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ABSTRACT Leishmania are sandfly-transmitted protists that induce granulomatous
lesions in their mammalian host. Although infected host cells in these tissues can
exist in different activation states, the extent to which intracellular parasites stages
also exist in different growth or physiological states remains poorly defined. Here,
we have mapped the spatial distribution of metabolically quiescent and active sub-
populations of Leishmania mexicana in dermal granulomas in susceptible BALB/c
mice, using in vivo heavy water labeling and ultra high-resolution imaging mass
spectrometry. Quantitation of the rate of turnover of parasite and host-specific lipids
at high spatial resolution, suggested that the granuloma core comprised mixed pop-
ulations of metabolically active and quiescent parasites. Unexpectedly, a significant
population of metabolically quiescent parasites was also identified in the surround-
ing collagen-rich, dermal mesothelium. Mesothelium-like tissues harboring quiescent
parasites progressively replaced macrophage-rich granuloma tissues following treat-
ment with the first-line drug, miltefosine. In contrast to the granulomatous tissue,
neither the mesothelium nor newly deposited tissue sequestered miltefosine. These
studies suggest that the presence of quiescent parasites in acute granulomatous tis-
sues, together with the lack of miltefosine accumulation in cured lesion tissue, may
contribute to drug failure and nonsterile cure.

IMPORTANCE Many microbial pathogens switch between different growth and physi-
ological states in vivo in order to adapt to local nutrient levels and host microbicidal
responses. Heterogeneity in microbial growth and metabolism may also contribute
to nongenetic mechanisms of drug resistance and drug failure. In this study, we
have developed a new approach for measuring spatial heterogeneity in microbial
metabolism in vivo using a combination of heavy water (?H,0) labeling and imaging
mass spectrometry. Using this approach, we show that lesions contain a patchwork
of metabolically distinct parasite populations, while the underlying dermal tissues
contain a large population of metabolically quiescent parasites. Quiescent parasites
also dominate drug-depleted tissues in healed animals, providing an explanation for
failure of some first line drugs to completely eradicate parasites. This approach is
broadly applicable to study the metabolic and growth dynamics in other host-patho-
gen interactions.

KEYWORDS drug resistance mechanisms, granuloma, heavy water labelling,
intracellular pathogens, leishmaniasis, microbial metabolism, persistence, protists

icrobial pathogens can adapt to local changes in the tissue microenvironment,
such as nutrient gradients, hypoxia, and host microbicidal effectors, by switching
between different growth and metabolic states (1). The ability of some pathogens to
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switch between a range of different growth and metabolic phenotypes in vivo may
allow them to resist or avoid host microbicidal responses and establish long term
chronic infections. Heterogeneity in the metabolic or growth status of microbial patho-
gens in vivo may also confer resistance to many antibiotics and antimicrobial drugs,
leading to nonsterile cure and the subsequent acquisition of genetically encoded drug
resistance (2-5). However, the measurement of microbial heterogeneity in vivo remains
challenging. In this study, we have used a universal stable isotope labeling approach
coupled with ultra high-resolution imaging mass spectrometry (IMS) to detect meta-
bolically distinct subpopulations of Leishmania mexicana protists in acutely infected
animal tissue and define the physiological state of parasite populations that persist af-
ter drug treatment.

Leishmania spp. are sandfly-transmitted parasitic protists that cause a spectrum of
diseases in humans ranging from localized cutaneous lesions to disfiguring mucocuta-
neous and lethal visceral infections (6). More than 12 million people have acute infec-
tions, with 700,000 to 1 million new cases each year (7, 8). An additional 120 million
people may be chronically infected with Leishmania, facilitating transmission, as well
as presenting a risk for disease relapse in immunocompromised individuals (9). Current
drug treatments for human leishmaniasis are limited and commonly fail to achieve
sterile cure, with surviving parasites contributing to disease reactivation (6, 10).
Particularly high rates of relapse have been observed with miltefosine (hexadecylphos-
phocholine), the only orally administered drug approved to treat leishmaniasis (11, 12).
Miltefosine treatment failure has so far not been linked to genetic changes, indicating
that a subpopulation of parasites may acquire phenotypic resistance in vivo and/or
that miltefosine may not reach lethal concentrations in certain tissue niches (13-15).
Understanding the causes and consequences of this treatment failure is crucial to ulti-
mately developing drug regimens which achieve a sterile cure.

A hallmark of all Leishmania infections is the formation of inflammatory lesions or
granulomas, comprising large aggregates of infected and uninfected macrophages
and other immune cells (10, 16-18). Granulomas generally arise at or near the site of
the sandfly bite or can occur in distal tissues, including the liver and spleen in the case
of viscerotropic species (16, 19). The formation of Leishmania dermal granulomas is ini-
tiated by parasite infection of neutrophils and tissue-resident macrophages in the skin,
followed by the recruitment of inflammatory monocytes, as well as neutrophils, eosino-
phils, and lymphocytes (19-21). Leishmania spp. primarily infect macrophages and
monocytes in developing granulomas, proliferating as amastigote stages within a
vacuolar compartment that contains all the markers of a mature phagolysosome (22).
Although Leishmania granulomas generally lack a caseous core and have a more ho-
mogeneous structure than granulomas induced by other pathogens, such as
Mycobacteria tuberculosis (23), substantial microheterogeneity is likely to occur within
these tissues due to variability in the origin and activation state of macrophages and
monocytes (18). For example, the development of a dominant CD4*-dependent T-
helper 1 cells (TH1) host immune response, with local production of interleukin-12 (IL-
12), gamma interferon, and tumor necrosis factor alpha, can lead to polarization of
granuloma monocytes/macrophages toward a proinflammatory M1 phenotype, with
increased expression of iNOS and production of nitrous oxide (NO) and concomitant
restriction of parasite growth (20, 24). Conversely, development of a T-helper 2 cell
(TH2) response with production of anti-inflammatory cytokines (IL-4, IL-13, and IL-10)
leads to the polarization of granuloma macrophages toward a more permissive M2
phenotype and continued expansion of parasite burden in lesions. Strikingly, recent
studies have shown that both M1 and M2 polarized macrophages can coexist in the
same tissues, even in the presence of a strong TH1 response due to local production of
IL-4/IL-13 by granuloma eosinophils (21). Other factors, such as gradients of diffusible
NO (25, 26), hypoxia (27), or salt (28) and nutrient levels, can also modulate host cell
polarization, although the extent to which variability in host cell activation leads to
heterogeneity in parasite growth and metabolism in vivo remains poorly defined.
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A number of approaches have been used to assess Leishmania heterogeneity in
granulomatous tissues, including the use of genetically encoded fluorescent protein
reporters (25, 29), or in vivo labeling with 5-bromo-2’-deoxyuridine (BrdU) (30).
However, these approaches report on single cellular parameters (synthesis of a single
protein or DNA replication) and require the generation of transgenic parasite strains or
labeling of infected animals with compounds such as BrdU. We have recently devel-
oped a complementary universal labeling approach for measuring key cellular parame-
ters in Leishmania using heavy water (H,0) labeling (31). In the presence of low con-
centration of 2H,0O, deuterium (?H) is incorporated into a wide range of metabolites,
including nucleotides, amino acids, sugars, and fatty acids, that, in turn, are precursors
for membrane lipids and macromolecules. 2H,0 rapidly equilibrates across tissues and
membranes and can be used to measure rates of DNA, RNA, and protein turnover, as
well as key metabolic pathways (carbohydrate and lipid synthesis) in intracellular para-
site stages in acute-phase granulomas (31-33). Using this approach, we have shown
that the bulk population of L. mexicana amastigotes in granulomatous tissues have a
very low growth rate (half-life [t,,], ~12 days) and switch to a metabolically quiescent
state, characterized by low rates of RNA, protein, and lipid synthesis (31). However,
these studies did not provide information on the extent to which parasite metabolism
and growth vary spatially within these tissues. In this study, we have combined 2H,0O-
labeling with matrix-assisted laser desorption ionization/Fourier transform ion cyclo-
tron resonance/imaging mass spectrometry (MALDI-FTICR-IMS) to identify and map
the distribution of distinct subpopulations of L. mexicana amastigotes in murine granu-
lomatous tissues. MALDI-FTICR-IMS allowed high spatial resolution quantitation of lev-
els of 2H enrichment in parasite and host-derived lipids in murine granulomas, which
was used to identify a patchwork of metabolically active and metabolically quiescent
parasite populations within these tissues. We also identified, for the first time, a distinct
population of quiescent parasites in the collagen-rich mesothelium basement mem-
brane that underlies dermal granulomas. Significantly, MALDI-FTICR-IMS revealed that
miltefosine accumulates in macrophage-rich granuloma tissues but not in the colla-
gen-rich tissues that expand during lesion healing. These latter tissues contained meta-
bolically quiescent parasites, suggesting that resolution of granulomas may lead to the
formation of privileged sites which do not accumulate drug and maintain parasites in a
quiescent state. This approach can be readily adapted to study spatial and temporal
heterogeneity in the metabolism of other microbial pathogens and their responses to
drugs in vivo.

RESULTS

Identification of parasite and host-specific lipids in BALB/c lesions. Infection of
BALB/c mice with L. mexicana promastigotes leads to the development of large,
unstructured granuloma-like inflammatory lesions at the site of infection. In contrast to
granulomas induced by some other pathogens (23), L. mexicana granulomas lack a
conspicuous margin or an acellular caseous center (see Fig. STA and B in the supple-
mental material). Flow cytometry analysis of collagenase-treated granulomas con-
firmed that these lesions primarily contained infected and uninfected monocytes/mac-
rophages, neutrophils, and T cells (see Fig. S1C) (21, 22). In order to determine whether
we could detect parasite and host signature lipids in these acute-phase lesions, excised
granulomas were rapidly frozen and consecutive sections through the center of the
lesion were stained with either hematoxylin and eosin (H&E) (Fig. 1A) or imaged by
MALDI-FTICR-IMS (Fig. 1B to D). Metabolites in the mass range m/z 400 to 2,000 were
detected in negative ion mode with a pixel spacing of 100 um. High-density mass
spectra (>10,000 mass features) were collected, allowing the detection of metabolites,
primarily lipid species that are either unique to L. mexicana amastigotes or to host cells
in the granuloma. The major parasite-specific lipids identified in negative ion
mode, included well-characterized Leishmania-specific lipids such as inositol pho-
sphorylceramide (IPC d36:0) (34, 35) and the glycoinositol phospholipids (GIPL),
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FIG 1 Spatial distribution of Leishmania and host-specific phospho-/glycolipids in acute dermal granulomas. Granulomatous lesions were isolated from L.
mexicana-infected BALB/c mice (7 weeks postinfection), and consecutive frozen sections were processed for H&E histology or imaging by MALDI-FTICR-MS
in negative-ion mode. (A) H&E-stained longitudinal section through lesion with overlying skin and surrounding muscle tissue. (B) Spatial distribution of
parasite- and host-specific lipids. The parasite-specific lipids are IPC d36:0 (m/z 808.587), Pl O-38:4 (m/z 871.570), Pl a36:1 (m/z 808.587), and GIPL species,
Man,GIcN-PI (iM2, m/z 1,308.746). The host-specific lipids are GM1b 34:1 (m/z 1,516.788) and lyso-Pl 20:4 (m/z 619.296). (C) Spatial distribution of host lipid
species that localized to surrounding tissue (Pl 38:4 (m/z 885.557); Pl 40:6 (m/z 909.559), and GM3 38:1 (m/z 1,207.731). (D) Overlay of lipid markers unique
to lesion (Pl a36:1) and nonlesion (Pl 40:6) tissues. (E) Average mass spectra of pixels in designated ROIs (ROI 1, lesion; ROI 2, surrounding muscle tissue) in
panel D as determined by MALDI-FTICR-MS. Heat map distributions of lipids are displayed at 10 to 70% intensity (percentage of the maximum).
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Hex,HexN,alkylacyl-Pl (iM2), Hex;HexN,alkylacyl-Pl (iM3), and Hex,HexN,alkylacyl-Pl
(iM4) (36). The GIPLs are predominantly located in the parasite plasma membrane and
form a tightly packed glycocalyx that protects amastigotes from hydrolytic enzymes in
the macrophage phagolysosome compartment (37). The distribution of IPC and GIPLs
coincided with the infected host cells (typically containing 10 to 100 parasites), as
determined by H&E staining of consecutive sections (Fig. 1A and B). Other lipids that
were uniquely associated with granulomas included monacyl-, diacyl-, and alkylacyl-
phosphatidylinositol species (lyso-Pl 20:4, Pl a36:1, and Pl O-38:4), as well as a number
of gangliosides (i.e.,, GM1b 34:1/42:2). Gangliosides are exclusively synthesized by host
cells, although they can become incorporated into the plasma membrane of intracellu-
lar amastigotes (37). Other PI molecular species and gangliosides detected in negative-
ion mode were either distributed across both infected and uninfected tissues, while
enriched in the latter (Pl 38:4), or exhibited clear enrichment in tissues surrounding the
lesion (Pl 40:6, ganglioside GM3 38:1) (Fig. 1C and D). Marked differences in the lipid
composition of granuloma (region of interest [ROI] 1) and surrounding tissue (ROI 2)
were further supported by averaged mass spectra of selected tissue regions of individ-
ual sections (Fig. 1E).

To further confirm which lesion-specific lipids were derived from intracellular amas-
tigotes or host cells, infected and uninfected monolayers of BALB/c bone marrow-
derived macrophages (BMDMs) were analyzed by MALDI-FTICR-IMS (see Fig. S2).
Parasite-specific lipids, including Pl a36:1, IPC d36:0 and GIPL species (iM2) were only
detected in parasite-infected BMDM monolayers (see Fig. S2B, C, and E), consistent
with parasite origin, while several abundant Pl species (Pl 38:4, Pl 40:5) and ganglio-
sides (GM1b d34:1/d42:2) were detected in both infected and uninfected BMDM
monolayers (see Fig. S2A, D, and F). The latter were also detected in uninfected J774
macrophage cell pellets, but not in L. mexicana promastigotes, indicating that they
may be general markers of murine macrophages (see Fig. S3A and B) (38). In contrast,
IPC and GIPLs were dominant glycolipid species in L. mexicana promastigotes but
absent in J774 macrophages (see Fig. S3A and B). As expected, several lipid species,
such as Pl 36:0, that are intermediates in common lipid biosynthetic pathways were
found in both L. mexicana promastigotes and in uninfected macrophages.

Significant differences were also observed in the molecular species composition of
parasite lipids extracted from axenically cultivated promastigotes and amastigotes,
compared to those extracted from amastigotes that had been isolated from BMDMs or
BALB/c lesions. Specifically, the dominant IPC molecular species in axenic parasites
were IPC d34:1 and IPC d36:1, while intracellular amastigotes contained predominantly
IPC d36:0 (Fig. 1B and E; see also Fig. S2B and S3A), likely reflecting salvage of host cer-
amide or sphingolipids. Similarly, the major GIPL species in axenic amastigotes/pro-
mastigotes contained C,,, or C,,, sn-2 acyl linked fatty acids, while lesion amastigotes
contained longer (C,4,) sn-2 acyl chains (see Fig. S4). These differences likely reflect the
shutdown in sn-2 fatty acid remodeling reactions in lesion amastigotes, which result in
the replacement of sn-2 C, g, with C,,, and C,,, sn-2 acyl fatty acids (36). Interestingly,
amastigotes isolated from BMDMs appear to retain the fatty acid remodeling as the
major GIPL species contained C,,.,/C;,, acyl chains (see Fig. S2E). Together, these ana-
lyzes show that parasite-specific lipids, as well as host-cell specific lipids, are expressed
throughout the lesion, readily detected by IMS, and differ markedly from host lipids in
surrounding uninfected tissues.

Measuring host and parasite lipid turnover using 2H,0 labeling and MALDI-
FTICR-IMS. IPC and the GIPLs are abundant plasma membrane components of all
Leishmania developmental stages, and the rate of turnover of these lipids likely reflects
the rate of cell replication, as well as basal turnover and maintenance of cellular mem-
branes. We have previously shown that 2H,O labeling can be used to measure the rate
of turnover of L. mexicana lipids and glycans in infected BALB/c lesions (31). L. mexi-
cana-infected BALB/c mice were metabolically labeled with 2H,O over 1 to 50 days and
the increase in 2H enrichment in parasite and host lipids in situ determined by MALDI-
FTICR-IMS (Fig. 2A). 2H enrichment in parasite IPCs, Pls, and GIPLs was associated with
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the progressive increase in abundance of an envelope of high mass isotopologues (M1
to M6) (Fig. 2B and C), which reached steady-state between 20 and 50 days (Fig. 2B to
D). 2H enrichment in macrophage Pls and gangliosides was also observed. The empiri-
cally determined 2H maximum enrichment value can be used to calculate the half-life
(t,,) for each lipid. These analyses suggested that the t,,, for parasite-specific lipids,
such as Pla36:1 and iM2 were 5.8 and 6.2 days, respectively (Fig. 2D). This is faster than
the previously determined rate of parasite DNA turnover in lesions (t,,, of 11.8 days)
(31), indicating that bulk plasma membrane lipids are turned over at approximately
twice the rate of replication. Interestingly, host-specific lipids, such as GM1b and PI
38:4, also exhibited relatively low rates of turnover (5.6and 8.2days, respectively)
(Fig. 2D), suggesting that most granuloma host cells also have low rates of
proliferation.

To further assess whether 2H labeling of amastigote glycolipids primarily reflects
labeling of the glycan head group, the lipid moiety or both, labeled isotopomers
detected in tissue slices were subjected to tandem mass spectrometry (MS/MS) analy-
sis. 2H enrichment was observed in diagnostic fragment ions containing both the gly-
can and the lipid moieties, consistent with known dependency of amastigotes on both
active hexose uptake and catabolism, as well as de novo fatty acid biosynthesis for
growth in vivo (see Fig. S5) (31, 32).

Finally, to investigate whether the level of 2H enrichment in parasite-specific lipids
is primarily regulated by growth rate or metabolic status, we compared the rate of
turnover of IPC, Pl @36:1, and iM2s in dividing (log phase) or nondividing (stationary
phase) L. mexicana promastigotes. Both stages are metabolically active (based on glu-
cose uptake and global metabolic fluxes) despite having markedly different growth
rates. The rate of labeling of all lipids was markedly reduced in non-dividing promasti-
gotes (Fig. 3A). In the case of iM2, this corresponded to a 5-fold decrease in turnover
(12.7 h versus 2.6 days) (Fig. 3B), indicating that 2H enrichment in these lipids primarily
reflects the rate of promastigote replication. Interestingly, the rate of turnover of iM2
in nondividing promastigotes is still 3-fold faster than in lesion amastigotes (Fig. 2C),
which grow slowly but are much less metabolically active than promastigotes. These
data suggest that the rate of 2H labeling of parasite GIPLs primarily reflects the rate of
replication in promastigotes stages but is also strongly influenced by metabolic state
in intracellular amastigote stages.

Evidence for stochastic variability of L. mexicana amastigote growth within
lesions. We next assessed whether MALDI-FTICR-IMS imaging could be used to mea-
sure spatial heterogeneity in parasite lipid turnover within homogeneous monolayers
of BMDMs. BMDMs were infected with L. mexicana and subsequently labeled with
2H,0 for 96 h. Spatial heterogeneity over the scale of ~100 um was observed in 2H
enrichment in parasite lipids (IPC d36:0 and Pl a36:1) (Fig. 3C to E) and to a lesser
extent in BMDM lipids such as Pl 38:4 and ganglioside GM1b (Fig. 3E). These data indi-
cate that the growth and/or metabolism of intracellular parasite stages may vary sto-
chastically even under uniform culture conditions. This approach was extended to
measure spatial heterogeneity in parasite lipid metabolism in acute phase granulomas
following short-term 2H,O labeling to capture nonequilibrium labeling dynamics
(Fig. 4A). While the overall level of 2H enrichment in parasite lipids showed a high level
of consistency across whole granuloma sections, considerable heterogeneity was
observed over short distances (Fig. 4B). In particular, ?H enrichment in parasite Pl a36:1

FIG 2 Legend (Continued)

gluconeogenesis, hexose isomerization, and de novo glycerol, fatty acid, and ether-lipid biosynthesis, resulting in extensive
labeling of phospholipid and glycolipids, such as the GIPL, iM2. (B) Granulomas were excised and analyzed by MALDI-FTICR-MS in
negative mode at 100-um pixel spacing. The different mass isotopologues (M, to M,) of the parasite-specific GPI glycolipids, iM2
(m/z 1,308.772) are color coded and merged to generate an isotopologue heat map (low mass isotopologues being green/yellow;
high mass isotopologues being red). (C) Mass isotopologue (M, to My) distribution of two parasite-specific lipids (Pl a36:1 and
iM2) and two host-specific lipids (Pl 38:4 and GM1 34:1) across the lesion section are shown, demonstrating a shift toward higher
mass isotopologues with extending duration of *H,O labeling. (D) Quantitation of fractional H enrichment of individual lipids
with time and inferred rate of turnover (t, ,) for each lipid indicated. R? values define the goodness of fit.
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FIG 3 Low-level constitutive lipid turnover in nondividing stages of Leishmania and stochastic variability in intracellular amastigotes. (A) L. mexicana
promastigotes in log phase or stationary growth phase were cultivated in the presence of 5% 2H,O for 24 h. Cell pellets were rapidly frozen, sectioned, and
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and iM2 (adjusted to maximum enrichment of bulk lipids at 50 days) varied by 2- to 3-
fold over distances of 100 to 400 um (Fig. 4B). As expected, these differences were less
apparent when labeling times were extended and 2H enrichment reached equilibrium,
although some variability was still observed in lesions taken from mice that had been
labeled for 15 or 50 days (Fig. 4B). Interestingly, labeling of parasite and host-derived PI
molecular species was strongly correlated over a range of different time points from
day 4 to day 12 (Fig. 4Q). This correlation appeared to increase over time, indicating
that short-term stochastic variation in parasite physiology is eventually dominated by
host physiology and local changes in the tissue environment. Overall, these data sup-
port the conclusion that parasite growth and lipid metabolism in acute-phase granulo-
mas exhibits considerable heterogeneity over shorter distances of a few tens to hun-
dreds of um. This heterogeneity may reflect stochastic differences in parasite growth
and metabolism, as well as local differences in the tissue microenvironment and host
cell physiology.

Host cells harboring quiescent parasites accumulate in the underlying dermal
layers. L. mexicana induces large dermal granulomas in BALB/c mice that commonly
extend into subcutaneous layers of the skin and the underlying mesothelium. The me-
sothelium constitutes an important basement membrane that separates the skin from
the underlying muscle and adipose tissues. This layer is rich in collagen and stains
strongly with Masson’s trichrome and periodic acid-Schiff stains (see Fig. S1). The me-
sothelium often expands around growing granulomas, reflecting active tissue repair
and fibrosis (Fig. 4D). These fibrotic regions contained large numbers of infected host
cells, based on diagnostic IMS mass signatures (Fig. 4E) and light microscopy of alterna-
tive sections (Fig. 4F). Strikingly, 2H enrichment in parasite lipids (IPC d36:0, Pl a36:1,
and iM2) in these regions was very low compared to central regions of the lesions
(Fig. 4E and G, ROI 1 compared to ROIs 2, 3, and 4) and comparable to nondividing pro-
mastigotes (Fig. 3A). The expanded mesothelium layer may thus represent a specific
niche that harbors nondividing or slow-dividing parasites in a metabolically quiescent
state. To confirm that expansion of granulomatous lesions into underlying tissues is
not just a feature of infections induced using high parasite infection doses and subcu-
taneous infection, we also investigated the histology of granulomas induced using a
low parasite infection dose (100 parasites) and intradermal injection in the ear pinna.
Ear granulomas were also observed to expand into and through the underlying colla-
gen-rich cartilage layer (see Fig. S6), indicating that expansion of granulomas into non-
dermal tissues is not dependent on infection dose and injection route used.

Miltefosine is concentrated in lesion tissues but not in developing fibrotic
regions. Miltefosine is the only orally available drug used for the treatment of human
visceral and cutaneous leishmaniasis. Treatment of cultured L. mexicana promastigotes
with miltefosine leads to a dose-dependent inhibition of 2H,O incorporation into DNA
and fatty acids (see Fig. S7A and B). Miltefosine has been shown to accumulate in the
liver, lung, and kidney, although the extent to which it accumulates in granulomas has
not been assessed (39). Miltefosine was detected in Leishmania granulomas as its pro-
tonated ion [M+H]" using MALDI-FTICR-IMS and accumulated progressively over the
course of the treatment (see Fig. S8A). Strikingly, accumulation was highest in granu-
lomatous lesions compared to other organs/tissues, such as the spleen, liver, and
lymph node (see Fig. S8B). Furthermore, the accumulation of miltefosine in the macro-
phage-rich core of acute phase granuloma contrasted with surrounding muscle and

FIG 3 Legend (Continued)

phase promastigotes, and stationary-phase promastigotes are shown. 2H enrichments were quantified as the increase in the average mass over natural
abundance and are indicated for each stage. (B) ?H labeling of GIPL iM2 was measured in log-phase promastigotes over a time course to determine the
half-life (t,,,). (C) BMDMs were infected with L. mexicana promastigotes for 48 h and then labeled with 5% 2H,O for a further 96 h before being imaged by
MALDI-FTICR-MS. The spatial distribution of the parasite-specific lipid Pl a36:1 and corresponding mass isotopologues are merged to generate an
isotopologue heat map. (D) Changes in fractional 2H enrichment in Pl a36:1 across 20 consecutive ROIs (indicated by points X to Y on figure). Each ROl was
composed of four binned pixels (100 x 100-um laser spot/200 x 200 data point). (E) Relative abundance of mass isotopologues of two parasite (IPC 36:1
and Pl a36:1) and two macrophage (Pl 38:4 and GM1b) lipids in the three ROl shown in panel C. The levels of ?H enrichment are indicated above each

mass isotopologue plot.
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FIG 4 Identification of quiescent populations of L. mexicana amastigotes in regions of lesion fibrosis. (A) Expected isotopomer distributions for parasite
lipids labeled in vivo in quiescent and actively growing parasite populations. (B) L. mexicana lesions were excised from infected BALB/c mice provided with
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underlying mesothelial tissues, which had very low levels of miltefosine (Fig. 5A and B;
see also Fig. S8B). Miltefosine was also readily detected in infected monolayers of
BMDMs, indicating selective uptake or retention by macrophages (see Fig. S7C).

Miltefosine treatment led to a reduction in the lesion size and appearance of colla-
gen-rich regions indicative of tissue repair (arrows in Fig. 5A; see also Fig. S1B and Q).
H&E and Masson trichrome staining, as well as MALDI-FTICR-IMS (Fig. 5B), showed that
the collagen-rich regions in resolving lesions retained parasites, while the original
lesion tissue was largely cleared of infected cells. Strikingly, and in contrast to the gran-
ulomatous tissues, the collagen-rich regions did not accumulate miltefosine (Fig. 5A;
see also Fig. S1C). Parasites in these tissues also appeared to be in a slow-growth/meta-
bolically quiescent state, since the in vivo labeling with 2H,O (over 6 to 12 days) was
markedly reduced compared to average labeling of parasite lipids in non-drug-treated
animals (Fig. 5C; see also Fig. S9). In contrast, the turnover of host lipids (e.g., PI 38:4) in
the same tissues were essentially unchanged following miltefosine treatment (Fig. 5C).
Together, these data demonstrate that miltefosine preferentially accumulates in mac-
rophage-rich regions of acute-phase lesions harboring metabolically active parasites.
In contrast, miltefosine fails to accumulate in the underlying mesothelium layer or
newly deposited collagen-rich tissues in resolving lesions which harbor metabolically
quiescent parasites. Spatial differences in miltefosine accumulation, coupled with dif-
ferences in the physiological state of resident parasites, may thus account for the per-
sistence of some parasite populations during drug treatment.

DISCUSSION

There is increasing evidence that heterogeneity in both microbial growth rate and
metabolism allows pathogens to adapt to local changes in different tissue microenvir-
onments, as well as to resist drug treatments (1, 40). However, measurement of micro-
bial metabolic/growth heterogeneity in vivo, particularly for slow-growing pathogens,
is challenging. Recent studies have provided evidence for heterogeneity in Leishmania
growth in granulomatous tissues based on the use of parasites expressing photoacti-
vatable fluorescent proteins or in vivo BrdU labeling of DNA (20, 25, 30, 41). While these
approaches allow measurement of protein or DNA turnover at the single cell level,
they cannot be used to determine absolute rates of protein turnover/cell replication
and require generation of transgenic parasite lines or labeling of parasites in vivo with
dyes that may not equilibrate equally across all tissues. They also provide no informa-
tion on the physiological state of host cells in the same tissue microenvironment. In
this study, we have coupled in vivo 2H,0 stable isotope labeling with imaging mass
spectrometry (IMS) to measure the temporal-spatial dynamics of parasite and host lipid
dynamics in Leishmania granulomas. 2H,O rapidly equilibrates across all tissues, with
concomitant incorporation of deuterium into a wide range of primary and secondary
metabolites, as well as major cellular macromolecules (31, 42). We show that this
approach can be used to determine spatial differences in the absolute rates of turnover
of complex plasma membrane lipids, providing a proxy for both the rate of growth
and metabolic state of both the pathogen and the host cells in infected tissues. We
show that the L. mexicana granulomas contain a mosaic of metabolically active and

FIG 4 Legend (Continued)

regular H,O (green line) or 2H,0 for 4 to 50days, and the fractional *H enrichment in two parasite-specific lipids (Pl a36:1 and GIPL iM2) across transverse
sections of different lesions was determined by MALDI-FTICR-MS. Data were extracted from four binned pixels composed of four laser spots (100 x 100-um
laser spot/200 x 200-um data point). The number of data points varies from 18 to 32, depending on the size of the lesion. (C) Correlation in ?H enrichment
in the parasite-specific (Pl a36:1, blue line) and host-specific (PI 38:4; orange line) lipids in transverse sections of granulomas labeled for 4, 6, and 12 days.
The correlation coefficient was determined according to the Spearman rank correlation coefficient (no correlation, —1; perfect correlation, +1). (D to G) L.
mexicana-infected BALB/c mice were labeled at 5% ?H,0 body water for 6 days, and consecutive sections of granulomatous tissue containing underlying
dermal mesothelium were stained with H&E (D and F) or imaged by MALDI-FTICR-MS (E and G). (D) H&E-stained section of granuloma core and
surrounding regions of fibrosis (fib, corresponding to mesothelium) and muscle. (E) Spatial distribution of the muscle tissue-specific lipid Pl 40:6 (magenta)
and the parasite-specific glycolipid iM2 (m/z 1,308.772). The different mass isotopologues (M, to M,) of iM2 are color coded and merged to generate an
isotopologue heat map. (F) Detail of a collagen-rich mesothelium layer containing infected host cells (red arrows). Images were collected from a different
lesion that had been chemically fixed for improved imaging. (G) Relative abundances of different mass isotopologues of parasite-specific lipids—IPC d36:0,
Pl a36:1, and GIPL iM2—in the four regions of interest (ROl 1 to ROI 4) indicated in panel E. ROI 1 corresponds to the mesothelium.
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FIG 5 Association of quiescent parasite subpopulations with areas of fibrosis induced by miltefosine treatment. (A) L. mexicana-infected BALB/c mice were
treated with miltefosine for 6, 12, or 22days and granulomatous lesions sectioned for histology (H&E) and MALDI-FTICR-MS in positive- or negative-ion
mode (50-um spatial resolution in both cases). Miltefosine (IM+H]" ion m/z 408.320) strongly accumulated in lesion tissue compared to surrounding
muscle tissue and was excluded from the mesothelium and regions of lesion fibrosis that were evident by day 22. (B) Miltefosine and host PC species (m/z
844.519) detected in positive-ion MALDI-FTICR-MS define regions of lesion and nonlesion tissue, respectively. Pl a36:1 and IPC d36:0 define populations of
parasites that were initially cleared from miltefosine-rich regions but persisted in fibrotic tissues after 22 days of treatment. Pl 40:6 and Pl 38:4 represent
host-specific lipids. (C) Mice were labeled at 5% *H,O body water for 12 days without miltefosine treatment (upper panel) or with miltefosine treatment for
22days (lower panel). The different mass isotopologues (M, to M) of the parasite-specific Pl a36:0 were color-coded and merged to generate an
isotopologue heat map. Average mass isotopologue distribution in parasite-specific lipids (IPC d36:0 and Pl a36:1) and host lipid (Pl 38:4) are shown, and
the ?H labeling was quantified as the increase in average mass over natural abundance. (D) Lesion from drug-treated and ?H,O-labeled mouse as in panel
C. The spatial distribution of muscle tissue-specific Pl 40:6 (magenta) and parasite-specific Pl a36:0 is shown. The different mass isotopologues (M, to M,)
are color coded and merged to generate an isotopologue heat map. The relative abundance of different mass isotopologues of the parasite-specific lipids,
IPC d36:0 and Pl a36:1, in two ROIs highlight heterogeneity within parasite populations during drug treatment.

semiquiescent parasites during acute phases of infection. Unexpectedly, we identified a
distinct population of infected host cells harboring quiescent parasites in the collagen-rich
mesothelium that separates the skin from underlying tissues. Expansion of these collagen-
rich tissues during miltefosine treatment appears to provide a safe haven for viable, but
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metabolically quiescent parasites, which are exposed to lower concentrations of miltefo-
sine than in surrounding tissues. These data suggest that temporal-spatial changes in the
granuloma tissue environment during drug treatments may lead to the expansion of met-
abolically quiescent parasite populations in tissue niches with sublethal drug levels, provid-
ing an explanation for treatment failure.

MALDI-FTICR-IMS allowed the detection of approximately 5,000 and >10,000 mo-
lecular features in negative- and positive-ion modes, respectively (data not shown).
Here, we have focused on lipid species detected using negative ion FTICR-MS, since
these included both parasite-specific inositol lipids (P, IPC, and GIPLs), as well as host-
specific gangliosides, which are strongly ionized and readily detected under these con-
ditions. The rates of 2H enrichment in these lipids in cultured promastigote stages
appeared to reflect both the rate of cell division and the metabolic state of different
stages and the basal rate of organelle and plasma membrane turnover. Similarly, the
levels of 2H enrichment in tissue amastigote lipids are also likely to reflect both the
growth rate and metabolic state of these stages. In particular, the average t,,, of lesion
amastigote lipids was approximately twice as fast as the rate of DNA replication (~6
versus 12 days) (31), whereas MS/MS analysis of parasite iM2 indicated that deuterium
was incorporated via multiple pathways in hexose and lipid metabolism. 2H enrich-
ment in macrophage host lipids is also likely to reflect the replicative capacity, as well
as differences in the metabolic or activation state of these cells. However, it is impor-
tant to note that monocytes are continuously recruited to Leishmania granulomas and
actively phagocytose preapoptotic infected host cells (41), resulting in the internaliza-
tion of a large bolus of labeled lipids (43). As such, the rate of labeling of host lipids
likely represents the maximum rate of replication and/or maintenance turnover.

Our results show that parasite growth and metabolism within granulomas varies
considerably across distances of 10 to a few 100 um. This could reflect stochastic vari-
ability and/or differences in the tissue microenvironment. Stochastic events have been
shown to trigger some bacteria to switch between active growth and nongrowing, per-
sister states under otherwise uniform growth conditions (1). Spontaneous reversible
switching between normal and persister cells may constitute a bet-hedging strategy
that improves bacterial survival under variable growth conditions (44). However, the
extent to which eukaryotic pathogens, such as Leishmania, utilize the same strategy is
less well defined (40, 45). We found evidence for stochastic changes in parasites
growth/metabolism from analysis of 2H enrichment in amastigote lipids in cultured
BMDMs. Alternatively, local gradients in nutrients, oxygen, host microbicidal factors,
and cytokines on the scale of a few 100 um could also contribute to heterogeneity in
macrophage growth, polarization, and permissiveness for parasite growth. A number
of factors are thought to contribute to local heterogeneity in Leishmania granulomas.
For example, the production of diffusible NO by recently recruited macrophage/mono-
cytes may suppress parasite growth in proximal cells, as well as the inhibition of host
cell oxidative metabolism and the production of a wide range of inflammatory cyto-
kines and chemokines (26). On the other hand, excessive NO production eventually
leads to inhibition of the local inflammatory responses and reduced NO production,
creating local feedback loops. In support of local gradients of NO generating regions of
both parasite and host cell inhibition, we observed a strong correlation between 2H
incorporation into parasite and host lipids across granuloma profiles (Fig. 4C).
Although decreased lipid synthesis may reflect a general inhibition of parasite/host cell
growth, it is also worth noting that NO is a potent inhibitor of the tricarboxylic acid
cycle, which provides essential precursors, such as citrate, for lipid synthesis. As such,
analysis of 2H incorporation into lipids may provide a sensitive readout of NO levels.
Alternatively, heterogeneity within Leishmania granulomas could also reflect the local
production of anti-inflammatory cytokines (i.e., IL-4) by granuloma eosinophils, which
polarizes infected macrophages toward a parasite permissive M2 phenotype, even in
the presence of a strong host inflammatory response (21). Intriguingly, the M2
polarized monocytes/macrophages produce chemokines that promote eosinophil
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recruitment providing a second feedback mechanism for sustaining heterogeneous
host responses and parasite growth within granuloma tissues (21). Therefore, tem-
poral-spatial changes in host cell dynamics, together with other nutrient/oxygen
gradients, may create distinct niches on a scale of ~100 um within granulomatous
tissues that contribute to the heterogeneity in parasite lipid turnover.

We showed that acute-phase granulomatous lesions can span multiple dermal
layers in susceptible BALB/c mice and penetrate to the underlying mesothelium, a col-
lagen-rich basement layer that demarks the transition from skin to underlying muscle
tissues (46). This is not an exclusive feature of high-infection-dose subcutaneous infec-
tions, since similar expansion of granulomatous tissue into underlying layers was also
observed in low-infection-dose intradermal infections of the ear pinna. The mesothe-
lium harbored a distinct population of parasites that are metabolically quiescent,
exhibiting negligible rates of 2H incorporation into cellular lipids. Turnover of host lip-
ids was slightly elevated in these regions, which may reflect the involvement of these
cells in the deposition of collagen-rich extracellular matrix, a process that is generally
associated with the upregulation of arginase-1 and other enzymes involved in poly-
amine and proline biosynthesis (47). Although the upregulation of host arginase-1 can
promote intracellular growth of Leishmania amastigotes by increasing availability of
polyamines, the finding that Leishmania parasites in this zone are metabolically quies-
cent suggests that other factors, such as limiting nutrient levels, anoxia, or elevated
levels of reactive oxygen species, may restrict parasite growth. Interestingly, a recent
analysis of L. major growth rates in latently infected murine tissues also found a popu-
lation of nondividing parasites in arginase-1-positive host cells (30), supporting the
conclusion that multiple factors control intracellular parasite growth.

We also used 2H,0-MALDI-FTICR-IMS to investigate the tissue distribution and para-
site response to the front-line anti-leishmanial drug, miltefosine. Miltefosine is the only
orally available drug for human leishmaniasis and is proposed to target metabolic
processes in both host macrophages (48) and intracellular parasite stages (6, 49).
Miltefosine was shown to be highly enriched in lesion granulomas compared to sur-
rounding tissues (dermal, muscle, and adipose), which likely contributes to the efficacy
of this drug. Miltefosine treatment decreased the parasite burden, leading to a reduc-
tion in lesion size with concomitant deposition of collagen. Intriguingly, the collagen-
rich tissues in resolving lesions failed to accumulate miltefosine and contained host
cells that were infected with quiescent parasites. These studies suggest that the meta-
bolically quiescent parasites in the mesothelium layer of acute lesions or the collagen-
rich tissues of drug-treated lesions may be less susceptible to miltefosine and/or that
their persistence following miltefosine treatment reflects a lack of drug accumulation
in these tissue niches. These findings are consistent with human studies showing that
miltefosine treatment often results in nonsterile cure and high risk of disease reactiva-
tion (13-15, 50, 51). Combination treatments designed to increase the effectiveness of
miltefosine should therefore include a partner drug that target quiescent parasite
stages and/or are able to access collagen-rich tissue regions in resolving lesions.

In summary, we show that measurement of spatial-temporal changes in lipid dy-
namics in Leishmania granulomas using 2H,0 labeling and MALDI-FTICR-IMS can be
used to detect changes in the tissue microenvironment and host-pathogen interac-
tions in vivo. Specifically, we have identified significant heterogeneity in parasite lipid
turnover in acutely infected tissues, likely reflecting stochastic or tissue microenviron-
ment effects on parasite growth and metabolism. We also identified a distinct host
niche in the collagen-rich mesothelium basement membranes harboring metabolically
quiescent parasites that may persist during natural healing and drug treatment. More
broadly, this approach is applicable to analyzing the metabolic state and drug
responses of other microbial pathogens in vivo (23, 40, 52-54).

MATERIALS AND METHODS

Promastigote culture, ?H,0 labeling, and harvest. L. mexicana promastigotes (<20 passages in
culture since isolation from infected tissues) were cultured in 10 ml of RPMI 1640 medium (Gibco Life
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Sciences) (pH 7.4) supplemented with 10% (vol/vol) heat-inactivated fetal calf serum (FCS). For labeling
analyzes, 2H,0 was spiked as phosphate-buffered saline made up in 100% 2H,O (*H,0-PBS) into the cell
culture medium. For MALDI-FTICR-IMS analysis, cells were harvested (500 x g, 10 min, 4°C) and washed
twice with ice-cold PBS, and the pellets were stored at —80°C.

Macrophage infection and 2H,0 labeling. J774 macrophages were cultured in 250-ml/75-cm?
flasks (Corning Life Sciences) in RPMI 1640 medium (Gibco Life Sciences) (pH 7.4) supplemented with
10% (vol/vol) heat-inactivated FCS. Confluent monolayers were detached using a cell scraper and the
cell pellets obtained by centrifugation (500 x g, 10 min, 4°C), washed twice in ice-cold PBS, and stored
at —80°C prior to extraction. BMDMs were derived from the femurs of BALB/c mice and cultured in RPMI
supplemented with 20% (vol/vol) L-cell medium, 15% FCS (vol/vol), and penicillin-streptomycin (100 U/
ml; Life Science Technologies). BMDMs (2 x 10°) were seeded in 1 ml of medium into each well of a
Millicell EZ slide (4-well glass). The following day, the cells were infected with L. mexicana stationary-
phase promastigotes (50 ul, 1.5 x 10° cells) for 24 h before being washed three times with PBS to
remove extracellular parasites and resuspended in fresh media. At 3 days postinfection, the cell culture
medium was replaced by medium containing 5% H,0-PBS or 2H,0-PBS, with or without miltefosine
(10 uM). Infected cells were labeled/treated for 3 days and then washed five times with PBS and once
with 40 MM ammonium acetate. The residual liquid was carefully wicked off the Millicell EZ slide, and
the slides were frozen on a piece of foil floating on liquid nitrogen. The frozen slides were freeze-dried
overnight and stored in a vacuum desiccator until further processing.

Mouse infections, 2H,0 labeling, drug treatment, and tissue harvest. The use of mice for this
study was approved by The University of Melbourne Animal Ethics Committee. Female BALB/c mice
were maintained at 21 to 23°C on a 14-h/10-h light/dark cycle with free access to standard rodent chow
diet and drinking water. Mice (6 to 7 weeks of age) were routinely infected subcutaneously in the rump
with 10° L. mexicana stationary-phase promastigotes in 50 ul of PBS. Cutaneous lesions (5 to 10 mm in
diameter) typically formed 60 to 90days after initiation of infection. In the experiment described in
Fig. S6, the ear pinnae of BALB/c mice were intradermally infected with 100 L. mexicana promastigotes
in 10 wl of PBS (low-dose, intradermal infection).

Mice were metabolically labeled with 2H,0 during the acute phase of infection when rump lesions
were ~5 mm in diameter. Labeling was initiated by intraperitoneal injection with 99.9% 2H,O made up
to 0.9% NaCl (35 ul of H,0/g of body weight), and then mice were provided with 9% ?H,0O in their drink-
ing water for the duration of the experiment (33). This regime results in a stable enrichment of the body
water at 5% 2H,0 (31, 33, 55). Acutely infected mice (5-mm lesions) were treated with miltefosine, which
was administered orally by gavage (40 mg/kg in 200 ul of H,0) for short treatments (single dose or
6 days of treatment) or given in the drinking water for longer treatments (40 mg/kg/day, assuming an
average water intake of 5ml per day per mouse [56]). Body weight and overall well-being were moni-
tored daily throughout the treatment to ensure that water intake was not affected by the addition of
miltefosine. Mice were culled humanely and the granulomatous lesion carefully excised, including sur-
rounding skin and muscle tissue. Skin lesions and other organs were frozen on aluminum foil floating on
liquid nitrogen and stored at —80°C until further processing.

IMS sample preparation. Frozen cell pellets (L. mexicana promastigotes, J774 macrophages) and tis-
sue samples (granulomas, liver, spleen, and lymph node) were mounted onto a microtome chuck using
optimal cutting temperature compound (O.C.T.; Tissue-Tek). Samples were sectioned on a Reichardt-
Jung Frigocut 2800N cryotome modified to use tungsten-steel microtome blades (Feather C35). Sections
were cut at 12-um thickness, gently transferred onto prechilled glass slides (Menzel-Glaeser Superfrost
Ultra Plus Glass slides) using a fine painting brush, and freeze-thaw mounted by gently warming from
the rear of the slide. Mounted sections were vacuum dried in a desiccator until further processing. The
MALDI matrix compound, 1,8-bis-(1-pyrrolidinyl)naphthalene (BPYN), was applied as described previ-
ously (57) with minor modifications as outlined here. A saturated solution BPYN (ca. 3 to 5 mg/ml, made
up in 100% acetonitrile) was pipetted onto sections of cell pellets (1 ul per application) and allowed to
dry for 5 min at room temperature before reapplication (6x to 8x). Matrix coated cell pellets were dried
in a desiccator for at least 1h prior to analysis by MALDI-FTICR-IMS. Tissues were coated with a fine,
even layer of BPYN matrix using a TM-Sprayer matrix application device (HTX Technologies LLC) with an
attached LC20-AD HPLC pump (Shimadzu Scientific Instruments) for wet matrix deposition using the fol-
lowing settings: a flow rate of 0.15 ml/min, a gas flow rate of 10 liters/min, and a nozzle temperature of
84°C. Spray conditions were as follows: eight passes, a nozzle velocity of 900 mm/min, and track spacing
of 2mm, with alternate passes set at 90°C offset and repeat passes set to an offset of 1 mm. Prepared
sections were vacuum dried in a desiccator for at least 1 h prior to analysis, and the even application of
matrix crystals was assessed by light microscopy.

MALDI-FTICR-IMS analysis. MALDI-FTICR-IMS was performed using a Bruker SolariX 7T Hybrid elec-
trospray ionization/matrix assisted laser desorption ionization—Fourier transform ion cyclotron reso-
nance mass spectrometer. The instrument was operated in negative ion mode using optimized instru-
mental settings for the mass range m/z 200/300 to 2,000 in broadband mode with a 2 megaword time
domain providing an estimated resolving power of 130,000 at m/z 400. For MALDI-FTICR-IMS, the instru-
ment was operated in the negative-ion mode with the laser set to 30% power for BPYN matrix using a
minimum spot size of 25 to 30 um, smart-walk enabled with a random pattern, in either a 50 x 50-um
or 75 x 75-um spot array, using between 250 and 500 laser shots. Mass spectra from MALDI-FTICR-IMS
analyses were viewed using Compass Data Analysis, and images were viewed and generated using
fleximaging (Bruker). The intensity of all viewed masses was set to 10 to 70% unless indicated otherwise.
Lipids were identified based on their accurate mass and database searches (lipidmaps.org) (58).
Searches were performed for the ion [M-H] ™ at a mass tolerance of 0.01 (m/z) or higher. MS/MS analyses
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were conducted on select lipid species directly off tissue/slide using the following settings: between 5
and 10,000 laser shots and a collision energy of 60 or 70 V.
Histology. For H&E staining, frozen lesions were sectioned and dried as described above.
Alternatively, rump or ear pinna lesions were chemically fixed in 5ml of formalin solution (neutral buf-
fered, 10%; Sigma-Aldrich) overnight and embedded in paraffin, and 5-um sections were prepared.
Fixed tissues were stained with H&E or Masson trichome (collagen) using protocols established by the
University of Melbourne Histology Facility.
Flow cytometry. Cutaneous lesions were excised as before, together with equivalent sized cutane-
ous samples, distal to the lesion, which served as an internal control (nonlesion). Single-cell suspensions
were prepared by disruption of samples with collagenase and DNase using standard protocols, followed
by filtration through 70-um strainers to remove debris. Cells were stained with fixable/viability dye
eFl506 (Thermo Fisher) for identification of viable cells and then labeled with a panel of antibodies con-
jugated to a range of fluorophores: anti-CD3 BV421 (17A2), anti-Ly6C BV605 (AL-21), anti-MHC Il BV786
(M5/114), anti-CD4 FITC (GK1.5), anti-Siglec F PerCP-Cy5.5 (E50-2440), anti-F4/80 PE (T45-2342), anti-
CD11c PE-Cy7 (HL3), anti-CD11b A647 (M1/70), anti-Ly6G A700 (1A8), anti-CD45.2 eFI780 (104). Data
were acquired on a LSR Fortessa (BD Biosciences) and analyzed using FlowJo Software (TreeStar, Inc.,
Ashland, OR). The data are presented following exclusion of doublets.
GC-MS analysis of fatty acids and DNA derived deoxyribose. Various concentrations of miltefo-
sine (0, 2.5, 5, 10, 20, and 40 uM) were added to log-phase L. mexicana promastigote cultures.”’H,0-PBS
(final concentration, 5% [vol/vol]) was added 1h after initiation of drug treatment, and the cells were
incubated for 30 h. Cells were quenched and lysed, and metabolites were extracted using a chloroform-
methanol-water extraction, as described previously (59). Fatty acids and DNA derived deoxyribose were
prepared and analyzed by gas chromatography-mass spectrometry (GC-MS), and 2H labeling was quanti-
fied as the excess molar enrichment of the M1 mass isotopologue over the parental MO ion for each fatty
acid, as described previously (31, 33).
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