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SUMMARY

How intracellular pathogens acquire essential non-
diffusible host metabolites and whether the host
cell counteracts the siphoning of these nutrients by
its invaders are open questions. Here we show that
host mitochondria fuse during infection by the intra-
cellular parasite Toxoplasma gondii to limit its uptake
of fatty acids (FAs). A combination of genetics and
imaging of FA trafficking indicates that Toxoplasma
infection triggers lipophagy, the autophagy of host
lipid droplets (LDs), to secure cellular FAs essen-
tial for its proliferation. Indeed, Toxoplasma FA
siphoning and growth are reduced in host cells
genetically deficient for autophagy or triglyceride
depots. Conversely, Toxoplasma FA uptake and
proliferation are increased in host cells lacking mito-
chondrial fusion, required for efficient mitochondrial
FA oxidation, or where mitochondrial FA oxidation
is pharmacologically inhibited. Thus, mitochondrial
fusion can be regarded as a cellular defense mecha-
nism against intracellular parasites, by limiting
Toxoplasma access to host nutrients liberated by lip-

ophagy.

INTRODUCTION

Obligate intracellular pathogens depend on host cell-derived
nutrients for survival. Limiting their ability to acquire specific
nutrients can inhibit their growth or induce a dormant state
(Abu Kwaik and Bumann, 2015; Fox et al., 2004). Unlike for
small-molecule metabolites that can freely diffuse in the host
cell cytoplasm, the uptake of host fatty acids (FAs) poses a
unique challenge to intracellular microbes for two key reasons:
(1) FAs are largely sequestered as triglycerides in membrane-
bound lipid droplets (LDs), and (2) mitochondria, the metabolic
hubs of eukaryotic cells where B-oxidation takes place, are a ma-
jor destination for FAs from LDs (Herms et al., 2015; Rambold
etal., 2015; Walther and Farese, 2012). How a microbe gains ac-
cess to membrane-bound host FAs, and whether host organelles
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such as mitochondria can counter nutrient siphoning, are unan-
swered questions applicable to the study of most host-pathogen
interactions.

Mitochondrial functional versatility is largely mediated by
changes in morphology. For example, cytosolic signals can
regulate the efficiency of fuel usage by mitochondria by
impinging on fission, fusion, and cristae remodeling (Pernas
and Scorrano, 2016). During starvation, when autophagy is
induced to liberate nutrients and mobilize FAs from LDs that
undergo lipophagy, mitochondria elongate and their cristae
surface increases, to evade autophagic degradation and maxi-
mize efficiency of ATP production (Gomes et al., 2011; Rambold
et al., 2011; Reggiori and Klionsky, 2002; Singh et al., 2009;
Patten et al., 2014). Furthermore, these morphological changes
enhance the efficiency of B-oxidation by increasing mitochon-
drial association with and uptake of FAs from LDs (Herms
et al., 2015; Rambold et al., 2015).

Intriguingly, host mitochondria traffic to the vacuoles, where
several intracellular evolutionarily divergent prokaryotic and
eukaryotic pathogens, including the bacteria Legionella pneumo-
phila and Chlamydia psitacci, and the parasite Toxoplasma gondii
(Brieland et al., 1997; Friis, 1972; Hacker et al., 2014; Horwitz,
1983; Jones and Hirsch, 1972), grow and divide (Dumoux and
Hayward, 2016). Toxoplasma infects one-third of humans and
an unparalleled range of animals (Montoya and Liesenfeld,
2004). Like Chlamydia, it prolifically scavenges host lipid species
(Caffaro and Boothroyd, 2011; Charron and Sibley, 2002; Coc-
chiaro et al., 2008; Coppens et al., 2000; Ramakrishnan et al.,
2012; Romano et al., 2013). Morphology of mitochondria in
response to infection depends on the microbe studied: mitochon-
dria elongate around the Toxoplasma vacuole (Pernas et al.,
2014); in contrast, they fragment following Listeria entry (Stavru
et al., 2011) or Vibrio cholerae infection (Suzuki et al., 2014), a
process essential to promote their growth. Why mitochondria
elongate early around the Toxoplasma vacuole is not understood.

Using Toxoplasma to study the relationship among an intracel-
lular microbe, access to essential lipids, and mitochondrial
morphology, we show that Toxoplasma co-opts host cell lipoph-
agy to obtain FAs needed for its proliferation. Host mitochondria
conversely fuse around the parasite vacuole, siphoning FA from
Toxoplasma and restricting its growth. Our results identify mito-
chondrial fusion and FA metabolism as an important defense
against an intracellular parasite.
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Figure 1. Toxoplasma Depletes Host LDs and Accumulates LD-Derived FAs

(A) Electron micrographs of mouse primary adipocytes 24 hr post-mock or Toxoplasma infection. Toxoplasma vacuoles are pseudocolored red. Scale bar, 5 um.
(B) Dot plot of the average area of an individual lipid droplet (LD) in n = 40 cells in experiments as in (A). Means + SEM are plotted. ****p < 0.0001 in an unpaired
t test.

(C) Confocal images of mock- and Toxoplasma RFP* (red)-infected Caco-2 cells labeled with BODIPY493/503 (green) and imaged 24 hr post-infection (hpi).
Selected cells are contoured by a dashed line in merged panels. Scale bar, 25 pm.

(D) Dot plot of LD number in experiments as in (C) in n = 200 cells. Means + SEM are plotted. ****p < 0.0001 in an unpaired t test.

(E) Schematic representation of fluorescent FA-pulse and infection-chase assay. MEFs were incubated overnight with FL Cy,, rinsed, mock- or Toxoplasma-
infected, and analyzed by flow cytometry or fluorescence microscopy.

(legend continued on next page)
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RESULTS

Toxoplasma Depletes Host LDs and Accumulates
LD-Derived FAs

Toxoplasma proliferates within a membrane-bound vacuole and
scavenges host FAs (Caffaro and Boothroyd, 2011; Charron and
Sibley, 2002). Because FAs are largely stored in LDs as triglycer-
ides and LDs ftraffic to the vacuoles where Toxoplasma and
several intracellular pathogens grow (Cocchiaro et al., 2008;
Mota et al., 2014; Nolan et al., 2017; Rabhi et al., 2016), we spec-
ulated that Toxoplasma acquires FAs from host LDs. LDs are
dynamically remodeled when FAs are required for energy con-
version or biosynthesis of complex molecules (Walther and
Farese, 2012). To determine the fate of host LDs during Toxo-
plasma infection, we turned to adipocytes that contain large
LDs whose dynamics are clear. Electron microscopy (EM) anal-
ysis revealed that LDs with a surface >5 ym? were almost
completely lost in adipocytes harboring Toxoplasma vacuoles
(Figures 1A and 1B). We extended these findings by confocal
imaging of LDs labeled with the neutral lipid marker BODIPY
493/503 in Toxoplasma-infected human intestinal epithelium
Caco-2 cells (Figures 1C and 1D), murine embryonic fibroblasts
(MEFs) (Figures S1A and S1B), and myoblasts (data not shown).
Thus, Toxoplasma infection of mammalian cells results in LD
shrinkage.

We next ascertained whether the observed loss of host LDs
was a consequence of trafficking of host LD-derived FAs
to Toxoplasma. Cells pulsed with BODIPY-FL-C4, (FL Cy5), a
12-carbon saturated FA covalently bound to the BODIPY fluoro-
phore at its hydrophobic end (hence equivalent to a long-chain
FA), esterify it in LDs, enabling subsequent tracking of LD-der-
ived FAs (Figure 1E) (Rambold et al., 2015). During infection,
FL C42 was significantly and increasingly rerouted to the vacuole
of live Toxoplasma as dead parasites did not take up the fluores-
cent FA (Figures 1F, 1G, and S1C). Of note, we did not observe
an increase in FL C4, fluorescence in the cytosol of uninfected
cells or in the nuclei of infected cells, supporting that host FAs
liberated from host LDs specifically accumulate in the parasite
vacuole. Furthermore, flow cytometry confirmed that parasites
isolated from MEFs pulsed with FL C4, before infection accumu-
lated the fluorescent FA FL C4, (Figure 1H). Together, these data
show that during infection host FAs are depleted from LDs and
taken up by Toxoplasma.

Lipophagy in Host Cells Infected with Toxoplasma

Intact host LDs have been visualized in Chlamydia and Leish-
mania vacuoles during infection (Cocchiaro et al., 2008; Rabhi
et al., 2016), and Toxoplasma internalizes host LDs into the para-
site vacuole following supplementation of infected cells with
exogenous FAs (Nolan et al., 2017). However, host LDs that
were labeled with FL C4, were not evident in the Toxoplasma
vacuole at early, middle, or late stages of infection (Figure 1F),

suggesting that LD catabolism preceded host FA acquisition
by Toxoplasma. LDs can be degraded by autophagy to provide
FAs to fuel mitochondrial B-oxidation (Farese and Walther,
2009; Herms et al., 2015; Rambold et al., 2015; Singh et al.,
2009). Because host autophagy is induced during Toxoplasma
infection and contributes to parasite proliferation (Gao et al.,
2014; Souto et al., 2016; Wang et al., 2009), we posited that
Toxoplasma exploits lipophagy, i.e., the autophagy of LDs, to
acquire host FAs from LDs. We first confirmed that Toxoplasma
induces autophagy in MEFs (Figures S2A and S2C), human fore-
skin fibroblasts (Figure S2B), and Caco-2 (Figure S2D), whose
LD population is depleted at late stages of Toxoplasma infection
(Figures 1C and 1D). We then asked whether Toxoplasma trig-
gered lipophagy by testing whether LDs associate with autopha-
gosomes during infection. Levels of Perilipin-3-RFP* LD apposi-
tion to LC3-GFP* autophagosomes were increased 2- to 3-fold
(Figures 2A and 2B) at early and middle stages of infection. As
expected, these structures were lost later during infection (Fig-
ures 2A and 2B), when LDs disappear (Figures 1C, 1D, S1A,
and S1B). Finally, EM analysis of Toxoplasma-infected MEFs
retrieved circular electron-transparent structures identifiable as
LDs in autophagosomes (Figures 2C and 2D). Thus, lipophagy
occurs during Toxoplasma infection.

Lipophagy Promotes Toxoplasma Acquisition of FAs

We next wished to evaluate the role of host lipophagy in Toxo-
plasma FA acquisition. As lipophagy receptors have not yet
been identified, we addressed whether the loss of host cell auto-
phagy affected Toxoplasma uptake of host FAs. Imaging and
flow cytometry revealed that parasites isolated from Atg7*/ -
MEFs that are deficient in macroautophagy (Komatsu et al.,
2005) accumulated ~50% less RC4, (another 12-carbon chain
saturated FA) and FL C, than parasites from Atg7** MEFs (Fig-
ures 3A-3D). To confirm the importance of LDs as a source for
lipids for Toxoplasma, we examined the acquisition of FAs by
parasites in diglyceride acyltransferases 1 and 2 knockout
MEFs (Dgat1~/~,2~/7), which are deficient in lipid storage due
to impaired triglyceride synthesis and LD formation (Harris
et al., 2011). We found that parasites took up significantly less
FL Cy» in Dgat1~/~,2~/~ MEFs (Figures 3E and 3F). Conversely,
the inhibition of the cytoplasmic adipose triglyceride lipase
(ATGL) with atglistatin (Mayer et al., 2013) did not decrease FA
uptake by Toxoplasma (Figure S3), indicating that ATGL-medi-
ated lipolysis is not required for parasitic acquisition of FAs.
These data support that Toxoplasma exploits host lipophagy to
acquire FAs.

Loss of Host Cell Autophagy and Triglyceride Storage
Limits Toxoplasma Growth

Toxoplasma metabolizes and incorporates host FAs into storage
organelles and dividing membranes, two important processes
for parasite proliferation (Caffaro and Boothroyd, 2011; Charron

(F) Combined bright-field epifluorescence images of FL Cq,-pulsed cells at 24 hpi. Representative regions of interest (ROIs) used to quantify the mean
fluorescence intensity (MFI) are outlined in black (uninfected cells cytoplasm), blue (infected cells nuclei), or gray (Toxoplasma vacuoles). Scale bar, 10 um.
(G) Mean + SEM from n = 3 independent experiments of relative FL C4, accumulation in ROIs of uninfected cells cytosol or Toxoplasma vacuoles in experiments as
in (F). *p < 0.01, ***p < 0.0001 Toxoplasma vacuole versus uninfected cytosol, #5 < 0.001 6 hpi versus 24 hpi by two-way ANOVA.

(H) Histograms of FL C42 MFI determined by flow cytometry of Toxoplasma:RFP* isolated at 24 hpi from unpulsed (black line) and FL C4,-pulsed MEFs (gray line).

See also Figure S1.
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(A) Representative fluorescent images of MEFs expressing LC3-GFP (green) and PLIN3-RFP (red) fixed and imaged at the indicated time points following
infection. Toxoplasma vacuoles (identified from bright-field images) are labeled with white asterisks in the merged images. Scale bar, 10 um.
(B) Dot plot of the number of apposed LC3-PLIN3 puncta per cell in experiments as in (A). Mean + SEM is plotted. *p < 0.05, **p < 0.01 infected versus uninfected,

b < 0.05 24 hpi versus 6 hpi by two-way ANOVA.

(C) EMs of uninfected and Toxoplasma-infected wild-type MEFs at 24 hpi. Toxoplasma vacuoles are pseudocolored red; lipid-containing autophagosomes are

marked with asterisks. Scale bars, 5 um (main panel) and 2 pm (inset).

(D) Dot plot of the number of lipid-containing autophagosomes determined from n = 40 EMs acquired as in (C). Mean + SEM is indicated. *p < 0.05 in an unpaired

t test.
See also Figure S2.

and Sibley, 2002; Ramakrishnan et al., 2015). We reasoned that
decreased FA acquisition might negatively affect Toxoplasma
growth in Atg7~/~ MEFs, irrespective of the beneficial effect
of autophagy against certain intracellular pathogens (Deretic,
2011), including Toxoplasma (Andrade et al., 2006; Late
etal., 2017).

To evaluate parasite growth, we devised a flow cytometry-
based approach using Toxoplasma-derived RFP as a readout
for parasite burden. Following infection with RFP*-Toxoplasma
at a low MOI of 2, monolayers were rinsed 2 hr post-infection
(hpi) and analyzed at 24 hpi, a time after several replication
cycles but before the initiation of cellular lysis and, thus, of rein-
vasion events (Black and Boothroyd, 2000). We verified that
under these conditions the RFP readout reflected parasite prolif-
eration within one growth cycle, rather than multiply infected
cells, asynchronous infection, or reinfection of neighboring cells.
A significant reduction in Toxoplasma burden was observed by
microscopy and flow cytometry at 24 hpi, but not prior to replica-
tion events in cells treated with the parasite growth inhibitor
pyrimethamine (Derouin and Chastang, 1989), demonstrating
that RFP fluorescence is a reliable readout of Toxoplasma prolif-
eration (Figure S4). Using this approach, we found that at 24 hpi
the Toxoplasma burden in Atg7~'~ MEFs was ~30% lower than
in Atg7*’* MEFs. Supplementation at 2 hpi of BSA-conjugated

unsaturated FAs oleate and linoleate (Figure 4C), for which Toxo-
plasma is predicted to be auxotrophic (Tymoshenko et al., 2015),
partially reverted the parasite growth defect in Atg7 '~ MEFs
(Figures 4A and 4B). Thus, autophagy enables the acquisition
of LD-derived FAs important for the growth of Toxoplasma.

Toxoplasma proliferation was also reduced in LD-deficient
Dgat1~'~,27/~ MEFs (Figures 4D and 4E). The addition of exog-
enous FAs plus cholesterol, whose levels are reduced in
Dgat1~/~,2~/~ MEFs (Harris et al., 2011) and whose esterification
is important for Toxoplasma growth (Sonda et al., 2001), abol-
ished the Toxoplasma growth defect in these MEFs (Figure 4F).
The slower Toxoplasma growth in Atg7 /= or Dgat1~/~,27/~
MEFs was not caused by differences in invasion because the
burden of parasites prior to replication events (2 hpi) was unaf-
fected in both cell lines (Figure S5). These results support a
model whereby host lipophagy supplies FAs and cholesteryl
esters for Toxoplasma growth.

Toxoplasma Growth Depends on Host Cell Lipid Storage

To further corroborate the role of host LD-derived FAs in Toxo-
plasma growth, we manipulated host lipid metabolism. We
reasoned that diverting host FAs toward their accumulation in
LDs might phenocopy the slower growth of Toxoplasma
observed in Dgat1~/~,27/~ MEFs deficient for FA storage.

Cell Metabolism 27, 886-897, April 3, 2018 889
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Figure 3. Toxoplasma Acquires FAs by Promoting Host Lipophagy
(A) RC12 and merged bright-field and fluorescence images of MEFs of the
indicated genotype. Cells were pulsed with RC4, and mock- or Toxoplasma-
infected, fixed, and imaged at 24 hpi. Toxoplasma vacuoles are outlined in
black. Scale bar, 10 um.

(B) RC12 accumulation in cytosol (cyto) of uninfected MEFs of the indicated
genotype or in Toxoplasma vacuoles (Toxo) of infected cells at 24 hpi. Data are
mean + SEM of n = 3 experiments as in (A). *p < 0.05 for Toxoplasma vacuole
versus uninfected cytoplasm, *p < 0.05 for Atg7*/ * versus Atg7’/ ~ by two-
way ANOVA.

(C and D) Flow histogram (C) and flow cytometry analysis (D) of FLC1, MFIl in
RFP*-Toxoplasma isolated from FLC4,-pulsed MEFs of the indicated geno-
type at 24 hpi. Dotted line in (C) is the background fluorescence of parasites
isolated from unlabeled MEFs. Data are mean + SEM from n = 3 independent
experiments, “*p < 0.01 by unpaired t test.

(E and F) Flow histogram (E) and flow cytometry analysis (F) of FL C4, MFI in
RFP*-Toxoplasma isolated from FL Cj,-pulsed Dgat?1**,2** and
Dgat1~/~,2~/~ MEFs at 24 hpi. Dotted line in (E) is the background fluores-
cence of parasites isolated from unlabeled MEFs. Data are mean + SEM from
n = 3 independent experiments, ***p < 0.001 by unpaired t test.

See also Figure S3.

Because addition of free, long-chain unsaturated FAs to cells
increases triglyceride levels and LD accumulation (Fujimoto
et al., 2006; Rohwedder et al., 2014), we infected MEF mono-
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layers and supplemented them with free linoleic acid (LA) at
2 hpi, when parasites were intracellular, to avoid possible toxic
effects on non-internalized parasites. LA triggered the expected
LD formation (Figure 5A) and, strikingly, halved parasite growth
(Figure 5B). If the LA treatment reduced Toxoplasma growth by
driving FA sequestration and esterification into LDs, the induc-
tion of lipophagy would reverse it. Indeed, when we stimulated
lipophagy by removing lipids from culture media (Rambold
etal.,2015; Singh et al., 2009), the LD formation and Toxoplasma
growth defect induced by LA treatment were reversed (Figures
5A and 5B), and FA uptake by the parasites was promoted (Fig-
ures 5C and 5D). Finally, the removal of lipids following infection
increased parasite burden in Atg7**, but not Atg7 ', MEFs,
further supporting the role of lipophagy in supplying Toxoplasma
with lipids important for its growth (Figure S6A).

Early Host Mitochondrial FA Uptake Restricts
Toxoplasma Proliferation

Manipulations of FA metabolism, e.g., by inducing lipid storage
or catabolism, have been posited as an approach to diminish
FA availability in cancer cells (Currie et al., 2013). We extrapo-
lated this framework to Toxoplasma infection and reasoned
that if our model was correct, modulation of FA availability might
affect parasite growth. Indeed, the peroxisome proliferator-acti-
vated receptor d agonist GWO0742, which promotes FA catabo-
lism (Sznaidman et al., 2003), or insulin, which promotes FA
storage, decreased Toxoplasma burden (Figure 5E). In contrast,
a block in acyl-coenzyme A (CoA) entry into mitochondria
via etomoxir inhibition of carnitine-palmitoyl CoA transferase |
(CPT1) (Lopaschuk et al., 1988) stimulated Toxoplasma
growth (Figure 5F). We tested the possibility that fatty acid oxida-
tion (FAO) inhibition created a permissive environment for
parasite replication by reducing mitochondrial reactive oxygen
species (ROS) production. The mitochondrial ROS scavenger
MitoTEMPO (Leanza et al., 2017) slightly favored parasite prolif-
eration in untreated cells, but did not affect the etomoxir-induced
increase in Toxoplasma growth (Figure 5F). We therefore
reasoned that the Toxoplasma growth-promoting effects of eto-
moxir were linked to its inhibition of FAO and examined the role
of mitochondrial morphology, which regulates mitochondrial FA
uptake, in parasite growth.

Mitochondria associate with the vacuole of several prokaryotic
and eukaryotic microbes including Toxoplasma (Dumoux and
Hayward, 2016), around which they elongate (Pernas et al.,
2014). At 6 hpi mitochondria appeared elongated and surrounded
the parasite vacuole. Interestingly, etomoxir slightly decreased
mitochondrial size during Toxoplasma infection (Figures 6A-6C).
The elongation of mitochondria during Toxoplasma infection is
reminiscent of that required for mitochondrial FAO during starva-
tion (Gomes et al., 2011; Rambold et al., 2011, 2015). By pulsing
cells with RC45, we recorded increased RC+, uptake at 6 hpi in
mitochondria around Toxoplasma vacuoles, compared with mito-
chondria in uninfected cells (Figures 6A, 6B, and 6D). Treatment
with etomoxir (Figures 6A, 6B, and 6D) or an inhibitor of autophagy
(Figures S6C-S6E) prevented this observed increase in mito-
chondrial RCy, uptake. Later (24 hpi), mitochondria in Toxo-
plasma-infected cells were fragmented (Syn et al., 2017) and
exhibited less overlap with RC4, (Figures 7E-7H), likely due to
the accumulation of RC,, in the parasite vacuoles. Etomoxir
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Figure 4. Efficient Toxoplasma Growth Requires Host Autophagy and Triglycerides

(A) Representative combined bright-field epifluorescence images of MEFs of the indicated genotype 24 hpi with RFP*-Toxoplasma. Cells were rinsed at 2 hpi and
incubated in complete medium without parasites. Scale bar, 25 um.

(B) Representative flow cytometry histogram of RFP channel at 24 hpi in RFP*-Toxoplasma-infected MEFs of the indicated genotype. Dotted line indicates
background fluorescence in uninfected MEFs.

(C) Experiments were as in (B) except that at 2 hpi, MEFs were supplemented with 1 mg/mL fraction V BSA or 30 uM oleate-linoleate-albumin (ole/lin) and
analyzed by flow cytometry for median RFP*-Toxoplasma burden (mFl). Data are mean + SEM from n = 3 independent experiments, **p < 0.01 treated versus
untreated, *p < 0.05, #*p < 0.001, wild-type versus Atg7 '~ by two-way ANOVA.

(D) Representative combined bright-field epifluorescence images of MEFs of the indicated genotype 24 hpi with RFP*-Toxoplasma (MOI = 2). Cells were rinsed at
2 hpi. Scale bar, 25 pm.

(E) Flow cytometry histogram of RFP channel at 24 hpi in RFP*-Toxoplasma-infected MEFs of the indicated genotype. Dotted line indicates background fluo-
rescence in uninfected MEFs.

(F) Experiments were as in (E) except that at 2 hpi MEFs were supplemented where indicated with 1 mg/mL fraction V BSA, 30 uM oleate acid-linoleate-albumin
(ole/lin), or ole/lin and 1x SyntheChol (s.chol), and analyzed at 24 hpi by flow cytometry for Toxoplasma burden (RFP mFl). Data are mean + SEM from n = 3

independent experiments, **p < 0.01, ***p < 0.0001 treated versus untreated,
See also Figure S4.

treatment, which promoted parasite growth, caused a decrease
in the perimeter length and an increase in circularity of mitochon-
dria, hallmarks of mitochondrial fragmentation (Figures 6E-6G).
Furthermore, etomoxir increased RC1, staining of intra-parasite
organelles, supporting that parasites acquire more FAs when their
host cells are unable to perform FAO (Figures 6E, 6F, and 6H).
These results support a model in which mitochondrial FA meta-
bolism during Toxoplasma infection controls parasite growth by
limiting its access to liberated host FAs.

Mitochondrial Fusion Restricts Toxoplasma Growth and
Access to FAs

Mitochondrial fusion is required to distribute and oxidize FAs
from LDs during nutrient deprivation. To test the possibility that
host mitochondrial remodeling restricted parasite growth by

#p < 0.0001 Dgat1*/*,2*/* versus Dgat1~'~,2~/~ by two-way ANOVA.

limiting its FA uptake, we first defined the molecular mechanism
underlying the observed mitochondrial network morphology
changes. Mitochondria in MEFs lacking the outer membrane
pro-fusion proteins Mitofusin 1 and 2 (Mfn1~~,2~/") did not
elongate around parasite vacuoles at 6 hpi, as determined by
confocal microscopy (Figure 7A), or at 12 hpi as determined by
morphometric analysis of EM images (Figures 7B and 7C).
At later infection time points, however, mitochondria in
Mfn1*"+ 2*/* MEFs were fragmented and more similar in length
to mitochondria from Mfn1~/~,27/~ MEFs, confirming that mito-
chondria use their core fusion machinery to elongate around the
vacuole early during infection.

We next tested the consequence of mitochondrial fusion manip-
ulation on mitochondrial FA uptake and parasite growth. In
M#n1~/~,2~/~ MEFs, mitochondrial FA uptake was undetectable
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at 6 hpi (Figures S7A and S7B), and accordingly, Toxoplasma took
up more FA (Figure 7D) and grew more efficiently as determined by
fluorescence-activated cell sorting (FACS) analysis (Figure 7E),
plaque size analysis (Figures S7C and S7D), and parasite per vac-
uole count (Figure S7E). Because the multiple mitochondrial de-
fects caused by chronic ablation of fusion might confound the
interpretation of these results, we confirmed that parasite burden
was increased in Mifn 17/ 2™/fx MEFs where Mfn1 and Mfn2 were
acutely ablated by Cre-recombinase delivered by viral infection or
by parasite-derived secretion (Figures 7E, S7F, and S7G) (Koshy
etal., 2010). Notably, the CPT1 inhibitor etomoxir promoted Toxo-
plasma proliferation in Mfn1** 2*/* but not in Mfn1~/~,2~/~ MEFs
(Figure 7E). Reintroduction of Mfn1 required for mitochondrial FA
uptake from LDs (Rambold et al., 2015) partially restricted parasite
growth in Mfn1~/~,2~/~ MEFs (Figure 7F). These results support a
model in which mitochondrial fusion enhances FAO, limiting para-
site access to host FAs and ultimately restricting its growth.
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Figure 5. Host Cell Lipid Storage and Mobi-
lization Define Toxoplasma Growth
(A) Representative combined bright-field epifluor-
escence images of wild-type MEFs at 24 hpi with
RFP*-Toxoplasma (MOI = 2). MEFs were rinsed at
2 hpi and incubated with medium supplemented
where indicated with 0.32 mM free linoleic acid.
Scale bar, 25 um.
(B) Experiments were as in (A) except that MEFs
were analyzed by flow cytometry for Toxoplasma
burden (RFP MFI). Data are mean + SEM of n =3
experiments, ***p < 0.001 LA-treated versus un-
treated, *p<0.001, *p < 0.0001 lipid-free versus
with complete media by two-way ANOVA.
(C) Merged bright-field and fluorescence images
of FL C4»-pulsed MEFs infected with Toxoplasma.
Infected monolayers were rinsed at 2 hpi, incu-
bated with the indicated medium, fixed, and
imaged at 24 hpi. Toxoplasma vacuoles are indi-
cated by asterisks. Scale bar, 20 um.
(D) FACS analysis of FL C4, MFI of RFP*-Toxo-
plasma isolated from experiments as in (C). Data
are mean + SEM of n = 3 experiments, *p < 0.05 by
unpaired t test.
(E) MEFs were infected with RFP*-Toxoplasma
(MOI = 2), rinsed at 2 hpi, incubated with indicated
treatments, and analyzed at 24 hpi by flow cy-
tometry for Toxoplasma burden (RFP mFl). Data
are mean + SEM of n = 3 experiments, **p < 0.01,
***p < 0.0001 treated versus untreated by one-
way ANOVA.
(F) MEFs were infected with RFP*-Toxoplasma
(MOl = 2), rinsed at 2 hpi, treated as indicated, and
 ** analyzed at 24 hpi by flow cytometry for Toxo-
# plasma burden (RFP mFl). Data are mean + SEM of
n = 3 experiments, *p < 0.05 MitoTEMPO-treated
versus untreated, **p < 0.01, ***p < 0.0001 eto-
moxir-treated versus untreated, by two-way
ANOVA.
See also Figure S5.
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A key aspect of the host-pathogen inter-

action is the scavenging of host nutrients
by microbes. Pathogens have therefore evolved strategies to
extract host metabolites, and the host cell has developed coun-
termeasures. Here we demonstrate that while a pathogen can
co-opt host lipophagy to gain access to intracellular lipid stores,
host mitochondria fuse around the pathogen vacuole to compet-
itively take up FAs, limiting the parasite access to a key host
resource and thereby restricting its growth.

Although our work focused on Toxoplasma, a protozoan para-
site, the competition between host organelles and pathogens for
limited nutrients is a conceptual framework generalizable to
most intracellular infections. This competition encompasses
pathogen exploitation of metabolic processes, such as host
proteasomal degradation for access to amino acids, and host
autophagy for access to a range of metabolites including amino
acids, as during Francisella infection (Steele et al., 2015), and
FAs as we demonstrate here. In addition to FAs, host autophagy
might provide Toxoplasma access to a broad range of nutrients,
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Figure 6. Early Mitochondrial FA Uptake during Toxoplasma Infection Limits Parasite Proliferation

(A and B) Where indicated, MEFs expressing mtYFP incubated with RC, overnight were infected with Toxoplasma. Cells were rinsed and at 2 hpi treated where
indicated with etomoxir, and 6 hpi confocal z stacks of mtYFP and RC4, were acquired. Parasite vacuoles are indicated by asterisks (mitoYFP panel) and
arrowheads (RC4, panel). Scale bar, 10 um.

(C) Average perimeter and circularity analysis of mitochondria in uninfected cells (A) and infected cells (B). Data are mean + SEM of n = 20 fields (>200 cells for
uninfected, >30 cells for Toxoplasma-infected cells). *p < 0.01, untreated versus etomoxir-treated by two-way ANOVA.

(D) Fraction of RC4, overlapping mitoYFP in experiments as in (A) and (B). Data are mean + SEM of n = 20 fields (>200 cells for uninfected, >30 cells for
Toxoplasma-infected cells). **p < 0.01 uninfected versus Toxoplasma-infected, ##p < 0.001 untreated versus chloroquine-treated by two-way ANOVA.

(legend continued on next page)
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Figure 7. Host Mitochondrial Fusion Restricts Toxoplasma Proliferation

(A) z stack projections of confocal images of MEFs of the indicated genotype expressing mtYFP and imaged at 6 hpi with RFP*-Toxoplasma parasites. Scale
bar, 10 um.

(B) EM analysis of Toxoplasma vacuoles and associated host mitochondria in MEFs of the indicated genotype at the indicated times. Toxoplasma vacuoles are
shaded in red and mitochondria in blue. Scale bar, 2 um.

(C) Morphometric analysis of length of Toxoplasma-associated mitochondria in experiments as in (B). Data are mean + SEM from n = 40 EMs, **p < 0.01 for
Mfn1*/* 2%+ versus Mfn1**,2**, #p < 0.01 for 12 hr versus 24 hr by two-way ANOVA.

(D) Flow cytometry analysis of FL C12 MFI of RFP*-Toxoplasma isolated from FL C4,-pulsed MEFs of the indicated genotype. Data are mean + SEM from n = 3
independent experiments, ***p < 0.001 by unpaired t test.

(E) MEFs of the indicated genotype were infected with RFP*-Toxoplasma (MOI = 2), rinsed at 2 hpi, and incubated in complete medium supplemented where
indicated with etomoxir and analyzed by flow cytometry for Toxoplasma burden (RFP mFl). Data are mean + SEM of n = 3 experiments, **p < 0.01 for treated
versus untreated, *p < 0.05 for Mfn1*/*,2*/* and Mfn1~/~,2~/~ MEFs by two-way ANOVA.

(F) MEFs of the indicated genotype transfected as indicated were infected with RFP*-Toxoplasma (MOI = 2), replaced with complete medium at 2 hpi and
analyzed by flow cytometry for Toxoplasma burden (RFP mFl) at 24 hpi. Data are mean + SEM of n = 3 experiments, *p < 0.01, ***p < 0.0001 for Mfn1*"+ 2+ versus
Mfn1~/=,27=; ¥p < 0.05, *p < 0.01 for Mfn1 or Mfn2 expression versus e.v. by two-way ANOVA.

For (C) to (F), black indicates Mfn1**,2*/* and gray indicates Mfn1~/~,27/~, as bottom right legend indicates. See also Figure S7.

ranging from nucleosides to sterols, given that the addition of FA It is likely that the competition for nutrients between
linoleate and oleate only partially complemented parasite growth  mitochondria and Toxoplasma extends beyond FA: these
in cells lacking autophagy. organelles also oxidize pyruvate and amino acids, and

(E and F) Where indicated, MEFs expressing mtYFP incubated with RC4, overnight were infected with Toxoplasma. Cells were rinsed and at 2 hpi treated where
indicated with etomoxir, and 24 hpi confocal z stacks of mtYFP and RC, were acquired. Parasite vacuoles are indicated by asterisks (mitoYFP panel) and
arrowheads (RC, panel). Scale bar, 10 um.

(G) Average perimeter and circularity analysis of mitochondria in uninfected cells (E) and infected cells (F). Data are mean + SEM of n = 20 (>200 cells for
uninfected, >30 cells for Toxoplasma-infected cells). **p < 0.01, ***p < 0.001 uninfected versus Toxoplasma-infected, *p < 0.05, #*#p < 0.001 untreated versus
etomoxir-treated by two-way ANOVA.

(H) Fraction of RC;, overlapping mitoYFP in experiments as in (A) and (B). Data are mean + SEM of n = 20 (>200 cells for uninfected, >30 cells for Toxoplasma-
infected cells). ***p < 0.001, ****p < 0.0001 uninfected versus Toxoplasma-infected, *p < 0.05 untreated versus etomoxir-treated by two-way ANOVA.

See also Figure S6.
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participate in one-carbon metabolism essential for anabolic
pathways. Host organelles that can compete for nutrients
with pathogens might include the ER and LDs (both FA
and sterol depots), which also traffic to vacuoles surrounding
other pathogens (Dumoux and Hayward, 2016; Peyron
et al., 2008).

The discovery that the mitochondrial antiviral signaling pro-
tein (MAVS) must be obligatorily localized on mitochondrial
outer membrane to activate the antiviral response leading to
type | interferons and proinflammatory cytokine production
cemented the role of mitochondria as signaling hubs in innate
immunity (Kawai et al., 2005; Meylan et al., 2005; Seth et al.,
2005; Xu et al., 2005). Our work provides a second paradigm
by which mitochondria participate in innate immunity: they
mount a “metabolic defense” against Toxoplasma infection
through sequestration of FAs, for which mitochondrial fusion
is required. Thus, it is no surprise that microbes have evolved
diverse strategies to influence mitochondrial dynamics: V. chol-
erae modulates mitochondrial trafficking (Suzuki et al., 2014);
mitochondrial fission is often observed in infected cells, being
caused by a secreted toxin, as in the case of Listeria monocy-
togenes (Stavru et al., 2011) or by an effector protein in the
case of L. pneumophila (Escoll et al., 2017). Conversely and
unexpectedly, the bacterium Chlamydia trachomatis benefits
from preserving the host mitochondrial network (Chowdhury
et al., 2017). It will be interesting to address whether the forma-
tion of contact sites between certain microbes such as Toxo-
plasma and mitochondria (Dumoux and Hayward, 2016;
Onoguchi et al., 2010; Sinai et al., 1997) represents a general-
ized strategy to obstruct the type of metabolic innate immunity
described here.

Our results reveal another layer of mitochondrial involve-
ment in innate immunity. Mitochondria, by fusing and taking
up FAs, can defend host cells against infection by seques-
tering nutrients from an intracellular parasite. The framework
of competition between microbes and host cells for non-
diffusible metabolites opens the possibility for therapeutic
strategies that modulate host metabolism to limit pathogen
access to nutrients and ultimately control infection.

Limitations of Study

Because of the intimate relationship between mitochondrial
form and function, we cannot exclude that the mitochondrial
elongation and enhanced FA uptake observed following infec-
tion are a consequence of the high energetic demand of infec-
tion with an intracellular pathogen that scavenges a wide
variety of metabolites from its host (Tymoshenko et al., 2015).
Another limitation of our study lies in the nature of the metab-
olites for which mitochondria and Toxoplasma compete: we
cannot exclude that part of the observed effect of mitochon-
drial elongation against parasite growth is due to, e.g., amino
acids or pyruvate scavenging. Accumulation of acylcarnitines
following etomoxir inhibition of carnitine-palmitoyl transferase
might lead to lipotoxicity (Nguyen et al., 2017), thereby
increasing Toxoplasma growth. Genetic models deficient for
cellular starvation response regulators and for mitochondrial
FAO are necessary to dissect the relative contribution of these
different host processes in limiting infection by an intracellular
pathogen.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-LC3 Novus NB100-2331 (LC3); RRID: AB_1109173
Mouse anti-y-tubulin Sigma T6557 (Tubulin); RRID: AB_477584
Rabbit polyclonal anti-GAPDH Sigma G9545; RRID: AB_1078992

Mouse polyclonal anti-MAF1

(Pernas et al., 2014)

N/A

Amersham ECL Rabbit IgG, HRP-linked whole Ab GE Healthcare Life Sci NA934
Amersham ECL Mouse IgG, HRP-linked whole Ab GE Healthcare Life Sci NA931
Bacterial and Virus Strains

pMSCV-eGFP Addgene 91975
pMSCV-Cre-eGFP Addgene 24064
pMSCV2.2 (Kofoed and Vance, 2011) 60206
pMSCV2.2/Mfn1 This paper N/A
pMSCV2.2/Mfn2 This paper N/A
Chemicals, Peptides, and Recombinant Proteins

Pyrimethamine Sigma-Aldrich 46706
MitoTEMPO Sigma-Aldrich SML0737
Etomoxir Sigma-Aldrich E1905
Atglistatin Sigma-Aldrich SML1075
Chloroquine diphosphate Sigma-Aldrich C6628
GWO0742 Sigma-Aldrich G3295
Critical Commercial Assays

Pierce ECL Plus Western Blotting Life Technologies 32132
TransFectin Lipid Reagent BioRad 170-3352
Experimental Models: Cell Lines

Human Foreskin Fibrolasts (HFFs) ATCC SCRC-1041
Primary Subcutaneous Mouse Adipose Tissue This paper N/A
Caco-2 ATCC HTB-37
Wild-type murine embryonic fibroblasts (MEFs) ATCC CRL-2991
Mfn1™,2"" MEFs ATCC CRL-2994
Mfn17,27::Mfn1 This paper N/A
Mfn17",27::Mfn2 This paper N/A
Atg7** MEFs Laboratory of Dr.M. Sandri N/A
Atg7” MEFs Laboratory of Dr. M. Sandri N/A
Dgat1*/*,2*"* MEFs (Harris et al., 2011) N/A
Dgat1”-,2”- MEFs (Harris et al., 2011) N/A
Mfn1™/™ Mfn2™/™ MEFs (Song et al., 2015) N/A
Mfn1™/™ \Mfn2™/x.GFP MEFs This paper N/A
Mfn1™™ \Mfn2™/™:CreGFP MEFs This paper N/A
Experimental Models: Organisms/Strains

T. gondii: strain RHAHXGPRT ATCC 50838

T. gondii: strain RH/Aku80:RFP (Pernas et al., 2014) N/A

T. gondii: strain RH/HA-ToxofilinCre/(SeCreEt) (Koshy et al., 2010) N/A
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides
Mfn1_F:AA CTC GAG CAC C AT GGC AGA AAC GGT ATC TCC This paper N/A
Mfn2:FAA CTC GAG CAC CAT GTC CCT GCT CTT TTC TCG This paper N/A
MfnR:AA GCGGCCGC CTA CCC AAG CTT GGT ACC GAG C This paper N/A
Recombinant DNA
eGFP-LC3B Addgene, Laboratory #11546
of Karla Kirkegaard
pPEYFP-Mito Clontech PT3263-5
pSV40 Addgene #21826
Software and Algorithms
JACoP ImageJ https://imagej.nih.gov/ij/plugins/
track/jacop.html
Squashh Rizk et al., 2014 https://imagej.net/Squassh

Prism, version 7.0
FIJI running Imaged, version 2.0
CellQuest Pro

GraphPad
(Schindelin et al., 2012)
BD Biosciences

http://www.graphpad.com/
http://imagej.net/Welcome

http://www.bdbiosciences.com/

Other

Linoleic Acid Sigma-Aldrich L1376
BODIPY 493/503 Thermo Fisher D3922
BODIPY FL C» Thermo Fisher Scientific D3822
BODIPY 558/568 C1» Thermo Fisher Scientific D3835
Synthechol NSO Supplement Sigma-Aldrich S5442
Linoleic Acid-Oleic Acid-Albumin, 100x Sigma-Aldrich L9655

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Luca
Scorrano (luca.scorrano@unipd.it). An MTA was acquired from Dr. R. Farese (Harvard Public School of Health) for Dgat1*/*,2*"*
and Dgat1™",2”" MEFs.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture

Caco-2 human intestinal epithelial cells, Wt and Mfn17",2”~ mouse embryonic fibroblasts (MEFs) were obtained from ATCC (HTB-37,
CRL-2991, CRL-2994, respectively). Atg7”’~ MEFs were provided by Dr. M Sandri (University of Padua), Dgat?”",2”~ MEFs by
Dr. R. Farese (Harvard Public School of Health). Caco-2 cells and MEFs were cultured in complete DMEM (cDMEM: DMEM supple-
mented with sodium pyruvate, glutamine, with 10% heat-inactivated FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin) at 37C.

Subcutaneous Adipose Tissue Isolation

Subcutaneous adipose tissue was isolated as described (Favaretto et al., 2014). Adipose tissue was digested in collagenase type Il
solution, centrifuged, and red blood cells were lysed. Cells from the stromal vascular fraction were seeded in DMEM F12 supple-
mented with 150 U/ml streptomycin, 200 U/ml penicillin, 2 mM glutamine, 1 mM HEPES and 10% FBS. At confluency, fresh
DMEM F12 containing 66 nM insulin, 100 nM dexamethasone, 1 nM T3, 0.25 mM IBMX, 10 uM rosiglitazone and 5% FBS was added.
IBMX and rosiglitazone were removed after 3 days of culture. After day 7, cells were cultured in DMEM F12.

METHOD DETAILS
Electron Microscopy
MEF monolayers were infected with Toxoplasma for 24h and fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate pH 7.4. EMs

were acquired as described. ImageJ was used to measure the length of the mitochondria closely associated with the parasite
vacuole (<30nm) in electron micrographs.
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Plasmid Design and Construction

To construct pMSCV2.2/Mfn1 and pMSCV2.2/Mfn2, cDNA of Mfn1 (Addgene, #23212) and Mfn2 (Addgene, #23213) (Chen et al.,
2003) with C-termal myc tags were amplified (see Key Resources Table for oligonucleotides) and ligated into the Xhol and Notl sites
of pMSCV2.2 (Addgene, #60206).

Molecular Biology
MEFs were transfected using Transfectin following manufacturer’s instructions with LC3-GFP (Plasmid #11546, Addgene),
Perilipin3-RFP (pTagRFP-C; a gift from D. Sabatini, MIT), and mtYFP (Cipolat et al., 2004).

Biochemistry

Cell lysate preparation and immunoblotting were performed as previously described (Pernas et al., 2014). The following antibodies
were used: anti-LC3 (Novus NB100-2331), GADPH (Sigma-Aldrich) anti-y-tubulin (Sigma-Aldrich), and polyclonal anti-MAF1 sera
(Pernas et al., 2014).

Cell Line Generation
Mifn1™/x ofix/fx NMEFs (a gift from Dr. G.W. Dorn Il, Washington University St. Louis) were generated as described (Naon et al., 2016)
and immortalized by SV40 Large T antigen expression. For stable MFN1 and MFN2 expression in MEFs, the coding region for the full-
length Mfn1 and Mfn2 with C-terminal myc-epitope tags were PCR-amplified and cloned into the Xhol and Notl sites of the MSCV2.2
vector (Addgene #60206) downstream of the CMV promoter. The forward primers included the Kozak consensus sequence (CACC)
before the start codon.

Introduction of Cre-recombinase into Mfn1™/™ 2™/fix cells was performed using pMSCV-Cre derived ecotropic retroviruses.
Phoenix cells were transfected with 15 ng of the relevant vector using Transfectin (BioRad). 24h after transfection, the supernatant
was removed and replaced with fresh cDMEM and the cells transferred to 32°C. The following day the supernatant was filtered with a
0.2 pmfilter, and following the addition of polybrene at a concentration of 5 mg/ml, the mix was transferred to MEFs at a confluency of
50%. MEFs were incubated for one day at 32C and then returned to 37C for expansion. Cells positive for GFP-expression were
FACS-isolated and cultured for subsequent experiments.

Parasite Culture and Strains

Toxoplasma gondii parasites of the Type | (RH4hxgprt) strain (deleted for the hypoxanthine-xanthine-guanine phosphoribosyl trans-
ferase (HXGPRT) gene), Type | (RH4ku80:RFP), Type | (RH4ku80:RFP), and Type | SeCreEt strain (Koshy et al., 2010) were
maintained by serial passage in human foreskin fibroblast (HFF) monolayers in complete DMEM supplemented with 2mM glutamine.

Confocal Microscopy

For lipid droplet imaging, confluent monolayers of indicated cell type were incubated with BODIPY493/503 (Thermo Fisher Scientific)
at 500ng/mlin complete media for 30 minutes before imaging. Cells were imaged with a Leica TCS SP5 inverted confocal microscope
using an HCX PL APO 40X oil objective /numerical aperture 1.25-0.75 at 100Hz and 488nm and 541nm lasers for excitation. Images
were acquired by using the Leica AS software. LD number per cell was counted in merged brightfield and BODIPY images after
processed in Fiji.

Counting of LC3-PLIN3 Puncta

MEFs were plated on glass coverslips in 24-well plates, transfected using Transfectin following manufacturer’s instructions with LC3-
GFP and Perilipin3-RFP. 12h following transfection, cells were mock-infected or infected with Toxoplasma at an MOI:3. Cells were
fixed at 6, 12, and 24h after infection in prewarmed cDMEM containing 3.7% formaldehyde for 15 min and imaged using a Leica
DFC425 camera with an automated Leica DM5000B microscope using a 100X oil immersion objective. Images were acquired using
Leica Acquisition software. Merged images were counted for the number of structures in which LC3 labeled puncta were adjacent to
PLIN3 puncta.

Pulse-Chase Experiments

MEFs were plated on glass coverslips in 24-well plates (for observation after fixation) or CellView cell culture dishes (Greiner Bio-One)
with a glass bottom (for live imaging) and labeled with 1uM of the indicated fluorescent fatty acid (BODIPY FL C1, or BODIPY 558/568
C42, Thermo Fisher Scientific) overnight in cDMEM. MEF monolayers were rinsed twice with prewarmed 1X Hank’s Balanced Salt
Solution and then treated with mock media (syringe-lysed HFFs) or infected with Toxoplasma (obtained from syringe-lysing infected
HFFs and trituration). MEFs on coverslips were fixed in prewarmed cDMEM containing 3.7% formaldehyde for 15 min and imaged
using a Leica DFC425 camera with an automated Leica DM5000B microscope and LAS. For imaging of the mitochondrial network
and RC;, distribution, 2um z-stacks at 0.1 um (WT-mitoYFP MEFs) or 4um z-stacks at 0.1um (Mfn1*/*,2*/* and Mfn17",2”- MEFs).
Fluorescence signals were analyzed using IMIC Andromeda system (Fondis Electronic) equipped with ORCA-03G Camera (Hama-
matsu), a 60X oil objective (UPLAN 60X, 1.35NA, Olympus), a 561nm laser for excitation and a FF01-446/523/600/677 emission filter
(Semrock). The Manders 2 coefficient, or fraction of RC4, signal overlapping mitochondrial YFP, was determined from Z-stack
projections of RC4, and mitochondrial YFP using the Fiji JACoP plugin. For analysis of mitochondrial morphology, mitochondria
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segmentation was performed using the ImagedJ Squassh (Rizk et al., 2014) plugin, and size and morphology characteristics were
performed using Fiji.

Flow Cytometry Analysis of Parasites

MEFs were plated in 12 or 24 well-plates and pulsed with BODIPY FL C+, overnight. Following 14-16h of labeling, monolayers were
rinsed twice in prewarmed HBSS1X and RFP*-Toxoplasma parasites were added at a multiplicity of infection (MOI) of 10 (of initial
number of MEFs plated). Twenty-four hpi, MEFs were trypsinized, briefly centrifuged and resuspended in prewarmed 0.005%
digitonin in PBS for 5 minutes. Cells were triturated ten times by passing them through an insulin syringe, spun down and resus-
pended in 4% paraformaldehyde in FACS buffer for 20min. After a brief spin, cells were resuspended in FACS buffer and analyzed
for the FL C4, mean fluorescence intensity (MFI) using CellQuest Pro on a FACScalibur (BD Biosciences).

Flow Cytometry Analysis of Infection

For all infections, MEFs were plated in either 12- or 24- wells and the following day, or when monolayers were at a confluency of
~70%, infected with Toxoplasma at an MOI of 2. Two hpi, infected monolayers were washed twice with serum-free media to rinse
off extracellular parasites and either incubated in cDMEM alone or supplemented with the following inhibitors or reagents from
Sigma-Aldrich: syntheChol NSO, linoleic acid-oleic acid-albumin, atglistatin (as indicated), GW0742 (50uM), and etomoxir
(200uM), pyrimethamine (40uM), and MitoTEMPO (20uM) At 24hpi, cells were rinsed with PBS, trypsinized and fixed in 2% parafor-
maldehyde in FACS buffer (3% FBS in PBS) for 10min. After a brief spin, cells were resuspended in FACS buffer and sorted on a
FACScalibur (BD Biosciences) and analyzed for median FI (mFl) using CellQuest Pro, at least s000 infected cells counted per sample.
Infected cells were identified by the red fluorescence of the transgenic Toxoplasma. If provided, brightfield and fluorescence images
of live monolayers were captured at 24hpi with a DFC300FX Digital Color Camera on an inverted Leica DMI4000B scope and
processed using the Leica Application Suite (LAS).

Plaque Assay

MEFs were plated in T25 flasks and infected with 100 parasites of the Type | (RH4hxgprt) strain. 7 dpi, flasks were rinsed with
methanol, incubated in crystal violet for 20 minutes, and rinsed. Plaques were using an inverted Leica DMI4000B scope and
processed using the Leica Application Suite (LAS).

QUANTIFICATION AND STATISTICAL ANALYSIS
Data are presented as mean+SEM unless otherwise indicated in figure legends. Sample numbers and experimental repeats are indi-

cated in the figures legends. All data were analyzed using the unpaired student’s t-test, one-way ANOVA, or two-way ANOVA, as
indicated in the figure legends. For all experiments p values < 0.05 were considered significant.

Cell Metabolism 27, 886-897.e1-e4, April 3, 2018 e4

CellPress




	Mitochondria Restrict Growth of the Intracellular Parasite Toxoplasma gondii by Limiting Its Uptake of Fatty Acids
	Introduction
	Results
	Toxoplasma Depletes Host LDs and Accumulates LD-Derived FAs
	Lipophagy in Host Cells Infected with Toxoplasma
	Lipophagy Promotes Toxoplasma Acquisition of FAs
	Loss of Host Cell Autophagy and Triglyceride Storage Limits Toxoplasma Growth
	Toxoplasma Growth Depends on Host Cell Lipid Storage
	Early Host Mitochondrial FA Uptake Restricts Toxoplasma Proliferation
	Mitochondrial Fusion Restricts Toxoplasma Growth and Access to FAs

	Discussion
	Limitations of Study

	Supplemental Information
	Acknowledgments
	References
	STAR★Methods
	Key Resources Table
	Contact for Reagent and Resource Sharing
	Experimental Model and Subject Details
	Cell Culture
	Subcutaneous Adipose Tissue Isolation

	Method Details
	Electron Microscopy
	Plasmid Design and Construction
	Molecular Biology
	Biochemistry
	Cell Line Generation
	Parasite Culture and Strains
	Confocal Microscopy
	Counting of LC3-PLIN3 Puncta
	Pulse-Chase Experiments
	Flow Cytometry Analysis of Parasites
	Flow Cytometry Analysis of Infection
	Plaque Assay

	Quantification and Statistical Analysis



