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ABSTRACT 
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George Mason University, 2021 

Thesis Director: Dr. Ancha Baranova 

 

Leishmaniasis is a neglected tropical disease that causes severe morbidity and is endemic 

in 98 countries. Attempts to develop a vaccine have been unfruitful, aside from 

leishmanization (deliberate inoculation with a miniscule number of virulent Leishmania 

major parasites that cause cutaneous lesions). However, leishmanization is no longer 

practiced due to safety concerns. A L. major parasite strain attenuated through gene 

deletion has shown promising results in preclinical studies in providing protection against 

wildtype infection without itself causing pathogenesis; Vaccination with such live, 

attenuated Leishmania parasites is therefore termed second-generation leishmanization. 

Towards assessing the safety and immunogenicity characteristics of this vaccine strain, 

untargeted metabolomics analysis was conducted on ears and draining lymph nodes of 

mice infected with the vaccine strain or the wildtype strain. The studies described here will 
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enable understanding of immune mechanisms of protection, discovery of biomarkers or 

immunogenicity, and to advance the vaccine towards clinical trials. 
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INTRODUCTION 

According to the World Health Organization (WHO), Leishmaniasis is one of the 

top Neglected Tropical Diseases (NTD) that remains a challenge to achieving public health 

objectives on a global scale1. Human leishmaniasis is caused by several species of parasitic 

protists in the genus Leishmania. These parasites are transmitted to mammalian hosts via 

bites from sand fly vectors of  several genera, most common of which are Lutzomyia and 

Phlebotomus1. Depending on the species of Leishmania, the clinical symptoms may vary 

from self-healing cutaneous lesions to infection of the spleen and liver that can be fatal if 

untreated1. Leishmaniasis is endemic in tropical and subtropical regions. Notably, the 

cutaneous form of the disease is endemic in Texas and the southeastern United States and 

is hypothesized to reach the Canadian border due to the expansion of sand fly vectors 

driven by increasing global temperatures2,3. Current worldwide estimates indicate that 

approximately 350 million people are at-risk of infection, 12-15 million people are 

infected, and 70 thousand deaths occur per annum due to visceral leishmaniasis 

characterized most prominently by hepatosplenomegaly3. Once injected into a host, the 

parasites are engulfed by phagocytic cells such as macrophages and other antigen 

presenting cells (APC) where they resist degradation, modulate the host immune response, 

and proliferate in the highly acidic phagolysosomal vacuoles1. 
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Treatment options for leishmaniasis are limited, with pentavalent antimonial (Sb5+) 

compounds and liposomal formulations of amphotericin B being the most common1. 

Serious side-effects during the treatment course may occur which require cessation until 

the patient recovers and the clinical cure rate is not 100% as resistance to the antimonial 

compounds has been observed in India1. Although, most people recover naturally or remain 

asymptomatic during infection, it is believed that a small amount of parasites persist below 

the current limit of detection (LOD) for the remainder of the hosts’ life following clinical 

cure2,3. This persistence of Leishmania in the host is a double-edged sword in that it may 

be responsible for maintaining resistance from developing overt disease upon reinfection. 

Such protection was observed even with infection by different Leishmania species with 

previous infection by L. major conferring protection to mice against L. infantum challenge4. 

On the other hand, latent Leishmania infections are known to resurge and cause 

pathogenesis if the host becomes immunocompromised (particularly in the case of HIV co-

infection) or otherwise weakened2,3. Additionally, the parasite infection can be transmitted 

through blood transfusion or organ transplants 2. 

The Food and Drug Administration (FDA) is the United States’ regulatory agency 

for a broad range of biomedical products, included in its’ mandates is ensuring the safety 

of blood transfusion in the US. Since there is no approved blood donor screening test for 

Leishmania to ensure blood transfusion safety, the Office of Blood Research & Review 

(OBRR) has been evaluating a first-in-class live, attenuated prophylactic leishmaniasis 

vaccine. The attenuation is accomplished by CRISPR-Cas9 based deletion of the centrin 

(CEN) gene in L. major (LmCEN-/-)3. CEN is a calcium-binding cytoskeletal protein that 
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functions in the duplication of centrosomes in higher eukaryotes and its’ disruption 

prevents the amastigote form of L. major from replicating5. The Leishmania vaccine under 

development is a modernized analog of a technique called leishmanization, where a 

miniscule amount of L. major parasites is inoculated into the skin. Leishmanization 

provided excellent protection, but was discontinued because some subjects would develop 

non-healing lesions3. 

Preclinical mouse models and in vitro experiments to assess safety and efficacy 

characteristics have shown promising results for the LmCEN-/- parasites as a vaccine 

candidate. Attenuation of virulence of the vaccine strain is revealed by their failure to 

replicate in the human macrophages unlike the wildtype L. major (LmWT) parasites. 

Similarly, mouse infections with LmCEN-/- parasites showed that they fail to replicate in 

the ears and lymph nodes. An addback mutant that restored the expression of the centrin 

gene in  LmCEN-/- parasites by the transfection of an episomal vector caused cutaneous 

lesions similar to LmWT parasites indicating that the loss of virulence observed in 

LmCEN-/- parasite infection is due to the deletion of centrin gene3. The results of the add-

back experiment give credence to the claim that CEN-null parasites cannot cause pathology 

and are safe. 

Infection experiments performed in BALB/c mice that were later 

immunosuppressed revealed that LmCEN-/- parasites failed to establish persistent 

infections further validating the safety characteristics of LmCEN-/-. Similarly, STAT1-

knockout mice showed no footpad lesions seven weeks post-infection with LmCEN-/- 

whereas a group infected with LmWT displayed lesions four weeks post-infection and had 
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higher parasite burdens; similar results were obtained in IFN-γ and RAG2 knockouts3. A 

lack of pathogenesis in such immunodeficient mice models indicates that LmCEN-/- may 

be safe in humans. Lastly, C57BL/6 and BALB/c mice immunized with LmCEN-/- when 

challenged with LmWT via needle injection or by bites from infected sand flies were 

protected from disease with mild lesions that were observed in the BALB/c mice3. Such 

protection was mediated by the IFN-γ secreting Ly6C+CD44+CD4+ T effector cells in 

addition to TNF, IL-2 cytokine secreting multifunctional T cells as was shown in previous 

studies6,7. Based on these preclinical studies, LmCEN-/- parasites are currently being 

manufactured under GMP conditions. 

Even though the presence of T effector cells has been shown to be the primary 

mediator of protection in mouse models of leishmanization, in clinical trials such markers 

are not practical to identify and assess the immunogenicity and efficacy characteristics. A 

Leishmania skin test (LST), analogous to the tuberculin test that results in a delayed-type 

hypersensitivity (DTH) response is often proposed as a surrogate for measuring the 

immunogenicity of Leishmania vaccines in clinical studies8. However clinical grade LST 

material is not being currently manufactured, thus limiting its potential as a surrogate 

biomarker. Thus, there is a critical need to identify novel biomarkers of immunogenicity 

that can aid the upcoming clinical trials for evaluating the safety and immunogenicity 

characteristics of LmCEN-/- parasite vaccines. Recent advances in metabolomic studies 

highlighted infection-mediated immune regulation driven by altered metabolic pathways 

in innate immune cells that can reshape adaptive immune responses9. Metabolomic 

profiling has attracted elevated interest due to its potential to inform regulatory science and 
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advance precision medicine10. We have therefore undertaken metabolomic studies in 

murine models of LmCEN-/- immunization and compared the response with wild type 

infection with LmWT parasites. Such analyses have the potential to identify novel immune-

regulatory mechanisms and may provide biomarkers of safety and immunogenicity. 
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METHODS 

 

Parasite Culturing 

Virulent Leishmania major (Friedlin) and Leishmania majorCEN-/- mutant strains 

were cultured in M199 based medium supplemented with 10% heat-inactivated FBS, 

adenine, penicillin/streptomycin solution, biotin, 1 molar hepes buffer, and hemin. T25 

cultures flasks were filed with 6 mL of the supplemented M199 medium as well as 6 µL of 

gentamicin before being inoculated with the parasites. The parasite cultures were placed in 

a 26 °C incubator and every 3-4 days 200 µL of the parasite cultures were pipetted into 

new T25 flasks with fresh medium. Stationary phase promastigote cultures enriched in the 

infectious metacyclic stages were used in animal infection experiments. 

 

 

Animal Experiments  

Thirteen C57BL/6 female mice were divided into three groups: four mice in the L. 

major wildtype infected (LmWT), five in the L. majorCEN-/- mutant infected (LmCEN-/-), 

and the last four in the naive, noninfected (N). At t = 0 days, the mice in the wildtype 

infection group and mutant infection group were anesthetized with isoflurane in a 

plexiglass chamber and kept under anesthesia with a nose cone while their left ears were 

injected intradermally with 1 x 106 Leishmania major parasites in 10μl of volume by a 21-

gauge needle syringe. The mice were returned to their cages and placed in their assigned 

room in the vivarium at the Food and Drug Administration White Oak campus in Silver 
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Spring, MD until t = 7 days. On day seven, mice in all groups were euthanized via CO2 and 

then dissected to collect the ear and lymph node tissues. Mice in the two infected groups 

had their infected left ears (ipsilateral) collected along with the draining (superficial 

cervical) lymph nodes. While the naive, uninfected mice had their left ears and 

corresponding draining lymph nodes collected. Each ear or lymph node was placed in a 

microcentrifuge tube (Eppendorf tube) and dipped in liquid nitrogen for 45 seconds 

immediately after collection to arrest all metabolism and placed on dry ice. 

 

Metabolite Extraction 

The collected tissue samples were shipped on dry ice to our collaborators in the 

Department of Microbiology at the College of Arts and Sciences at Ohio State University 

for processing and liquid chromatography-mass spectrometry (LCMS) analysis at their 

core facility. Upon reception, the samples were allowed to defrost in a 4-8 °C refrigerator 

prior to exposure to room temperature. Next, 500 µL of 100% methanol was added to all 

samples and then the samples were sonicated. The tissues were weighed and then 

homogenized at 40mg/mL of 50% methanol solution for three cycles in a Precellys tissue 

homogenizer. The supernatant from each sample vial was collected and dried, then 

reconstituted in half the original volume in 5% methanol with 0.1% formic acid. 

 

Chromatography and Mass Spectrometry 

Untargeted analysis was performed on a Thermo Fisher Scientific LTQ Orbitrap 

XL mass spectrometer in positive and negative analytical modes with high performance 



8 

 

liquid chromatography (HPLC) separation on a Poroshell 120 SB-C18 (2 x 100 mm, 2.7 

µm particle size) threaded column with a well plate autosampler (WPS) 3000 LC system. 

The gradient consisted of solvent A, H2O with 0.1% formic acid, and solvent B 100% 

acetonitrile at a 200 µL/min. flow rate with an initial 2% solvent B with a linear ramp up 

to 95% solvent B at 15 minutes, holding at 95% solvent B for 1 minute, and lowering back 

down to 2% solvent B and equilibration of 2% solvent B until minute 32. Five microliters 

were injected for each sample and the top five ions were selected for data-dependent 

analysis with a 15 second exclusion window. Feature (m/z and retention time) selection 

and alignment were performed by the Progenesis QI software and potential identities for 

each feature were compiled by searching the Human Metabolome Database (HMDB) and 

selecting adducts: [M+H], [M+Na], [M+K] and [M+2H] with ppm mass error set to less 

than 10. 

Processing the raw mass spectrum data in the Progenesis QI platform resulted in 

several CSV files of peak (feature) intensity tables which consisted of data matrices 

showing the relative intensities (abundances) of each detected peak (rows) in the samples 

(columns) being compared. Each peak was labeled with the mass-charge ratio detected by 

the mass spectrometer and the retention time of the metabolite in the chromatography 

column prior to being injected into the ion source of the mass spectrometer. Additionally, 

a CSV file with HMDB database matches of potential metabolite identities for each peak 

was generated. Positive analytical mode and negative analytical mode analyses generated 

their own separate CSV files. 
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Metabolomics 

The resulting peak intensity tables from the mass spectrometry analysis were input 

into MetaboAnalyst 5.0 for statistical analyses to gauge data quality and then to infer 

pathway activity. The normalized abundances were uploaded to MetaboAnalyst 5.0, and 

the statistical module was utilized to assess the data. In each analysis, the data passed 

MetaboAnalyst’s data integrity check and data filtering based on interquartile range (IQR) 

was done. Lastly, the options to normalize the samples by median was selected as well as 

the auto-scaling option for data scaling; no transformation was done on the data. The 

ipsilateral tissues (infected ears and lymph nodes) from the LmWT and LmCEN-/- groups 

were statistically compared to their naive counterparts and then they were compared 

against each other. In each comparison, principal component analysis (PCA), partial least 

squares discriminant analysis (PLSDA), fold-change calculations, and univariate t-tests 

adjusted for multiple comparisons were performed. 

Pathway activity was inferred using the functional analysis module of 

MetaboAnalyst 5.0 that utilizes the mummichog and/or a modified gene set enrichment 

analysis (GSEA) algorithm that bypass feature identification. Peak list profiles consisting 

of four columns (m/z ratio, retention time, p-value, and t-score) were created from the peak 

tables in Excel and uploaded into the module. The ion mode was selected based on which 

analytical mode was used to generate each peak table. The mass tolerance was set to 10 

ppm, retention time set to minutes, and the option to enforce primary ions was checked. 

Each peak list profile passed the built-in data integrity check and the default p-value cutoff 

for the mummichog algorithm (top 10% of peaks) was used for each analysis. Lastly, 
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version 2.0 of the mummichog algorithm was selected and the pathway library was set to 

the Mus musculus database from Kyoto Encyclopedia of Genes and Genomes (KEGG) and 

only pathways with at least three compound hits were allowed. 
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RESULTS 

To determine the metabolic perturbations caused by wildtype parasites, data from 

LmWT infected mice were compared to naive mice data. The results from this comparison 

could potentially reveal biomarkers of disease pathogenesis and dysregulated pathway 

activity. LmCEN-/- infected mice data were compared to the naive data as well to elucidate 

potential biomarkers and pathway activity that cause the observed immunogenicity that 

leads to protection from a challenge infection. The data from the virulent infection and the 

vaccine infection were compared to each other as well to search for potential metabolites 

that are enriched in the LmCEN-/- vaccine candidate and to identify metabolites/pathways 

common to both parasite strains. For each comparison performed (LmWT vs. N, LmCEN-

/- vs. N, and LmWT vs. LmCEN-/-), two peak intensity tables were generated from LCMS 

corresponding to the positive and negative analytical modes of the mass spectrometer. To 

infer pathway activity directly from peak intensity tables, the functional analysis module 

(MS peaks to pathways) of MetaboAnalyst was used as described above. 

 

Virulent Infection by Wildtype L. major 

 

Data analysis and identification of discriminatory metabolites 

Principal component analysis (PCA) is an unbiased dimensionality reduction 

procedure that helps to visualize the structure of data (i.e., clustering of data points) and 

show group separation11,12. PCA is a multivariate approach that is commonly used first due 

to the much greater number of variables (MS peaks) relative to the number of samples and 
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can be interpreted as finding maximal variation between the groups of interest12. Figure 1 

shows clear separation between the wildtype infected ear tissue and the uninfected control 

ear tissue in both analytical modes of the mass spectrometer. This separation is indicative 

of significantly different metabolism between the two groups and shows that any peaks 

identified in follow-on analyses as potential biomarkers are unlikely to be due to random 

noise as would be the case if the groups completely overlapped. Likewise, Figure 2 shows 

good separation between the LmWT and naive groups from the draining lymph nodes. 

Although, one sample replicate is plotted outside the 95% confidence region in negative 

analytical mode and is therefore an outlier. 

To identify potential biomarkers from untargeted metabolomics data, Variable 

Importance for the Projection (VIP) scores calculated from partial least-squares 

discriminant analysis (PLSDA) combined with univariate statistics were used to identify 

significant peaks that can be further insvestigated13–15. Table 1 list the top five identified 

peaks from the ear and lymph node in positive and negative analytical modes that have VIP 

scores > 1.5, FDR < .05, and a fold change > 2. Peaks that did not return any matches from 

the database search were excluded as these would be unknown metabolites. Most peaks 

match to more than one possible metabolite due to multiple metabolites having isomers, 

similar masses (isobars), or in-source fragmentation that create fragments with mass-

charge ratios of known metabolites16. Even peaks that returned only one match could 

potentially be misidentified because the peaks could be an as of yet unidentified metabolite 

with similar characteristics of the matched molecule since approximately 80% of 

metabolites remain unannotated17–19. 
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Figure 1: Scores plots from principal component analysis of (A) positive analytical 

mode data and (B) negative analytical mode data of LmWT infected ear tissue and 

naive, uninfected ear tissue. 

 
 

Figure 2: Scores plots from principal component analysis of (A) positive analytical 

mode data and (B) negative analytical mode data of LmWT infected lymph node and 

naive, uninfected lymph node. 
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Table 1: Significant peaks of potential biomarkers identified by VIP scores > 1.5, fold 

change > 2, and FDR < .05 from the LmWT vs. Naive comparison in the ear tissue. 

Peaks with no matches from the database search were left out. (mz/rt) means mass-

charge ratio/retention time (mins.), together the mz/rt identifies a detected peak from 

the LCMS experiment. 

 

Peak (mz/rt) Identifications 
Comp. 1 VIP 

score 

Fold 

change 
FDR 

Analytical 

mode 
Tissue 

287.196/1.614 21 1.8879 2.9952 1.88E-07 Positive Ear 

156.980/2.445 2 1.8027 2.5685 3.12E-06 Positive Ear 

479.213/3.650 11 1.7848 2.544 4.21E-06 Positive Ear 

261.181/1.588 53 1.7801 3.2452 4.21E-06 Positive Ear 

141.015/2.404 10 1.7564 2.4376 6.3E-06 Positive Ear 

129.018/3.803 16 1.8815 3.2963 1.07E-06 Negative Ear 

280.050/1.617 1 1.7882 2.2596 2.28E-05 Negative Ear 

116.034/1.620 5 1.6735 2.9153 0.000228 Negative Ear 

85.028/3.783 13 1.6683 5.2647 0.000245 Negative Ear 

367.091/1.600 4 1.6451 2.6381 0.000368 Negative Ear 

325.043/2.086 13 1.6139 2.692 1.05E-10 Positive 
Lymph 

node 

222.069/6.945 13 1.5932 -4.6667 1.24E-09 Positive 
Lymph 

node 

461.080/2.461 15 1.575 4.0967 5.42E-09 Positive 
Lymph 

node 

1097.284/3.357 4 1.5609 7.9598 1.8E-08 Positive 
Lymph 

node 

248.070/2.91 2 1.5496 -2.5582 3.06E-08 Positive 
Lymph 

node 

194.105/1.206 2 1.8912 -3.1531 1.82E-07 Negative 
Lymph 

node 

309.025/2.799 3 1.8805 -2.8031 2.41E-07 Negative 
Lymph 

node 

353.235/14.442 115 1.8682 -2.9239 2.76E-07 Negative 
Lymph 

node 

630.137/3.371 22 1.8674 6.1595 2.76E-07 Negative 
Lymph 

node 

219.013/2.716 1 1.8435 -4.6213 6.5E-07 Negative 
Lymph 

node 
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Inferring pathway activity directly from detected peaks 

One of the major bottlenecks in metabolomics is identifying metabolites from the 

detected peaks. In untargeted metabolomics experiments, the samples consist of hundreds 

of metabolites rather than one isolated molecule that can be identified by matching the 

experimental mass spectrum to a database search of well-defined spectra for individual 

molecules. To that end, an algorithm was created called mummichog that leverages the 

already known metabolite networks of individual organisms to predict the identities of the 

MS peaks and infer metabolic pathway activity20. Mummichog does this with two 

assumptions: if statistically significant peaks reflect true biological activity, then the 

metabolites that they could match to would cluster together along a metabolic pathway or 

subnetwork of interconnected pathways and nonsignificant peaks would be spread out 

randomly in the whole metabolome of the organism20. Additionally, MetaboAnalyst uses 

a modified gene set enrichment analysis (GSEA) algorithm that can be used in conjunction 

with mummichog and can detect subtle and consistent changes by using the overall ranking 

of detected peaks rather than using a significance cutoff11. Lastly, the algorithm requires a 

pathway library to match peaks to compounds and the Mus musculus pathway library from 

KEGG was used for all analyses. 

By default, MetaboAnalyst sets the p-value cutoff for mummichog to be the top 

10% of peaks as identified by t-tests. The default cutoff was used for all peaks to pathways 

analyses, and it means that the actual value for the cutoff is not necessarily the same for 

each dataset, but that each analysis used the top 10% of detected peaks to infer pathway 

activity. Figure 3 and Figure 4 show the results of the peaks to pathways analysis for the 
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wildtype infected ear tissue versus the naive ear tissue in positive and negative analytical 

modes, respectively. After the analysis, both algorithms calculate their own p-values for 

the significance of each pathway and pathways with a p-value < .01 from any algorithm 

were chosen for further consideration. Table 2 summarizes the significant pathways, which 

algorithm predicted it, and in what analytical mode it was predicted. No distinctions were 

made as to which algorithm was superior, but pathways predicted by both algorithms are 

more likely to be correct as it is less probable that both algorithms are incorrect rather than  

 

 
 

Figure 3: Scatter plot of predicted dysregulated pathways in LmWT infection relative 

to naive from ear tissue in positive analytical mode data. Top pathways are labeled, 

and the color and size of the circles correspond to their transformed combined p-

values. Mummichog significance cutoff was p < 0.02. 
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if only one algorithm predicted the pathway. 

Since the samples were whole tissues from the ears and lymph nodes, multiple cell 

types would be present in each sample. However, leukocytes would be severely depleted 

in the naive samples relative to the infected samples because there was not an active 

immune response that would have recruited these cells and any immune cells present would 

be in an immature or inactivate state. Therefore, predicted pathways could be those that are 

active in immune cells in response to the L. major pathogen and these pathways can be lin- 

 

 
 

Figure 4: Scatter plot of predicted dysregulated pathways in LmWT infection relative 

to naive from ear tissue in negative analytical mode data. Top pathways are labeled, 

and the color and size of the circles correspond to their transformed combined p-

values. Mummichog significance cutoff was p < 0.03. 
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ked to a particular phenotype, in the context of immunometabolism, that could be 

responsible for disease progression or protection. Any identified pathway would need to 

be validated by directly testing specific leukocytes (e.g., macrophages, neutrophils, T cells, 

dendritic cells) and measuring pathway activity. 

In the LmWT infection of the ear, four pathways involving lipids (biosynthesis of 

unsaturated fatty acids, fatty acid biosynthesis/degradation, and sphingolipid metabolism) 

appear as significant (Table 2), but not in the lymph node (Table 3). It is known that 

Leishmania amastigotes scavenge host sphingolipids and incorporate them into their 

glycocalyx and that lipid bodies accumulate in infected macrophages in and around the 

PV21–23. However, it is unclear if the amastigotes use fatty acids as a carbon source since 

they lack two necessary enzymes in the glyoxylate pathway that converts acetyl-CoA into  

 

Table 2: Significantly dysregulated pathways (p < .01) predicted by MetaboAnalyst's 

peaks to pathways module in the LmWT vs. naive comparison (ear tissue). Both 

means the pathway was predicted by the mummichog and GSEA algorithms. In 

parenthesis the + indicates positive analytical mode and the – indicates negative 

analytical mode. 

 
Pathway Algorithm(analytical mode) 

Alanine, aspartate and glutamate metabolism GSEA(+) 

α-Linolenic acid metabolism GSEA(-) 

Amino sugar and nucleotide sugar metabolism Mummichog(+), GSEA(-) 

Arachidonic acid metabolism Mummichog(+), GSEA(-) 

Biosynthesis of unsaturated fatty acids Both(+), GSEA(-) 

Butanoate metabolism Both(-) 

Caffeine metabolism GSEA(+) 

Drug metabolism - cytochrome P450 GSEA(+) 

Drug metabolism - other enzymes Both(-) 

Fatty acid biosynthesis GSEA(+) 

Fatty acid degradation GSEA(+) 

Glycine, serine and threonine metabolism GSEA(+), both(-) 

Inositol phosphate metabolism GSEA(-) 

Linoleic acid metabolism Both(+), mummichog(-) 

Lysine degradation GSEA(+) 
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Pathway Algorithm(analytical mode) 

Nitrogen metabolism Mummichog(-) 

Pantothenate and CoA biosynthesis GSEA(+) 

Pentose and glucuronate interconversions Both(-) 

Phenylalanine, tyrosine and tryptophan biosynthesis Mummichog(-) 

Primary bile acid biosynthesis GSEA(-) 

Propanoate metabolism Both(-) 

Pyrimidine metabolism GSEA(+/-) 

Pyruvate metabolism GSEA(-) 

Riboflavin metabolism GSEA(+) 

Sphingolipid metabolism Both(+) 

Steroid hormone biosynthesis Both(+/-) 

Synthesis and degradation of ketone bodies Mummichog(-) 

Taurine and hypotaurine metabolism GSEA(+), both(-) 

Tyrosine metabolism Mummichog(-) 

Ubiquinone and other terpenoid-quinone biosynthesis Mummichog(-) 

 

 

sugars24,25. Conversely, the Leishmania genomes are predicted to encode enzymes that 

appear in the mitochondria and glycosomes that catabolize fatty acids to acetyl-CoA and 

β-oxidation of fatty acids has been reported to be elevated in lesion-derived 

amastigotes24,26,27. Notwithstanding, there is no evidence that acetyl-CoA feeds into the 

tricarboxylic acid (TCA) cycle, and without the glyoxylate shunt acetyl-CoA cannot be 

used to synthesize sugars25,28. Given the observations, it is hypothesized that acetyl-CoA 

is hydrolyzed to acetate by mitochondrial acetyl-CoA synthase or succinyl-CoA ligase29. 

Despite the fact the ATP yield is low from acetyl-CoA hydrolysis, it bypasses the 

generation of NADH in the TCA cycle which in turn reduces electron transport chain 

activity and thus the generation of reactive oxygen species (ROS) which is beneficial in an 

environment with already elevated oxidative stress30. Additionally, the accumulation of 

polyunsaturated fatty acids in the host cell could provide amastigotes with a carbon source 

as well as offer protection from oxidative stress31,32. 
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Figure 5: Scatter plot of predicted dysregulated pathways in LmWT infection relative 

to naive from lymph node tissue in positive analytical mode data. Top pathways are 

labeled, and the color and size of the circles correspond to their transformed 

combined p-values. Mummichog significance cutoff was p <0.009. 

 

Other notable pathways include linoleic acid metabolism (Figure 3) which has been 

identified as inhibitory to Leishmania donovani parasites33. In vitro, supplementation of 

linoleic acid restored the Th-1 immune response and reduce parasite burden within infected 

macrophages33. Additionally, arachidonic acid (a derivative of linoleic acid) is also 

predicted to be active in the ear tissue (Figure 3) and its’ eicosanoid metabolites are known 

to modulate the innate immune response34. Interestingly, both the ear tissue (Figure 4) and 

the lymph node (Figure 5) have predicted cytochrome P450 activity. Although in the ear 

tissue the pathway indicates that drugs are being metabolized by cytochrome P450, no dru- 
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Figure 6: Scatter plot of predicted dysregulated pathways in LmWT infection relative 

to naive from lymph node tissue in negative analytical mode data. Top pathways are 

labeled, and the color and size of the circles correspond to their transformed 

combined p-values. Mummichog significance cutoff was p < 0.02. 

 

gs were used in the experiment. Whereas in the lymph node, the predicted cytochrome 

P450 activity is metabolism of xenobiotics. It may be that this pathway is misidentified in 

the ear tissue and that cytochrome P450 is metabolizing xenobiotics as predicted in the 

lymph node analysis and it would indicate that Leishmania amastigotes export molecules 

into the host cell’s cytoplasm. Indeed, there is some evidence that some amastigote proteins 

can be exported out of the PV and directly modulate the host cells signaling pathways; 

however, the mechanisms are obscure35, and much more experimentation is needed to 

confirm the veracity of such a claim. Isoforms of cytochrome P450 are known to be in 
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lymphocytes and their typical substrates are polycyclic aromatic hydrocarbons (e.g., 

steroids)36. Most reactions catalyzed by cytochrome P450 involve the enzyme binding to a  

 

Table 3: Significantly dysregulated pathways (p < .01) predicted by MetaboAnalyst's 

peaks to pathways module in the LmWT vs. naive comparison (lymph node). Both 

means the pathway was predicted by the mummichog and GSEA algorithms. In 

parenthesis the + indicates positive analytical mode and the – indicates negative 

analytical mode. 

 
Pathway Algorithm(analytical mode) 

Biotin metabolism GSEA(+) 

D-Glutamine and D-glutamate metabolism GSEA(-) 

Folate biosynthesis Both(+/-) 

Glutathione metabolism GSEA(-) 

Glycosaminoglycan biosynthesis - chondroitin sulfate / dermatan sulfate GSEA(-) 

Histidine metabolism GSEA(+) 

Metabolism of xenobiotics by cytochrome P450 Mummichog(+) 

Phenylalanine metabolism GSEA(+) 

Porphyrin and chlorophyll metabolism Mummichog(-) 

Primary bile acid biosynthesis Mummichog(-) 

Purine metabolism Both(+/-) 

Pyrimidine metabolism GSEA(+) 

Riboflavin metabolism GSEA(-) 

Steroid hormone biosynthesis Mummichog(-) 

Tyrosine metabolism GSEA(+) 

Vitamin B6 metabolism GSEA(+)/mummichog(-) 

 

 

dioxygen moiety (e.g., diatomic oxygen or a peroxide) and using one of the oxygen atoms 

to oxidize a substrate36. Cytochrome P450 enzymes are also required for steroid hormone 

biosynthesis which is a predicted pathway in both the ear tissue (Figure 3 & Figure 4) and 

lymph node (Figure 6), and sex steroid hormones are associated with differential outcomes 

in cutaneous leishmaniasis between males and females37,38. 

Lymph nodes are secondary organs of the lymphatic system and are the location 

where activated antigen presenting cells (APC), such as dendritic cells, migrate to and 
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secrete chemokines to attract T cells and B cells in order to present antigens and activate 

them. In the steady state absent of any infection, immune cells are only transiently present 

in the lymph nodes as they circulate through the body of the host organism. Folate 

biosynthesis is predicted by both algorithms in both analytical modes (Table 3) and is 

required for purine (also predicted by both algorithms in both analytical modes) and 

pyrimidine (predicted by GSEA in positive mode only) production for DNA and RNA 

synthesis39. Deficiency of folate has been associated with inhibition of proliferation of 

primary human CD8+ T cells in vitro40. In addition, folate deprived bone marrow-derived 

dendritic cells (BMDC) had more of an immature phenotype characterized by reduced 

levels of major histocompatibility complex class II (MHC II), co-stimulatory molecules, 

and elevated endocytic activity compared to BMDCs cultured in folate-containing 

medium41. The deficient DC function subsequently led to reduced T helper cell activity 

and lower IL-2, IFNγ, IL-13, and IL-10 production41. Given these observations, it appears 

that the folate biosynthesis and the nucleobases metabolism may be a result of parasite 

infected DCs and activated T cells and B cells proliferating. 

 

Vaccine Infection by Centrin-null L. major Mutants 

 

Data analysis and identification of discriminatory metabolites 

PCA conducted on the vaccine strain infection as compared to naive mice showed 

significant overlap between the groups in the ear tissue (Figure 7), but not the lymph node 

(Figure 8); with separation being greater in the negative mode data from the ear tissue. Two  
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Figure 7: Scores plots from principal component analysis of (A) positive analytical 

mode data and (B) negative analytical mode data of LmCEN-/- infected ear tissue and 

naive, uninfected ear tissue. 

 
 

Figure 8: Scores plots from principal component analysis of (A) positive analytical 

mode data and (B) negative analytical mode data of LmCEN-/- infected lymph node 

and naive, uninfected ear tissue. 
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of the five mice immunized with the LmCEN-/- parasites cluster very tightly with two of 

four naive mice (Figure 7A), but there is a lot of variability in both groups along opposite 

principal components (along PC 1 for LmCEN-/- and along PC 2 for naive). Group 

separation may be achieved with greater sample sizes in each group. As mentioned 

previously, LmCEN-/- doesn’t cause lesions in C57BL/6 mice, so the overlap could 

potentially be explained due to the more similar metabolism between the LmCEN-/- and 

naive group than would be between the LmWT and naive due to the progression towards 

the formation of a lesion. 

Nevertheless, separation was achieved with PLSDA as shown in Figure 9. PLSDA 

is a supervised method of dimensionality reduction similar to PCA, however, PLSDA uses 

class information to maximize separation between groups and can be susceptible to 

overfitting (i.e., finding separation between groups even with random data)12,42. To gauge 

the possibility of overfitting, MetaboAnalyst uses cross-validation to determine the 

optimum number of components needed to build the PLSDA model used to separate the 

data11. The metric used to gauge the performance of the PLSDA model was the cross-

validated sum of squares (Q2) with high values indicating a robust model; It is possible to 

get negative values that would indicate an overfitted model11. Figure 10 shows the cross-

validation results for the LmCEN-/- and naive data and it marks the five-component model 

as the best performing. The models from two components to four components have Q2 

values comparable to the five-component model. The results of the cross-validation 

indicates that the PLSDA model is unlikely to be overfitted. 
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Figure 9: Scores plots from partial least-squares discriminant analysis of (A) positive 

analytical mode data and (B) negative analytical mode data of LmCEN-/- infected ear 

tissue and naive, uninfected ear tissue. 

 

 
 

Figure 10: Results from cross-validation of the PLSDA model for LmCEN-/- vs. naive 

ear tissue data in (A) positive mode and (B) negative mode. Three metrics are shown: 

prediction accuracy, sum of squares (R2) and the cross-validated sum of squares (Q2). 

The red star indicates that the five-component model based on Q2 is the best. 
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To screen the detected peaks for potential biomarkers of immunogenicity, the same 

procedure was done by combining VIP scores and univariate test statistics and selecting 

the top peaks with at least one match from the database search. Table 4 shows the top five  

peaks identified at statistically significant from the ear and lymph node in both analytical 

modes. Interestingly, the only commonalities between peaks from the wildtype infection 

relative to naive and the vaccine strain infection relative to naive appear in the negative 

analytical mode lymph node data. Two peaks are in common, one of which has only one 

match to a database search of HMDB. Namely, peak 291.013/2.716 is potentially 2-

hydroxy-4-oxobutane-1,2,4-tricarboxylic acid. The other peak has 115 potential identities. 

The lack of similarity between the wildtype infection and the vaccine strain infection 

alludes to drastically different immune responses elicited by the same parasite species with 

only one gene deletion. 

 

Table 4: Significant peaks of potential biomarkers identified by VIP scores > 1.5, fold 

change > 2, and FDR < .05 from the LmCEN-/- vs. Naive comparison. Peaks with no 

matches from the database search were left out. (mz/rt) means mass-charge 

ratio/retention time (mins.), together the mz/rt identifies a detected peak from the 

LCMS experiment. 

 

Peak (mz/rt) Identifications 
Comp. 1 VIP 

score 

Fold 

change 
FDR 

Analytical 

mode 
Tissue 

473.180/1.577 14 1.8978 2.1076 3.44E-07 Positive Ear 

200.074/10.158 1 1.8504 2.4118 2.38E-06 Positive Ear 

244.092/1.588 3 1.8377 2.2321 3.22E-06 Positive Ear 

429.269/7.547 6 1.7612 2.0413 2.58E-05 Positive Ear 

248.127/3.184 4 1.7576 9.5509 2.58E-05 Positive Ear 
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461.273/13.101 3 1.8609 0.48349 0.00033 Negative Ear 

211.096/9.529 2 1.8598 0.46615 0.00033 Negative Ear 

401.112/2.448 26 1.8492 2.4205 0.00033 Negative Ear 

239.090/9.111 16 1.8262 -3.6576 0.00033 Negative Ear 

268.042/2.423 3 1.781 3.0182 0.000632 Negative Ear 

468.244/5.004 1 1.7399 3.5945 3.85E-08 Positive 
Lymph 

node 

177.006/1.349 6 1.7113 -2.4076 9.41E-08 Positive 
Lymph 

node 

556.136/2.714 4 1.6734 4.3438 5.78E-07 Positive 
Lymph 

node 

364.064/2.660 8 1.6696 2.4815 5.78E-07 Positive 
Lymph 

node 

87.043/2.465 13 1.6463 -3.0614 1.08E-06 Positive 
Lymph 

node 

353.235/14.442 115 2.0393 -2.4245 4.82E-07 Negative 
Lymph 

node 

219.013/2.716 1 2.0206 -2.9413 6.55E-07 Negative 
Lymph 

node 

568.366/17.59 1 1.9776 -3.0194 2.29E-06 Negative 
Lymph 

node 

328.083/2.867 16 1.9682 -2.8504 2.6E-06 Negative 
Lymph 

node 

214.024/2.716 5 1.951 -3.2763 4.26E-06 Negative 
Lymph 

node 

 

 

Inferring pathway activity directly from detected peaks 

The peaks to pathways module of MetaboAnalyst conducted on the LmCEN-/- 

versus naive data showed markedly less dysregulated pathways than in the wildtype 

infection in the ear tissue (Figure 11 & Figure 12), but not in the lymph nodes (Figure 13 

& Figure 14). This decrease in metabolic activity is reflective of the observation that 

LmCEN-/- cannot proliferate in its’ amastigote form inside the PV and therefore 

pathogenesis cannot progress and the immune system is able to control the infection3,5. 

Remarkably, of the pathways involving lipids as seen in the wildtype infection in the ear  
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Figure 11: Scatter plot of predicted dysregulated pathways in LmCEN-/- infection 

relative to naive from ear tissue in positive analytical mode data. Top pathways are 

labeled, and the color and size of the circles correspond to their transformed 

combined p-values. Mummichog significance cutoff was p < 0.02. 

 

only biosynthesis of unsaturated fatty acids is present in the LmCEN-/- infection (Table 5). 

Although it is unclear what the exact role of lipid metabolism is, if the absence of 

sphingolipid metabolism and fatty acid biosynthesis/degradation is because the host cell 

does not need to replace lipids that are scavenged by the Leishmania amastigote then that 

would suggest an important role for lipid metabolism in the outcome of infection. 

It has been reported that host glycosphingolipids contribute to the amastigote form 

glycocalyx which is much thinner than the promastigote glycocalyx and has a simpler 

composition43,44. The amastigote glycocalyx may shield nutrient transporters and other  
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Figure 12: Scatter plot of predicted dysregulated pathways in LmCEN-/- infection 

relative to naive from ear tissue in negative analytical mode data. Top pathways are 

labeled, and the color and size of the circles correspond to their transformed 

combined p-values. Mummichog significance cutoff was p < 0.03. 

 

membrane proteins from lysosomal hydrolases which would prevent the release of parasite 

peptides that could be used for antigen presentation30. Therefore, one possible mechanism 

contributing to the loss of virulence in LmCEN-/- could be a deprecated glycocalyx due to 

the inability to scavenge host lipids. On the other hand, sphingolipid metabolism does 

appear in the lymph node analysis of the LmCEN-/- infection (Table 6); as well as 

glycerophospholipid metabolism, so further investigation is required to determine the 

purpose of various lipids in the context of a Leishmania infection. 
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A potentially important pathway dysregulated in LmCEN-/- that may reveal more 

about the immune response differences between LmWT and LmCEN-/- is arginine 

biosynthesis that appears as a significant pathway in both the ear and lymph node of the 

vaccine strain infection (Table 5 & Table 6), but not in the wildtype infection (Table 2 &  

 

Table 5: Significantly dysregulated pathways (p < .01) predicted by MetaboAnalyst's 

peaks to pathways module in the LmCEN vs. naive comparison (ear tissue). Both 

means the pathway was predicted by the mummichog and GSEA algorithms. In 

parenthesis the + indicates positive analytical mode and the – indicates negative 

analytical mode. 

 
Pathway Algorithm 

Alanine, aspartate and glutamate metabolism GSEA(+) 

Aminoacyl-tRNA biosynthesis Mummichog(+) 

Arachidonic acid metabolism Mummichog(+) 

Arginine biosynthesis GSEA(+) 

Biosynthesis of unsaturated fatty acids GSEA(+/-) 

Biotin metabolism mummichog(+) 

Butanoate metabolism GSEA(-) 

D-Arginine and D-ornithine metabolism GSEA(-) 

Folate biosynthesis both(-) 

Histidine metabolism GSEA(+) 

One carbon pool by folate GSEA(-) 

Pantothenate and CoA biosynthesis both(+) 

Pentose and glucuronate interconversions mummichog(-) 

Phenylalanine metabolism both(-) 

Phenylalanine, tyrosine and tryptophan biosynthesis GSEA(-) 

Phosphonate and phosphinate metabolism GSEA(+) 

Propanoate metabolism GSEA(-) 

Pyrimidine metabolism GSEA(+) 

Steroid biosynthesis GSEA(+) 

Tyrosine metabolism GSEA(-) 

Valine, leucine and isoleucine degradation GSEA(+) 

 

Table 3). Leishmania parasites are auxotrophic for several amino acids including arginine 

and completely depend on the host for arginine45. Additionally, arginine levels are growth 

limiting for amastigotes within the PV as evidenced by enhanced growth or inhibition of 

growth of amastigotes in macrophages with enriched or depleted levels of arginine in the  
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Figure 13: Scatter plot of predicted dysregulated pathways in LmCEN-/- infection 

relative to naive from lymph node tissue in positive analytical mode data. Top 

pathways are labeled, and the color and size of the circles correspond to their 

transformed combined p-values. Mummichog significance cutoff was p < 0.0001. 

 

growth medium, respectively46. These observations might indicate that increased arginine 

biosynthesis is detrimental to the host, however, IFNγ-activated M1 macrophages have 

elevated levels of arginine uptake as well as increased expression of inducible nitric oxide 

synthase (iNOS)47. iNOS catalyzes a two-step process that converts arginine to Nω-

hydroxy-L-arginine and then to citrulline and NO32. Both NO and Nω-hydroxy-L-arginine 

have powerful antimicrobial properties and in murine infections of Leishmania they play a 

central role in controlling growth48–50. Similarly, increased levels of arginine from 

biosynthetic pathways could likewise increase iNOS activity by providing the arginine sub- 
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Figure 14: Scatter plot of predicted dysregulated pathways in LmCEN-/- infection 

relative to naive from lymph node tissue in negative analytical mode data. Top 

pathways are labeled, and the color and size of the circles correspond to their 

transformed combined p-values. Mummichog significance cutoff was p < 0.001. 

 

strate for the first reaction. So, although Leishmania needs arginine and scavenges it from 

the host, the elevated arginine biosynthesis in the LmCEN-/- infection in the ear tissue could 

indicate there is an excess of arginine that could be involved in nitric oxide synthesis that 

is lethal to Leishmania. 

In addition to polarizing macrophages to a M1 phenotype, arginine levels have been 

shown to modulate the formation of the central memory-like phenotype of T 

lymphocytes51. Human primary naive T cells activated with CD3 and CD28 antibodies 
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experienced a drastic decrease in intracellular arginine concentration between 24- and 48-

hours post-activation; this was in spite of a high concentration of L-arginine in the medium 

(1mM) and the uptake rate of arginine in activated T cells that exceeded the requirement 

for protein synthesis51. Supplementation of the medium with excess L-arginine caused exp- 

 

Table 6: Significantly dysregulated pathways (p < .01) predicted by MetaboAnalyst's 

peaks to pathways module in the LmCEN-/- vs. naive comparison (lymph node). Both 

means the pathway was predicted by the mummichog and GSEA algorithms. In 

parenthesis the + indicates positive analytical mode and the – indicates negative 

analytical mode. 

 
Pathway Algorithm 

Alanine, aspartate and glutamate metabolism GSEA(-) 

Arginine biosynthesis GSEA(-) 

Caffeine metabolism mummichog(-) 

D-Arginine and D-ornithine metabolism both(-) 

Folate biosynthesis both(+) 

Glutathione metabolism GSEA(+) 

Glycerophospholipid metabolism GSEA(-) 

Glycosaminoglycan biosynthesis - chondroitin sulfate / dermatan sulfate both(-) 

Nicotinate and nicotinamide metabolism GSEA(+) 

One carbon pool by folate GSEA(+) 

Phenylalanine, tyrosine and tryptophan biosynthesis GSEA(+) 

Phosphonate and phosphinate metabolism GSEA(-) 

Purine metabolism GSEA(+)/mummichog(-) 

Retinol metabolism GSEA(+) 

Riboflavin metabolism GSEA(+) 

Sphingolipid metabolism Both(-) 

Steroid hormone biosynthesis Mummichog(-) 

Terpenoid backbone biosynthesis GSEA(-) 

 

ression of PC, PCK2, and FBP1 proteins (promote gluconeogenesis) to increase relative to 

controls while glucose transporters and glycolytic enzymes showed a decrease in 

expression51. In addition, several intermediate metabolites and enzymes of the tricarboxylic 

acid cycle were enriched, and oxygen consumption increased 1.7-fold51. Collectively, these 

observations imply that elevated arginine levels in activated T cells alters the cell’s 
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metabolism towards one of oxidative phosphorylation which is characteristic of memory T 

cells. If the arginine biosynthesis pathway enriched in the lymph node of the LmCEN-/- 

infection (Table 6) corresponds to activity in activated T cells, it would indicate the 

formation of memory T cells which is a necessary component for a prophylactic vaccine. 

Folate biosynthesis appears as significantly enriched in the lymph node (Figure 13) 

as in the wildtype infection, but it’s also significantly enriched in the ear tissue of LmCEN-

/- infected mice, unlike wildtype infected ear tissue. As mentioned previously, folate is 

necessary for proper dendritic cells function and subsequent T cell differentiation. 

However, in the ear tissue Leishmania primarily resides in macrophages and the 

enrichment of folate biosynthesis could be indictive of M2 polarized macrophages which 

promote Leishmania proliferation and pathogenesis32,52. Examination of cutaneous lesions 

did reveal heterogeneity in macrophage polarization states likely due to different 

microenvironments in different parts of the lesion and how long each macrophage has been 

present53. Since in vivo experiments with C57BL/6 and BALB/c mice have demonstrated 

that not only does LmCEN-/- fail to form lesions in infected mice, it induces immunity from 

a challenge infection with wildtype L. major3, it is therefore more likely that any M2 

polarized macrophage present in the ear tissue of LmCEN-/- infected mice are responding 

to the tissue damage caused the by initial inflammatory immune response and are in the 

process of healing the injection site. 
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Metabolic Comparison of the Virulent Infection and Vaccine Infection 

 

Data analysis and identification of discriminatory metabolites 

The last comparison was performed to determine how the wildtype infection and 

the vaccine strain infection differ relative to one another. One would expect that a single 

gene gelation would not alter the course of infection drastically, but as shown in Figure 15 

there is clean separation between LmWT and LmCEN-/- in the ear tissue. Conversely, 

Figure 16 shows significant overlap between the infection in the lymph node. These results  

 

 
 

Figure 15: Scores plots from principal component analysis of (A) positive analytical 

mode data and (B) negative analytical mode data of LmWT infected ear tissue and 

LmCEN-/- infected ear tissue. 
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are likely reflective of the different course each infection takes in the ear and the immune 

response elicited whereas in the lymph node antigen presentation and T cell activation 

proceed more similarly. However, there are still some differences in the lymph node as the  

 

 
 

Figure 16: Scores plots from principal component analysis of (A) positive analytical 

mode data and (B) negative analytical mode data of LmWT infected lymph node and 

LmCEN-/- infected lymph node. 

 

two infections don’t completely overlap that could be important for the establishment of 

long-lasting memory to the vaccine strain that would convey immunity against the wildtype 

pathogen and these differences can be more clearly discerned by performing PLSDA 

(Figure 17). Cross-validation shows that the separation achieved by PLSDA isn’t obviously  
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Figure 17: Scores plots from partial least-squares discriminant analysis of (A) positive 

analytical mode data and (B) negative analytical mode data of LmWT infected lymph 

node and LmCEN-/- infected lymph node. 

 

overfitted as shown by the high Q2 value in the five-component model with comparable Q2 

values in the three and four component models (Figure 18). 

Comparing the peaks identified in Table 7 as potential biomarkers to those peaks 

identified in the other comparisons shows that there is one peak in common between the 

LmWT vs. naive comparison and the LmWT vs LmCEN-/- comparison in the ear tissue 

from positive mode, that is peak 479.213/3.650 which has eleven matches to metabolites 

in the HMDB. Of the eleven matches, five are biopterin derivatives, one is a terpenoid 

glycoside, two are flavonoid compounds, and three are phospholipids. That peak has a 2.5-

fold change in LmWT vs. naive and a 2-fold change in LmWT vs. LmCEN-/-. Given that 

this metabolite isn’t upregulated in the vaccine strain, it is potentially an important 

molecule that drives pathogenesis in wildtype infections and definitive identification of it 
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and the pathways it is involved in would shed more light on how LmCEN-/- fails to cause 

lesions. 

 

 
 

Figure 18: Results from cross-validation of the PLSDA model for LmWT vs. LmCEN-

/- lymph node data in (A) positive mode and (B) negative mode. Three metrics are 

shown: prediction accuracy, sum of squares (R2) and the cross-validated sum of 

squares (Q2). The red star indicates that the five-component model based on Q2 is the 

best. 

 

Table 7: Significant peaks of potential biomarkers identified by VIP scores > 1.5, fold 

change > 2, and FDR < .05 from the LmWT vs. LmCEN-/- comparison. Peaks with no 

matches from the database search were left out. (mz/rt) means mass-charge 

ratio/retention time (mins.), together the mz/rt identifies a detected peak from the 

LCMS experiment. 

 

Peak (mz/rt) Identifications 
Comp. 1 VIP 

score 

Fold 

change 
FDR 

Analytical 

mode 
Tissue 

415.218/5.028 3 1.9064 -2.5872 0.000128 Positive Ear 

479.213/3.650 11 1.8776 2.0369 0.000188 Positive Ear 

118.121/1.448 1 1.7831 37.57 0.000879 Positive Ear 

434.235/12.338 2 1.7695 2.645 0.001001 Positive Ear 

409.308/14.216 15 1.7507 6.0397 0.001137 Positive Ear 

497.163/16.884 8 1.7503 14.929 0.008217 Negative Ear 
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Peak (mz/rt) Identifications 
Comp. 1 VIP 

score 

Fold 

change 
FDR 

Analytical 

mode 
Tissue 

559.467/16.830 130 1.72 8.3657 0.008217 Negative Ear 

380.058/3.266 1 1.7163 2.0528 0.008217 Negative Ear 

410.174/16.877 10 1.7002 6.2486 0.008217 Negative Ear 

479.192/16.913 19 1.6949 17.339 0.008217 Negative Ear 

232.083/6.041 4 2.127 21.532 7.34E-10 Positive 
Lymph 

node 

131.117/1.031 2 2.0985 12.829 3.63E-09 Positive 
Lymph 

node 

216.087/6.938 2 1.9868 6.9683 1.15E-06 Positive 
Lymph 

node 

239.105/1.220 28 1.9402 10.092 3.55E-06 Positive 
Lymph 

node 

216.087/4.825 2 1.8554 3.7809 2.62E-05 Positive 
Lymph 

node 

402.168/1.250 4 2.2525 -2.0852 3.1E-05 Negative 
Lymph 

node 

199.044/9.955 1 2.1327 3.7979 0.000296 Negative 
Lymph 

node 

335.173/9.800 1 2.119 -2.3266 0.000331 Negative 
Lymph 

node 

441.257/15.930 2 2.0826 -2.3450 0.000565 Negative 
Lymph 

node 

485.285/15.983 5 2.072 -2.3224 0.000606 Negative 
Lymph 

node 

 

 

Inferring pathway activity directly from detected peaks 

Results from the MS peaks to pathways analysis revealed significant dysregulation 

in pathways involving various lipid species in both the ear (Figure 19 & Figure 20) and 

lymph node (Figure 21 & Figure 22). This observation is in congruence with results from 

the LmCEN-/- versus naive comparison in that metabolism of lipid species is highly 

attenuated in the vaccine strain. Taken together, it is apparent that fatty acids, 

phospholipids, sphingolipids, and conjugated lipids of various types play a crucial role in 

the outcome of a Leishmania infection. Additionally, drug metabolism by cytochrome 

P450 and steroid hormone biosynthesis appear as significantly dysregulated pathways in 
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the ear tissue (Table 8) and steroid hormone biosynthesis appears in the lymph node as well 

(Table 9). Both pathways require catalysis by cytochrome P450 enzymes and as mentioned 

earlier, no drugs were used in the experiment, so likely the drug metabolism is a 

misidentification of metabolism of xenobiotics. Although steroid hormone biosynthesis 

and/or steroid biosynthesis appear as active pathways in both the LmWT infection and 

LmCEN-/- infection relative to the naive group, since it appears in the comparison between 

the two parasites it implies that the level of activity of the pathway largely differs between  

 

 
 

Figure 19: Scatter plot of predicted dysregulated pathways in LmWT infection 

relative to LmCEN-/- from ear tissue in positive analytical mode data. Top pathways 

are labeled, and the color and size of the circles correspond to their transformed 

combined p-values. Mummichog significance cutoff was p < 0.001. 
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L. major wildtype and the centrin-null mutant. However, it is not clear whether Leishmania 

modulates this pathway and how exactly the outcome of the infection is influenced by 

steroid hormone signaling. 

As mentioned previously however, sex steroid hormones are associated with 

differential outcomes in leishmaniasis. Specifically, men are more often infected and have 

worse prognoses than women, but the sex-related difference is not apparent in 

preadolescent males aged 0-14 years and appears by age 15 and continues into old age37. 

 

 
 

Figure 20: Scatter plot of predicted dysregulated pathways in LmWT infection 

relative to LmCEN-/- from ear tissue in negative analytical mode data. Top pathways 

are labeled, and the color and size of the circles correspond to their transformed 

combined p-values. Mummichog significance cutoff was p < 0.005. 
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This phenomenon is mirrored in the hamster model of leishmaniasis where the disease is 

less severe in pubertal male hamsters than in adult males37. It appears that testosterone and 

other androgens shift T cell differentiation towards a Th-2 response which promotes the 

progression of leishmaniasis and parasite proliferation37. Indeed, evidence indicates that 

testosterone and progesterone are immunosuppressive as they reduce natural killer cell 

activity, inhibit macrophage production of TNF and NO, and suppress NFκB signaling 

which promotes proinflammatory cytokine production54. In contrast, 17β-estradiol (E2) is 

an estrogen that is considered proinflammatory in that it interacts with the IFN-γ promoter, 

stimulates TNF production, and enhances antigen-specific CD4+ T cell responses54. Altho- 

 

Table 8: Significantly dysregulated pathways (p < .01) predicted by MetaboAnalyst's 

peaks to pathways module in the LmWT vs. LmCEN-/- comparison (ear tissue). Both 

means the pathway was predicted by the mummichog and GSEA algorithms. In 

parenthesis the + indicates positive analytical mode and the – indicates negative 

analytical mode. 

 
Pathway Algorithm 

Aminoacyl-tRNA biosynthesis GSEA(-) 

Biosynthesis of unsaturated fatty acids GSEA(+/-) 

Biotin metabolism GSEA(+) 

Caffeine metabolism GSEA(+) 

Cysteine and methionine metabolism both(-) 

Drug metabolism - cytochrome P450 both(-) 

Drug metabolism - other enzymes both(-) 

Fatty acid biosynthesis mummichog(+) 

Folate biosynthesis both(-) 

Glycerolipid metabolism both(+) 

Glycerophospholipid metabolism mummichog(+)/GSEA(-) 

Lysine degradation mummichog(+) 

One carbon pool by folate GSEA(-) 

Pentose and glucuronate interconversions mummicho(+)g 

Purine metabolism both(-) 

Steroid hormone biosynthesis GSEA(-) 

Synthesis and degradation of ketone bodies both(-) 
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ugh there is a general trend of male susceptibility to Leishmania infection, one study in 

Kabul, Afghanistan found that females were more susceptible to lesions and scars than men 

in the context of L. tropica infection55. Also, male DBA/2 mice inoculated with L. major 

form lesions as do female mice but go on to resolve the lesions unlike the female DBA/2 

mice56. However, in the context of a L. mexicana infection the opposite is observed where 

female DBA/2 mice are highly resistance and male mice form chronic lesions56. All in all, 

these observations indicate genetic differences within the Leishmania genus between Old  

 

 
 

Figure 21: Scatter plot of predicted dysregulated pathways in LmWT infection 

relative to LmCEN-/- from lymph node tissue in positive analytical mode data. Top 

pathways are labeled, and the color and size of the circles correspond to their 

transformed combined p-values. Mummichog significance cutoff was p < 0.001. 
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World and New World species of parasites that may change how sex steroid hormones 

affect infections54. In addition to the sex steroid hormones, glucocorticoids also modulate 

immune cell phenotype. For example, glucocorticoids counteract inflammation by 

suppressing proinflammatory macrophages and inducing anti-inflammatory macrophages 

and monocytes38. The steroid hormone crosses the plasma membrane and binds to a 

glucocorticoid receptor (GR) in the cytoplasm, then the bound GR complex is transported  

 

 
 

Figure 22: Scatter plot of predicted dysregulated pathways in LmWT infection 

relative to LmCEN-/- from lymph node tissue in negative analytical mode data. Top 

pathways are labeled, and the color and size of the circles correspond to their 

transformed combined p-values. Mummichog significance cutoff was p < 0.005. 
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into the nucleus where it binds to transcription factor binding sites that block transcription 

of NFκB and activator protein-1 (AP-1) which are important regulators of inflammatory 

genes57–59. On the other hand, corticosterone, a type of glucocorticoid, at low 

concentrations (10-10 M) stimulates macrophages to express proinflammatory cytokines 

and enhancing NO production, but at higher concentrations (10-6 M) corticosterone has an  

anti-inflammatory effect to protect the organism from an exacerbated immune response60. 

Dexamethasone, a synthetic glucocorticoid, when administered to immature DCs prevents 

the cells from fully maturing and priming Th-1 cells54. Several restimulations of T cells  

 

Table 9: Significantly dysregulated pathways (p < .01) predicted by MetaboAnalyst's 

peaks to pathways module in the LmWT vs. LmCEN-/- comparison (lymph node). 

Both means the pathway was predicted by the mummichog and GSEA algorithms. In 

parenthesis the + indicates positive analytical mode and the – indicates negative 

analytical mode. 

 
Pathway Algorithm(analytical mode) 

Amino sugar and nucleotide sugar metabolism GSEA(-) 

Butanoate metabolism GSEA(-) 

Caffeine metabolism both(+) 

Citrate cycle (TCA cycle) GSEA(-) 

D-glutamine and D-glutamate metabolism GSEA(-) 

Glycerophospholipid metabolism mummicho(-)g 

Glycosphingolipid biosynthesis - ganglio series both(+) 

Glycosphingolipid biosynthesis - globo and isoglobo series both(+) 

Glycosphingolipid biosynthesis - lacto and neolacto series both(+) 

Histidine metabolism both(+) 

N-Glycan biosynthesis GSEA(-) 

Pentose phosphate pathway GSEA(-) 

Phosphatidylinositol signaling system GSEA(-) 

Riboflavin metabolism mummichog(-) 

Steroid hormone biosynthesis both(-) 

Synthesis and degradation of ketone bodies mummichog(+) 

Terpenoid backbone biosynthesis both(+) 

Tyrosine metabolism GSEA(+/-) 
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with dexamethasone treated DCs leads to a preferential expansion of a subpopulation of T 

regulatory cells61. On the other hand, dexamethasone treatment doesn’t show significant 

effects on LPS pretreated DCs, indicating a maturation stage specific response to 

glucocorticoids in DCs62. In T cells, glucocorticoids inhibit expansion of antigen-specific 

Th1 and Th2 clones while down regulating antigen-induced cytokine genes expression54. 

CD8+ splenic T cells have suppressed cytotoxicity after incubation with several 

glucocorticoids for several hours63. Lastly, glucocorticoids signaling increases the number 

and function of T regulatory cells64,65. All these observations demonstrate the paramount 

role of steroid hormones and immune system function and the results from the peaks to 

pathways analysis suggests that de novo steroid hormone biosynthesis in immune cells has 

a large influence on the outcome of Leishmania infections. 
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DISCUSSION 

Metabolomics is acknowledged as the omics field that is closest to the phenotype66–

68; meaning that ultimately it is the metabolome composition of the 

cell/tissue/organ/organism that gives rise to the observable characteristics being studied. 

For example, LPS stimulated macrophages begin their polarization to the M1 phenotype 

by increasing aerobic glycolysis and pentose phosphate pathway activity, reducing 

oxidative phosphorylation, and reconfiguring the TCA cycle69. These metabolic shifts 

occur approximately 24 hours before the macrophages reach full activation status69. In this 

way, it is the metabolic shifts that cause the M1 phenotype in classically activated 

macrophages. Gene expression and the activities of the resulting proteins is how living 

systems alter the concentration of metabolites in response to stimuli and how they work to 

maintain the proper range of metabolite concentrations. An example would be the 

expression of a transcription factor that leads to increased expression of certain genes 

encoding enzymes and inhibition of expression of other enzyme genes. This would change 

the biochemical reactions occurring and the rate of those reactions that would lead to a shift 

in the metabolome which in turn effectuates the phenotype. Genes and proteins cause 

changes in an organism indirectly by modulating the metabolism of cells. Studying the 

metabolome would provide a more complete model of biological phenomena such as a 

parasitic infection and metabolomics has already provided insight into immunomodulation, 

cardiovascular disease, and diabetes among others. 
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In this untargeted metabolomics experiment of a L. major infection in mice, several 

MS peaks that were upregulated or downregulated have been identified as potential 

biomarkers through statistical screening. Unfortunately, a major bottleneck in 

metabolomics is peak annotation which is confounded by the many-to-many relationship 

that peaks have to metabolites. For this reason, the peaks identified are not definitively 

matched to a specific metabolite and further investigation is required. To communicate 

confidence in identification, the metabolomics community has developed a system with 

five levels – level one being the highest confidence by confirmation of identity by 

comparison to a reference standard and level five being the lowest where only the mass-

to-charge ratio is known70. The peaks reported here are level three where the mass-to-

charge ratio combined with retention time matched several tentative candidates from a 

database search. Further investigation would incorporate searching the literature for each 

candidate to see if it has been identified before in the context of a Leishmania infection or 

if it would be reasonable to believe that putative metabolite could be present in the ear or 

lymph node of infected mice and would be significantly modulated by the immune 

response to the parasites. Once unreasonable matches are filtered out the next step would 

be to validate the identity by comparison to an authentic standard through tandem mass 

spectrometry and chromatography retention time. Alternatively, a targeted metabolomics 

experiment could be performed, and results compared to the untargeted data. 

Regarding the difference in immunometabolism between LmWT and LmCEN-/- 

there are several observations from the results of the peaks to pathways module that could 

help to explain the loss of virulence and protection offered by the attenuated vaccine strain. 
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First, there is markedly less activity in the LmCEN-/- infection at day seven based on the 

lower number of pathways precited to be active by the peaks to pathways module. The 

reduced metabolic activity could be explained by the inability of the amastigotes to 

replicate and thus the pathogens are eliminated faster. Although, it does seem that the 

LmCEN-/- amastigotes can persist for an extended period of time, they still fail to subvert 

the immune functions of the host cell. Secondly, the vaccine strain infection lacked the 

drug/xenobiotic metabolism by cytochrome P450 pathway when compared to pathways in 

the wildtype infection which could be indicative of Leishmania derived molecules exported 

into the host cell’s cytoplasm. If these molecules are used by the parasite to modulate the 

activation state of its’ host to one that is permissive to it (e.g., M2 polarized macrophages), 

then the absence of this pathway in the LmCEN-/- infected mice may be due to the inability 

of the mutant parasite to export enough of these molecules to affect the host’s activation 

state. This would allow the host phagocyte to respond appropriately and destroy the 

pathogen. 

Alternatively, cytochrome P450 enzymes are required for steroid hormone 

biosynthesis and as mentioned previously these steroid hormones have potent effects on a 

myriad of immune cells and their activation states. Although steroid hormone biosynthesis 

and steroid biosynthesis pathways appears are significantly dysregulated pathways in the 

LmCEN-/- infection as compared to the naive control group, the direct comparison between 

LmWT and LmCEN-/- shows that steroid hormone biosynthesis activity is significantly 

different in the two infections. The difference in steroid hormone signaling in infected 
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immune cells could be a major factor that determines how the host’s immune system 

responds to the parasites and warrants further investigation. 

Another possible explanation for the loss of virulence in LmCEN-/- could be the 

various dysregulated pathways involving lipid metabolism. The difference is most stark in 

the ear tissue samples where the LmCEN-/- infection lacked fatty acid 

biosynthesis/degradation and sphingolipid metabolism while only sharing the biosynthesis 

of unsaturated fatty acids with the wildtype infection as compared to the naive group. 

Comparison of the two parasites directly showed that many lipid pathways were 

dysregulated between them; even biosynthesis of unsaturated fatty acids was significantly 

different despite it being active in the LmCEN-/- infection. Paradoxically, in the lymph 

nodes it was the LmCEN-/- infection that had more active lipid metabolism than LmWT, 

but the implications are unclear and further inquiry is required. 

Lastly, the increased arginine biosynthesis in response to infection by LmCEN-/- in 

both the ear tissue and lymph node is potentially very promising. Even though Leishmania 

parasites are auxotrophic for arginine and need to scavenge it from the host, a particularly 

elevated concentration of arginine in Leishmania’s preferred host (i.e., macrophages) is 

associated with M1 polarization and increased nitric oxide production which is required to 

clear the infection. Further investigation is required that specifically looks at LmCEN-/- 

infected macrophages to determine if arginine biosynthesis is active in these cells and what 

the metabolic flux is through NO production pathways. In the lymph node of LmCEN-/- 

infected mice arginine biosynthesis could indicate a skewed metabolic programming of T 

cells towards memory cell formation which is indispensable for a prophylactic vaccine. As 
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with macrophages, targeted analysis of T cells in the context of a LmCEN-/- infection is 

required to confirm the activity of arginine biosynthetic pathways and the formation of 

memory T cells. 

Untargeted metabolomics provides an unbiased global view of the metabolic 

activity in a given sample. Although definitive conclusions are hard to reach in these types 

of experiments, analysis of the data can provide the investigator several leads to pursue 

further that would not be necessarily obvious. Specificity could be improved by isolating 

individual cell types, but current isolation techniques can significantly perturb the 

metabolism of the targeted cells and thus give meaningless results. One emerging 

advancement called mass spectrometry imaging could bypass cell isolation techniques by 

ionizing and analyzing specific locations on a sample cross section71. In this way specific 

cells could be targeted to get better resolution on the metabolism for individual cell types. 

Additionally, incorporating data from other omics disciplines such as transcriptomics could 

validate or refute the results of untargeted metabolomics. Information about upregulated 

gene transcripts in macrophage and T cells could compliment the prediction of arginine 

biosynthesis by indicating which enzymes are enriched which could help determine what 

pathway the flux of arginine is going through. Additionally, for the metabolomics 

experiment conducted herein there is a need to add data from several earlier timepoints 

because the data in the ear tissue of LmCEN-/- infected mice pointed to the possibility of a 

strong Th2 response associated with tissue healing. This result could be because the 

immune response to the mutant parasites was ending because the invading pathogen was 

contained and there was no need for continuing inflammation. Information from earlier 
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times post-infection could show a better characterization of the immune response to the 

vaccine strain. 

The results of the experiment have provided several potential avenues for further 

inquiry into the immunogenic and safety characteristics of the live, attenuated L. major 

vaccine. Several peaks have been identified as potential biomarkers for disease 

pathogenesis and vaccine-induced immunity that can be probed further to verify and 

validate the identity of the molecules. By leveraging knowledge of metabolic networks, 

pathway activity was inferred directly from the peak table without needing to identify the 

peaks. The identified molecules from the peaks to pathways module of MetaboAnalyst can 

be cross referenced with the peak table as another way to find biomarkers. The identified 

pathways can be used in follow-on investigations by using inhibitors of a specific pathway 

and observing the results. Untargeted metabolomics is a powerful method to obtain an 

unbiased view of biological phenomena that is currently hindered by the difficulty in 

annotating peaks and verifying their identities, but as spectral databases grow and more 

knowledge about metabolic networks accumulates peak annotation will become less of a 

problem and allow for high throughput and unbiased analysis. 
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