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Abstract

Cellular heterogeneity is generally overlooked in infectious diseases. In this study, we investigated 

host cell heterogeneity during infection with Trypanosoma cruzi (T. cruzi) parasites, causative 

agents of Chagas disease (CD). In chronic-stage CD, only a few host cells are infected with 

a large load of parasites and symptoms may appear at sites distal to parasite colonization. 

Furthermore, recent work has revealed T. cruzi heterogeneity with regard to replication rates and 

drug susceptibility. However, the role of cellular-level metabolic heterogeneity in these processes 

has yet to be assessed. To fill this knowledge gap, we developed a Single-probe SCMS (single-cell 

mass spectrometry) method compatible with biosafety protocols, to acquire metabolomics data 

from individual cells during T. cruzi infection. This study revealed heterogeneity in the metabolic 

response of the host cells to T. cruzi infection in vitro. Our results showed that parasite-infected 

cells possessed divergent metabolism compared to control cells. Strikingly, some uninfected cells 

adjacent to infected cells showed metabolic impacts as well. Specific metabolic changes include 

increases in glycerophospholipids with infection. These results provide novel insight into the 

pathogenesis of CD. Furthermore, they represent the first application of bioanalytical SCMS to the 

study of mammalian-infectious agents, with the potential for broad applications to study infectious 

diseases.

Graphical Abstract

Cell heterogeneity is commonly present in nearly all biological systems. In addition to 

genetic variation, cellular heterogeneity can be induced by nongenetic mechanisms, i.e., 

cells possessing similar genotypes but actually expressing morphological and phenotypical 

differences.1 Although cell heterogeneity has been reported in human diseases such as 

cancer, diabetes, and chronic and age-related diseases,2 it is largely understudied in 

infectious disease. For the first time, this study will pave the way to study the heterogeneity 

that presents in infection with Trypanosoma cruzi (T. cruzi) at the single-cell level.

T. cruzi is a protozoan parasite causing Chagas disease (CD), which is an understudied 

tropical disease with severe cardiac and gastrointestinal symptoms. At the cellular level, 

T. cruzi trypomastigotes invade host cells and differentiate into amastigotes, which can 

proliferate, differentiate back into trypomastigotes, and then escape the host cells. These 

newly produced trypomastigotes can then invade new cells and continue this cycle of 

damage.3 T. cruzi infection results in a major deregulation of lipid and glucose metabolism 

in the host cells.4 Metabolic alterations proportional to CD severity were observed in the 

heart during experimental T. cruzi infection.5 Differential spatial distribution of metabolic 

alterations in experimentally infected animals reflects sites of Chagas disease tropism.6 

However, all of these reported studies have been performed using traditional metabolomic, 

gene expression, or functional studies from extracts and lysates prepared from cell 
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populations or infected tissues, which masks cellular-level heterogeneity and cellular-level 

spatiality.

Although single-cell transcriptomics7 and proteomics8 are increasingly implemented, 

metabolomics at the single-cell level can investigate cellular function that may not be 

rendered by other methods. Metabolites are smaller molecules (<1.5 kDa), including 

sugars, lipids, and amino acids.9 Metabolites reflect cell status and unveil functions of 

associated metabolic pathways. Single-cell metabolomics has a great potential to uncover 

the phenotypic variations from cell to cell and, specifically, cellular heterogeneity. In 

metabolomic studies, mass spectrometry (MS) has become an important tool due to its high 

sensitivity, broad molecular coverage, and powerful structural identification capabilities. 

Traditional MS studies rely on bulk samples that do not reveal molecular information 

at the single-cell level and often mask cellular heterogeneity. In contrast, single-cell 

mass spectrometry (SCMS) is capable of profiling metabolites in individual cells and 

unveiling hidden subpopulations of cells. MS-based single-cell metabolomics is capable 

of analyzing and determining the cellular metabolites that are altered after environmental 

perturbation.10 A series of SCMS techniques have been developed to analyze cells under 

vacuum (e.g., MALDI-MS (matrix-assisted laser desorption/ionization-MS) and SIMS 

(secondary ion mass spectrometry)11 or ambient environment (e.g., live single-cell video-

MS,12 probe ESI MS,13 LAESI MS,14 and nano-DESI MS15). We have developed multiple 

microscale sampling and ionization devices, including the Single-probe,16 micropipette17 

and T-probe,18 that can be coupled to MS for single-cell metabolomics studies. Among 

them, the Single-probe SCMS method has been routinely used in our studies. Briefly, 

the Single-probe is a home-built device composed of a solvent-providing capillary, a dual-

bore quartz needle, and a nano-ESI emitter. The Single-probe can be coupled to a mass 

spectrometer for microscale sampling (e.g., from single cells and tissue slices) and MS 

analysis (Figure 1a). The Single-probe tip is small enough (~9 μm) for insertion into single 

cells. The sampling solvent (50/50 acetonitrile/methanol (v/v)) with 0.1% formic acid) 

was continuously delivered to extract cellular contents, which are immediately ionized by 

MS analysis (Figure 1b).16,19 We have used this technique in different single-cell studies 

such as investigating the difference in drug resistance,19a,20 quantifying anticancer drugs in 

single cells,19c,21 comparing metabolites in cancer stem cells and nonstem cancer cells,22 

and determining the influence of the environment on algal cell metabolites.23 In addition, 

the Single-probe device has been utilized for MS imaging studies to acquire the spatial 

distribution of molecules on tissue slices19f,24 as well as to analyze secreted metabolites 

inside multicellular spheroids.25

In the current study, we focused on metabolomics of single cells infected by T. cruzi, 
due to the crucial role of metabolism in CD.6c,26 The experiments were conducted using 

the Single-probe SCMS technique to analyze HeLa cells, which were used as the model 

system in three different groups: T. cruzi-infected, bystander (i.e., uninfected cells that are 

adjacent to infected cells), and control cells (no parasite exposure). Our results revealed 

striking bystander effects of infection, including metabolic pathways commonly perturbed 

in infected cells and bystander cells. These results help improve our understanding of 

host pathways of CD pathogenesis and may help develop new treatments to address 

late-stage disease that cannot be cured by antiparasitic agents. Furthermore, our approach 
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is compatible with biosafety protocols and thus should have broad applicability to other 

intracellular pathogenic agents.

During chronic T. cruzi infection, only a minority of cells are infected.27 Although parasite 

persistence is required for disease progression,28 CD symptoms can nevertheless develop 

even with low parasite load that may be spatially disconnected from sites of tissue damage.29 

SCMS analyses of infected and uninfected cells in the same culture plate, in comparison to 

control wells, can deconvolute direct effects of T. cruzi infection from bystander effects of 

infection. HeLa cells were used as a model and infected with β-galactosidase-expressing T. 
cruzi.30 Cells were fixed by glutaraldehyde to kill the parasites and ensure biosafety. The 

fixed parasites were then stained with X-gal, enabling us to clearly differentiate parasite-

containing cells (containing blue amastigote-stage parasites) from bystander cells (do not 

contain blue-staining regions) by bright-field microscopy (Figure 2a). These observations 

match with previous publications regarding this parasite strain.31 SCMS measurements were 

performed not only on these infected and bystander cells but also on control cells from a 

separate, uninfected culture well.

PCA (principal component analysis) showed that the fixation and staining processes had no 

significant influence on the overall cellular metabolite profiles (Figure 2b and Supporting 

Information Figure S4a). This conclusion was further confirmed by PLS-DA (partial least-

squares discriminant analysis) (p = 0.49 by permutation test, Figure S4b,c). As expected, 

parasite-containing cells have different overall metabolite compositions compared to 

bystander cells. However, strikingly, both cell types differed in terms of overall metabolome 

from control and stained cells (both are uninfected). This finding supports bystander effects 

of T. cruzi infection on the overall cellular metabolome and provides a metabolic mechanism 

to explain the development of Chagas disease lesions at sites with low parasite burden.32

PCA results showed that a subset of bystander cells was particularly similar to (i.e., 

overlapped with) infected cells from the same culture plate (Figure 2b and Figure 3a). 

Indeed, random forest machine learning algorithms misclassified 16 out of 53 bystander 

cells as infected (Table 1). In contrast, 62 out of 68 infected cells were correctly classified. 

It is worth noting that a large portion of control cells was misclassified as stained cells and 

vice versa, supporting that fixation and staining processes have no significant influence on 

cell metabolites. We then manually regrouped the bystander cells into correctly classified 

and misclassified subgroups and conducted PCA. We observed a high degree of similarity 

between the misclassified and infected cells (Figure 3b). To determine metabolites with 

significantly different abundances among the infected cells and the two bystander groups 

(correctly classified and misclassified infected cells), we performed ANOVA (with false 

discovery rate (FDR) correction and adjusted p-value ≤ 0.05) (Table S4 and Figure S1). We 

obtained 16 ions from all groups possessing strikingly similar patterns for both misclassified 

bystander cells and infected cells across two independent experimental replicates (e.g., lower 

levels of m/z 267.0620, 322.886, and 359.025 compared to correctly classified bystander 

cells) (Table S4 and Figure S2).

To annotate these ions, we performed MS/MS of both single cells (using the Single-probe 

SCMS method) and cell lysate (using LC-MS/MS). Similar to our previous studies, 
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19a,33 some species could only be detected in the SCMS experiments, likely due to 

multiple reasons (e.g., differences in sample preparation methods, matrix compositions, and 

stabilities of molecules during sample preparation) (Table S4). As expected in untargeted 

metabolomics,34 most metabolite features could not be annotated (Table S4). Among all 

annotatable metabolites, m/z 756.547 was annotated as PC(34:3), LPC(34:4), or PC(O-34:4) 

(Table S4 and Figure 4). This lipid significantly differed in abundance between cell groups 

(p = 2.33 × 10−4 using ANOVA test with false discovery rate correction (Figure 4a)). It is 

interesting to note that, similar to infected cells, misclassified bystander cells also contain 

higher abundances of this species (Figure 4a). Other infection-elevated metabolites were also 

annotated as glycerophosphocholines (GPCs), including m/z 768.583, 780.5460, 782.5630, 

808.5770, and 810.5940 (Table S4 and Figure S3). This observation concurs with our prior 

findings of infection-elevated GPCs in heart tissue in proportion to disease severity and in 

the infected esophagus and large intestine, in mice across multiple infection time points and 

parasite strains.4b,5a,6a,b While confidently assigning a parasite vs host origin to these GPCs 

is challenging, very long-chain GPCs and lysoglycerophosphocholines (Lyso-GPCs) are 

elevated in isolated amastigote-stage T. cruzi compared to host cells.35 These findings may 

support further redevelopment of therapeutics targeting phosphatidylcholine metabolism, 

such as miltefosine, currently in clinical use for the related parasite Leishmania, but in this 

case to target the metabolic consequences of infection on the host.36

In conclusion, we used the Single-probe SCMS technique for metabolomics studies of cells 

with heterogeneous infection by T. cruzi at the single-cell level. This represents, to the 

best of our knowledge, the first implementation of single-cell metabolomics in mammalian-

infectious disease. We discovered that necessary cell fixation (to kill the parasites) and 

staining (to illustrate T. cruzi infection) have no significant influence on the overall cell 

metabolome (Figures 2b and S4). Our results demonstrate for the first time bystander effects 

of T. cruzi on infection-adjacent uninfected cells (Figures 2b,3, and 4). Although our current 

studies cannot fully explain the mechanism of this bystander effect, uneven infection may 

be due to pre-existing heterogeneity of host cells. For example, the bystander cells may 

belong to a subpopulation of host cells containing lower levels of nutrients needed to 

support parasite intracellular replication. Alternatively, these differences may be established 

subsequent to parasite infection, through the secretion of metabolites or proteins by infected 

cells that reshape bystander cell metabolism.

Our results provide a significant insight into CD pathogenesis, explaining lesion 

development in sites that do not contain parasites.29 This has major implications for 

CD treatment, indicating that killing parasites alone may not be sufficient. Our results 

may explain the failure of the benznidazole evaluation for interrupting trypanosomiasis 

(BENEFIT) clinical trial37 and pave the way for future work to assess the role of metabolic 

heterogeneity in CD pathogenesis, tissue resilience, parasite dormancy, and antiparasitic 

susceptibility.

SAFETY CONSIDERATIONS

Silica capillaries pose a needle-stick hazard, and they must be handled with caution. 

Standard safety protocols are needed for the handling of chemicals and culturing and 
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treating of cell lines. T. cruzi is classified at biosafety level 2 (BSL-2) in the United Sates. 

All unfixed T. cruzi should only be handled inside a biosafety cabinet by trained operators 

wearing safety glasses, laboratory coats and double gloves. Ambient experimentation 

on open parasite-containing receptacles outside of the biosafety cabinet should only be 

performed after fixation processes have killed the parasites.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Single-probe single-cell mass spectrometry (SCMS) setup. (b) Schematic of the working 

mechanisms of the experimental setup.

Nguyen et al. Page 9

Anal Chem. Author manuscript; available in PMC 2023 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Influence of the optimized fixation and staining processes on the overall profiles of cellular 

metabolites in HeLa cells infected by T. cruzi. (a) Bright-field microscopy picture of HeLa 

cells infected with β-galactosidase-expressing T. cruzi. Cells were fixed by glutaraldehyde 

and stained by X-gal. Individual T. cruzi parasites become stained a deep blue, so that 

infected cells with intracellular T. cruzi amastigotes (stained as deep blue in an oval 

shape; infected cells indicated by red asterisks) can be distinguished from bystander cells 

(adjacent uninfected cells; representative cell indicated by a black arrow) that remain clear. 

(b) PCA results. Without parasite infection, cells have comparable profiles of metabolites 

without (control) and with (stained) the fixation and staining processes. Cells exposed to 

parasites (infected and bystander cells) present significantly different metabolite profiles 

than unexposed cells (control and stained).
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Figure 3. 
Impact of T. cruzi infection on the metabolome of bystander uninfected cells. (a) PCA of 

SCMS data highlighting metabolic overlap between T. cruzi infected cells and a subset 

of bystander cells. (b) PCA analysis of SCMS data as in panel a, colored based on 

random forest classifier prediction. Misclassified uninfected bystander cells have overall 

metabolomes similar to infected cells.
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Figure 4. 
Representative glycerophosphocholine (m/z 756.547) differentiating between cell groups. 

(a) Normalized intensity of PC(34:3) in three different cell types (p = 0.000233 

using ANOVA test with FDR correction). (b) LC-MS/MS mirror plot supporting 

PC annotation. Green, reference library MS/MS spectrum for 1-oleoyl-2-palmitoyl-sn-

glycero-3-phosphocholine (PC 34:1). Black, experimental MS/MS spectrum for m/z 
756.547. m/z 756.547 is smaller by 4.03 than that of 1-oleoyl-2-palmitoyl-sn-glycero-3-

phosphocholine.
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Table 1.

Random Forest Classification of Single Cells

predicted

control stained infected bystander classification error

correct

 control 48 12 1 0 0.213

 stained 25 13 0 0 0.658

 infected 0 1 62 5 0.014

 bystander 3 1 16 33 0.32

Anal Chem. Author manuscript; available in PMC 2023 August 02.


	Abstract
	Graphical Abstract
	SAFETY CONSIDERATIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.

