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IFN-y is a major regulator of immune functions and has been shown
to induce liver-stage Plasmodium elimination both in vitro and in vivo.
The molecular mechanism responsible for the restriction of liver-stage
Plasmodium downstream of IFN-y remains uncertain, however. Auto-
phagy, a newly described immune defense mechanism, was recently
identified as a downstream pathway activated in response to IFN-y in
the control of intracellular infections. We thus hypothesized that the
killing of liver-stage malarial parasites by IFN-y involves autophagy
induction. Our results show that whereas IFN-y treatment of human
hepatocytes activates autophagy, the IFN-y-mediated restriction of
liver-stage Plasmodium vivax depends only on the downstream
autophagy-related proteins Beclin 1, PI3K, and ATGS5, but not on
the upstream autophagy-initiating protein ULK1. In addition, IFN-y
enhanced the recruitment of LC3 onto the parasitophorous vacuole
membrane (PVM) and increased the colocalization of lysosomal vesi-
cles with P. vivax compartments. Taken together, these data indicate
that IFN-y mediates the control of liver-stage P. vivax by inducing a
noncanonical autophagy pathway resembling that of LC3-associated
phagocytosis, in which direct decoration of the PVM with LC3 pro-
motes the fusion of P. vivax compartments with lysosomes and sub-
sequent killing of the pathogen. Understanding the hepatocyte
response to IFN-y during Plasmodium infection and the roles of
autophagy-related proteins may provide an urgently needed alter-
native strategy for the elimination of this human malaria.
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Several hundred million cases of human malaria are reported
annually, and nearly 600,000 people die from the disease
each year (1). Of the five species that infect humans, Plasmodium
vivax is not only the most geographically widespread, but also the
most prevalent malarial parasite in areas outside Africa. As such,
it has caused massive morbidity in these regions of the world.
Although malaria caused by P. vivax was previously regarded as
benign compared with that caused by Plasmodium falciparum,
the recent alarming increase in both the severity and the drug
resistance of P. vivax infection has raised concern (2).

The widespread distribution of P. vivax has been attributed to
the parasite’s ability to remain dormant in the liver for years
before reactivation (3). The molecular mechanism responsible
for P. vivax dormancy is unknown, and knowledge of Plasmodium—
hepatocyte interactions remains very limited. Nonetheless, because
the number of liver-stage parasites is in the range of 100, whereas
in the blood stage as many as 10" organisms may be found (4), in-
tervention at the liver stage would seem to offer a better strategy for
parasite elimination. A prerequisite to this route of malaria control
and the development of novel therapies is a better understanding of
liver-stage Plasmodium and its interactions with host hepatocytes.

IFN-y was previously shown to exhibit antimalarial activity
against the liver stages of the mouse malarial species Plasmodium
berghei and Plasmodium yoelli, in both cultured hepatocytes and
murine models (5-7). In chimpanzees, IFN-y was shown to protect
against liver-stage infection by human malarial P. vivax (8). Studies
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in mice suggested that IFN-y prevents liver-stage Plasmodium
infection by inducing the expression of inducible nitric oxide synthase
(iNOS), an enzyme required for the production of nitric oxide (NO),
and hence the reactive nitrogen intermediates (RNIs) thought to
cause parasite damage inside hepatocytes (9, 10). However, when
infected mice were cotreated with the NO inhibitor N°MMLA, only
50% of the parasites were rescued from IFN-y-mediated elimination
(6). In addition, the role of NO in human host defense against
infections remains controversial (11). These results infer the in-
volvement of an as-yet unexplored pathway independent of NO and
downstream of IFN-y. Elucidating this pathway may provide the
urgently needed innovative measures to fight malaria. Recently,
IFN-y was shown to induce autophagy, an immune mechanism that
results in the killing of intracellular pathogens, including Toxoplasma
gondii, an apicomplexan parasite closely related to Plasmodium (12).

Autophagy is a cell-autonomous homeostatic process that normally
occurs inside eukaryotic cells at a basal level (basal autophagy)
and allows cells to degrade cytoplasmic substances for use as nutri-
ents (13). In addition to basal autophagy, autophagy and autophagy-
related processes can be induced by such conditions as starvation,
drug exposure, and immune mediators (14). In canonical auto-
phagy, unwanted cytosolic substrates are sequestered into double-
membrane-bound organelles, called autophagosomes, and delivered
to lysosomes for destruction (13). These substrates include aggregated
or long-lived proteins and defunct organelles (15). On responding
to an upstream signal, autophagy-related (ATG) proteins are orga-
nized into complexes that facilitate autophagosome formation. These
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complexes consist of (i) the upstream initiating complex ULK1 pro-
tein kinase, which activates (i) the downstream complex Beclin 1/
PI3K/ATG14, to generate PI3P for the recruitment of downstream
effectors; (iii) the ATG12-ATG5-ATG16 conjugation complex to
lipidate LC3, which is required for autophagosome elongation and
closure; and (iv) Beclin 1/PI3P/UVRAG, a complex that facilitates
the fusion of autophagosomes with lysosomes, resulting in the de-
livery of lysosomal hydrolases to degrade the engulfed contents
(13, 14, 16, 17).

Over the past decade, autophagy has also been increasingly
appreciated for its role in immunity against bacteria, parasites,
and viruses (14, 16). In response to these infections, autophagy
directly sequesters the pathogens into double-membrane autopha-
gosomes and then delivers them to lysosomes, which not only results
in their destruction, but also enhances antigen presentation by
phagocytes (18). In the case of T. gondii, autophagy induction in host
cells by IFN-y treatment also results in parasite restriction (12), but
whether IFN-y—induced autophagy plays a role in the elimination of
liver-stage Plasmodium had not been tested.

In addition to the above-described role of canonical autophagy
in the digestion of intracellular pathogens, ATG proteins participate
in the elimination of invading microorganisms through a non-
canonical autophagy process called LC3-associated phagocytosis
(LAP) (19). LAP can be triggered by the engagement of pathogens
with cell surface receptors, such as Toll-like receptor 2 and 4 (TLR2
and TLR4) and Dectin-1, resulting in the recruitment of ATG pro-
teins, such as ATGS, to single-membrane phagosomes (20). Unlike
canonical autophagy, LAP does not require the autophagy-initiating
protein ULK1. In addition, LAP induction leads to the decoration of
single-membrane phagosomes with LC3 and their subsequent fusion
with lysosomes, resulting in the digestion of the phagocytosed ma-
terials (20). Burkholderia pseudomallei, Mycobacterium marinum,
Aspergillus fumigatus, and Salmonella typhimurium are among the
LAP-restricted pathogens identified thus far (21-24).

In this work, we investigated the roles of autophagy-related
proteins in the IFN-y-induced elimination of liver-stage P. vivax. We
found that IFN-y-mediated killing of liver-stage P. vivax depends on
the downstream autophagy-related proteins Beclin 1, PI3K, and
ATGS, but not on the upstream protein ULKI1. In response to
IFN-y, the enhanced decoration of LC3 onto the PVM of P. vivax
and increased colocalization of lysosomes with pathogen-containing
compartments are observed. Although this process resembles LAP,
it differs from LAP in that in response to IFN-y, LC3 decorates the
PVM, not the phagosomal membrane. These data are the first, to
our knowledge, to demonstrate the existence of a LAP-like process
acting as a downstream effector of IFN-y in the control of an
intracellular pathogen.

Results

IFN-y-Mediated Control of Liver-Stage P. vivax in HC04 Cells Is Independent
of NO. The above-described effect of IFN-y on the liver stage of
P. berghei and P. yoelli in cultured mouse hepatocytes and whole-
animal models (5, 7), and the ability of this cytokine to limit the
liver stage of human malarial P. vivax replication in chimpanzees
(8), suggested a role for IFN-y in liver-stage P. vivax in humans.
Therefore, in this study we asked whether IFN-y treatment of
cultured human hepatocytes infected with P. vivax sporozoites
would promote parasite clearance. Accordingly, cells of the
hepatocyte cell line HC04 cells were treated with IFN-y (400 U/mL)
for 4 h after P. vivax invasion. The IFN-y was then washed out and
the cells were cultured for 4 more days, at which point the number
of surviving intracellular parasites was determined by immunoflu-
orescence analysis (IFA). The results showed a 53.9 + 7.5% de-
crease in intracellular P. vivax survival (Fig. 1 4 and B). Despite the
decreased parasite numbers in the IFN-y—treated cells, there was
no difference in the morphology of surviving parasites harvested on
day 4 from treated cultures vs. untreated cultures. In addition, 4 h of
IFN-y treatment (400 U/mL) did not result in a change in HC04
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cell survival, as determined by trypan blue exclusion tests of cells
harvested at various time points after IFN-y treatment (Fig. S1).
Hence it was highly unlikely that the observed decrease in in-
tracellular P. vivax survival was the result of host cell death.

We also examined the effects of different IFN-y treatment
regimens by additionally treating the cells with IFN-y at 24 h
postinfection or at 4 h preinfection (Fig. S2). At least at the IFN-y
dose used in this study (400 U/mL), there was no difference in the
level of induced liver-stage P. vivax elimination between the dif-
ferent regimens. Thus, in subsequent experiments, infected HC04
cells were treated with 400 U IFN-y/mL at 4 h postinfection.

We then investigated the molecular mechanism responsible
for the IFN-y—mediated killing of liver-stage P. vivax in human
HCO04 cells. Because NO was previously shown to be involved in
the IFN-y-mediated control of liver-stage P. yoelli in mice (6), we
examined its effect downstream of IFN-y in the elimination of
liver-stage P. vivax from HC04 cells. However, we found no in-
duction of iNOS, the enzyme responsible for NO synthesis, in
HCO04 cells treated with IFN-y for 4 h, as determined by RT-PCR
(Fig. 1C). Similarly, a Griess reaction assay showed that, in con-
trast to the increased NO production in lipopolysaccharide-treated
Raw264.7 macrophages, used as positive control cells (Fig. 1D,
column 3), and the inhibition of this response on the addition of
two iNOS inhibitors, aminoguanidine and L-NAME (Fig. 1D,
columns 4 and 5), there was no evidence of IFN-y—mediated NO
production in HC04 cells (Fig. 1D, column 2). Moreover, the IFN-
y—mediated elimination of liver-stage P. vivax was not inhibited by
aminoguanidine and L-NAME (Fig. 1E). These results show that
NO is not involved downstream of IFN-y in the reduction of liver-
stage P. vivax in cells of the human hepatocyte line HC04.

IFN-y-Induced Protection Against Liver-Stage P. vivax Depends on
Beclin 1 and PI3K. IFN-y stimulation induces autophagy in vari-
ous cell types (14). Because liver-stage P. vivax infection of hu-
man HCO04 cells is attenuated by IFN-y treatment (Fig. 1 4 and
B), we asked whether the autophagy pathway and/or ATG pro-
teins are involved in this response. Because Beclin 1 and PI3K
were previously shown to be important in both the canonical
(autophagosome nucleation and maturation) (25) and noncanonical
(LAP) (20) autophagy pathways, we asked whether these proteins
are needed in the IFN-y—mediated restriction of liver-stage P. vivax.
To answer this question, we used siRNA technology to knockdown
Beclin 1 expression in HC04 cells. The knockdown efficiency was
verified both in the LC3 puncta formation assay and by Western
blot analysis (Fig. 2 A-D). The former is a functional assay that has
been used to demonstrate the requirement for Beclin 1 in IFN-
y-mediated autophagosome formation in other cell types (26).

After confirming that a 4-h treatment with IFN-y enhances
autophagosome formation in HC04 cells (Fig. S3), we examined
this effect in the Beclin 1 knockdown cells and found a decrease
in autophagosome formation in response to IFN-y (Fig. 2 A-C).
Immunoblot analysis directly verified the reduced Beclin 1 ex-
pression in the knockdown cells (Fig. 2D).

With the ability to effectively suppress Beclin 1 expression in
HCO04 cells, we examined whether this protein is involved in the
IFN-y-mediated killing of liver-stage P. vivax. When P. vivax-
infected, Beclin 1-proficient HC04 cells were treated with IFN-y
for 4 h, parasite survival was efficiently reduced by 60.7 + 3.2%
(Fig. 2 E and F). In Beclin-1-deficient cells, however, the elimina-
tion of liver-stage P. vivax mediated by IFN-y was partially
rescued, to 35.4 + 10.4%. These findings demonstrate the in-
volvement of Beclin 1 in the IFN-y-mediated restriction of
liver-stage P. vivax.

We also investigated whether PI3K activity is needed for the
IFN-y-mediated control of P. vivax. As in the previous experi-
ment, [FN-y treatment of HC04 cells infected with P. vivax
sporozoites for 4 h resulted in a 55.6 + 6.4% decrease in parasite
survival; however, on cotreatment of the cells with 3-MA, a PI3K
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Fig. 1. IFN-y treatment leads to liver-stage P. vivax elimination in cultured human HC04 hepatocytes via an NO-independent process. (A and B) Human HC04
hepatocytes were infected with P. vivax sporozoites (MOl = 1) for 4 h, washed three times with complete medium to remove noninvading sporozoites, and treated
with 400 U IFN-y/mL for 4 h. They were then washed three times and maintained in complete medium until they were harvested on day 4, when they were
processed for IFA to quantify the number of surviving parasites. Data are mean + SEM from at least three independent experiments; the results are expressed
relative to the full control, defined as 100%. (Scale bar: 5 pm.) (C) HCO4 cells were treated or not with IFN-y (400 U/mL) for 4 h, after which iNOS mRNA expression
was analyzed by RT-PCR. GAPDH served as the internal control. mRNAs from HCO4 cells treated with LPS served as the positive control. (D) HC04 cells were treated or
not with IFN-y (400 U/mL) for 4 h, after which NO production in the supernatant was measured using the Griess reaction assay. RAW264.7 cells treated with LPS in
the presence or absence of the iNOS inhibitors aminoguanidine (AG) and L-NAME served as the positive control. Data are mean + SEM from at least three in-
dependent experiments. (E) HCO4 cells were infected with P. vivax sporozoites as in A and B, washed, treated with IFN-y with or without the iNOS inhibitors for 4 h,
washed again, and maintained in complete medium until day 4, when the surviving parasites were quantified by IFA. Data are mean + SEM of at least three

independent experiments; the results are expressed relative to the full control, defined as 100%. N.S., not significant.

inhibitor, a partial rescue of parasite survival, to 18.3 + 0.4%,
was observed (Fig. 2 G and H). Taken together, our results
show that the activity of autophagy-related protein Beclin 1 and
PI3K is involved in the IFN-y—mediated elimination of liver-
stage P. vivax.

ATGS Is Involved in the IFN-y-Mediated Killing of Liver-Stage P. vivax.
Because ATGS plays an important role in both autophagosome
elongation (canonical autophagy) (17) and LAP (noncanonical
autophagy) (20), we asked whether the control of liver-stage
P. vivax mediated by IFN-y depended on ATGS. A reduction in
ATGS expression was achieved using siRNA. Because ATGS is
important for LC3 puncta formation in response to IFN-y (27),
knockdown efficiency was first confirmed in an LC3 puncta
formation assay. The number of LC3 puncta in response to
IFN-y was lower in the ATGS knockdown cells than in cells
treated with scramble control siRNAs (Fig. 3 A-C). Immunoblot
analysis confirmed the decreased ATGS expression in the
knockdown cells (Fig. 3D). We then investigated the involvement
of ATGS in the killing of liver-stage P. vivax in response to IFN-y.
The percentage of surviving parasite in cells subjected to IFN-y
treatment was higher in ATGS5-deficient cells than in control cells
(82.6 + 3.8% vs. 65.1 + 4.4%) (Fig. 3 E and F). These results
highlight a role of ATGS in the IFN-y—mediated elimination of
liver-stage P. vivax.

Elimination of Liver-Stage P. vivax by IFN-y Does Not Require ULK1.
ULKI, a yeast Atgl ortholog, is required for canonical autophagy
induction in amino acid-starved cells (28), but not for LAP (20). To
determine whether ULK1 is involved in IFN-y-mediated P. vivax
restriction, we silenced its expression in HC04 cells using siRNA,
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and verified the efficiency of ULK1 knockdown by Western blot
analysis (Fig. 4D). Although ULKI1 expression in HC04 cells was
effectively reduced, assessment of autophagosome formation in
response to IFN-y—treated, ULK-1-deficient cells found that the
number of LC3 puncta was the same as in control cells. This result
indicates that IFN-y—induced autophagosome formation in HC04
cells does not involve ULK1 (Fig. 4 A-C). Examination of the
survival of liver-stage P. vivax in IFN-y—treated HCO04 cells revealed
no difference in the percentage of surviving parasite in ULK1-
deficient cells and that in control cells (Fig. 4 E and F). Thus,
unlike Beclin 1, PI3K, and ATGS, ULK1 does not play a role in the
IFN-y—induced elimination of liver-stage P. vivax.

Liver-Stage P. vivax Colocalizes with LC3 and LTR™ Vesicles on IFN-y
Treatment. The involvement of Beclin 1, PI3K, and ATGS, but
not of ULKI, is characteristic of the noncanonical autophagy
process known as LAP, in which single-membrane phagosomes
are decorated with LC3 and then fuse with lysosomes, resulting
in degradation of the phagocytosed contents (20). Plasmodium
liver-stage parasites enter host cells not via phagocytosis, but
rather through an active invasion process that leads to the forma-
tion of parasite-containing parasitophorous vacuoles (29). Thus, we
determined whether LC3 similarly decorates the PVM of P. vivax
in response to I[FN-y, by staining the P. vivax surface with CSP and
the PVM with UIS4. Both CSP and UIS4 are markers for P. vivax;
previous studies in P. berghei showed decreased expression of CSP,
but increased expression of UIS4, over the course of hepatocyte
infection (30). The results show increased interaction between LC3
and P. vivax during IFN-y treatment for 4 h postinvasion. Specifi-
cally, LC3 colocalized with liver-stage P. vivax (labeled with CSP)
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Fig. 2. IFN-y—induced liver-stage P. vivax elimination depends on Beclin 1 and PI3K. (A-C) HC04 cells were transfected with scramble control siRNAs or siRNAs
against Beclin 1 and cDNAs encoding RFP-GFP-LC3. At 48 h posttransfection, the cells were treated or not with IFN-y for 4 h and then processed for fluo-
rescence microscopy. RFP*GFP*-LC3 (autophagosomes) and RFP*GFP™-LC3 (autolysosomes) were quantified, and the percentage of puncta-containing cells
was determined by analyzing at least 100 cells per condition from three independent experiments. Only puncta >0.25 pm in size were counted. The number of
puncta per cell was also quantified in Z-stack images of at least 30 cells per condition per independent experiment. Data are mean + SEM relative to the full
control. N.S., not significant. (Scale bar: 5 pm.) (D) Beclin 1 can be successfully depleted in HCO4 cells. HCO4 cells were transfected with scramble control siRNAs
or siRNAs against Beclin 1 and then harvested at 48 h posttransfection for immunoblot analysis. Actin served as an internal loading control. (E and F) Beclin
1-deficient or -proficient HC04 cells were infected with P. vivax sporozoites at an MOI of 1, followed by IFN-y treatment for 4 h. The cells were washed and
then maintained in complete medium until being processed for IFAs on day 4. Data are mean + SEM of at least three independent experiments; the results are
expressed relative to the full control, defined as 100%. (Scale bar: 5 pm.) (G and H) HCO04 cells infected with P. vivax sporozoites were treated with IFN-y with
or without the PI3K inhibitor 3-MA for 4 h, washed, and maintained in complete medium until being processed for IFA on day 4. Data are mean + SEM of at
least three independent experiments; the results are expressed relative to the full control, defined as 100%. (Scale bar: 5 pm.)
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Fig. 3. ATGS is involved in the IFN-y-mediated elimination of liver-stage P. vivax. (A-C) HCO4 cells were depleted of ATG5 by siRNA-mediated knockdown and
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(Scale bar: 5 pm.) (D) Western blot analysis of ATG5 levels after knockdown of the protein. HCO4 cells were transfected with scramble control siRNAs or siRNAs against
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independent experiments; the results are expressed relative to the full control, defined as 100%. (Scale bar: 5 pm.)

and prominently decorated the PVM (labeled with UIS4) in HC04
cells in response to IFN-y (Fig. 5 4, B, E, and F), indicating that IFN-y
induces L.C3 recruitment onto the PVM, similar to LC3 labeling of
single-membrane phagosomes in LAP. Note that intracellular

Boonhok et al.

liver-stage P. vivax at 4 h postinvasion appears as an elongated
form. As a control, isolated P. vivax sporozoites were stained
with anti-LC3 antibodies or secondary antibody alone. Under
these conditions, the antibodies do not recognize the parasites
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cells were cotransfected with cDNAs encoding RFP-GFP-LC3 and either siRNAs against ULK1 or scramble control siRNAs. At 48 h posttransfection, they were treated with
IFN-y for 4 h and then processed for fluorescence microscopy analysis. RFPTGFP*-LC3 (autophagosomes) and RFP*GFP™-LC3 (autolysosomes) were quantified by determining
the percentage of puncta-containing cells among at least 100 cells per condition from three independent experiments. Only puncta >0.25 um in size were counted. The
number of puncta per cell was also examined in Z-stack images of at least 30 cells per condition per independent experiment. Data are mean + SEM; the results are
expressed relative to the full control. (Scale bar: 5 pm.) (D) ULK1 immunoblot analysis after depletion of the protein. HC04 cells were transfected with either scramble
control siRNAs or siRNAs against ULK1. At 48 h posttransfection, they were harvested for Western blot analysis. (€ and F) ULK1-deficient or control HC04 cells were infected
with P. vivax sporozoites at an MOI of 1, treated with IFN-y for 4 h, washed, and then maintained in complete medium until being harvested on day 4 for IFA. Data are
mean + SEM of at least three independent experiments; the results are expressed relative to the full control, defined as 100%. N.S., not significant. (Scale bar: 5 pm.)

(Fig. S4 A-C). In addition, because LAP vesicles eventually fuse
with lysosomes, we searched for the colocalization of acidic vesi-
cles, which include lysosomes, with intracellular liver-stage P. vivax.
The increased recruitment of acidic vesicles to the liver-stage
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P. vivax during a 4-h treatment with IFN-y was visualized by
Lysotracker Red (LTR) staining (Fig. 5 C, D, G, and H). As a
control, isolated P. vivax sporozoites were stained with LTR, and
no signal was detected inside the parasites (Fig. S4D).
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In summary, our results show that IFN-y treatment restricts  zation of LTR" vesicles with the parasite were observed. These
liver-stage P. vivax in HC04 cells via a process that involves the  results support a model in which IFN-y induces a LAP-like
autophagy proteins Beclin 1, PI3K, and ATGS, but not ULK1. process in human HC04 hepatocytes that leads to decoration of
Moreover, in response to IFN-y, enhanced decoration of LC3  the PVM with LC3, subsequent fusion of P. vivax compartments
onto the PVM of intracellular P. vivax and increased colocali-  with lysosomes, and elimination of the parasite (Fig. S5).
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Fig. 5. Liver-stage P. vivax colocalization with LC3 and LTR* vesicles increases in response to IFN-y. (A and B) HC04 cells were infected with P. vivax sporozoites
at an MOI of 1, treated with IFN-y for 4 h, and then processed for confocal microscopy analysis of the colocalization of liver-stage P. vivax (labeled with CSP)
and LC3. Data are mean + SEM from at least three independent experiments. At least 100 liver-stage P. vivax parasites were quantified per condition. The
results are expressed relative to the full control. (C and D) HCO4 cells were infected with P. vivax sporozoites as in A and B and then incubated in complete
medium containing LTR to stain acidic compartments in the presence or absence of IFN-y treatment for 4 h. Cells were then processed for confocal microscopy
analysis of the colocalization of liver-stage P. vivax (labeled with CSP) and LTR* vesicles. Data are mean + SEM of at least three independent experiments. At
least 100 liver-stage P. vivax parasites per condition were quantified. The results are expressed relative to the full control. (E and F) HC04 cells were infected
with P. vivax sporozoites at an MOI of 1, treated with IFN-y for 4 h, and processed for confocal microscopy analysis for the colocalization of the PVM of UIS4-
labeled P. vivax and LC3. Data are mean + SEM of at least three independent experiments. At least 50 parasites per condition were quantified. The results are
expressed relative to the full control. (G and H) HC04 cells were infected with P. vivax sporozoites and then incubated in complete medium containing LTR to
stain acidic compartments in the presence or absence of IFN-y treatment for 4 h. Cells were then processed for confocal microscopy analysis for the coloc-
alization of the UIS4-labeled PVM and LTR* vesicles. Data are mean + SEM of at least three independent experiments. At least 50 parasites per condition were
quantified. The results are expressed relative to the full control. (Scale bar: 5 pm.)
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Discussion

IFN-y is a critical cytokine used by the human immune system to
fight against pathogen infections. In both cultured hepatocytes
and animal models, IFN-y exhibits antimalarial activity against
liver-stage Plasmodium (5-8), but the molecular mechanism
underlying this activity was unclear. The aim of this study was to
identify the factors involved in the IFN-y-mediated reduction of
liver-stage Plasmodium in human cells using P. vivax as a model.

In contrast to a previous report showing the involvement of
NO in IFN-y-mediated Plasmodium elimination in murine
models (6), neither iNOS nor NO played a role in the response
to IFN-y treatment of cultured human hepatocyte HC04 cells
infected with P. vivax. Moreover, addition of iNOS inhibitors to
the cultures had no effect on the IFN-y response. These results
suggest that IFN-y mediates the elimination of liver-stage
P. vivax from HCO04 cells through an NO-independent mecha-
nism. Further experiments demonstrated a role for a LAP-like
process that depends on the downstream autophagy proteins
Beclin 1, PI3K, and ATGS, but not on the upstream autophagy-
initiating protein ULK1. Both the induction of LC3 decoration
of the P. vivax PVM and the increased colocalization of P. vivax
compartments with lysosomes were detected in response to IFN-y.
This is the first report, to our knowledge, to describe a LAP-like
process as an IFN-y downstream effector in the elimination of an
intracellular pathogen.

Note that in this study, we investigated an autophagy/autophagy-
related process induced by IFN-y, which is different from the
recently described basal autophagy process that was shown to be
hijacked by mouse malarial parasites to facilitate their develop-
ment in murine models (31, 32). This is similar to the effect seen
with T. gondii, in which basal autophagy is subverted by the
parasite for its own growth (33), whereas the parasite can be
eliminated by induced autophagy/autophagy-related process in
response to IFN-y (12, 34-37). Also note that in this study we
observed only roughly one-half of the rescue activity with the
reduction in Beclin 1 or ATGS expression and PI3K activity, and
thus the contribution of additional factors leading to liver-stage
P. vivax elimination remain to be identified.

LAP mediates the clearance of phagocytosed materials such as
pathogens, dead cells, and entotic bodies (19). Unlike the canonical
autophagy, in which LC3 is recruited onto double-membrane auto-
phagosomes, in LAP single-membrane phagosomes are decorated
with the protein (20). The fate of both LC3-associated compartments
(autophagosomes and phagosomes) is similar in the two processes,
however, in that both are subsequently delivered to lysosomes, where
the engulfed substrates are digested. LAP can be distinguished from
canonical autophagy by its requirement for downstream autophagy
proteins such as Beclin 1, PI3K, and ATGS, but not for the upstream
autophagy-initiating protein ULK1 (20). In agreement with the LAP
process, our results show that IFN-y—-mediated killing of liver-stage
P. vivax depends on Beclin 1, PI3K, and ATGS, but not on ULK1. In
addition, we observed the increased decoration of LC3 onto the
PVM of P. vivax and the enhanced colocalization of P. vivax com-
partments with lysosomes. Consequently, we term this phenomenon
a LAP-like process, even though LC3 decoration occurs on the
parasite PVM and not on the phagosomal membrane.

Note that we observed ~20% colocalization of the parasites
with LC3 and lysosomes after 4 h of IFN-y treatment postinvasion,
but a 50% reduction in parasite survival on day 4. Whether this
increase is related to the slow kinetics of parasite elimination by the
IFN-y-induced LAP-like process or to the early digestion/disinte-
gration of a fraction of the parasites, rendering them undetectable,
is unclear.

As noted above, the IFN-y—mediated growth restriction of
T. gondii, a closely related apicomplexan parasite, in human cells also
requires autophagy-related proteins, including ATG7 and ATGI16L,
involved in LC3 conjugation (36), as well as the increased re-
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cruitment of ubiquitin and the autophagy adaptor proteins p62
and NDP52 (36). Ubiquitin, p62, and NDP52 play important
roles in the autophagy-mediated antimicrobial effects used by
cells to combat intracellular pathogens (38, 39). We are currently
investigating whether these three proteins play a role in the
IFN-y-mediated reduction of liver-stage P. vivax from human
cells. Interestingly, in contrast to our findings, IFN-y treatment
of T. gondii-infected human cells leads only to parasite growth
inhibition, not parasite clearance, because T. gondii can be
seen within multimembrane compartments that do not acquire
LAMP1 (36). In our study, the treatment of cultured human
hepatocytes with IFN-y for 4 h resulted in a decrease in P. vivax
survival to approximately 50%, which supports a “cidal” role for
IFN-y, and not merely growth inhibition. Note that with the
dosage of IFN-y used to treat infected HC04 cells in this study
(400 U/mL), the LAP-like process appears to explain approxi-
mately one-half of the parasite elimination, and a contribution
by another, as-yet unidentified pathway cannot be ruled out.
Alternatively, because only 50% of liver-stage P. vivax can be
eliminated with a 4-h treatment of IFN-y (400 U/mL), whether
increasing the treatment time and pulse frequency and/or dosage
of IFN-y can increase the level of parasite elimination remains to
be determined.

In addition to autophagy-related proteins, the LAP process
triggered by a subset of cell surface receptors, including FcyR
and TLR2, requires the recruitment of NADPH oxidases to
phagosomes (20). For example, LC3 recruitment onto phagosomes
requires ROS produced by NOX2 NADPH oxidase to rescue non-
phagocytic cells infected with S. #phimurium (40). Recent studies
also have demonstrated that the protein Rubicon, a negative regu-
lator of canonical autophagy, binds to the p22phox subunit of
NADPH oxidase and facilitates the recruitment of p22phox and LC3
to phagosomes, where it mediates the subsequent restriction of Lis-
teria monocytogenes and A. fumigatus (24, 41). Whether NADPH
oxidase and Rubicon participate in the LAP-like process of P. vivax
in response to IFN-y requires further investigation.

Studies of the expression profiles of genes induced in [FN-y—treated
human hepatocytes infected with P. vivax may allow the identi-
fication of additional factors involved in the restriction of liver-
stage Plasmodium and thus to the development of new drug
targets. Alternatively, inhibiting these key factors to increase the
infectivity of human hepatocytes by human malarial Plasmodium
sporozoites will facilitate high-throughput in vitro drug testing.
In addition, the effect of IFN-y—mediated LAP-like process on
P. vivax hypnozoite survival is of high interest. Because we have
codeveloped a humanized mouse model for P. vivax hypnozoite
persistence (4), this question can now be further explored and
will be a subject of our future study. Moreover, a recent study
in P. yoelii by Risco-Castillo and colleagues (42) showed that
parasites that fail to egress from their transient traversal vacuoles
are colocalized with host lysosomes. Whether the LAP-like non-
canonical autophagy process described here with P. vivax is involved
in this process is of interest and may be a subject of further study.

Materials and Methods

Cells, Inhibitors, Antibodies, Fluorescent Dye, DNA Construct, and siRNAs. Human
hepatocyte HCO4 cells (43) were maintained in HamF12/MEM (Invitrogen), 10%
(volivol) FBS (Invitrogen), 2 mM L-glutamine (Sigma-Aldrich), and 1% penicillin/
streptomycin (Invitrogen) (full medium) at 37 °C and 5% CO,. Raw264.7 mac-
rophages (American Type Culture Collection) were maintained in DMEM, 10%
(volivol) FBS, and 4 mM L-glutamine (all from HyClone). Recombinant human
IFN-y (Sigma-Aldrich) was used at 400 U/mL, LPS at 10 ng/mL, and the PI3K
inhibitor 3-MA (Sigma-Aldrich) at 10 mM. The iNOS inhibitors aminoguanidine
(Sigma-Aldrich) and L-NAME (Sigma-Aldrich) were used at 1 mM each. For
immunoblotting, the polyclonal antibodies were anti-Beclin 1 (1:500; Santa Cruz
Biotechnology), anti-ATG5 (1:1,000; Novus Biologicals), and anti-ULK1 (1:500; Cell
Signaling Technology). The mAb against actin (EMD Miillipore) was used at a
1:20,000 dilution.
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For the IFAs, an mAb against Hsp70 (44) was used at a 1:2 dilution. The
polyclonal antibodies used in the IFAs were anti-LC3 (1:500; MBL International)
and Alexa Fluor 647-conjugated anti-LC3 (1:250; Novus Biologicals). A monoclonal
antibody against CSP (Kirkegaard & Perry Laboratories) was used at 5 pg/mL The
polyclonal antiserum against UIS4 (a gift from Dr. Tomoko Ishino, Ehime Uni-
versity, Matsuyama, Japan) was used at a 1:250 dilution. The fluorescent dye
phalloidin (Invitrogen) was used at a 1:1,000 dilution, LTR (Invitrogen) at 0.25 uM,
and DAPI (Invitrogen) at a 1:1,000 dilution. The plasmid construct used in this
study has been described previously (45). All siRNAs used in this study were
obtained from Dharmacon.

Hepatocyte Transfection. For transfection with cDNAs (5 pg) or siRNAs (1.5 pg),
10-15 x 108 HCO4 cells were resuspended in 100 pL of electroporation buffer
V (Amaxa). Plasmid DNAs or siRNAs were then mixed with the cell suspension,
transferred to a cuvette, and nucleoporated using the Amaxa Nucleofector
apparatus and the D-032 program. The cells were then transferred to a new
flask containing complete medium and incubated at 37 °C. The medium
was changed at 6 h posttransfection. The cells were used in the assays at
48 h posttransfection.

Sporozoite Preparation, Hepatocyte Infection, and Immunofluorescence Microscopy.
Blood samples were obtained from P. vivax-infected patients at malaria clinics in
Sai Yok District, Kanchanaburi Province, and Tha Song Yang District, Tak Province,
Thailand. The study protocol (no. TMEC 11-033) was approved by the Ethical
Review Committees of the Faculty of Tropical Medicine, Mahidol University and
the Ministry of Public Health, Bangkok. Informed consent was obtained from each
patient before sample collection.

Anopheles dirus A (Bangkok colony) mosquitoes were allowed to feed on
the collected blood by membrane feeding, as described previously (46). At 15—
20 d postfeeding, the mosquitoes were washed with 70% ethanol, 10% penicillin/
streptomycin, and 25 ug fungizone (amphotericin B)/mL. The mosquitoes’ salivary
glands were then isolated under a stereomicroscope and washed twice with dis-
secting medium (HamF12/MEM, 10% penicillin/streptomycin, 25 ug fungizone/mL),
and once with complete medium. The glands were then ground with a sterile
plastic pestle to release the sporozoites. HC04 hepatocytes were infected with
P. vivax sporozoites by plating 3 x 10° cells onto coverslips in 24-well plates
containing complete medium. Twelve hours later, the cells were infected with
P. vivax sporozoites at a multiplicity of infection (MOI) of 1 at 37 °C and 5% CO,
for 4 h. They were then washed three times with complete medium to remove
noninvading sporozoites before being treated for 4 h with complete medium
supplemented with IFN-y with or without the indicated inhibitors. After three
washes with complete medium, the cells were maintained in complete medium at
37 °C and 5% CO, until being harvested on day 4.

For parasite survival determination, infected HC04 cells were fixed in
4% (wt/vol) paraformaldehyde/PBS for 10 min and permeabilized with 0.1%
Triton X-100/PBS. The cells on the coverslips were then blocked with 3%
(wt/vol) BSA/PBS (blocking buffer) and stained with primary antibody at 4 °C
overnight. After three washes with PBS, the cells were incubated with the
appropriate secondary antibody (Invitrogen), then with phalloidin and DAPI.
The coverslips were then washed three times in PBS, mounted using ProLong
Gold Antifade Mountant (Invitrogen), and observed using a Zeiss A1 fluores-
cence microscope. All parasite-harboring cells were counted per coverslip, and
the number was compared with that of the untreated control, defined
as 100%. All assays were performed in triplicate with at least three
independent experiments.

In the LC3 colocalization experiments, the infected cells were fixed as de-
scribed above but permeabilized with 0.1% saponin in blocking buffer. They
were then stained with mouse anti-CSP and rabbit anti-LC3 antibodies at 4 °C
overnight, followed by incubation with the appropriate secondary antibodies
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(Invitrogen) at room temperature for 2 h. Alternatively, the samples were
stained with rabbit anti-UIS4 antiserum at 4 °C overnight, followed by Alexa
Fluor 568-conjugated anti-rabbit secondary antibody at room temperature for
2 h. The samples were then washed three times and stained with Alexa Fluor
647-conjugated rabbit anti-LC3 antibody (Novus Biologicals) at room temper-
ature for 2 h. For LTR labeling, the cells were stained in complete medium
containing 0.25 uM LTR during the 4-h treatment with IFN-y, then fixed and
processed for IFA as described above. All assays were performed in triplicate
with at least three independent experiments.

Colocalization was quantified using a Zeiss LSM-700 laser scanning con-
focal microscope. The percent P. vivax colocalization with LC3 or LTR was the
fraction of total liver-stage P. vivax (as determined by CSP or UIS4 staining)
examined score as positive when one or more puncta or homogeneously
distributed marker were observed overlapping on or in contact with the
P. vivax compartments. RFP-GFP-LC3-transfected cells were fixed and
mounted as described above. At least 50 cells per experimental condition in
three independent experiments were quantified using a Zeiss LSM-700 laser
scanning confocal microscope.

Immunoblotting. The cells were lysed in lysis buffer containing 20 mM Tris,
100 mM NacCl, and 1% Nonidet P-40. The lysates were separated by SDS/PAGE
on an 8% or 15% (wt/vol) polyacrylamide gel, after which the proteins were
transferred onto a nitrocellulose membrane (Pall). The membranes were
blocked with 5% (vol/vol) blocking solution (Roche Diagnostics) for 1 h,
followed by the addition of primary antibodies against Beclin 1, ATG5, ULK1,
or actin at 4 °C overnight. After four washes with 0.1% PBST, the membranes
were incubated with the appropriate HRP-conjugated secondary antibodies
(Pierce) for 1 h at room temperature, washed again four times with 0.1% PBST,
and then incubated with a chemiluminescence substrate (Roche Diagnostics).
The proteins were detected using the enhanced chemiluminescence method.

RT-PCR. Total RNAs were extracted from the cells according to the manu-
facturer’s instructions (GE Healthcare). cDNAs were synthesized using the
avian myeloblastosis virus reverse-transcription enzyme (Promega). PCR was
performed using primer pairs specific for iNOS and GAPDH as the control
housekeeping gene. The primer sequences for iNOS were 5-AAG CCC CAA
GAC CCA GTG CC-3’ (sense), 5'-CCA GCA TCT CCT CCT GGT AGA T-3’ (anti-
sense), 5-AAT GCC AGC GGC TTC CAC CT-3’ (sense), and 5-GGC ACC CAA
ACA CCA AGG TC-3' (antisense), and those for GAPDH were 5-ATG GGG
AAG GTG AAG GTC G-3’ (sense) and 5-GGG GTC ATT GAT GGC AAC A-3’
(antisense). The amplified products were electrophoresed on a 1.5% (wt/vol)
agarose gel and stained with ethidium bromide before visualization under
a UV lamp.

Griess Reaction Assay. Cell supernatants were harvested and mixed with solu-
tion A (sulfanilamide), followed by solution B (N-naphthyl-ethylenediamine).
The nitrite level was then determined by measuring the absorbance at 540 nm.

Statistical Analysis. All experiments were conducted at least three times, and the
data were pooled for determination of mean + SEM. All data were analyzed
using Prism software (GraphPad) and a two-tailed unpaired Student’s t test.
P values < 0.05 were considered to indicate statistical significance.
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