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Purpose: Prneumocystis jirovecii pneumonia (PJP) shows a high fatality rate in non-HIV patients. However, there are limited data on
P, jirovecii drug resistance-related gene mutations in these patients. This study aimed to describe the prevalence of mutations in the
dihydrofolate reductase (DHFR) and dihydropteroate synthase (DHPS) genes of P. jirovecii in non-HIV patients in China, providing
a reference for drug usage.

Methods: We analyzed the polymorphisms of DHPS and DHFR genes from 45 non-HIV patients in China, including P. jirovecii
infection (n = 14) and P. jirovecii colonization (n = 31). This analysis also considered clinical characteristics, P. jirovecii burden,
treatment response, and prognosis.

Results: Compared to the P, jirovecii colonization, P. jirovecii infection had significantly altered blood indicators (GR%, LY %, HGB,
TP, ALB, CRP, P<0.05) with higher P, jirovecii burden (P<0.05) and worse prognosis (P<0.05). Additionally, patients with P. jirovecii
infection were more susceptible to infections, such as the Epstein-Barr virus, Cytomegalovirus, Mycoplasma and Klebsiella pneumo-
niae. Although no known drug-resistance mutations were detected in the DHPS gene in this study, 10 nonsynonymous mutations were
identified. Furthermore, 10 nonsynonymous and 2 synonymous mutations were found in the DHFR gene. However, these mutations
were not associated with a worse prognosis.

Conclusion: Our results implied that TMP-SMX prophylaxis is still recommended for PJP in high-risk non-HIV patients in China.
Keywords: Pneumocystis jirovecii pneumonia, mutation, drug resistance, prognosis, non-HIV

Introduction
Pneumocystis jirovecii pneumonia (PJP) is a severe fungal infection of the lungs caused by Prneumocystis jirovecii. It primarily
affects individuals with weakened immune systems, and its mortality rate ranges from 21 to 50%.'> Over the years,
preventive measures and advancements in antiretroviral therapy have significantly reduced the infection and mortality rates
of PJP in HIV patients. However, the incidence of PJP has been increasing in non-HIV patients with organ transplants, tumors,
rheumatic diseases, autoimmune diseases, as well as those using CD20 antibodies and Bruton’s tyrosine kinase inhibitors.®®
Prophylactic medication is an effective measure in preventing PJP for individuals with weakened immune systems.
Currently, the combination of trimethoprim-sulfamethoxazole (TMP-SMX) is considered as the first-line prophylactic
treatment for P. jirovecii infections. TMP-SMX targets two folic acid biosynthesis enzymes, dihydrofolate reductase
(DHFR) and dihydropteroate synthase (DHPS) of P, jirovecii. While mutations in DHFR have been associated with TMP
resistance in various microbial pathogens, their effect on P, jirovecii is less clear.”'® Two mutations in DHPS (Thr55Ala and
Pro57Ser) are associated with the failure of sulfa prophylaxis and poor treatment outcomes and are therefore considered as

Infection and Drug Resistance 2024:17 5619-5627 5619
Received: 14 August 2024 © 2024 Wu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 10 December 2024
Published: 17 December 2024

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-6573-8354
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Wu et al Dove

TMP-SMX resistance loci.''™'* P, jirovecii can be transmitted through the air, and individuals with normal immune systems
can be asymptomatic carriers, contributing to transmission.'*!> As patients treated with TMP-SMX might accumulate
mutated strains, they could serve as hosts for the transmission of resistance strains. Therefore, environment factors such as
this may also contribute to the selection of mutant P, jirovecii strains.'®'® Thus, by analyzing the drug resistance genes,
including DHPS and DHFR, it can effectively guide PJP patient management and treatment decisions.

With the increasing number of immunosuppressed patients, P. jirovecii DHPS and DHFR mutations should be taken
into account in order to utilize anti-P. jirovecii medication effectively. However, there is limited data available on the
prevalence of these mutations in non-HIV patients. In this study, we analyzed the mutations of DHPS and DHFR in non-
HIV patients in China, along with their clinical characteristics, treatment response and outcomes. Our findings indicated
that no known drug resistance mutations were detected in these 45 patients (2018-2023), which may offer guidance for
the appropriate utilization of TMP-SMX in patients at high risk of P. jirovecii infection.

Methods

Ethics Approval and Consent to Participate

Our study complies with the Declaration of Helsinki and has been approved by the Ethics Committee of Beijing
Friendship Hospital, China (approval number 2023-P2-182-01); all clinical samples investigated were anonymized and
obtained from an existing sample collection.

Patients and Samples

A total of 45 clinical samples were collected from patients at Beijing Friendship Hospital, Capital Medical University,
between August 2018 and June 2023. These included 41 sputum samples and 4 bronchoalveolar lavage fluid (BALF)
samples, obtained from the lungs during bronchoscopy procedures. Among these 45 patients, 14 were diagnosed with
P, jirovecii infection and were treated with TMP-SMX, 31 patients were diagnosed with P, jirovecii colonization and did
not receive any treatment with TMP-SMX. Sputum and BALF specimens were used to detect DHPS and DHFR gene
mutations by sequence and assess the P. jirovecii load using qPCR testing.

DNA Extraction

DNA was extracted from fresh sputum or BALF specimens collected from patients. The specimens were pre-treated using 1N
NaOH (1:1(v/v) for sputum, and 2:1(v/v) for BALF) 60°C for 1h to ensure complete liquefying before centrifugation at
8000 rpm for 5 min. The pellet was washed twice with saline, and DNA was extracted from the pellet using a kit (TTANGEN,
DP705, Beijing, CHN) according to the manufacturer’s instruction and stored at —20°C for further assay.

Amplification of the P. jirovecii DHFR and DHPS Genes from Clinical Samples

The DHPS and DHFR genes were amplified in a 20uL reaction containing 10uL of GoTaq® G2 DNA Master Mix
(Promega, M7823, Madison, WI, USA), 500nm primers, and 5-50 ng template DNA. The reaction was carried out in the
Bio-Rad ALS1296 PCR system using touchdown procedure. Primers and amplification reaction conditions are listed in
Table S1. A positive control and a negative control (distilled water) were used in the experiments.

Detection of Mutations by Sequencing

DNA sequencing was performed by Sangon Biotech Co., Ltd. in both forward and reverse directions to identify the
DHPS and DHFR genes. The resulting sequences were assembled using Contig-Express software. To analyze the
sequences, they were aligned with reference sequences using the CLUSTAL W Multiple alignment method in Bio-
Edit software. Statistical support was assessed through 1000 bootstrap replications. The reference sequences’ GenBank
accession numbers are as follows: for the nucleotide sequences, DHPS wild type (AF139132), DHPS Thr55Ala mutation
type (U66278), DHPS Pro57Ser mutation type (U66281), and DHFR wild type (AF030968); and for the protein
sequences, DHPS wild type (AAF14263), DHPS Thr55Ala and Pro57Ser mutation type (AADO05579), and DHFR
wild type (AAF14071).
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Quantitative the P. jirovecii Burden Using Real-Time PCR Assay

The fungal burden of 45 patients were analyzed using real-time PCR (Table S2). It was conducted in a 20uL reaction
containing 300nm primers (PJ-F and PJ-R) and 200nm PJ-probe (5'FAM/3'BHQ1) with 10uL GoTaq Probe qPCR Master
Mix (Promega, A6101, Madison, WI, USA) plus 1pL template DNA (5-50 ng). The reaction was performed in the
Applied Biosystems 7500 Fast Real-Time PCR System (ABI) with 95°C for 2 min followed by 40 cycles of 95°C for
15 sec, 58°C for 50 sec.'® Each sample was tested with replicates, the plasmid mtSSU/pUC19 was used as positive
control and reaction without template DNA (distilled water) was used as negative control in experiments.

Statistical Analysis

Statistical analysis was performed using the SPSS software version 22.0 and visualized in GraphPad Prism version 9.0.
Continuous variables were presented as Pso (P,s, P75) or average (£SD). Categorical variable differences between the
groups were compared using chi-square test. The Mann—Whitney U-test or 7-test was used to statistically compare
between groups. P <0.05 was considered as statistical significance.

Results

Characteristics and Risk Factors of Patients

Among the 45 patients in this study, 14 (31.3%) were diagnosed with P. jirovecii infection, while 31(69.7%) exhibited
P. jirovecii colonization, as per diagnostic criteria laid out in Table 1. There was no considerable difference in terms of
age and gender between these two groups (P > 0.05) (Table 1). Observed symptoms in these patients consisted of
respiratory failure (17.8%, 8/45), dyspnea (31.1%, 14/45), cough and/or hemoptysis (28.9%, 13/45), fever, defined as
a body temperature exceeding 37.5°C (11.1%, 5/45), and others (11.1%, 5/45). Various underlying conditions were
present in the P, jirovecii infection group (n = 14), including transplantation (n = 6), hemophagocytic syndrome (n = 4),
autoimmune disease (n = 2) and other conditions (n = 2) (Figure 1A). The P. jirovecii colonization group (n = 31)
contained conditions such as pneumonia (n = 14, including 7 newborns), cancer (n = 8), renal insufficiency (n = 6) and
transplantation (n = 3) (Figure 1B).

We then analyzed the clinical characteristics, P. jirovecii burden and prognosis of patients with P, jirovecii infection versus
colonization. Some of laboratory data (GR%, LY%, HGB, TP, ALB, CRP) were notably different between P. jirovecii
infection and colonization groups (P<0.05). Also, patients in P, jirovecii infection group had a higher P, jirovecii burden and
a worse prognosis than colonization group (P < 0.05) (Table 1).

Co-infections among these 45 patients were further analyzed. Except one case of Aspergillus infection in P. jirovecii
colonization patients, patients with P, jirovecii infection were more susceptible to microbial infections, such as Epstein—Barr
virus (EBV), Cytomegalovirus (CMV), Mycoplasma and Klebsiella pneumoniae (Figure 1C).

Prevalence of DHPS and DHFR Mutations

As the targets of TMP-SMX, DHPS and DHFR are associated with the effectiveness of the treatment.'® We analyzed the
amino acid sequences of DHPS from the 45 patients discussed above by comparing them to the wild type DHPS and
known mutant sequences from NCBI. No known drug resistance mutations (positions 55 and 57) were detected in the
DHPS gene of these 45 patients. However, two mutations (P83L and D90N) were identified in one patient in the
P. jirovecii infection group with TMP-SMX treatment. We also found several mutations, such as G51S, G52R, G588,
K76T, P83L, L86S, DION, DIOP, T911, and V961, in 8 patients that had P. jirovecii colonization without TMP-SMX
treatment (Table 2). A similar analysis was carried out on the DHFR gene. The mutation S106L was found in one patient
taking TMP/SMX, and mutations G18W, V451, M571, H68Y, A92G, S111P, F121S, A143D, and A143P were found in 5
patients not taking TMP-SMX (Table 2).

We then examined the clinical characteristics, laboratory data and prognosis of these 14 patients that had P. jirovecii with
DHPS and DHFR amino acid mutations. These patients (n = 14) exhibited severe underlying conditions, including
hemophagocytic syndrome (n = 3), lung cancer (n = 4), acute kidney injury (n = 1), multiple infections (n = 2) and newborns
with a lung infection, wet lungs or tetralogy of Fallot (n =4). The main symptoms observed in these 14 patients were shortness
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Table | Characteristics of 45 Patients with P. Jirovecii Infection and Colonization

Groups Age Gender GR% LY% HGB PLT TP ALB CRP PCT LDH Quantifi Treatment Prognosis Diagnostic Criteria
Number cation of
(%) P. jiroveciil Inpatient | Death
Copies Days toll
P. jirovecii infection 59.5 Female:| 81.8 9.2 86 189 52.7 278 49.7 03 464 5.6x10° TMP-SMX 22 (158, 2 @ clinical manifestation,
(n=14, all (45.8, (7.1%) +12.7 (5.7, (73.5, (80.3, +6.8 +5.2 (213, 0.2, (1483, (2.5%10% 24.5) (@ imaging characteristics
immunosuppressed) 68) Male:13 185) | 112.3) | 263.5) 74.5) 3.6) 560.8) 1.5%10% ® conventional PCR which amplifies
(92.9%) P. jirovecii mtLSU gene from sputum/BALF
specimens.
P. jirovecii 67 Female:9 72.1 16.3 122 220 594 31.7 35 0.6 231.5 5.1x10* Not treated 12 (9, 2 These patients with clinical manifestation
colonization (n=31, (15, (29.0%) +13.9 88, (84.5, (137, +8.3 +5.1 (0.6, 0.4, (193.8, (1.6x10%, according to PJP 22.5) and P. jirovecii DNA positive using qPCR
including 7 8l) Male:22 27.8) 146) 270) 25.2) 1.6) 275.3) 1.6x10°) and treated methods (Wu et al, 2021), while, the imaging
immunosuppressed) (71.0%) according the characteristics did not support the diagnosis
underlying of PJP.
diseases.
P value 0.606 0.102 0.034 | 0.031 | 0.024 | 0.35I 0.011 | 0.023 | 0.004 | 0.192 0.481 0.005 - 0.005 0.578 | -

Notes: — no data; Continuous variables were presented as P50 (P25, P75) or average (+SD). We compared between P. jirovecii infection and colonization groups and Bold indicates statistical significance (P<0.05).
Abbreviations: GR%, granulocyte percentage; LY%, lymphocyte percentage; HGB, hemoglobin; PLT, platelet; TP, total protein; ALB, albumin; CRP, C-reactive protein; PCT, procalcitonin; LDH, lactate dehydrogenase.
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Figure | The disease spectrum of 45 patients with P. jirovecii infection (A) and colonization (B) along with their co-infections (C).

of breath (5/14, 35.7%), bloody sputum (3/14, 21.4%), cough (3/14, 21.4%), fever (2/14, 14.3%) and jaundice (1/14, 7.1%).
Additionally, the P, jirovecii burden of mutations and wild types were 7.4 x 10* (4.2 x 10%,2.7 x 10%) and 4.1 x 10* (1.4 x 10%,
3.4 x 10°) copies, respectively, without significant difference (P=0.524). The number of inpatient days for patients with mutant
and wild-type strains was 13(8, 22.3) and 19(11.5, 24) days, respectively, which showed no significant difference (P=0.116).
These results indicated that the mutations in the P. jirovecii DHPS and DHFR genes showed only a limited relationship to

prognosis.

The SNPs Analysis of P. jirovecii DHPS and DHFR Genes

In addition, we analyzed the individual DHPS and DHFR gene sequences of P. jirovecii found in the 45 patients to define
sequence profiles for these two genes. Our analysis indicated that no common SNPs were present in the DHPS genes of

Table 2 Dihydropteroate Synthase (DHPS) and Dihydropteridine Reductase (DHFR) Mutations of P. Jirovecii from 45 Patients

Groups Dihydropteroate Synthase Dihydropteridine Reductase (DHFR)
(DHPS)
Nonsynonymous Mutations Nonsynonymous Mutations Synonymous Mutations
Sites Number (%) Sites Number (%) Sites Number (%)
P. jirovecii infection and treatment with TMP-SMX (n=14) | P83L+D90N 1/14 (7.14%) Slo6L* 1/14 (0%) T312C* 5/14(35.71%)
C352T 1/14(7.14%)
P. jirovecii colonization and without TMP-SMX G51S+G58S 1731 (7.14%) Glsw 1731 (7.14%) T312C* 12/31(38.71%)
prophylaxis (n=31) G52R 1131 (7.14%) V451+N571+A 143D 1131 (7.14%) C352T 3/31(9.68%)
K76T 1131 (7.14%) Heé8Y 1131 (7.14%)
P83L+D90N 1131 (7.14%) A92G+SI 1 IP+Al143P 1131 (7.14%)
L8é6s 1731 (7.14%) Fl21S 1131 (7.14%)
D90N 1131 (7.14%)
D90P+T9II 1/31 (7.14%)
Vo6l* 1131 (7.14%)

Note: *Previously reported site.
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Figure 2 The comparison of P. Jirovecii burden (A), inpatient days (B) and mortality (C) between patients with the 312-site mutation and wild type of dihydrofolate reductase
(DHFR) gene.

the 45 patient samples (Figure S1). It is interesting to note that two silent mutations (at positions 312 and 352) were
identified in the DHFR genes (Table 2 and Figure S2). The mutation at position 312 was found in 35.7% (5/14) of
patients with a P. jirovecii infection and 38.7% (12/31) of those with P, jirovecii colonization, which were independent of
TMP-SMX medication. These patients had various underlying diseases, including hemophagocytic syndrome (n = 4),
chronic renal allograft dysfunction and nephrotic syndrome (n = 4), cancer (n = 4), neonatal infection (n = 3), and
pneumonia (n = 2). The quantitative data obtained from patients with the 312 mutation or wild-type revealed 1.3 x 10°
(9.1 x 10°-5.3 x 107) and 1.7 x 10°(3.3 x 10°-3.9 x 10%) copies, respectively. However, no significant difference was
observed between mutation and wild-type (P=0.386) (Figure 2A). The prognosis of patients with isolates carrying either
the wild-type gene or the 312-site mutation, including the number of inpatient days and mortality, showed no significant
difference (Figure 2B and C). The mutation at position 352 was found in 7.1% (1/14) of patients with P. jirovecii
infection and 9.7% (3/31) of those with P. jirovecii colonization (Table 2). Similarly, patients with the mutation 352 did
not exhibit either a higher pathogen burden or a poorer prognosis, compared to those infected with the wild-type

genotype strain.

Discussion

P, jirovecii is a severe fungal pathogen in immunocompromised individuals. Although prophylactic medication is a crucial
preventative measure, it poses challenges to the effectiveness of the drugs. In this study, we evaluated the prevalence of
mutations of the P, jirovecii DHPS and DHFR genes from 45 non-HIV patients in China. We also explored these mutations
related to clinical characteristics, drug prescription and treatment outcomes.

Previous studies have shown geographical diversity in the frequency of DHPS and DHFR mutations in patient
samples globally. The prevalence of DHPS mutations is higher in developed countries compared to developing countries,
and these mutations are associated with exposure to sulfa drugs and transmission via person-to-person.'>'*'"** In our
study, the DHPS sequences from 45 patients revealed no mutations at positions 55 and 57 (known drug resistance loci in
DHPS). This result aligns with previous research on HIV patients with PJP in China, suggesting that the absence of
TMP-SMX prophylaxis may be the reason that no drug resistance mutations arise.”’ Another mutation of DHPS (V96I)
has been reported as a drug resistance site and associated with increased mortality.> In this study, only one patient with
lung cancer in P. jirovecii colonization group carried this mutation and experienced severe episodes of PJP, requiring
admission to the intensive care unit (ICU) and mechanical ventilation. This patient was hospitalized for 48 days but
ultimately died. Other DHPS mutations were not found to be associated with a poor prognosis. Importantly, the detected
mutations P83L and DI9ON of DHPS were observed in patients regardless of drug prescription. It implied that these
mutations may be acquired through person-to-person transmission rather than drug associated selective pressure.

Among the DHFR mutation sites identified in this study (Table 2), the S106L coincides with changes involved in drug
resistance of P. falciparum and S. pneumoniae.”®> DHFR drug resistance mutations are often linked with specific features
located on two adjacent helices (residues K30-S41 and Q172-V181), which impact the interaction with TMP by altering the
function of these two alpha helices.* In our research, these DHFR mutations were not situated on these two alpha helices. At
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the nucleic acid level, we observed that two silent mutations (positions 312 and 352) were highly prevalent in the DHFR gene
sequences of both the drug-treated and untreated group samples. The DHFR silent mutation (312T) has been shown to be
associated with PJP cases with moderate-to-high fungal burdens and poor prognosis in HIV patients.*'**>*° However, in our
study, these two mutations are not associated with a higher P, jirovecii burden or a more unfavorable prognosis (Table 2 and
Figure 2). It is possible that, as for the DHFR 312 mutation of P, jirovecii, HIV-positive individuals may exhibit different
clinical manifestations from HIV—-negative patients. Our data implied that these two sites maybe be applied as markers for
source tracing and conducting evolutionary analysis of P. jirovecii in the future investigations.

Commonly found in patients undergoing immunosuppressive drug treatment, the typical PJP clinical symptoms
include fever, dry cough, and progressive shortness of breath. The mortality rate among non-HIV PJP patients remains
notably high. Factors implicated in a poor prognosis include age, white blood cell count, existing pulmonary diseases at
the time of PJP diagnosis, solid tumors, CMV co-infection, elevated LDH (Lactate dehydrogenase) levels, low
lymphocyte count, need for invasive ventilation during hospital stay, pneumomediastinum, and pneumothorax.?’**
Our data showed that patients with P. jirovecii infection exhibited a higher P. jirovecii burden and longer hospital
stays than patients with P. jirovecii colonization (Table 1). Additionally, P. jirovecii infection patients were more
susceptible to microbial infections such as EBV, CMV, Mycoplasma and Klebsiella pneumoniae (Figure 1C).

Although immunosuppressive drug usage can increase infection risk, it is noteworthy that adjunctive treatment with
corticosteroids may possibly lead to more favorable clinical outcomes in non-HIV PJP patients suffering from respiratory
failure. However, corticosteroids adjunctive treatment should not be administered to non-HIV PJP patients unless they are
dealing with hypoxemia.?” The monitoring of CD4 cell counts (<200/uL) can assist clinicians in evaluating patients who could
potentially benefit from TMP-SMX prophylaxis for pJp° Although B-(1-3)-D-glucan acts as a critical marker for pneumocystis
infection, its specificity is limited.*’ Some studies have pointed that B-(1-3)-D-glucan values (>200pg/mL) typically indicate
clinically significant P, jirovecii infections in PCR-positive oncology patients, and the median BDG level was 500pg/mL in renal
transplantation patients.*” Our results revealed significant differences in GR% (granulocyte ratio), LY% (lymphocyte ratio), HGB
(hemoglobin), TP (total protein), ALB (albumin) and CRP (C-reactive protein) between patients with P, jirovecii infection versus
those with P, jirovecii colonization. Future investigations would be performed to analyze these indicators, along with the CD4 cell
count and B-(1-3)-D-glucan level of more patients to build a prognostic model for PJP patients.

Conclusion

In conclusion, our study shows that the previously reported drug resistance mutations (T55A and P57S) of P. jirovecii
DHPS were not detected in any of the 45 clinical samples collected from non- HIV patients in China between 2018 and
2023. Although several mutations and SNPs in DHPS and DHFR were identified here, they did not appear to have
a strong association with drug susceptibility and selection pressure. Moreover, these mutations showed only a limited
correlation with poor prognosis. Our data implied that prophylactic TMP-SMX is still suitable for individuals at high risk
of P. jirovecii infection in China.
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