 no. 5, Jul 2011,
pp. 948-954.

Gupta, R., Mirdha, B.R., Guleria, R., Agarwal, S.K., Samantaray, J.C.,
Kumar, L., Kabra, S.K., Luthra, K. and Sreenivas, V. Genotyping and
phylogenetic analysis of Pneumocystis jirovecii isolates from India, Infect.
Genet. Evol., vol. 10 no. 6, Aug 2010, pp. 712-719.

NCBI nucleotide blast, [Accessed 20 Jun 2011], Available from:

http://blast.ncbi.nlm.nih.gov/Blast.cgi.

136



128. Lowry, R. VassarStats Website for Statistical Computations, [Accessed 7
Mar 2011], Available from:
http://faculty.vassar.edu/lowry/VassarStats.html.

129. Dini, L., Du Plessis, M., Wong, M., Karstaedt, A., Fernandez, V. and
Frean, J. Prevalence of DHPS polymorphisms associated with sulfa
resistance in South African Pneumocystis jirovecii strains, J. Eukaryot.
Microbiol., vol. 53 Suppl 1, 2006, pp. S110-111.

130. Fisk, D.T., Meshnick, S. and Kazanjian, P.H. Pneumocystis carinii
pneumonia in patients in the developing world who have acquired
immunodeficiency syndrome, Clin. Infect. Dis., vol. 36 no. 1, Jan 1 2003,
pp. 70-78.

131.  Joint United Nations Programme on HIV/AIDS and the World Health
Organization. Epidemiological Fact Sheet on HIV and AIDS, South Africa,
2008 Update, [Accessed 1 Dec 2008], Available from:
http://www.who.int/hiv.

132.  The National Department of Health. National HIV and syphilis prevalence
survey South Africa 2005, Pretoria, 2006, pp. 10-11.

133.  Statistics South Africa. Mid-year population estimates 2007, Statistical
Release, P0302, 2007, pp. 1-3.

134. Ma, L., Borio, L., Masur, H. and Kovacs, J.A. Pneumocystis carinii
dihydropteroate synthase but not dihydrofolate reductase gene mutations
correlate with prior trimethoprim-sulfamethoxazole or dapsone use, J.

Infect. Dis., vol. 180 no. 6, Dec 1999, pp. 1969-1978.

137



135. Nahimana, A., Rabodonirina, M., Helweg-Larsen, J., Meneau, 1.,
Francioli, P., Bille, J. and Hauser, P.M. Sulfa resistance and
dihydropteroate synthase mutants in recurrent Pneumocystis carinii
pneumonia, Emerg. Infect. Dis., vol. 9 no. 7, Jul 2003, pp. 864-867.

136. Zingale, A., Carrera, P., Lazzarin, A. and Scarpellini, P. Detection of
Pneumocystis carinii and characterization of mutations associated with
sulfa resistance in bronchoalveolar lavage samples from human
immunodeficiency virus-infected subjects, J. Clin. Microbiol., vol. 41 no.
6, Jun 2003, pp. 2709-2712.

137. Dini, L., du Plessis, M., Frean, J. and Fernandez, V. High prevalence of
dihydropteroate synthase mutations in Pneumocystis jirovecii isolated
from patients with Pneumocystis pneumonia in South Africa, J. Clin.
Microbiol., vol. 48 no. 6, Jun 2010, pp. 2016-2021.

138. Stein, C.R., Poole, C., Kazanjian, P. and Meshnick, S.R. Sulfa use,
dihydropteroate synthase mutations, and Pneumocystis jirovecii
pneumonia, Emerg, Infect, Dis,, vol. 10 no. 10, Oct 2004, pp. 1760-1765.

139. Giese, S. and Hussey, G. Rapid appraisal of primary level health care
services for HIV-positive children at public sector clinics in South Africa,
Research report for Children’s Institute and Child Health Unit, University
of Cape Town: Cape Town, Mar 2002, pp. 1-33.

140. Chenoweth, C.E., Saint, S., Martinez, F., Lynch, J.P., 3rd and Fendrick,
A.M. Antimicrobial resistance in Streptococcus pneumoniae: implications
for patients with community-acquired pneumonia, Mayo Clin. Proc., vol.

75 no. 11, Nov 2000, pp. 1161-1168.

138



141.

142.

143.

144,

145.

146.

147.

Felmingham, D. Comparative antimicrobial susceptibility of respiratory
tract pathogens, Chemotherapy, vol. 50 Suppl 1, 2004, pp. 3-10.

von Gottberg, A. Laboratory-based surveillance for invasive
pneumococcal disease in South Africa, Mar 2009, [Accessed 14 Jul 2009],
Available from:
http://www.sabin.org/files/Anne%20von%20Gottberg%204pneumo%20re
vised.pdf.

Frean, J.A. and Dini, L.A. Pneumocystis carinii in South Africa, S. Afr.
Med. J., vol. 90 no. 9, Sep 2000, pp. 828-829.

Dini, L. and Frean, J. Diagnosis and management of Pneumocystis carinii
pneumonia, South Afr. J. Epidemiol. Infect., vol. 15 no. 1, Mar 2000, pp.
23-26.

Mori, S., Cho, I. and Sugimoto, M. A followup study of asymptomatic
carriers of Pneumocystis jiroveci during immunosuppressive therapy for
rheumatoid arthritis, J. Rheumatol., vol. 36 no. 8, Aug 2009, pp. 1600-
1605.

Yazaki, H., Goto, N., Uchida, K., Kobayashi, T., Gatanaga, H. and Oka, S.
Outbreak of Pneumocystis jiroveci pneumonia in renal transplant
recipients: P. jiroveci is contagious to the susceptible host,
Transplantation, vol. 88 no. 3, Aug 15 2009, pp. 380-385.

Meshnick, S.R., Hossler, P.A., Enger, K.S., Kazanjian, P., Rest, J.S.,
Mindell, D., Li, B., Lee, C.H., Nimri, L.F., Carter, J.L., Beard, C.B. and

Huang, L. Distribution of DHPS mutations among ITS subtypes of P.

139



carinii f. sp. hominis, J. Eukaryot. Microbiol., Suppl., 2001, pp. 126S-

128S.

140



