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Purpose: The incidence of Pneumocystis pneumonia (PCP) in patients without human immunodeficiency virus (HIV) has been 
increasing. In this study, we aimed to investigate the metabolic changes in Pneumocystis infection and the metabolic abnormalities in 
B-cell-activating factor receptor (BAFF-R)-deficient mice with Pneumocystis infection.
Methods: The important function of B cells during Pneumocystis infection is increasingly recognized. In this study, a Pneumocystis- 
infected mouse model was constructed in BAFF-R–/– mice and wild-type (WT) mice. Lungs of uninfected WT C57BL/6, WT 
Pneumocystis-infected, and BAFF-R–/– Pneumocystis-infected mice were used for metabolomic analyses to compare the metabolomic 
profiles among the groups, with the aim of exploring the metabolic influence of Pneumocystis infection and the influence of mature 
B-cell deficiency during infection.
Results: The results indicated that many metabolites, mainly lipids and lipid-like molecules, were dysregulated in Pneumocystis-infected 
WT mice compared with uninfected WT C57BL/6 mice. The data also demonstrated significant changes in tryptophan metabolism, and the 
expression levels of key enzymes of tryptophan metabolism, such as indoleamine 2,3-dioxygenase 1 (IDO1), were significantly upregulated. 
In addition, B-cell development and function might be associated with lipid metabolism. We found a lower level of alitretinoin and the 
abnormalities of fatty acid metabolism in BAFF-R–/– Pneumocystis-infected mice. The mRNA levels of enzymes associated with fatty acid 
metabolism in the lung were upregulated in BAFF-R–/– Pneumocystis-infected mice and positively correlated with the level of IL17A, thus 
suggesting that the abnormalities of fatty acid metabolism may be associated with greater inflammatory cell infiltration in the lung tissue of 
BAFF-R–/– Pneumocystis-infected mice compared with the WT Pneumocystis-infected mice.
Conclusion: Our data revealed the variability of metabolites in Pneumocystis-infected mice, suggesting that the metabolism plays 
a vital role in the immune response to Pneumocystis infection.
Keywords: Pneumocystis pneumonia, metabolomics, B lymphocytes, inflammation

Introduction
Pneumocystis pneumonia (PCP) is a life-threatening complication in immunosuppressed subjects without human 
immunodeficiency virus (HIV).1 Given the increase in organ transplantation and the widespread use of immunosuppres
sive drugs, the incidence of PCP in the non-HIV immunocompromised population has been rising.2 Intensive care unit 
(ICU) admission, mechanical ventilation rates, and mortality are higher in HIV-negative patients than in HIV-positive 
patients after PCP infection.3,4 Thus, it is necessary to better understand the immune mechanism of HIV-negative PCP 
and explore new therapeutic targets to improve the current treatment.
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CD4+ T cells play a crucial role in the immune response to Pneumocystis by recruiting effector cells to the lungs.5 

Previous studies have shown that the loss of CD4+ T cells makes the murine susceptible to Pneumocystis infection.6,7 

Many studies have demonstrated that diverse CD4+ T-cell subsets, such as Th1 cells and Th17 cells, are induced after 
Pneumocystis infection.8–10 In addition, there is growing evidence that B cells are also crucial in the immune response 
against Pneumocystis infection.11,12 B cells are responsible for antibody production and antigen presentation.12 

According to studies in murine models, anti-CD20 antibody therapy makes mice susceptible to Pneumocystis 
pneumonia.13 In addition to the generation of Pneumocystis-specific antibodies, B cells are also crucial for priming 
CD4+ T cells for the clearance of Pneumocystis.14 Overall, previous studies have indicated that B cells are both effector 
cells and responsible for priming CD4+ T cells.11

As for B cells, our previous studies have suggested that corticosteroid-treated hosts with PCP have apparent 
suppression in B cells immunity, which emphasizes the importance of B cells in the anti-Pneumocystis defense.15 In 
addition, we used B-cell-activating factor receptor-deficient mice (BAFF-R–/– mice) to explore the B-cell-mediated 
function in Pneumocystis infection. B-cell-activating factor (BAFF) —a member of the tumor necrosis factor (TNF) 
family—is fundamental for the survival of B cells.16 BAFF receptor (BAFF-R) is the receptor for BAFF and is the key 
for BAFF-mediated mature B- cell survival,17 which means that BAFF-R deficiency results in B-cell maturation 
disorders. Our previous research evaluated the role of BAFF-R in host defense against Pneumocystis and showed that 
the percentages of mature B cells, naïve B cells, and functional B cells expressing IgM and IgD antibodies in the lung 
and blood declined in BAFF-R–/– mice compared with wild-type (WT) mice infected with Pneumocystis at 2 weeks. 
BAFF-R deficiency also resulted in impaired production of Pneumocystis-specific antibodies, delayed clearance of 
Pneumocystis, and more significant inflammatory cell infiltration of the lungs in BAFF-R–/– mice, although no significant 
respiratory distress was seen in Pneumocystis-infected WT mice and BAFF-R-deficient mice, and there was no 
significant difference in body weight between the groups;18 however, the mechanism still needs to be further explored.

Recent studies have shown that metabolism plays a critical role in regulating the function of immune cells.19,20 In 
infectious diseases, metabolism is also important in the body’s immune defense to prevent pathogens. For example, 
a previous study showed that increased glycolysis could enhance the effector function of CD8+ T cells in HIV infection.21 

In SARS-CoV-2 infection, it has been found that enhanced B-cell metabolism after illness leads to the downregulation of 
CD19 expression in B cells, resulting in immunodeficiency in recovered patients.22 Untargeted metabolomics is 
a commonly used method. This method can detect all of the measurable metabolites in a sample to help understand 
the current body state.23 Several recent studies have shown significant changes in serum metabolic composition in 
COVID-19 patients compared with healthy individuals, and these changes are associated with disease severity.24–26 

However, the metabolic changes in PCP remain unclear.
In this study, we performed metabolomic analysis to explore the effects of Pneumocystis infection on metabolic 

profiles so as to develop new potential therapeutic targets. In addition, to further explore the role of mature B cells in 
Pneumocystis infection, we performed a metabolomic analysis of mouse lung tissues to compare the metabolomic 
profiles between WT Pneumocystis-infected mice and BAFF-R–/– Pneumocystis-infected mice so as to reveal the effects 
of mature B-cell deficiency on metabolism.

Materials and Methods
Mice
WT C57BL/6 mice and severe combined immunodeficient (SCID) mice were purchased from Vital River Laboratory 
Animal Co., Ltd. (Beijing, China). BAFF-R–/– mice on a C57BL/6 background were obtained from The Jackson 
Laboratory (Bar Harbor, ME, USA). All of the mice used in this study were 6-8-week-old females. They were bred in 
specific pathogen-free conditions. The study was approved by the Capital Medical University Animal Care and Use 
Committee and followed the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and 
the Guidelines for Chinese Regulation for the Use and Care of Laboratory Animals.
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Pneumocystis Lung Infection
Pneumocystis murina was obtained from the American Type Culture Collection and maintained in SCID mice as 
previously described.15,18 In brief, the lungs from SCID mice infected with Pneumocystis murina were homogenized 
and were pelleted at 1,000 g for 10 min at 4°C. Phosphate-buffered saline (PBS) was used to resuspend the pellet, and 
then the lung homogenates were stained by Diff Quick (Baxter, McGraw Park, IL). We microscopically determined the 
number of Pneumocystis cysts, which was adjusted to a concentration of 1×107 cysts/mL, and these were frozen to 
establish subsequent Pneumocystis infection models. The murine models of Pneumocystis infection were prepared by 
intratracheally inoculating with 1×106 Pneumocystis cysts diluted in 100 μL PBS. Control mice were intratracheally 
injected with lung homogenates from uninfected SCID mice.

Sample Preparation and Extraction for Untargeted Metabolomics
According to our prior study,18 the most severe lung inflammation and the highest Pneumocystis load were observed at 2 
weeks after infection. Thus, mouse lung tissues were collected at 2 weeks after Pneumocystis infection and stored at −80° 
C until use. The lung tissues were thawed on ice. The lung tissue (50 ± 2 mg) was homogenized with 500 µL of 70% methanol 
at 30 Hz for 3 min. After homogenization, the mixture was shaken for 5 min and incubated on ice for 15 min. Then, the mixture 
was centrifuged at 12,000 rpm for 10 min at 4° C, and 400 µL of the supernatant was collected in another tube. A total of 500 
μL ethyl acetate/methanol was added into the precipitate of the centrifuge tube, and the mixture was oscillated for 5 min and 
incubated on ice for 15 min. Next, 400 µL of the supernatant was collected after centrifugation at 12,000 rpm for 10 min at 
4°C. The two supernatants were merged and concentrated. Concentration was achieved using a freeze concentrator (7310038, 
LABCONCO, Thermo) at 4°C and 3000 r/min overnight. Then 100 µL of 70% methanol was added, and an ultrasound was 
performed for 3 min. After centrifugation at 12,000 rpm for 3 min at 4°C, 60 µL of the supernatant was collected for LC-MS 
analysis.

HPLC Conditions (T3)
All of the sample extracts were analyzed by the LC-MS system. The analytical conditions were as follows: UPLC: column, 
Waters ACQUITY UPLC HSS T3 C18 (1.8 µm, 2.1 mm × 100 mm); column temperature, 40°C; flow rate, 0.4 mL/min; 
injection volume, 2uL; solvent system, water (0.1% formic acid): acetonitrile (0.1% formic acid); gradient program, 95:5 V/V 
at 0 min, 10:90 V/V at 11.0 min, 10:90 V/V at 12.0 min, 95:5 V/V at 12.1 min, and 95:5 V/V at 14.0 min.

Identification of the Metabolic Information
The raw data obtained by LC-MS analysis were first converted into mzML format by ProteoWizard software. Peak extraction, 
alignment, and retention time correction were performed by the XCMS program. The SVR method was used to correct the 
peak area and filter the peaks with a loss rate > 50% in each group of samples. Then, the metabolic identification information 
was acquired by searching the laboratory’s self-built database and integrating the public database and metDNA.

Real-Time PCR
RNAs were purified from the homogenized lung tissue by TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, 
USA) and reverse-transcribed using the PrimeScript TM II 1st Strand cDNA Synthesis Kit (Takara Bio, Dalian, China). 
cDNA (1 μg) was used as template for RT-PCR, which was performed using SYBR PreMix Ex Taq TM II ROX plus 
(Takara) and the ABI Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA). Gene expression 
was calculated using the 2−ΔΔCT method after normalization to β-actin (Actb). The Primers’ sequences are listed in 
Supplemental Table 1.

Statistical Analysis
Statistical analysis was performed by the R program. The statistical significance was set at p < 0.05. Univariate statistical analysis 
included Student’s t-test and variance multiple analysis. Multivariate statistical analysis included principal component analysis 
(PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA). PCA was performed by the base package in 
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R software (version 3.5.0). OPLS-DA of metabolomic data was performed by MetaboAnalystR (version 1.0.1) in R software 
(version 3.5.0). The significantly different metabolites between the groups were filtered and confirmed by combining the results 
of the variable importance in projection (VIP) values (VIP > 1.0), t-test (P < 0.05), and fold change (FC) values (FC ≥ 2.0 or FC ≤ 
0.5). The significantly different metabolites were used for pathway analysis with the Kyoto Encyclopedia of Genes and Genomes 
biological pathway database, and metabolic pathways with P < 0.05 were defined as being significantly enriched.

Results
Metabolic Profiling of Lung Samples
For untargeted metabolomic analysis, lung samples were obtained from seven uninfected WT mice in the control group, seven 
WT Pneumocystis-infected mice, and seven BAFF-R–/– Pneumocystis-infected mice. PCA was used to investigate the degree 
of variation between the groups in both ion modes, and a grouping trend between the groups could be observed (Figure 1). 
Then, OPLS-DA was performed to further explore the differences between the groups in electrospray ionization positive (ESI 
+) and negative (ESI-) modes. As shown in Figure 2, a clearer separation between the groups was observed.

A total of 302 differential metabolites in the lungs were identified in the positive ion mode between control mice and 
WT Pneumocystis-infected mice. The levels of 73 metabolites were higher, whereas the levels of 229 metabolites were 
lower in the lungs of WT Pneumocystis-infected mice compared with control mice. In the negative ion mode, we 

Figure 1 Scatter plot of scores based on the PCA model. (A) Positive ion (ESI+) scan between the control group and Pneumocystis-infected wild-type (WT) mice; (B) 
Negative ion (ESI−) scan between the control group and Pneumocystis-infected WT mice; (C) ESI+ scan between the Pneumocystis-infected WT mice and Pneumocystis-infected 
BAFF-R–/– mice; (D) ESI− scan between the Pneumocystis-infected WT mice and Pneumocystis-infected BAFF-R–/– mice.
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detected 66 differential metabolites between the control group and the WT Pneumocystis-infected group, of which 21 
metabolites were upregulated and 45 metabolites were downregulated. The details are shown in Supplemental Tables 2, 
3, and Figure 3. Heatmaps presented a different pattern of metabolites between the control and WT Pneumocystis- 
infected mice in both the positive and negative ion modes (Supplemental Figures 1 and 2).

In the comparison between WT Pneumocystis-infected mice and BAFF-R–/– Pneumocystis-infected mice, 105 differential 
metabolites were identified in the lung samples, of which 85 were found in the positive ion mode and 23 in the negative ion mode. 
The results are summarized in Supplemental Tables 4 and 5. In the positive ion mode, 44 metabolites were upregulated and 41 
metabolites were downregulated in the lungs of BAFF-R–/– Pneumocystis-infected mice compared with WT Pneumocystis- 
infected mice. In the negative ion mode, seven metabolites were upregulated and 16 metabolites were downregulated. A volcano 
plot is shown in Figure 4. Heatmaps showed differential metabolic profiles of lung samples between WT Pneumocystis-infected 
mice and BAFF-R–/– Pneumocystis-infected mice (Supplemental Figures 3 and 4).

Dysregulated Lipids and Lipid-Like Molecules and Significant Changes in Products from 
Tryptophan Metabolism in WT Pneumocystis-Infected Mice
The significantly dysregulated metabolites included lipids and lipid-like molecules, amino acid and its metabo
lomics, and organic acids and derivatives (Table 1). The findings are consistent with those of other studies on 

Figure 2 Scatter plot of scores based on the OPLS-DA model. (A) ESI+ scan between the control group and Pneumocystis-infected WT mice; (B) ESI− scan between the 
control group and Pneumocystis-infected WT mice; (C) ESI+ scan between the Pneumocystis-infected WT mice and Pneumocystis-infected BAFF-R–/– mice; (D) ESI− scan 
between the Pneumocystis-infected WT mice and Pneumocystis-infected BAFF-R–/– mice.
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patients with ventilator-associated pneumonia (VAP) or community-acquired pneumonia (CAP).27,28 Most of the 
differential metabolites exhibited downregulation in WT Pneumocystis-infected mice, such as PA (21:0/i-15:0), 
TG (18:2 (9Z,12Z)/20:5 (5Z,8Z,11Z,14Z,17Z)/18:4 (6Z,9Z,12Z,15Z)), PA (i-21:0/a-15:0), medroxyprogesterone 
17-acetate, methylprednisolone succinate, PE-NMe2 (20:5 (5Z,8Z,11Z,14Z,17Z)/22:6 (4Z,7Z,10Z,13Z,16Z,19Z)), 
P-aminohippuric acid, 2-amino-3-(3-methylbut-2-enylthio) propionic acid, and raltitrexed (Supplemental 
Figure 5). However, some lipids and lipid-like molecules, such as PC (14:0/22:2 (13Z,16Z)), DG (22:1 (13Z)/ 
20:5 (5Z,8Z,11Z,14Z,17Z)/0:0), and cis-7,10,13,16,19-docosapentaenoic acid, were upregulated (Supplemental 
Figure 5) in WT Pneumocystis-infected mice. The top 20 differential metabolites between the control group 
and the Pneumocystis-infected WT group with the highest VIP values under ESI- and ESI+ modes are presented 
in Table 1.

Figure 3 Volcano plot showing the number and distribution of lung metabolites in the control group and Pneumocystis-infected WT mice. (A) Positive and (B) negative ion 
modes.

Figure 4 Volcano plot showing the number and distribution of lung metabolites in the Pneumocystis-infected WT mice and Pneumocystis-infected BAFF-R–/– mice. (A) Positive 
and (B) negative ion modes.
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Table 1 Top 20 Differential Metabolites Between the Control Group and Pneumocystis-Infected WT Group with the Highest VIP 
Values Under ESI- and ESI+ Modes

Positive ion (ESI+)

Compounds Class.I Class.II VIP P-value Fold Change Type

PA(21:0/i-15:0) Lipids and lipid-like molecules Glycerophospholipids 1.81 1.08E-05 0.32 Down

Penfluridol Benzenoids Benzene and substituted 

derivatives

1.81 9.73E-06 0.25 Down

PC(14:0/22:2(13Z,16Z)) Lipids and lipid-like molecules Glycerophospholipids 1.79 3.86E-06 6.22 Up

Formetanate Benzenoids Benzene and substituted 

derivatives

1.79 1.31E-05 0.34 Down

Hydroxyzine Benzenoids Benzene and substituted 

derivatives

1.79 8.39E-05 2.10 Up

TG(18:2(9Z,12Z)/20:5(5Z,8Z,11Z,14Z,17Z)/18:4 

(6Z,9Z,12Z,15Z))

Lipids and lipid-like molecules Glycerolipids 1.78 4.09E-06 0.22 Down

2-Amino-3-(3-methylbut-2-enylthio)propionic acid Organic acids and derivatives Carboxylic acids and 

derivatives

1.77 5.56E-05 0.37 Down

2-Methylamino-1-(3,4-methylenedioxyphenyl)butan-1-one Benzenoids Benzene and substituted 

derivatives

1.77 3.04E-05 0.44 Down

PA(i-21:0/a-15:0) Lipids and lipid-like molecules Glycerophospholipids 1.77 5.29E-05 0.42 Down

N-Formyldemecolcine Hydrocarbon derivatives Tropones 1.77 7.65E-05 0.32 Down

DG(22:1(13Z)/20:5(5Z,8Z,11Z,14Z,17Z)/0:0) Lipids and lipid-like molecules Glycerolipids 1.76 4.88E-05 5.45 Up

Bisphenol A diglycidyl ether Benzenoids Benzene and substituted 

derivatives

1.74 0.0002 0.36 Down

Medroxyprogesterone 17-acetate Lipids and lipid-like molecules Steroids and steroid derivatives 1.74 6.49E-05 0.42 Down

P-Aminohippuric Acid Amino acid and Its metabolomics Amino acid derivatives 1.74 0.0003 0.37 Down

Methylprednisolone succinate Lipids and lipid-like molecules Steroids and steroid derivatives 1.74 0.0005 0.28 Down

Gly Leu Arg Val Phe – – 1.74 1.27E-05 0.49 Down

N,N-Diethyl-3-methylbenzamide Benzenoids Benzene and substituted 

derivatives

1.74 5.07E-05 0.43 Down

Palustrine Phenylpropanoids and polyketides Macrolactams 1.74 0.0002 0.36 Down

PE-NMe2(20:5(5Z,8Z,11Z,14Z,17Z)/22:6 

(4Z,7Z,10Z,13Z,16Z,19Z))

Lipids and lipid-like molecules Glycerophospholipids 1.73 0.0003 0.46 down

Coumarin-suberoylanilide hydroxamic acid Phenylpropanoids and polyketides Coumarins and derivatives 1.73 0.0001 0.41 down

Negative ion (ESI-)

Compounds Class.I Class.II VIP p_value Fold_Change Type

cis-7,10,13,16,19-Docosapentaenoic acid Lipids and lipid-like molecules Fatty Acyls ( ) 1.76 2.92E-05 2.47 Up

3,3’-Bisjuglone Benzenoids Naphthalenes 1.74 3.84E-05 0.40 Down

Prunasin Alkaloids Alkaloids 1.74 3.01E-05 0.40 Down

Raltitrexed Organic acids and derivatives Carboxylic acids and 

derivatives

1.72 9.94E-05 0.36 Down

L-Pipecolic acid – – 1.72 0.0006 0.39 Down

Lys Thr Gln Lys – – 1.72 0.0003 2.36 Up

Ziprasidone Organoheterocyclic compounds Diazinanes 1.71 2.54E-05 0.44 Down

Psoralen Lignans and Coumarins Coumarins 1.71 5.25E-05 0.42 Down

2-Arachidonyl Glycerol ether Lipids and lipid-like molecules Endocannabinoids 1.71 0.0001 0.36 Down

Artomunoxanthentrione Organoheterocyclic compounds Benzopyrans 1.71 9.25E-05 0.40 Down

Uridine Nucleotide And Its metabolomics Nucleotide and Its 

metabolomics

1.71 5.71E-05 2.63 Up

Decarboxy-Norlobaric Acid Phenylpropanoids and polyketides Depsides and depsidones 1.71 0.0001 0.41 Down

Chlorobenzene Benzenoids Benzene and substituted 

derivatives

1.70 0.0001 0.44 Down

Estradiol-17 3-sulfate – – 1.69 0.0001 0.40 Down

1-Oleoyl-sn-glycero-3-phosphocholine - - 1.69 0.0003 0.19 Down

11-deoxy-PGF1 Lipids and lipid-like molecules Fatty Acyls 1.68 9.25E-05 0.47 Down

Thr Arg Lys Glu – – 1.68 0.0002 0.43 Down

1-Aminocyclohexanoic acid Organic acid And Its derivatives Organicacid and Its derivatives 1.68 0.0002 0.48 Down

Dattelic acid Phenylpropanoids and polyketides Cinnamic acids and derivatives 1.68 0.0002 0.41 Down

5’-Methoxyhydnocarpin-D Lignans, neolignans and related 

compounds

Flavonolignans 1.67 0.0002 0.44 Down
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Based on the differential metabolites, the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis 
was conducted. The path analysis results are shown in Figure 5 and Table 2, where we have selected the top 20 pathways 
in the positive ion mode and the negative ion mode. Previous studies have suggested that the changes in tryptophan 

Figure 5 KEGG pathway enrichment analysis of differential metabolites between the control group and Pneumocystis-infected WT mice. (A) Positive and (B) negative ion modes.
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metabolism play an important regulatory role in the host response during infection.29 Our pathway enrichment analysis 
also showed that the tryptophan metabolism pathway was significantly enriched. We observed that some products of 
tryptophan metabolism were significantly changed in the lung samples of WT Pneumocystis-infected mice, including 
kynurenine, 4-(2-aminophenyl)-2,4-dioxobutanoic acid, 4,6-dihydroxyquinoline, N-acetyl-5-hydroxytryptamine. The 
pathway map of tryptophan metabolism is shown in Supplemental Figure 6.

To investigate why some products’ levels of tryptophan metabolism were changed in the lung of WT Pneumocystis- 
infected mice, we measured the mRNA expression levels of key enzymes associated with the tryptophan metabolism in 
the lungs of control mice and Pneumocystis-infected WT mice. RT-PCR analysis showed that the mRNA level of 
indoleamine 2,3-dioxygenase 1(IDO1) and tryptophan hydroxylase (TPH) in the lungs was actually upregulated in 
Pneumocystis-infected WT mice (Figure 6). The results suggested that the tryptophan metabolism was activated and may 
play a potential role during Pneumocystis infection.

Lower Level of Alitretinoin and Abnormal Fatty Acid Metabolism in BAFF-R Gene 
Knockout Pneumocystis-Infected Mice
One hundred and five metabolites, mainly lipids and lipid-like molecules, were dysregulated (Supplemental Tables 4 and 
5). Most of the differential metabolites of lipids and lipid-like molecules, such as farnesylthiosalicylic acid, PA (21:0/ 
12:0), TG (14:0/18:1 (11Z)/18:1 (11Z)), PA (22:1 (13Z)/19:2 (10Z,13Z)), eicosapentaenoyl PAF C-16, PE-NMe (14:0/ 
18:1 (11Z)), PC (18:1 (9Z)/22:2 (13Z,16Z)), alitretinoin, TG (16:0/14:1 (9Z)/20:3 (5Z,8Z,11Z)), and PE-Nme2 (15:0/ 
16:0), were downregulation in BAFF-R–/– Pneumocystis-infected mice compared with WT Pneumocystis-infected mice 
(Supplemental Figure 7). The top 20 differential metabolites between the Pneumocystis-infected WT group and the 
Pneumocystis-infected BAFF-R–/– group with the highest VIP values under ESI- and ESI+ modes are shown in Table 3.

We next concentrated on metabolites and pathways involved in infection immunity and inflammation. Notably, the 
level of vitamin A’s metabolite, alitretinoin, was lower in the lung samples of BAFF-R–/– Pneumocystis-infected mice 
than in WT Pneumocystis-infected mice. The KEGG enrichment analysis results are shown in Figure 7 and Table 4. The 

Table 2 Pathway Enrichment Analysis of the Identified Metabolites Showing a Difference Between the Control Group and 
Pneumocystis-Infected WT Group Under ESI- and ESI+ Modes

Positive Ion (ESI+) Negative Ion (ESI-)

#Kegg_Pathway P-value #Kegg_Pathway P-value

Tryptophan metabolism 0.0062 Purine metabolism 0.0682
Cortisol synthesis and secretion 0.0447 Sulfur metabolism 0.1128

Cushing syndrome 0.0447 Neuroactive ligand-receptor interaction 0.1128

Pathways in cancer 0.0562 Drug metabolism - other enzymes 0.1544
Prostate cancer 0.0701 Fructose and mannose metabolism 0.1544

Pantothenate and CoA biosynthesis 0.0903 Pyrimidine metabolism 0.1704

Th17 cell differentiation 0.0927 Propanoate metabolism 0.1704
PI3K-Akt signaling pathway 0.0927 ABC transporters 0.1855

Ubiquinone and other terpenoid-quinone biosynthesis 0.0990 Bile secretion 0.2319

Aldosterone synthesis and secretion 0.1643 Steroid hormone biosynthesis 0.2319
Parathyroid hormone synthesis, secretion and action 0.1769 Glycerolipid metabolism 0.2858

Progesterone-mediated oocyte maturation 0.1769 Ubiquinone and other terpenoid-quinone biosynthesis 0.2858

FoxO signaling pathway 0.1769 Valine, leucine and isoleucine degradation 0.2858
Small cell lung cancer 0.1769 HIF-1 signaling pathway 0.2858

Gastric cancer 0.1769 Aldosterone-regulated sodium reabsorption 0.2858

Hepatocellular carcinoma 0.1769 Primary bile acid biosynthesis 0.2858
Intestinal immune network for IgA production 0.1769 Taurine and hypotaurine metabolism 0.3575

HIF-1 signaling pathway 0.1769 Phenylalanine, tyrosine and tryptophan biosynthesis 0.3975

Oocyte meiosis 0.1769 Prostate cancer 0.3975
Breast cancer 0.1769 Folate biosynthesis 0.3975
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analysis highlighted pathways related to fatty acid metabolism, such as the adipocytokine signaling pathway and fatty 
acid elongation. The pathway maps of the two pathways are presented in Supplemental Figures 8 and 9. Other studies 
have shown that fatty acid metabolism is related to infection immunity.30

We also measured the mRNA expression levels of enzymes associated with fatty acid metabolism in the lungs of the 
Pneumocystis-infected WT mice and Pneumocystis-infected BAFF-R–/– mice. The results of RT-PCR showed that the 
mRNA levels of stearoyl-CoA desaturase 1 (SCD1) and fatty acid synthase (FASN) in the lungs were significantly 
upregulated in BAFF-R–/– Pneumocystis-infected mice, and they both were positively correlated with the mRNA level of 
IL17A (Figure 8). The results revealed the metabolic dysregulation of fatty acid metabolism in BAFF-R–/– Pneumocystis- 
infected mice, possibly related to greater inflammatory cell infiltration in the lungs.

Discussion
Changes in the metabolic profile are the body’s final response to stimuli. Untargeted metabolomics is an advanced way to 
screen unknown metabolite alterations. In recent years, metabolomics has been widely applied in infectious and immune 
diseases, and some metabolic changes have been found.31–36 However, there is a lack of metabolomic information on 
Pneumocystis infection.

We found that many metabolites in WT Pneumocystis-infected mice were changed compared with non-infected mice. 
Lipids and lipid-like molecules were the primary dysregulated metabolites, indicating that lipid metabolism may be 
abnormal in Pneumocystis infection. Lipids have three main functions, namely, storing energy, forming an important 
component of cell membranes, and acting as important signaling molecules within cells. Many recent studies have 
explored lipid metabolism in diseases. As for infectious diseases, some studies have found lipid metabolism dysregula
tion in patients with COVID-19 or Mycoplasma pneumoniae pneumonia.32,37 Our previous studies have suggested that 
B-cell counts are reduced after Pneumocystis infection,18 and corticosteroid treatment might suppress the B-cell 
immunity in the PCP hosts.15 Recent studies have shown that B-cell development and function are related to lipid 
metabolism.38,39 Thus, correcting lipid metabolism disorders is a possible therapeutic target that may help promote B-cell 
function against Pneumocystis infection.

The current study focused on enriched metabolic pathways associated with anti-infection immunity. We noted 
significant changes in some metabolites associated with the tryptophan metabolism pathway during Pneumocystis 
infection. We also found that the expression levels of key enzymes of tryptophan metabolism, such as IDO1, was 
significantly upregulated. Many studies have revealed the role of tryptophan metabolism in regulating immune 
response.40–42 In antitumor immunity, the activation of IDO1 may restrain antitumor immune responses by inhibiting 

Figure 6 mRNA expression levels of enzymes associated with tryptophan metabolism in the lungs in the control group and Pneumocystis-infected WT mice (***P < 0.001).
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Table 3 Top 20 Differential Metabolites Between the Pneumocystis-Infected WT Group and Pneumocystis-Infected BAFF-R–/– Group 
with the Highest VIP Values Under ESI- and ESI+ Modes

Positive ion (ESI+)

Compounds Class.I Class.II VIP P-value Fold Change Type

Lobaric acid Phenylpropanoids and polyketides Depsides and depsidones 2.32 0.0002 0.24 Down

Aldehydo-D-galactose Organic oxygen compounds Organooxygen compounds 2.26 1.50E- 

05

0.45 Down

DL-2-Aminocaprylic acid – – 2.24 0.0004 2.34 Up

Farnesylthiosalicylic acid Lipids and lipid-like molecules Prenol lipids 2.24 0.0005 0.29 Down

Isopropamide Benzenoids Benzene and substituted derivatives 2.18 7.36E- 

05

0.44 Down

N-3-Oxododecanoyl-L-homoserine 

lactone

Organic acids and derivatives Carboxylic acids and derivatives 2.17 0.0010 0.23 Down

PA(21:0/12:0) Lipids and lipid-like molecules Glycerophospholipids 2.16 0.0008 0.46 Down

Taurodeoxycholate; 

Taurodeoxycholic acid

Lipids and lipid-like molecules Steroids and steroid derivatives 2.15 0.0034 0.44 Down

TG(14:0/18:1(11Z)/18:1(11Z)) Lipids and lipid-like molecules Glycerolipids 2.12 0.0059 0.37 Down

PA(22:1(13Z)/19:2(10Z,13Z)) Lipids and lipid-like molecules Glycerophospholipids 2.10 0.0003 0.44 Down

Azelaic acid – – 2.10 0.0017 0.13 Down

Eicosapentaenoyl PAF C-16 Lipids and lipid-like molecules Glycerophospholipids 2.06 0.0015 0.47 Down

1,24-Dihydroxyvitamin D3 Lipids and lipid-like molecules Steroids and steroid derivatives 2.06 0.0064 7.52 Up

PE-NMe(14:0/18:1(11Z)) Lipids and lipid-like molecules Glycerophospholipids 2.05 0.0045 0.44 Down

Carnitine C13:0 FA CAR 2.03 0.0041 0.38 Down

PC(18:1(9Z)/22:2(13Z,16Z)) Lipids and lipid-like molecules Glycerophospholipids 2.03 0.0052 0.47 Down

Alitretinoin Lipids and lipid-like molecules Prenol lipids 2.02 0.0015 0.49 Down

5-Hydroxytryptophol Alkaloids Plumerane 2.01 0.0026 0.38 Down

TG(16:0/14:1(9Z)/20:3(5Z,8Z,11Z)) Lipids and lipid-like molecules Glycerolipids 2.01 0.0129 0.34 Down

PE-NMe2(15:0/16:0) Lipids and lipid-like molecules Glycerophospholipids 1.98 0.0006 0.34 Down

Negative ion (ESI-)

Compounds Class.I Class.II VIP p_value Fold_Change Type

Hexanoyl Glycine Amino acid and Its metabolomics Amino acid derivatives 2.25 6.33E- 

05

0.20 Down

FFA(20:3) Lipids Free fatty acids 2.21 0.0009 0.49 Down

Sericetin Phenylpropanoids and polyketides Flavonoids 2.20 0.0014 0.41 Down

Lys Thr Gln Lys – – 2.17 0.0006 0.33 Down

Alpha-Bisabolol oxide C Organoheterocyclic compounds Oxanes 2.11 0.0011 0.14 Down

Phenethyl rutinoside Organic oxygen compounds Organooxygen compounds 2.10 0.0017 0.39 Down

Altanserin Organic oxygen compounds Organooxygen compounds 2.05 0.0031 0.40 Down

4-Hydroxybenzoic Acid Phenolic acids Phenolic acids 2.04 0.0024 0.34 Down

4-hydroxybenzenesulfonic acid Organic acid And Its derivatives Sulfonic acids 2.02 0.0030 0.33 Down

3-Sulfocatechol Benzene and substituted derivatives Phenolics 1.99 0.0006 0.39 Down

Phenol Phenolic acids Phenolic acids 1.99 0.0039 0.37 Down

cis-7,10,13,16,19-Docosapentaenoic 

acid

Lipids and lipid-like molecules Fatty Acyls 1.97 0.0088 0.42 Down

2-Hydroxy-2-methylbutyric acid Organic acids Organic acids 1.81 0.0020 0.32 Down

Oleoylglycerone phosphate Organic oxygen compounds Organooxygen compounds 1.80 0.0186 2.33 Up

17α-Ethinylestradiol Hormones and hormone related 

compunds

Hormones and hormone related 

compunds

1.67 0.0223 2.05 Up

Hydrocortisone acetate Lipids and lipid-like molecules Steroids and steroid derivatives 1.63 0.0084 0.43 Down

Adenosine 2’-Phosphate Nucleotide And Its metabolomics Nucleotide and Its metabolomics 1.60 0.0167 2.14 Up

4-Chloro-2-methylphenol Benzenoids Phenols 1.59 0.0150 2.39 Up

1-Oleoyl-sn-glycero 

-3-phosphocholine

- - 1.59 0.0345 4.14 Up

Oleandolide Phenylpropanoids and polyketides Macrolides and analogues 1.51 0.0229 0.50 Down
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Figure 7 KEGG pathway enrichment analysis of differential metabolites between the Pneumocystis-infected WT mice and Pneumocystis-infected BAFF-R–/– mice. (A) Positive 
and (B) negative ion modes.
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T cell function.43 There is also evidence suggesting that tryptophan metabolism plays a vital role in infectious diseases.43 

Activation of IDO1 in our study may lead to impaired T-cell immunity against Pneumocystis infection and possibly lead 
to immune tolerance. Similar to our findings, in fungal infections, a recent study showed that P. brasiliensis infection 
induces a vigorous IDO expression.44 In addition, the main pathway of tryptophan catabolism metabolism is the 
kynurenine pathway mediated by the key enzyme IDO1.40,45,46 Kynurenine is the main downstream product of the 
IDO1. However, our study showed that compared with control mice, the product of tryptophan metabolism, kynurenine, 
was downregulated in the lung of WT Pneumocystis-infected mice, although the expression level of IDO1 was 
upregulated. This was probably due to an increase in kynurenine’s incoming but more pronounced outgoing route. 
Hence, the results suggested a potential role of tryptophan metabolism in Pneumocystis infection. Given the complexity 
of the body’s anti-Pneumocystis immunity, the current results are speculative, and further mechanistic studies are needed 
to explore the role of tryptophan metabolism in Pneumocystis infection.

CD4+ T cells are crucial in controlling Pneumocystis infection.47 Increasing evidence suggests that B cells also play 
an essential role in Pneumocystis infection.48,49 Our previous study18 found that the counts of B cells in mouse peripheral 
blood and lung tissue decreased after Pneumocystis infection, suggesting the significance of B cells. We further found 
that the clearance of Pneumocystis was delayed in BAFF-R–/– mice. However, current studies focus on the cellular level. 
Although we have done some molecular mechanism studies, metabolism-related studies on PCP are still lacking. 
Metabolism plays a crucial role in regulating the body’s response to infection. Our study showed that many metabolites 
in the lung samples were altered in Pneumocystis-infected mice. In addition, there were differences in metabolites 
involved in the fatty acid metabolism in the lungs between WT Pneumocystis-infected mice and BAFF-R–/– 

Pneumocystis-infected mice.
Similar to our previous study,18 as for the uninfected mice, BAFF-R–/– mice exhibited mainly the absence of mature 

B cells and a reduced but not complete lack of total B cells. We also observed no statistically significant differences in 
appearance, body weight, growth, and development between uninfected BAFF-R–/– mice and WT mice, so we did not set 
the group of uninfected BAFF-R–/– mice in the metabolomic analysis. As for the infected mice, we found that BAFF-R 

Table 4 Pathway Enrichment Analysis of the Identified Metabolites Showing a Difference Between the Pneumocystis-Infected WT 
Group and Pneumocystis-Infected BAFF-R–/– Group Under ESI- and ESI+ Modes

Positive Ion (ESI+) Negative Ion (ESI-)

#Kegg_Pathway P-value #Kegg_Pathway P-value

Adipocytokine signaling pathway 0.0323 Histidine metabolism 0.0403
Fatty acid elongation 0.0323 Ubiquinone and other terpenoid-quinone biosynthesis 0.0792

Gastric cancer 0.0637 Aldosterone-regulated sodium reabsorption 0.0792

Small cell lung cancer 0.0637 Prostate cancer 0.1168
Non-small cell lung cancer 0.0637 Folate biosynthesis 0.1168

Intestinal immune network for IgA production 0.0637 Cortisol synthesis and secretion 0.1531

PPAR signaling pathway 0.0637 Cushing syndrome 0.1531
Fatty acid biosynthesis 0.0941 Neuroactive ligand-receptor interaction 0.1531

Fatty acid metabolism 0.0941 Tyrosine metabolism 0.1531

African trypanosomiasis 0.1236 Bile secretion 0.2219
Fatty acid degradation 0.1236 Steroid hormone biosynthesis 0.2219

Folate biosynthesis 0.1236 Pathways in cancer 0.2219

Retinol metabolism 0.1521 Protein digestion and absorption 0.2546
Neomycin, kanamycin and gentamicin biosynthesis 0.1521 Biosynthesis of unsaturated fatty acids 0.4012

Tryptophan metabolism 0.2027 Metabolic pathways 0.5038

Caffeine metabolism 0.2067
Propanoate metabolism 0.2067

Vitamin digestion and absorption 0.2327

C5-Branched dibasic acid metabolism 0.2580
Beta-Alanine metabolism 0.2580
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deficiency resulted in delayed clearance of Pneumocystis and more serious inflammatory cell infiltration in the lungs 
compared with Pneumocystis-infected WT mice in our previous study.18 In comparing WT Pneumocystis-infected mice 
and BAFF-R–/– Pneumocystis-infected mice, we found some differential metabolites, mainly lipids and lipid-like 
molecules. For example, the level of vitamin A’s metabolite, alitretinoin, was lower in the lung samples of BAFF-R–/– 

Pneumocystis-infected mice than in WT Pneumocystis-infected mice. Alitretinoin, also known as 9-cis-retinoic acid, is an 
isomer of all-trans retinoic acid.50 As the active metabolites of vitamin A, much evidence has suggested that all-trans- 
retinoic acid and 9-cis-retinoic acid could increase the frequency of Treg cells and downregulate the frequency of Th17 
cells.51–53 It has been suggested that retinoic acid promotes the production of Tregs but restrains the differentiation of 
Th17 cells; it enhances the generation of Th2 but suppresses the Th1 cell differentiation of naïve T cells.50 Furthermore, 
retinoic acid signaling is required for Th1 and Th17 immune responses to infection.54 The lack of retinoic acid may 
enhance proinflammatory responses and diminish anti-inflammatory responses. It may be related to the recruitment of 
more inflammatory cells in the lung tissue of BAFF-R–/– mice. Although the recruitment of more inflammatory cells is 
intended to promote Pneumocystis clearance, excessive recruitment may lead to inflammatory damage, so more obvious 
alveolar hemorrhage was observed in the lung tissue of BAFF-R–/– mice.

We found some enriched metabolic pathways in BAFF-R–/– Pneumocystis-infected mice compared to WT 
Pneumocystis-infected mice, such as adipocytokine signaling pathway and fatty acid elongation. We also found 

Figure 8 mRNA expression levels of enzymes associated with fatty acid metabolism in the lungs in the Pneumocystis-infected WT mice and Pneumocystis-infected BAFF-R–/– 

mice, and the correlation analysis of the mRNA expression levels of IL17A and SCD1 or FASN (*P < 0.05).
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significantly increased expression of key enzymes of fatty acid metabolism, such as SCD1, FASN, in the lungs of BAFF- 
R–/– Pneumocystis-infected mice. Many studies have suggested that the significant expression increase of SCD1 and 
other key enzymes of fatty acid metabolism is associated with the dysregulation of proinflammatory genes.55–57 This 
indicated a key role for fatty acid metabolism in regulating inflammation responses.

Our previous study demonstrated a significant role of B cells in defense against Pneumocystis infection.15 Another 
study explored the role of B cells in regulating helper T lymphocytes’ response to Pneumocystis infection18 and 
suggested that BAFF-R deficiency prompted Th17-cell immune responses during Pneumocystis infection. This study 
found that elevated expression of key enzymes of fatty acid metabolism, such as SCD1, was positively correlated with 
IL17A levels. The results indicated that the abnormal fatty acid metabolism might be associated with the increased Th17- 
cell immune responses. We hypothesize that the over-recruitment of Th17 cells, although intended to promote 
Pneumocystis clearance, also caused more obvious lung damage during Pneumocystis infection in BAFF-R gene 
knockout Pneumocystis-infected mice.

Our results suggested that the metabolites, alitretinoin, as well as the products of fatty acid metabolism, may influence 
the inflammatory responses in Pneumocystis infection. In BAFF-R–/– Pneumocystis-infected mice, the balance between 
anti- and pro-inflammatory responses was disrupted, resulting in increased inflammatory damage. In short, these findings 
indicated that an appropriate Th1/Th17 response may contribute to the clearance of Pneumocystis, but an excessive 
response may result in inflammatory damage, where the balance between anti- and pro-inflammatory immunity is critical.

Overall, our study revealed the metabolic changes in the lungs of mice with Pneumocystis infection. However, there 
are some limitations to the study. First, the results of this study were based on the mouse model with limited sample sizes 
and lacked validation in PCP patients. Second, we only chose to observe the change of metabolites at a time point when 
the Pneumocystis burden was relatively high instead of observing the dynamic change of metabolites during the whole 
progression of Pneumocystis infection. Last but not least, future studies should be conducted to further explore the 
mechanism of metabolic changes.

Conclusions
In conclusion, many lipids and lipid-like molecules are dysregulated in Pneumocystis infection, which may influence 
B-cell development and function. The results also show noticeable changes in tryptophan metabolism in mice with 
Pneumocystis infection. In addition, the metabolomics analysis of the lung revealed a lower level of alitretinoin and the 
abnormality of fatty acid metabolism in BAFF-R gene knockout Pneumocystis-infected mice as compared with the WT 
Pneumocystis-infected mice, which may be related to the greater inflammatory cell infiltration in the lungs of BAFF-R–/– 

Pneumocystis-infected mice. The findings of metabolomic profiling of the lungs provide insights into developing novel 
therapeutic targets for PCP.
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