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The Journal of Immunology

Role of Mouse and Human Autophagy Proteins in
IFN-g–Induced Cell-Autonomous Responses against
Toxoplasma gondii

Jun Ohshima,*,†,‡,x,1 Youngae Lee,*,†,1 Miwa Sasai,*,† Tatsuya Saitoh,{,‖

Ji Su Ma,*,†,‡ Naganori Kamiyama,*,†,‡ Yoshiharu Matsuura,# Suh Pann-Ghill,**

Mikako Hayashi,x Shigeyuki Ebisu,x Kiyoshi Takeda,‡,††,‡‡ Shizuo Akira,{,‖ and
Masahiro Yamamoto*,†

IFN-g mediates cellular innate immunity against an intracellular parasite, Toxoplasma gondii, by inducing immunity-related

GTPases such as p47 IFN-g–regulated GTPases (IRGs) and p65 guanylate-binding proteins (GBPs), which also participate in

antibacterial responses via autophagy. An essential autophagy protein, Atg5, was previously shown to play a critical role in anti–

T. gondii cell-autonomous immunity. However, the involvement of other autophagy proteins remains unknown. In this study, we show

that essential autophagy proteins differentially participate in anti–T. gondii cellular immunity by recruiting IFN-g–inducible

GTPases. IFN-g–induced suppression of T. gondii proliferation and recruitment of an IRG Irgb6 and GBPs are profoundly impaired

in Atg7- or Atg16L1-deficient cells. In contrast, cells lacking other essential autophagy proteins, Atg9a and Atg14, are capable of

mediating the anti–T. gondii response and recruiting Irgb6 and GBPs to the parasites. Although IFN-g also stimulates anti–T. gondii

cellular immunity in humans, whether this response requires GBPs and human autophagy proteins remains to be seen. To analyze

the role of human ATG16L1 and GBPs in IFN-g–mediated anti–T. gondii responses, human cells lacking ATG16L1 or GBPs were

generated by the Cas9/CRISPR genome-editing technique. Although both ATG16L1 and GBPs are dispensable for IFN-g–induced

inhibition of T. gondii proliferation in the human cells, human ATG16L1 is also required for the recruitment of GBPs. Taken together,

human ATG16L1 and mouse autophagy components Atg7 and Atg16L1, but not Atg9a and Atg14, participate in the IFN-g–induced

recruitment of the immunity-related GTPases to the intracellular pathogen. The Journal of Immunology, 2014, 192: 3328–3335.

T
he host immune system produces inflammatory cytokines
in response to infection of an intracellular protozoan path-
ogen Toxoplasma gondii (1). T. gondii is an obligatory

intracellular protozoan parasite and the causative agent of toxo-
plasmosis in humans and animals (2, 3). Although T. gondii in-
fection in healthy animals largely results in opportunistic and
latent infection, reactivation of this pathogen in immunocompro-
mised individuals suffering from AIDS or being treated by che-
motherapy often leads to lethal encephalitis (4). Eradication of
T. gondii requires IFN-g (5), which indirectly stimulates anti–
T. gondii immune responses by robust induction of nearly 2000

genes known as IFN-g–inducible genes (6, 7). IFN-g activates
antiparasite programs involving IFN-g–inducible GTPases such as
p47 IFN-g–regulated GTPases (IRGs) and p65 guanylate-binding
protein (GBPs) (8). Mice deficient in IRGs such as LRG-47 (also
known as Irgm1), IGTP (Irgm3) or IIGP1 (Irga6), or GBPs dis-
played loss of resistance to T. gondii infection (9–13).
Immunity-related GTPases have been implicated in cellular im-

munity against bacteria via autophagy (14, 15). Autophagy is a ho-
meostatic fundamental cellular process in which cytoplasmic cargos
included in double-membrane structures, called “autophagosomes,”
are transported to lysosomes (16). The autophagic process involves
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a series of autophagy proteins, among which Atg5 was recently
linked to the IFN-g–mediated parasiticidal effect against T. gondii
(17). Myeloid-specific ablation of Atg5 in mice culminated in de-
creased recruitment of an IRG to T. gondii in IFN-g–activated
macrophages and led to high parasite susceptibility in vivo. Fur-
thermore, other autophagy proteins, such as Atg7 and Atg16L1, were
recently shown to play a nondegradative role in the IFN-g–mediated
antiviral programs against murine norovirus (18), prompting us to
explore the functions of autophagy proteins other than Atg5 in the
IFN-g–mediated anti–T. gondii cellular innate immune responses.
In this study, we characterized the role of essential autophagy

proteins, Atg7, Atg16L1, Atg9a, and Atg14 in IFN-g–mediated in-
hibition of T. gondii proliferation using mouse embryonic fibroblasts
(MEFs) lacking these proteins. MEFs lacking Atg7 or Atg16L1
exhibit defects in the reduction of T. gondii by IFN-g treatment and
recruitment of an IRG (Irgb6) and GBPs to the infected parasites. In
sharp contrast, Atg9a- or Atg14-deficient cells show normal sup-
pression of T. gondii growth and the accumulation of immunity-
related GTPases at levels comparable to wild-type (WT) cells in
response to IFN-g stimulation, indicating differential participa-
tion of autophagy regulators in the mouse system. IFN-g stim-
ulation leads to strong inhibition of T. gondii proliferation in
human cells (19). However, the contribution of human immunity-
related GTPases and autophagy proteins to the inhibition remains
unknown. To analyze the role of ATG16L1 and GBPs in human
cells, we generated ATG16L1- or GBP-deficient human cells us-
ing Cas9/CRISPR-induced genome editing (20, 21). Although
IFN-g–induced inhibition of T. gondii proliferation is normal in
human cells devoid of ATG16L1 or GBPs, IFN-g–induced re-
cruitment of GBPs to the parasites is defective in ATG16L1-
deficient human cells. Thus, these results demonstrate that
IFN-g–mediated recruitment of IRGs and GBPs to T. gondii is
differentially regulated by autophagy proteins in mice, and the
mechanism for ATG16L1-dependent GBP recruitment to the
parasite may be conserved in humans.

Materials and Methods
Cells, mice, and parasites

ME49 expressing luciferase of T. gondii was maintained in Vero cells by
biweekly passage in RPMI 1640 (Nacalai Tesque) supplemented with 2%
heat-inactivated FCS (JRH Bioscience), 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (Nacalai Tesque) (12). MEFs were maintained in DMEM
(Nacalai Tesque) supplemented with 10% heat-inactivated FCS (JRH Bio-
science), 100 U/ml penicillin, and 0.1 mg/ml streptomycin. Cells lacking
Atg7, Atg16L1, Atg9a, or Atg14 were described previously (22–25). Human
haploid HAP1 cells were described previously (26) and maintained in
IMDM (Nacalai Tesque) supplemented with 10% FCS, 100 U/ml penicillin,
and 0.1 mg/ml streptomycin. Animal experiments were conducted with the
approval of the Research Institute for Microbial Diseases, Osaka University.

Reagents

Abs against Irgb6 (TGTP; sc-11079), GBP1-5 (sc-166960), and actin (sc-
8432) were purchased from Santa Cruz. Abs against LC3 (PL036 for
Fig. 5E) and ATG16L1 (PM040) were purchased from MBL. Ab against
LC3B (NB600-1384 for Western blotting) was purchased from Novus.
Chloroquine was purchased from Wako. Anti-GAP45 rabbit Ab to stain
T. gondii was a kind gift of Dr. D. Soldati-Favre. Recombinant mouse and
human IFN-g were obtained from PeproTech.

Generation of ATG16L1- or GBP-deficient HAP1 cells

The cDNA encoding the Cas9 nuclease for mammalian expression were
obtained from Addgene (Plasmid 41815). The Cas9 nuclease cDNA and
polyA fragments were recovered and inserted into pEF6 vector harboring
the puromycin resistance cassette to generate pEF6-hCas9-Puro vector.
The insert fragments of guided RNA (gRNA)1, gRNA2, gRNA3, and gRNA4
were amplified using KODFXNEO (Toyobo) and primers (Supplemental
Table I): ATG16L1_gRNA1_F and ATG16L1_gRNA1_R for gRNA1,

ATG16L1_gRNA2_F and ATG16L2_gRNA1_R for gRNA2, GBPs_
gRNA3_F and GBPs_gRNA3_R for gRNA3, and GBPs_gRNA4_F
and GBPs_gRNA4_R for gRNA4. The fragments for gRNA1, gRNA2,
gRNA3, and gRNA4 were inserted into the gRNA cloning vector
(Plasmid 41824) using Gibson Assembly mix (New England BioLabs)
to generate the gRNA-expressing plasmids pgRNA1, pgRNA2, pgRNA3,
and pgRNA4, respectively. HAP1 cells were cotransfected with the
pEF6-hCas9-Puro vector and pgRNA1/2 (for generation of ATG16L1-
deficient cells) or pgRNA3/4 (GBP-deficient cells) using Lipofectamine
2000 (Life Technologies) and cultured in IMDM containing 0.5 mg/ml
puromycin for 4 d. Limiting dilution of the surviving cells was per-
formed, and the resultant single colonies were expanded and lysed for
PCR analysis to detect the deletion using primers (Supplemental Table I):
ATG16L1_indel_F and ATG16L1_indel_R for ATG16L1-deficient cells
and GBPs_indel_F and GBPs_indel_R for GBP-deficient cells. PCR+

clones were subsequently tested using Western blotting to confirm the lack
of protein expression.

Western blotting

MEFs (5 3 105) were left untreated or were treated with 10 ng/ml IFN-g
for 24 h. The cells were lysed in lysis buffer containing 1.0% Nonidet
P-40, 150 mM NaCl, 20 mM Tris-Cl (pH 7.5), 5 mM EDTA, and protease
inhibitor mixture (Roche). The cell lysates were separated by SDS-PAGE,
transferred to polyvinyl difluoride membrane, and subjected to Western
blotting using the indicated Abs.

Measurement of T. gondii numbers by luciferase assay

MEFs (5 3 105) or HAP1 cells (2 3 106) were left untreated or were
treated with 10 ng/ml IFN-g for 24 h, followed by infection with
luciferase-expressing T. gondii (multiplicity of infection [moi] = 0.5) for
24 h. To measure T. gondii titers, the infected cells were harvested and
lysed with 100 ml lysis buffer (Promega) with sonication. After centrifu-
gation at 15,000 rpm at 4˚C, the luciferase activity of 5 ml the supernatant
was measured using the Dual-Luciferase Reporter Assay System and a
GLOMAX 20/20 luminometer (both from Promega). The percentages of
the activities in IFN-g–stimulated or unstimulated cells over those in
unstimulated cells are shown.

Immunofluorescence

MEFs (2.53 105) or HAP1 cells (13 106) infected with T. gondii (moi = 2)
were fixed for 10 min in PBS containing 3.7% formaldehyde. Cells were
permeabilized with PBS containing 0.1% Triton X-100 and then blocked
with 8% FCS in PBS. Subsequently, cells were incubated with anti-Irgb6
goat Ab (1:50), anti–Gbp1-5 mouse Ab (1:200), anti-GAP45 rabbit Ab
(1:1000) (Figs. 1–3, 4, 6), anti-LC3 rabbit Ab (1:500) (Fig. 5), anti-GAP45
rabbit Ab (1:1000), and anti-Irgb6 goat Ab (1:50), for 1 h at 37˚C, followed
by incubation with donkey IgG Abs (1:10000): Alexa Flour 488–conjugated
anti-rabbit IgG, Alexa Fluor 594–conjugated anti-goat, or Alexa Fluor
647– or Alexa Fluor 594–conjugated anti-mouse (Molecular Probes) for 1 h
at 37˚C in the dark. Finally, the immunostained cells were mounted with
PermaFluor (Thermo Scientific) on glass slides and analyzed using a con-
focal laser microscope (FV1200 IX-83; Olympus); the images were ana-
lyzed using FLUOVIEW software (Olympus).

Quantitative real-time PCR

Total RNA was extracted, and cDNA was synthesized using MMLV RT
(Promega). Real-time PCR was performed with a CFX Connect qPCRMaster
mix (Bio-Rad) using the Go-Taq qPCR Master mix (Promega). The values
were normalized to the amount of GAPDH in each sample. The following
primer sets were used: GBP1_qpF and GBP1_qpR for GBP1, GBP2_qpF
and GBP2_qpR for GBP2, GBP3_qpF and GBP3_qpR for GBP3,
GBP4_qpF and GBP4_qpR for GBP4, and GBP5_qpF and GBP5_qpR
for GBP5. The primer sequences are listed in Supplemental Table I.

Statistical analysis

The unpaired Student t test was used to determine the statistical signifi-
cance of the experimental data.

Results
Atg7 is required for IFN-g–dependent recruitment of
immunity-related GTPases to T. gondii

Cells lacking an autophagy protein, Atg5, are defective in IFN-g–
dependent host defense against T. gondii (17). A critical step in the
regulation of autophagy is the modification of a ubiquitin-like

The Journal of Immunology 3329
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protein called “microtubule-associated L chain 3” (LC3). This
modification is carried out by a protein complex nucleated by the
conjugation of Atg12 to Atg5. Because Atg7 is an essential en-
zyme for this conjugation and formation of LC3 puncta in
starvation-induced autophagy (27, 28) (Supplemental Fig. 1), we
tested whether Atg7 is involved in the IFN-g–dependent cellular
host defense against T. gondii. MEFs from WT and Atg7-deficient
mice were stimulated or not with IFN-g for 24 h and infected with
luciferase-expressing type II (ME49) or type I (RH) T. gondii,
which are susceptible or resistant to IFN-g–dependent IRG-induced
killing activity, respectively. Twenty-four hours postinfection, par-
asite number was assessed by the luciferase counts emitted. Despite
a significant reduction in the type II parasite load in Atg7-deficient
MEFs after IFN-g stimulation, the extent of the parasite reduction
was markedly less than that in WT cells (Fig. 1A). In contrast,
a difference in type I T. gondii numbers between WT and Atg7-
deficient MEFs was not observed, even after IFN-g stimulation
(Fig. 1A). The recruitment of GBPs and IRGs, such as Irgb6, is
a hallmark of IFN-g–dependent clearance of T. gondii in IFN-g–
activated cells (6). Because Atg7-deficient cells expressed similar
levels of Irgb6 and GBPs in response to IFN-g (Fig. 1B), we next
tested the recruitment of Irgb6 and GBPs to parasites in IFN-g–
stimulated cells by indirect immunofluorescence (Fig. 1C–F). In
cells lacking Atg7, IFN-g–dependent Irgb6 and GBP accumulation
are significantly reduced relative to WT cells, indicating that Atg7
plays an important role in anti–T. gondii cellular host defense.

Atg16L1 plays a critical role in IFN-g–mediated suppression
of T. gondii growth and accumulation of GTPases on the
parasites

In addition to Atg7, Atg16L1 participates in the modification of
LC3 in autophagy and is included in a complex with Atg5 (27)

(Supplemental Fig. 1). Therefore, we next assessed whether
Atg16L1 is also implicated in the IFN-g–dependent cellular im-
munity against type I or type II T. gondii. IFN-g–stimulated
Atg16L1-deficient MEFs decreased the type II T. gondii numbers
to a significantly lesser degree than did WT cells (Fig. 2A).
However, the extent of type I parasite reduction in IFN-g–stimu-
lated Atg16L1-deficient cells was comparable to that in WT cells
(Fig. 2A). Although the expression levels of Irgb6 and GBPs were
comparable between WT and Atg16L1-deficient cells (Fig. 2B),
the recruitment of both proteins to parasites was significantly lower
in Atg16L1-deficient cells (Fig. 2C–F). Thus, Atg16L1, as well as
Atg7, is required for the IFN-g–induced anti–T. gondii cellular host
defense.

Atg9a and Atg14 are dispensable for IFN-g–mediated
anti–T. gondii cellular responses

Atg9a is another essential autophagy protein that plays an im-
portant role in the generation of autophagosome membranes. In-
deed, starvation-induced formation of LC3 puncta was barely
detected in Atg9a-deficient cells, as previously reported (24). We
next analyzed whether Atg9a is involved in IFN-g–dependent
responses to T. gondii in MEFs. In sharp contrast to Atg7 and
Atg16L1, Atg9a-deficient cells were competent in the IFN-g–me-
diated accumulation of Irgb6 and GBPs on parasites (Fig. 3A–D).
Consistent with the localization of GTPases, IFN-g–mediated re-
duction of parasite numbers in Atg9a-deficient cells was similar to
that in WT cells (Fig. 3E), indicating that Atg9a is dispensable for
the IFN-g–induced cellular host defense.
Atg14 is also a key player in orchestrating autophagy, partici-

pating in a PI3K complex that phosphorylates phosphatidylinositol
(29). We used Atg14-deficient MEFs to assess the role of Atg14 in
the IFN-g–dependent recruitment of GTPases to parasites. Al-

FIGURE 1. Atg7 is required for anti–T. gondii

cellular immunity. (A) WT and Atg7-deficient MEFs

were untreated or treated with 10 ng/ml IFN-g for

24 h. Untreated or IFN-g–treated cells were infected

with ME49 (left panel) or RH (right panel) T. gondii

expressing luciferase (moi = 0.5) and harvested at

24 h postinfection. The number of total parasites was

monitored by luciferase activity using the lysates.

Data are mean 6 SD of triplicates. *p , 0.002.

**p , 0.007. (B) WT and Atg7-deficient MEFs,

treated with 10 ng/ml IFN-g, for 24 h were lysed.

Lysates were detected by Western blot with the in-

dicated Abs. WT and Atg7-deficient MEFs, treated

with 10 ng/ml IFN-g for 24 h, were infected with

ME49 T. gondii (moi = 2), fixed at 6 h postinfection,

and incubated with rabbit anti–T. gondii (green), goat

anti-Irgb6 [red; (C)], or mouse anti-GBP1-5 [red;

(E)], and DAPI (blue). Scale bars, 5 mm. Percentage

of parasites positive for Irgb6 (D) or GBP1-5 (F)

staining at 6 h postinfection in IFN-g–stimulated WT

and Atg7-deficient MEFs. Data are mean 6 SD of

triplicates. *p , 0.001. Data are representative of

two (B) or three (A, C, D, E, and F) independent

experiments.
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though Atg14-deficient MEFs were defective in LC3 puncta for-
mation in the serum-free starved condition (Supplemental Fig. 1),
Irgb6 and GBPs were recruited to the parasites in IFN-g–stimu-
lated Atg14-deficient cells, as well as in WT cells (Fig. 4A–D). In
addition, Atg14-deficient MEFs were capable of reducing parasite
numbers in response to IFN-g (Fig. 4E), suggesting that Atg14
function is nonessential for IFN-g–mediated anti–T. gondii cel-
lular defense. These results demonstrate that some autophagy-
related proteins, but not all, are used in the IFN-g–induced anti–
T. gondii machinery.

Human ATG16L1 is essential for starvation-induced
autophagy but not for IFN-g–induced suppression
of T. gondii growth in HAP1 cells

The data showing that the Atg5–Atg7–Atg16L1 axis plays a crit-
ical role in the IFN-g–induced anti–T. gondii program in the
mouse system prompted us to examine whether the axis is crucial
for anti–T. gondii cellular immunity in the human system. To
examine the role of ATG16L1 in human cells, we took advantage
of the CRISPR/Cas9 system, which provides an efficient gene-
targeting technique that facilitates multiplexed gene targeting
(20, 21), and generated haploid human HAP1 cells devoid of
ATG16L1 using Cas9 nuclease and single-guided RNAs targeting
the open reading frame of the human ATG16L1 gene (Fig. 5A,
Supplemental Fig. 2A). We succeeded in obtaining several clones
of ATG16L1-deficient cells, in which deletion of the genomic
region and proteins for ATG16L1 were analyzed by PCR and
Western blotting, respectively (Fig. 5B, 5C). We first analyzed
whether human ATG16L1 is required for autophagy induced by
nutrient starvation, in which processing of LC3 and formation of

the puncta are shown to be observed (30) (Fig. 5D, 5E). The
nutrient starvation in ATG16L1-deficient cells completely failed
to induce efficient LC3 conjugation to PE, a critical process for
autophagosome formation (Fig. 5D) (30). Moreover, the starvation-
induced formation of LC3 puncta was not observed in ATG16L1-
deficient human cells (Fig. 5E), suggesting an essential role for
human ATG16L1 in autophagy. Then, we tested whether human
ATG16L1 is involved in the IFN-g–induced anti–T. gondii re-
sponse in human cells. IFN-g suppressed T. gondii proliferation in
human WT cells as efficiently as in mouse cells (Fig. 5F). More-
over, T. gondii proliferation was inhibited in IFN-g–stimulated
ATG16L1-deficient human cells in a dose-dependent fashion (Fig.
5F), suggesting that ATG16L1 in the human cell line is dispens-
able for the IFN-g–mediated anti–T. gondii response.

Human GBPs are recruited to T. gondii in an
ATG16L1-dependent fashion

Murine GBPs play a critical role in anti–T. gondii cell-autonomous
immunity (10, 12, 13). In addition, murine GBPs were recruited
to the parasites in an Atg7- and Atg16L1-dependent manner
(Figs. 1A, 2A). Human GBPs were shown to play a role in con-
trolling intracellular pathogens (31). Therefore, we first assessed
whether endogenous human GBPs are recruited to T. gondii using
indirect immunofluorescence (Fig. 6A). In unstimulated con-
ditions, almost no parasites were stained with anti–GBP1-5. In
contrast, IFN-g significantly induced accumulation of GBPs on
T. gondii in HAP1 cells (Fig. 6A, 6B, Supplemental Fig. 3A, 3B).
Next, we analyzed whether the IFN-g–dependent recruitment of
human GBPs to T. gondii is dependent on ATG16L1. In contrast to
WT cells, cells lacking ATG16L1 showed a marked defect in the

FIGURE 2. Atg16L1 plays a critical role in anti–

T. gondii cellular immunity. (A) WT and Atg16L1-defi-

cient MEFs were left untreated or treated with 10 ng/ml

IFN-g for 24 h. Untreated or IFN-g–treated cells were

infected with ME49 (left panel) or RH (right panel)

T. gondii expressing luciferase (moi = 0.5) and harvested

at 24 h postinfection. The number of total parasites was

monitored by luciferase activity using the lysates. Data

are mean 6 SD of triplicates. *p , 0.003, **p ,
0.002. (B) WT and Atg16L1-deficient MEFs, treated

with 10 ng/ml IFN-g for 24 h, were lysed. The lysates

were detected by Western blot with the indicated Abs.

WT and Atg16L1-deficient MEFs, treated with 10 ng/ml

IFN-g for 24 h, were infected with ME49 T. gondii

(moi = 2), fixed at 6 h postinfection, and incubated with

rabbit anti–T. gondii (green), goat anti-Irgb6 [red; (C)]

or mouse anti-GBP1-5 [red; (E)], and DAPI (blue).

Scale bars, 5 mm. Percentage of parasites positive for

Irgb6 (D) or GBP1-5 (F) staining at 6 h postinfection in

IFN-g–stimulated WT and Atg16L1-deficient MEFs.

Data are mean 6 SD of triplicates. *p , 0.001, **p ,
0.002. Data are representative of two (B) or three (A, C,

D, E, and F) independent experiments.
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recruitment of GBPs to the parasites (Fig. 6C, 6D, Supplemental
Fig. 3A–D), indicating the conserved important role of ATG16L1
in the recruitment of GTPases to T. gondii in humans and mice.
To elucidate the role of GBPs in anti–T. gondii cellular immunity

directly, we generated HAP1 cells lacking all human GBPs using the
CRISPR/Cas9 genome-editing technique (Fig. 7A, Supplemental
Fig. 2B). These cells completely lacked mRNA and protein ex-
pression of GBPs, as confirmed by quantitative real-time PCR and
Western blotting, respectively (Fig. 7B–D). Then, we challenged
WT and GBP-deficient human cells with T. gondii infection under
unstimulated or IFN-g–stimulated conditions. Both types of cells
showed comparable IFN-g–induced suppression of T. gondii num-
bers that was dose dependent (Fig. 7E). Taken together, although
IFN-g–induced GBP recruitment does not negatively affect T. gondii
numbers in infected cells, the accumulation in humans is regulated
by ATG16L1.

Discussion
In the current study, we investigated the role of autophagy proteins
in IFN-g–mediated anti–T. gondii cellular immunity using MEFs

deficient in some of the essential components. Among them, Atg7
and Atg16L1, but not Atg9a and Atg14, are critically involved in
the recruitment of immunity-related GTPases in the mouse system.
In addition, we demonstrated that human ATG16L1 is also required
for IFN-g–mediated recruitment of human GBPs to the parasite.
Previous work showed that the IFN-g–induced antiparasite re-

sponse requires Atg5, which, together with Atg7 and Atg16L1,
modifies LC3 in autophagy (17, 27). Furthermore, Atg7 and
Atg16L1 are essential for the IFN-g–induced nonautophagic an-
tiviral response (18). Given that GBPs, another group of IFN-g–
inducible GTPases, critically control IFN-g–mediated intracellular
elimination of T. gondii in cooperation with Irgb6 in mice (12),
Atg7 and Atg16L1, in addition to Atg5, may be integral to the
recruitment of Irgb6 and GBPs to T. gondii for clearance. Con-
versely, we demonstrated that other essential autophagy proteins,
including Atg9a and Atg14, are dispensable for the IFN-g–de-
pendent cellular response. In autophagy, Atg9a and Atg14 are
critically involved in autophagosome formation (32–34). How-
ever, IFN-g–mediated Atg5-dependent anti–T. gondii clearance
is reported to be independent of autophagosome formation (17).

FIGURE 3. Atg9a is dispensable for anti–T. gondii cellular immunity.

WT and Atg9a-deficient MEFs, treated with 10 ng/ml IFN-g for 24 h, were

infected with ME49 T. gondii (moi = 2), fixed at 6 h postinfection, and

incubated with rabbit anti–T. gondii (green), goat anti-Irgb6 [red; (A)], or

mouse anti-GBP1-5 [red; (C)], and DAPI (blue). Scale bars, 5 mm. Per-

centage of parasites positive for Irgb6 (B) or GBP1-5 (D) staining at 6 h

postinfection in IFN-g–stimulated WTand Atg9a-deficient MEFs. Data are

mean 6 SD of triplicates. (E) WT and Atg9a-deficient MEFs were left

untreated or treated with 10 ng/ml IFN-g for 24 h. Untreated or IFN-g–

treated cells were infected with ME49 T. gondii expressing luciferase

(moi = 0.5) and harvested at 24 h postinfection. The number of the total

parasites was monitored by the luciferase activity using the lysates. Data

are mean 6 SD of triplicates. All data are representative of three inde-

pendent experiments.

FIGURE 4. Atg14 is not involved in anti–T. gondii cellular immunity.

WT and Atg14-deficient MEFs, treated with 10 ng/ml IFN-g for 24 h, were

infected with ME49 T. gondii (moi = 2), fixed at 6 h postinfection, and

incubated with rabbit anti–T. gondii (green), goat anti-Irgb6 [red; (A)] or

mouse anti-GBP1-5 [red; (C)], and DAPI (blue). Scale bars, 5 mm. Per-

centage of parasites positive for Irgb6 (B) or GBP1-5 (D) staining at 6 h

postinfection in IFN-g-stimulated WT and Atg14-deficient MEFs. Data are

mean 6 SD of triplicates. (E) WT and Atg14-deficient MEFs were left

untreated or treated with 10 ng/ml IFN-g for 24 h. Untreated or IFN-g–

treated cells were infected with ME49 T. gondii expressing luciferase (moi =

0.5) and harvested at 24 h postinfection. The number of total parasites

was monitored by luciferase activity using the lysates. Data are mean 6
SD of triplicates. All data are representative of three independent experi-

ments.
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Atg5 and Atg7, but not Atg9a and Atg14, are required for re-
cruitment of LC3 in autophagy against bacteria, whereas they are
all essential to suppress the growth of intracellular bacteria by au-
tophagy (25), indicating that Atg5-, Atg7-, and Atg16L1-dependent
action is separable from Atg9a and/or Atg14-dependent membrane
formation in autophagy against bacteria. Although it remains con-
troversial whether autophagy is involved in the IFN-g–mediated anti–
T. gondii cellular response (17, 35), the recruitment of the immunity-
related GTPases to the parasite is regulated independently of at least
Atg9a and Atg14, which are key players in autophagosome for-
mation in autophagy. Thus, our current study expands the notion
that autophagy proteins differentially participate in mouse IFN-g–
induced anti–T. gondii activity, which originally was proposed by the
previous pioneer findings about the essential, but autophagosome-
independent, function of Atg5 and the dispensable role of another
essential autophagy regulator, Beclin1, in IFN-g–induced anti-
parasite activity (17, 36).
In human cells, IFN-g stimulation also leads to several anti–

T. gondii effector mechanisms involving tryptophan degradation
(37, 38) and iron depletion (39, 40). In this study, we show that
ATG16L1 also plays an important role in the recruitment of GBPs
to the parasite in a human cell line. Although we demonstrate that
IFN-g stimulation remains effective to reduce the number of
T. gondii in human ATG16L1- or GBP-deficient cells, even at the
lower concentrations of IFN-g, whether the human IFN-g–depen-
dent immunity to T. gondii is independent of the ATG16L1–GBP

axis should be examined carefully in the future. Given the anti–
T. gondii function of GBPs in the recruitment or retention of IRGs
onto the parasites in mouse (12, 13), the reason why human cells do
not require the ATG16L1–GBP system for the IFN-g–dependent
suppression of parasite numbers might be explained, in part, by the
fact that humans do not possess the large variety of IRGs found in
the mouse system (41). Alternatively, other effector mechanisms
described above might be dominant in humans or the human HAP1
cell line, eventually masking the effect of loss of ATG16L1/GBPs in
cell-autonomous in vitro immunity. Indeed, IFN-g–stimulated hu-
man fibroblasts were shown to induce cell death and early egress of
the parasite, downregulating the parasite numbers (42). Further-
more, given that IFN-g stimulates accumulation of human GBPs on
the parasites in an ATG16L1-dependent fashion, the ATG16L1–
GBP axis might play an in vivo role in the anti–T. gondii program
involving GBP5 in the NALP3-dependent inflammasome activation
that leads to IL-1/IL-18 production (43). To elucidate the physio-
logical role of human ATG16L1 or GBPs in various settings and
cell types, the use of human embryonic stem cells or induced plu-
ripotent stem cells lacking these proteins would be of interest.
In conclusion, some mouse autophagy proteins, such as Atg7 and

Atg16L1, but not Atg9 and Atg14, are integral to IFN-g–mediated
anti–T. gondii cell-autonomous innate immune responses by con-
trolling the recruitment of the immunity-related GTPases to the
parasites. Although human ATG16L1, as well as GBPs, is dis-
pensable for the IFN-g–dependent cellular inhibition of T. gondii

FIGURE 5. Human ATG16L1 is required

for starvation-induced autophagy but not for

IFN-g–induced inhibition of T. gondii growth in

HAP1 cells. (A) The gene-targeting strategy for

human ATG16L1 locus by Cas9-mediated ge-

nome editing. (B) PCR detection of cells with

deletion of human ATG16L1 locus. Primers used

are denoted in (A). Also see Supplemental Fig.

2A for the targeting sequences to design gRNA1

and gRNA2, as well as assessment of the dele-

tions by sequencing the PCR products detected

in (B). (C) WT and ATG16L1-deficient HAP1

cells were lysed, and the lysates were detected

by Western blot with the indicated Abs. (D) WT

and ATG16L1-deficient HAP1 cells, with or

without serum-starvation for 6 h in the absence

or presence of 80 mM chloroquine for 6 h, were

lysed. The lysates were detected by Western blot

with the indicated Abs. (E) WT and ATG16L1-

deficient HAP1 cells cultured in serum-free

media (lower panels) to be starved for 6 h or

in serum-containing media (upper panels) were

fixed and incubated with rabbit anti-LC3 (green)

and DAPI (blue). Arrows indicate puncta of

LC3. Scale bar, 10 mm. (F) WT and ATG16L1-

deficient HAP1 cells were left untreated or

treated with the indicated concentrations of

IFN-g for 24 h. Untreated or IFN-g–treated cells

were infected with ME49 T. gondii expressing

luciferase (moi = 0.5) and harvested at 24 h

postinfection. The number of total parasites was

monitored by luciferase activity using the lysates.

Data are mean 6 SD of triplicates and are rep-

resentative of three independent experiments.
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proliferation, the recruitment of GBPs requires ATG16L1. To un-
cover the underlying mechanism of IFN-g–induced antiparasite

responses, future studies will need to investigate how Atg7 and
Atg16L1, together with Atg5, facilitate the anti–T. gondii events by

FIGURE 6. GBPs are recruited to T. gondii

in an ATG16L1-dependent fashion. (A) WT

HAP1 cells, which were left untreated or

treated with 10 ng/ml IFN-g for 24 h, were

infected with ME49 T. gondii (moi = 2), fixed

at 6 h postinfection, and incubated with rabbit

anti–T. gondii (green), mouse anti-GBP1-5

(red), and DAPI (blue). Scale bar, 5 mm.

Arrows indicate the colocalization of T. gondii

and GBPs. (B) Percentage of parasites positive

for GBP1-5 staining at 6 h postinfection in WT

HAP1 cells that were left unstimulated or

stimulated with 10 ng/ml IFN-g. Data are

mean 6 SD of triplicates. *p , 0.001. (C) WT

and ATG16L1-deficient HAP1 cells, treated

with 10 ng/ml IFN-g for 24 h, were infected

with ME49 T. gondii (moi = 2), fixed at 6 h

postinfection, and incubated with rabbit anti–

T. gondii (green), mouse anti-GBP1-5 (red), and

DAPI (blue). Scale bar, 5 mm. Arrows indicate

the colocalization of T. gondii and GBPs. (D)

Percentage of parasites positive for GBP1-5

staining at 6 h postinfection in IFN-g–stimu-

lated WT and ATG16L1-deficient HAP1 cells.

Data are mean 6 SD of triplicates. **p ,
0.001, ***p, 0.001. Data are representative of

three independent experiments.

FIGURE 7. Normal IFN-g–induced suppression of

parasite proliferation in HAP1 cells lacking human

GBPs. (A) Gene-targeting strategy for the entire human

GBP locus using Cas9-mediated genome editing. (B)

PCR detection of cells with deletion of entire human

GBP locus. Primers used are denoted in (A). Also see

Supplemental Fig. 2B for the targeting sequences to

design gRNA3 and gRNA4, as well as assessment of

the deletions by sequencing the PCR products detected

in (B). (C) Quantitative PCR analysis of the expression

of the indicated GBP mRNA in WT or GBP-deleted

(GBPs KO) HAP1 cells that were left unstimulated or

stimulated with 10 ng/ml IFN-g. Data were normalized

to the amount of GAPDH in each sample and are mean6
SD of triplicates. (D) WT and GBPs KO HAP1 cells,

which were left unstimulated or stimulated with

10 ng/ml IFN-g for 24 h, were lysed. The lysates were

detected by Western blot with the indicated Abs. (E)

WT and GBPs KO HAP1 cells were left untreated or

treated with the indicated concentrations of IFN-g for

24 h. Untreated or IFN-g–treated cells were infected

with ME49 T. gondii expressing luciferase (moi = 0.5) and

harvested at 24 h postinfection. The number of total par-

asites was monitored by luciferase activity using the

lysates. Data are mean 6 SD of triplicates and are rep-

resentative of three independent experiments.
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elucidating unidentified regulatory circuits and their sequential
programs.
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