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Purpose: Pneumocystis jirovecii typically causes life-threatening Prneumocystis pneumonia (PCP), calling for accurate detection of
P, jirovecii in clinical samples to facilitate PCP management.

Patients and Methods: An observational cohort of 193 patients with suspected fungal pneumonia was enrolled. The cell-free DNA
(cfDNA) in bronchoalveolar lavage fluid (BALF) and serum samples was prepared and quantitated via a ddPCR assay targeting the
mitochondrial large subunit rRNA gene of P. jirovecii. The correlations between ddPCR results and medical data were analyzed.
Results: The cases with complete data were classified into a PCP group (N=30) and a non-PCP group (N=139). This ddPCR assay
demonstrated a sensitivity of 91.3% and a specificity of 96.8% for BALF, in contrast to a sensitivity of 57.1% and a specificity of 100% for
serum. The area under the curve of 0.896 for diagnosis was obtained via ddPCR assay, compared with 0.627 via G-test (P<0.0001). The
cfDNA copies were positively correlated with antifungal agents usage, certain clinical characteristics, lactate dehydrogenase levels, and
G-test results (all P<0.05). Moreover, higher cfDNA copies were associated with increased in-hospital mortality (aHR>1, P<0.05).
Conclusion: The ddPCR assay exhibited robust diagnostic performance for PCP in BALF samples and cfDNA copies may serve as
an indicator for improving the management of patients.
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Introduction

Preumocystis jirovecii is a common opportunistic fungal pathogen that frequently causes life-threatening Prneumocystis
pneumonia (PCP).! Clinical manifestations of PCP, including fever, dry or productive cough, hemoptysis, progressive
dyspnea, and even acute respiratory failure, are often nonspecific and can mimic other pulmonary infections or
conditions.” Owing to the rapid disease progression, the in-hospital mortality of the patients with PCP was estimated
to be 67.0%. Daily delay of effective treatment was associated with an increased mortality risk of 11.1%.* Therefore,
there is an urgent need for rapid and accurate detection of P. jirovecii from clinical samples to facilitate timely diagnosis
and targeted treatment of the patients with PCP.

Conventionally, it is extremely challenging to recover P. jirovecii from clinical samples. Subsequently, direct
microscopic detection of cystic or trophic forms in lower respiratory tract specimens or lung biopsies can be conducted;
however this method is labor-intensive, lacks sensitivity, and is highly dependent on the experience of laboratory
technologists.®” Immunofluorescence assays targeting the antigens of P. jirovecii provide good sensitivity but are limited
by low specificity and dependence on specimen quality and type.®’ The (1,3)-beta-D glucan test (G-test) is commonly

used for PCP diagnosis but exhibits suboptimal diagnostic performance, with a sensitivity of 53.5% and a specificity of
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78.4%.% Additionally, negative G-test results were observed in 12.0%~27.2% of PCP patients without human immuno-
deficiency virus infection, indicating that the diagnostic accuracy of the G-test may vary across different populations.”
Moreover, its clinical utility is limited by the false positivity from non-fungal factors, for example, cellulose membrane
hemodialysis, intravenous immunoglobulin or specific antibiotics, and blood product transfusions.'®'?

Furthermore, nucleic acid-based methods have been developed for rapid identification of P. jirovecii from clinical
samples. For example, polymerase chain reaction (PCR) achieved a sensitivity of 87.9% and a specificity of 67.2% in
bronchoalveolar lavage fluid (BALF) or sputum.'® Quantitative PCR (qPCR) demonstrated sensitivities ranging from
83.3% to 100% and specificities ranging from 91.8% to 100% in various types of respiratory tract samples.'* However,
this method exhibits notable limitations, eg unstable amplification efficiency, limited dynamic range, operator variability,
and sensitivity to PCR suppressors. Metagenomic next-generation sequencing showed sensitivities ranging from 82.1%
to 92.3% and specificities ranging from 68.8% to 87.4% in lower respiratory tract specimens.'>'® Nonetheless, this
technique has some disadvantages in clinical application, such as the need for expensive instruments and reagents,
complicated operating procedures, and difficulty of interpreting the results.'” This calls for the development of simple
and innovative techniques for rapid detection of P. jirovecii in clinical samples, as well as revealing the fungal burden as
an important reference for the precise management of patients.

Recently, digital droplet PCR (ddPCR), a new generation PCR technique based on the partitioning of the oil-water
emulsion droplet, was characterized by absolute quantification of nucleic acids without the need for standard curves.'® It
demonstrated superior analytical performance and increased tolerance to PCR inhibitors,'” and it also showed promising
potential in infectious diseases caused by various pathogens.’’ In our previous study, a ddPCR assay specifically
designed for Aspergillus spp. exhibited good performance for diagnosing invasive pulmonary aspergillosis.>’ This
technique needs to be applied to various infectious diseases. Several studies have applied ddPCR assays for PCP
diagnosis, but the application was limited to immunocompromised patients and BALF samples.”> >® Therefore, in this
study, the diagnostic performance of a ddPCR-based assay targeting P. jirovecii in a cohort with suspected fungal
pneumonia was investigated, and the correlations between ddPCR results and other clinical data were also explored to

verify the clinical utility of this technique in various clinical settings.

Materials and Methods
Study Design and Sample Collection

This was an observational study involving a total of 193 patients with suspected fungal pneumonia admitted between
January 2021 and December 2021. Both immunocompromised and immunocompetent patients were enrolled. According
to the European Organization for Research and Treatment of Cancer and the Mycoses Study Group Education and
Research Consortium (EORTC/MSGERC) guidelines, suspected fungal pneumonia was defined as the presence of at
least one host factor, a clinical feature, and with or without mycological evidence.?” For each patient, BALF or serum
samples, as requested by the attending for G-test, were also collected for ddPCR assays. The medical records for each
patient were retrieved from the hospital information system. The flowchart of study design is shown in Figure 1A.

The consensus established by the EORTC/MSGERC was used to develop the diagnostic criteria for PCP as follows:*®
(1) symptoms and signs included fever, progressive dyspnea, nonproductive cough, chest pain, circulatory failure,
pneumothorax, and hemoptysis; (2) radiographic patterns included the presence of bilateral, diffuse ground-glass opacity
(GGO) with interstitial infiltrates; (3) detection of P. jirovecii in tissue or respiratory tract specimens under microscopy;
(4) detection of P. jirovecii using molecular methods in respiratory tract specimens and/or detection of (1,3)-beta
-D-glucan in serum, with exclusion of results involving the presence of other invasive fungal diseases or false-
positivity. In this study, the diagnostic criteria for PCP were defined when the above criteria (1), (2), and either (3) or
(4) were met. Patients with incomplete medical records or under the age of 18 years were excluded. After the application
of eligibility criteria, 169 cases included were categorized into a PCP group (N=30) and a non-PCP group (N=139). Next,
the data from both groups were statistically analyzed (Figure 1B).
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Figure | Design of this study. (A) Flowchart of the study. (B) Patient enrollment and statistical analysis.
Abbreviations: P. jirovecii, Pneumocystis jirovecii; BALF, bronchoalveolar lavage fluid; ddPCR, digital droplet polymerase chain reaction.
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Cell-Free DNA (cfDNA) Preparation and ddPCR Assay

Briefly, cfDNA was extracted from each sample using the commercial nucleic acid extraction kit C1016 (Concert
Biotechnology, Xiamen, China) on an automated HF24/48 extraction system, following the manufacturer’s protocols.
Each 5 pL cfDNA was mixed with 10 uL ddPCR premix (Bio-Rad Laboratories, CA, USA) and loaded into a pre-
sterilized disposable plastic microchip. Droplet generation was performed using an AD16 droplet generator (PilotGene
Tech., Hangzhou, China), producing approximately 20,000 nanoliter-sized water-in-oil droplets.

Referring to a previous report,”® the mitochondrial large subunit rRNA of P jirovecii was targeted using the forward
primer (5'-CTGTTTCCCTTTCGACTATCTACCTT-3'), the reverse primer (5'-CACTGAATATCTCGAGGGAGTATGAA
-3"), and the probe (5'-FAM-TCGCACATAGTCTGATTAT-NFQ-MGB-3’). Subsequently, the target gene was amplified via
a ddPCR thermal cycler (PilotGene Tech., Hangzhou, China) under the following conditions: initial denaturation at 95°C for
5 min, followed by 40 cycles of 95°C for 15s and 60°C for 60s. Positive fluorescence signals were analyzed using GenePMS
v2.0.1.2001. A detection threshold of 0.5 copies/uL was employed to define a positive result following the manufacturer’s
instructions and the method described by Armbruster and Pry.*

Statistical Analysis

Continuous variables were expressed as median and interquartile range (IQR) or as mean with a 95% confidence interval
(CI). Non-normally distributed data were analyzed using the Wilcoxon rank-sum test, while parametric tests were
performed using Student’s #-test. Categorical variables were presented as frequencies and analyzed using the chi-
square test. Logistic regression analysis was used to identify the risk factors, while Spearman’s rank correlation was
applied to assess the associations between ddPCR results and other indicators. The Cox proportional hazards model
adjusted for age and sex was used to identify the factors associated with in-hospital mortality.*'** Statistical analyses
were conducted with SPSS 27.0 software. A P-value of <0.05 was considered statistically significant.

Results

Clinical Characteristics of Enrolled Patients

The characteristics with statistically significant differences between the PCP and non-PCP groups were demonstrated in
Table 1 in bold text (P<0.05). Uni-variate logistic regression analysis revealed that the PCP group had more severe
underlying conditions (P<0.05). Multivariate logistic regression analysis identified immunodeficiency status as an
independent risk factor (P<0.05) (Figure 2).

Table | Clinical Characteristics for the Cases Included

Characteristics PCP Group Non-PCP Group | P Value
(N=30) (N=139)
Age (years, median with IQR) 62.5 (50.0-69.0) 62.0 (50.0-75.0) 0.560
Female (N, %) 19 (63.0) 43 (31.0) <0.001
Usage of antifungal agents (N, %) 21 (70.0) 40 (29.0) <0.001
Underlying conditions (N, %)
Transplantation 4 (13.0) 3 (2.20) 0.020
Immunodeficiency 20 (67.0) 35 (25.0) <0.001
Autoimmune diseases 9 (30.0) 11 (7.9) 0.002
Chronic kidney disease 10 (33.0) 11 (7.9) <0.001
Diabetes 9 (30.0) 35 (25.0) 0.590
Solid tumor 6 (20.0) 18 (13.0) 0.380
Liver disease 12 (40.0) 46 (33.0) 0.470
Hypertension 11 (37.0) 47 (34.0) 0.770
Cardiovascular disease 11 (37.0) 47 (34.0) 0.770
Chronic pulmonary disease 5(17.0) 24 (17.0) 0.940
(Continued)
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Table | (Continued).

Characteristics PCP Group Non-PCP Group | P Value
(N=30) (N=139)

Clinical presentations (N, %)
Dyspnea 12 (40.0) 13 (94) <0.001
Fever 12 (40.0) 34 (24.0) 0.083
Hemoptysis 1 3.3) 4 (2.9) >0.990
Expectoration 12 (40.0) 42 (30.0) 0.300

Radiological findings (N, %)
Septal thickening 10 (33.0) 23 (17.0) 0.035
Ground glass opacity 20 (67.0) 47 (34.0) <0.001
Multiple nodules 13 (43.0) 47 (34.0) 0.320
Air crescent sign 6 (20.0) 23 (17.0) 0.650
Pulmonary consolidation 10 (33.0) 41 (29.0) 0.680

Complications (N, %)
MODS 2 (6.7) 13 (94) >0.990
Septic shock Il (37.0) 30 (22.0) 0.080
Respiratory failure 18 (60.0) 57 (41.0) 0.058

Laboratory indicators

[(median with IQR) or (N, %)]
PCT (ng/mL) 0.9 (0.3-2.4) 1.2 (0.34.2) 0.490
CRP (pg/mL) 89.5 (30.4-144.0) 92.1 (35.8-160.0) 0.870
IL-6 (pg/mL) 62.7 (20.1-202.0) 89.8 (26.2-332.5) 0.390
LDH (U/L) 469.0 (336.0-747.0) | 271.0 (188.0-382.0) | <0.001
WBC (x10%/L) 7.3 (4.0-10.8) 9.4 (6.2-13.5) 0.031
Neutrophil (x10°/L) 6.2 (2.7-9.1) 7.2 (44-12.0) 0.039
Neutrophil (%) 85.4 (76.0-92.0) 86.1 (72.3-91.7) 0.680
Globulin (g/L) 19.2 (14.3-25.8) 23.9 (18.4-29.6) 0.003
Total protein (g/L) 50.2 (45.9-56.2) 56.6 (50.8-63.8) 0.001
CD4+ T (%) 28.0 (18.5-48.7) 36.4 (26.1-44.0) 0.220
CD8+ T (%) 25.3 (19.5-34.9) 21.2 (16.3-29.9) 0.170
CDA4+/CD8+ ratio 1.2 (0.6-1.8) 1.6 (0.9-2.6) 0.069
Albumin (g/L) 31.6 (27.9-34.6) 32.5 (28.9-36.3) 0.370
Galactomannan (mg/mL) 43 (2.3-5.5) 3.3 (224.9) 0.230
GM-test positivity 13 (43.0) 42 (30.0) 0.160
<fDNA (copies/pL) 58.4 (1.5-1,607.0) 0.0 (0.0) <0.001
ddPCR positivity 24 (80.0) 2 (1.4) <0.001
G-test positivity 20 (67.0) 48 (35.0) 0.001

Notes: Statistical significance between the characteristics of the PCP and the non-PCP groups was analyzed
using the Wilcoxon rank sum test or the chi-square test. P-values <0.05 are considered statistically significant
and are presented in bold text.

Abbreviations: PCP, Pneumocystis pneumonia; IQR, interquartile range; MODS, multiple organ dysfunction
syndrome; PCT, procalcitonin; CRP, C-reactive protein; IL-6, interleukin 6; LDH, lactate dehydrogenase; WBC,
white blood cell; CD4" T, CD4" T lymphocyte; CD8" T, CD8" T lymphocyte; GM-test, galactomannan test;
cfDNA, cell-free DNA; ddPCR, digital droplet PCR; G-test, (I, 3)-beta-D-glucan test.

Performance of the ddPCR Assay for PCP Diagnosis

The cfDNA in both BALF and serum samples was detected using the ddPCR assay (Figure 3A). This ddPCR assay
showed a sensitivity of 91.3% and a specificity of 96.8% for BALF samples, while a sensitivity of 57.1% and
a specificity of 100% were obtained for serum samples (Table 2). As shown in Figure 3B, the area under the curves
(AUC:s) of the ddPCR assay and G-test were 0.896 and 0.627 (P<0.0001), respectively. The approach combining ddPCR
assay and G-test increased the AUC to 0.917, but no significant difference was observed compared with ddPCR assay
alone (P=0.396).
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Variables OR (95% CI) P value
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Figure 2 Multivariable logistic regression analysis of the risk factors for PCP. The forest plot illustrates OR with 95% ClI for variables independently associated with PCP.
Multivariable analysis was performed on the clinical variables and laboratory indicators. Statistically significant independent predictors, along with their corresponding ORs
(95% Cls) and P values, are marked in red (Wald test, P< 0.05). The vertical dashed line indicates the null effect (OR=1).

Abbreviations: PCP, Pneumocystis pneumonia; OR, odds ratio; 95% Cl, 95% confidence interval; LDH, lactate dehydrogenase; G-test, (I, 3)-beta-D-glucan test; ddPCR,

droplet digital PCR.
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Figure 3 Quantitative results and diagnostic performance of the ddPCR assay. (A) cfDNA copies in the groups. Normalization of cfDNA copies determined using ddPCR
involved transformation using logo. ***, P<0.001. (B) Receiver operating characteristic curve (ROC) analysis of ddPCR and G-test in PCP diagnosis.
Abbreviations: cfDNA, cell-free DNA; PCP, Pneumocystis pneumonia; ddPCR, droplet digital PCR; BALF, bronchoalveolar lavage fluid; G-test, (I, 3)-beta-D-glucan test.
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Table 2 Diagnostic Performance of the ddPCR Assay and G-Test for PCP

Parameters Methods
ddPCR assay (cutoff value at 0.5 copies/pL) G-test (cutoff value at 80 pg/mL)
Over all BALF (N= 85) Serum (N=84)
Sensitivity 80.0% (61.3-92.3%) | 91.3% (72.0-98.9%) 57.1% (18.4-90.1%) 66.7% (47.2-82.7%)
Specificity 98.6% (94.9-99.8%) | 96.8% (88.8-99.6%) | 100.0% (95.3—100.0%) 65.5% (57.0-73.3%)
PPV 92.3% (75.0-99.0%) | 91.3% (72.7-97.6%) | 100.0% (39.8—100.0%) 29.4% (22.9-37.0%)
NPV 95.8% (91.8-97.9%) | 96.8% (88.9-99.1%) 96.3% (91.6-98.4%) 90.1% (84.4-93.9%)

Notes: Data are presented as percentages with 95% confidence intervals.
Abbreviations: ddPCR, droplet digital PCR; G-test, (I, 3)-beta-D-glucan test; PCP, Pneumocystis pneumonia; BALF, bronchoalveolar lavage fluid; PPV,
positive predictive value; NPV, negative predictive value.

Correlation Between cfDNA Copies and Other Clinical Data

As indicated in Figure 4A—C, cfDNA copies were positively correlated with the frequency of antifungal agents usage, the
presence of specific characteristics (including immunodeficiency, ground-glass opacity on imaging, chronic kidney
disease, autoimmune diseases, septic shock, dyspnea), the levels of lactate dehydrogenase (LDH), and G-test results
(all P<0.05).

Survival Analysis of the Cases During Hospitalization
Among all patient enrolled, the ddPCR-positive ones had higher mortality (63.3%) compared to 51.7% of ddPCR-
negative ones, but the difference was not statistically significant (P=0.100). Whereas, survival analysis based on
hospitalization duration revealed that the ddPCR results were correlated with the prognosis of the patients at the
discharge (P<0.05, Figure 5A).

The clinical characteristics of the survival and non-survival cases were shown in supplemental Table S1. Using the

Cox proportional hazards model with age and sex as adjusting covariates, the presence of autoimmune diseases, severe
complications, and higher fungal burdens (higher cfDNA copies and (1,3)-beta-D glucan levels) were associated with
increased in-hospital mortality (adjusted hazard ratio [aHR]>1, P<0.05) (Figure 5B).

Discussion

Studies have reported that PCP affected approximately 505,000 individuals across 120 countries worldwide between
2010 and 2023, with a mortality rate of 42.4%.> Traditional detection methods for P. jirovecii in clinical laboratories
show limited diagnostic performance for PCP, necessitating the development of accurate innovative techniques with
enhanced sensitivity and specificity for quantitative detection of this pathogen in clinical samples.

Recently, ddPCR was developed for the detection of P. jirovecii in clinical samples, and the multicopy major surface
glycoprotein (MSG) gene or mitochondrial large subunit (mtLSU) rRNA gene was used as the target.***> MSG-targeted
detection using the QX200 ddPCR system in BALF samples from 54 immunocompromised patients demonstrated
a sensitivity of 91.7% and a specificity of 88.1%, with AUC values of 0.800 and 0.990 in HIV-infected and non-HIV
patients.”> Using a TargetingOne digital PCR system to detect mtLSU rRNA in 98 non-HIV immunocompromised
patients, the positive rates of P. jirovecii in BALF and in sputum were 43.9% and 62.2% respectively.?* Subsequent
application via the same system yielded a sensitivity of 98.0%, a specificity of 85.7%, and an AUC of 0.973 in BALF
samples from 89 immunocompromised patients.”> Elsewhere, a study comprising 170 patients reported that the Pilot
Gene Tech ddPCR system achieved a sensitivity of 100%, a specificity of 97.9%, and an AUC of 0.975 in BALF.>* These
studies demonstrate that the ddPCR assays achieves good performance for PCP diagnosis. However, this assay was only
applied to immunocompromised patients and BALF samples. Therefore, the clinical utility of ddPCR across various
clinical settings needs to be further explored.

In our study, the 121 bp fragment of the mtLSU rRNA gene was targeted, referring to the previous study.”’ The
results revealed a sensitivity of 91.3% and a specificity of 96.8% in BALF samples. Though the high specificity of 100%
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Figure 4 Correlation analysis of cfDNA copies with other clinical data of the cases included. The heatmap depicts Spearman’s rank correlation coefficients between cfDNA
copies and (A) baseline characteristics, (B) clinical presentations, and (C) laboratory indicators. The figure in the box represents the Spearman correlation coefficient (r).
Red boxes represent positive correlations, and grey boxes represent negative associations.

Abbreviations: cfDNA, cell-free DNA; MODS, multiple organ dysfunction syndrome; LDH, lactate dehydrogenase; PCT, procalcitonin; CRP, C-reactive protein; IL-6,
interleukin 6; WBC, white blood cell; CD4" T, CD4" T lymphocyte; CD8" T, CD8" T lymphocyte; G-test, (I, 3)-beta-D-glucan test; GM-test, galactomannan test.
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Figure 5 Mortality and its risk factors among the included patients during hospitalization. (A) Kaplan—Meier curves stratified using the ddPCR results demonstrate
significantly reduced survival probability in ddPCR-positive patients (Log rank test, P<0.05). (B) Forest plot of multivariable Cox regression analysis identifying independent
predictors of mortality. Adjusted hazard ratios (aHRs) with 95% confidence intervals are shown for clinical variables and laboratory indicators. Symbols marked in red
represent statistically independent predictors, along with the corresponding aHRs (95% Cls) and P values (Wald test, P<0.05). The vertical dashed line indicates the null
effect (aHR=1).

Abbreviations: aHR, adjusted hazard ratios; MODS, multiple organ dysfunction syndrome; CRP, C-reactive protein; PCT, procalcitonin; IL-6, interleukin 6; ddPCR, droplet
digital PCR; G-test, (I, 3)-beta-D-glucan test.
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was detected in serum samples, the low sensitivity (57.1%) may be related to the pathogenesis of P. jirovecii.>*>" This
revealed that BALF was the optimal sample type for PCP diagnosis using the ddPCR assay. Additionally, we observed
that the diagnostic approach combining ddPCR and G-test improved the AUC value, although no significant difference
was detected compared with ddPCR assay alone. A retrospective study reported that sensitivity of qPCR for PCP was
increased from 85.7% to 96.9% when combined with the G-test.*® More studies are needed to evaluate whether
combining the ddPCR results with other indicators could improve the diagnostic performance for PCP.

Moreover, considering that ddPCR can quantify the copies of nucleic acids in an absolute manner, we further
analyzed the correlation between the cfDNA copies and clinical data. A significant positive correlation was found
between the cfDNA copies and LDH levels. LDH, as a biomarker of lung tissue injury, was generally increased in
proportion to the severity of PCP.**** Also, the ¢fDNA copies exhibited positive correlations with the severity of the
underlying conditions and clinical manifestations, as demonstrated by the positive correlations between the cfDNA
copies and other indicators, including reduced oxygenation index and increased levels of inflammatory indicators.*>*®
These findings indicates that the ¢cfDNA copies might be used to assess the severity of PCP and fungal burdens.

In addition, the association of ddPCR results with clinical outcomes of the patients was analyzed in our study, and poorer
prognosis at discharge was observed in ddPCR-positive patients compared with ddPCR-negative patients. A significant positive
correlation was detected between the higher cfDNA copies and higher in-hospital mortality (aHR>1, P<0.05). Previous studies
have reported that continued PCR positivity was significantly associated with in-hospital mortality (P=0.003), and rapid declines
in P, jirovecii cfDNA burden were observed after effective therapy.*'** The potential of ddPCR to guide antibiotic treatment by
dynamic monitoring of pathogen burden was demonstrated.** Collectively, ddPCR may be useful for monitoring and managing
PCP, and cfDNA thresholds might be established to guide treatment.

This study has several limitations that need to be acknowledged. Firstly, the sample size was small, which reduces the
statistical power. Secondly, the relationship between ddPCR results and the effects of anti-infective treatment could not
be evaluated in this observational study.

Conclusion

The ddPCR-based assay showed robust diagnostic performance for PCP in BALF samples. Analysis of the relationship
between ddPCR results and other medical data indicated that cfDNA may serve as an indicator for the management of
PCP patients.
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