Supplementary figures

Figure S1. LC3 must be correctly processed and lipidated before it can accumulate around the parasite. (A) HepG2 cells were transfected with either GFP-LC3 or (B) the GFP-LC3G120A mutant, which does not undergo LC3 processing and lipidation. The transfected cells were then infected with P. berghei parasites expressing mCherry protein and analyzed at different developmental stages by live microscopy. DNA was stained with Hoechst 33342. Scale bars: 10 µm.

Figure S2. The parasitophorous vacuole has a nondegradative character. (A) HepG2 cells were transfected with CTSD-RFP and infected with P. berghei sporozoites expressing GFP. The infected cells were monitored by live microscopy at different developmental stages. DNA was stained with Hoechst 33342. Accumulation of 10 or more CTSD-positive vesicles in the immediate proximity was considered to indicate a strong association. Fewer than 10 vesicles was considered to indicate a weak association. Each bar indicates the average of 3 independent experiments (n = 50 cells per experiment). P = 0.0067 (spz), P = 0.0074 (e-schz), P = 0.00194 (l-schz). DNA was stained with Hoechst 33342. (B) HepG2 cells incubated with DQ-BSA red overnight were infected with GFP-expressing P. berghei parasites and analyzed at different stages of parasite development by live microscopy. DNA was stained with Hoechst 33342. Scale bars: 10 µm. Quantification and statistical evaluation was performed as described in (A). Each bar indicates the average of 3 independent experiments (n = 50 cells per experiment). P = 0.0463 (spz), P = 0.0334 (e-schz), P = 0.0015 (l-schz).

Figure S3. Lysosome association with the parasitophorous vacuole (PVM). HepG2 cells were infected with P. berghei parasites and fixed at different developmental stages. The slides were stained with a combination of antisera specific for a PVM marker protein (sporozoite: UIS4; early and late schizont: Exp1) and the lysosome marker LAMP1. Staining of the DNA with DAPI was also performed. LAMP1 colocalizes with the PVM at the early stages of parasite development, which indicates the presence of lysosomes at the PVM at these stages. Scale bars: 10 µm.

Figure S4. Accumulation of LC3 and degradation markers in early-stage parasites. GFP-LC3 transfected HepG2 cells were infected with wild type P. berghei sporozoites, labeled with different lysosomal markers, and analyzed by live microscopy. (A) LysoTracker Red was added to the medium of the infected wells 10 min before the analysis at different developmental stages. (B) Proteolytic activity was qualitatively indicated by staining with DQ-BSA red. The infected cells were monitored at different developmental stages of the parasite and representative images are presented. (C) HepG2 cells were double-transfected with the GFP-LC3 and CTSD-RFP-expression plasmids. CTSD-RFP (red) and GFP-LC3 (green) expression is presented for different developmental stages of the parasite. In all experiments, DNA was stained with Hoechst 33342. Scale bars: 10 µm.


Figure S5. Lysosome colocalization with LC3 at early developmental stages. GFP-LC3-expressing HepG2 cells were infected with P. berghei wild type parasites and fixed at different developmental stages. The slides were stained with antibodies specific for the lysosome marker LAMP1 and with the DNA dye DAPI. LAMP1 colocalizes with the autophagy marker LC3 at the sporozoite stage and during early schizogony. Scale bars: 10 µm.

Figure S6-8. Galectins are not involved in LC3 recruitment to the PVM. HepG2 cells expressing the indicated YFP-tagged galectins (LGAL1, LGAL3, LGAL8, LGAL9) were infected with mCherry P. berghei. Cells were fixed at different time points after infection: Figure S6: 6 hpi; Figure S7: 24 hpi; Figure S8: 48 hpi, and galectins were stained with an antibody against GFP that also recognizes YFP. Cells were stained in addition with DAPI and this was included in the merged images. 


Figure S9. Generation and analysis of the P. berghei ANKA reporter line mCherryhsp70+Luceef1α, expressing mCherry under the control of hsp70 promoter and luciferase under the control of the eef1α promoter. (A) Schematic representation showing the introduction of mCherry-reporter cassette (pL1720) into the GIMOANKA (line 1596cl1). Construct pL1720 contains the 5’hsp70 (promoter)-mCherry-3’hsp70 (terminator) cassette and the 5’eef1α (promoter)-luciferase-3’pbdhfr/ts cassette. The construct integrates into the modified P. berghei 230p locus containing the hdhfr-yfcu selectable marker cassette by double crossover homologous recombination at the target regions (grey boxes). Negative selection with 5-fluorocytosine (5-FC) selects for the transgenic parasite line PbmCherryhsp70+Luceef1α (1868cl1) that have the mCherry/Luciferases cassettes introduced into the 230p locus and the hdhfr-yfcu marker removed. (B) Southern analysis of separated chromosomes  confirms the correct integration of construct pL1720 into the P. berghei genome thereby creating mCherryhsp70+Luceef1α. For Southern analysis, PFG-separated chromosomes of the GIMO (ANKA) Motherline46 as well as clone 1 (cl1) and 2  (cl2) of  mCherryhsp70+Luceef1α were hybridized (left hand side) using a mixture of 2 probes: a control probe recognizing p25 on chromosome 5 (chr. 5) and an hdhfr probe recognizing hdhfr-yfcu. In addition (right hand side) a 3′UTR pbdhfr/ts probe that recognizes the hdhfr-yfcu selectable marker cassette in the GIMOANKA line in the 230p locus on chromosome 3 and the endogenous locus of dhfr/ts on chromosome 7 of both the GIMOANKA and mCherryhsp70+Luceef1α cloned lines. In addition, chromosomes are hybridized to a probe recognizing  hdhfr showing the removal of the hdhfr-yfcu SM cassette in mCherryhsp70+Luceef1α. (C) mCherry expression in various liver stages of mCherryhsp70+Luceef1α. HepG2 cells were infected with mCherryhsp70+Luceef1α sporozoites and were monitored 12, 48 and 56  h after infection. (D) Luciferase expression in livers of mice infected with mCherryhsp70+Luceef1α 12, 44, 140 h after intravenous injection of mCherryhsp70+Luceef1α sporozoites. (E) mCherryhsp70+Luceef1α parasites have a blood stage asexual multiplication rate and gametocyte production  that is comparable to wild type P. berghei ANKA parasites.

Figure S10. Fasting and rapamycin treatment induce canonical autophagy in hepatocytes in vivo. (A) Representative images obtained by intravital microscopy performed in 3 groups of naïve GFP-LC3 transgenic mice, namely a) control mice untreated, fed ad libidum; b) mice fasting for 30 h; and c) 24 h post treatment of mice with rapamycin. (B) LC3 puncta, representative of autophagy activation, were quantified for all conditions in vivo per hepatocyte.

Figure S11. Assessment of the effect of autophagy induction and inhibition on parasite liver-stage development by in vivo bioluminescence (details of Fig 10B with individual significance assessments). Balb/c mice were infected by intravenous (i.v.) injection of 1x105 PbmCherryhsp70+Luceef1α sporozoites. Mice were divided into: a control group untreated; a control group injected with solution media only; a group treated with rapamycin 12 and 24 hpi; a group pretreated with rapamycin 12 h prior to infection, and 12 hpi; a group treated with chloroquine 12 and 24 hpi; a group pretreated with chloroquine 12 h prior to infection and 12 hpi parasite development was assessed by whole body luminescence at (A) 12 hpi, (B) 24 hpi, (C) 36 hpi and (D) 44 hpi in mice. ROI measurements for the liver area of all mice (n=15) were recorded as photons per sec per area (photons/s/cm2) for firefly luciferase. Experiments were repeated in triplicate (error bars show SD; n.s., not significant; *, P = 0.05; **, P = 0.01; ***, P < 0.001).

Legends to Videos

Video S1. Intravital observation of a dying late liver-stage parasite removed by autophagy. GFP-LC3-expressing mice were infected with mCherry-expressing P. berghei sporozoites. Intravital imaging of late liver-stage development from 40 hpi until 44 hpi was performed.

Video S2. In vitro live imaging of a dying late liver-stage parasite removed by autophagy. GFP-LC3-expressing HepG2 cells were infected with mCherry expressing P berghei sporozoites and monitored by confocal live imaging at late schizogony. Images were acquired every 6.5 min. Scale bar: 10 µm.

Video S3. LC3 accumulates around invading sporozoites. GFP-LC3-expressing HepG2 cells were infected with mCherry-expressing P. berghei sporozoites and then immediately monitored by confocal live imaging. Scale bar: 10 µm. Images were acquired every 2.06 min.

Video S4. Normally developing parasites associate with the loss of LC3 from the PVM. GFP-LC3-transfected HepG2 cells were infected with mCherry-expressing P. berghei sporozoites and monitored by confocal live imaging from early schizogony to late schizogony, starting 24 hpi and continuing until 44 hpi. Images were acquired every 7.7 min. Scale bar: 10 µm.

Video S5. LC3 dynamics during schizogony. GFP-LC3-expressing HepG2 cells were infected with mCherry-expressing P. berghei sporozoites and monitored by confocal live imaging from early to late schizogony, starting 24 hpi and continuing until 38.4 hpi. Images were acquired every 7.9 min. Scale bar: 10 µm.

Video S6. LC3 dynamics during the entire parasite development period. GFP-LC3-transfected cells were infected with mCherry-expressing P. berghei and monitored from the sporozoite stage (6 hpi) until the formation of merozoites (70 hpi). Images were acquired every 1 h. Scale bar: 25 µm.

Video S7. Growth impairment and elimination of parasites that cannot remove LC3 from the PVM. GFP-LC3-expressing HepG2 cells were infected with mCherry-expressing P. berghei sporozoites and monitored by confocal live imaging, starting at the schizont stage 30 hpi and continuing until 42 hpi. Images were acquired every 6.9 min. Scale bars: 10 µm.

Video S8. Lysosome fusion with the parasitophorous vacuole (PVM). LAMP1-GFP transfected HepG2 cells infected with PbExp1-mCherry-expressing P. berghei sporozoites were monitored by confocal live imaging during early schizogony. Scale bars: 10 µm.

Video S9. Association of ubiquitin and LC3 during sporozoite invasion. HepG2 cells double-transfected with RFP-LC3 and GFP-ubiquitin were infected with wild type P. berghei sporozoites and monitored early after infection (1 hpi). Yellow staining corresponds to colocalization of LC3 and ubiquitin. Images were acquired every 1.36 min. Scale bar: 10 µm.

Video S10. Canonical autophagy during schizogony of the parasite. GFP-LC3-expressing HepG2 cells were infected with mCherry-expressing P. berghei sporozoites and monitored by confocal live imaging, starting from late schizogony and continuing until merozoite formation. Monitoring began 55 hpi and continued for 12 h. Images were acquired every 12 min. Scale bar: 10 µm.
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