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Toxoplasma gondii are obligate intracellular protoza, and due to their small genome
and limited encoded proteins, they have to exploit host factors for entry, replication,
and dissemination. Such host factors can be defined as host dependency factors
(HDFs). Though HDFs are inessential for cell viability, they are critical for pathogen
infection, and potential ideal targets for therapeutic intervention. However, information
about these HDFs required by T. gondii infection is highly deficient. In this study, the
genes of human foreskin fibroblast (HFF) cells were comprehensively edited using the
lentiviral CRISPR-Cas9-sgRNA library, and then the lentivirus-treated cells were infected
with T. gondii at multiplication of infection 1 (MOl = 1) for 10 days to identify HDFs
essential for T. gondii infection. The survival cells were harvested and sent for sgRNA
sequencing. The sgRNA sequence matched genes or miRNAs were potential HDFs.
Some cells in the lentivirus-treated group could survive longer than those in the untreated
control group after T. gondi infection. From a pool of 19,050 human genes and 1,864
human pri-miRNAs, 1,193 potential HDFs were identified, including 1,183 genes and 10
pri-miRNAs (corresponding with 17 mature miRNAs). Among them, seven genes and five
mature MiRNAs were validated with siRNAs, miRNA inhibitors, and mimics, respectively.
Bioinformatics analysis revealed that, among the 1,183 genes, 53 potential HDFs were
associated with regulation of host actin cytoskeleton and 23 potential HDFs coded
immune negative regulators. This result indicated that actin dynamics were indispensable
for T. gondii infection, and some host immune negative regulators may be involved in
disarming host defenses. Our findings contribute to the current limited knowledge about
host factors required by T. gondii infection and provide us with new targets for medication
therapy and vaccine exploitation.

Keywords: Toxoplasma gondii, host dependency factors, CRISPR-Cas9, genome-wide, actin cytoskeleton,
immune regulation

INTRODUCTION

Toxoplasma gondii is an obligate intracellular protozoa that is considered one of the
most intelligent parasites with numerous and widespread hosts (Kieffer and Wallon, 2013).
The infection in an immune competent individual is usually asymptomatic but results in
encephalitis, retinochoroiditis, and other serious diseases in immunocompromised individuals

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1

January 2020 | Volume 9 | Article 460


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2019.00460
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2019.00460&domain=pdf&date_stamp=2020-01-22
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:hongjuan@smu.edu.cn
https://doi.org/10.3389/fcimb.2019.00460
https://www.frontiersin.org/articles/10.3389/fcimb.2019.00460/full
http://loop.frontiersin.org/people/878142/overview
http://loop.frontiersin.org/people/878116/overview
http://loop.frontiersin.org/people/878143/overview
http://loop.frontiersin.org/people/878141/overview
http://loop.frontiersin.org/people/878145/overview
http://loop.frontiersin.org/people/477038/overview

Wu et al.

Host Factors Required by Toxoplasma

(Kieffer and Wallon, 2013). When pregnant women are primarily
infected by T. gondii, abortion, fetal anomalies, stillbirth, and
other adverse outcomes may occur (Li et al, 2014). So far,
there is no ideal therapeutic medicine or vaccine against
T. gondii infection.

The pathology of toxoplasmosis is a direct or indirect
result of the parasite’s lytic cycle of attachment, invasion,
parasitophorous vacuole (PV) formation, growth, and egress
(Black and Boothroyd, 2000; Peng et al., 2011). Toxoplasma
gondii are obligate intracellular protozoa, and due to their small
genomes and a limited number of encoded proteins, they have
to exploit host factors for entry, replication, and dissemination.
Such host factors can be defined as host dependency factors
(HDFs). Though knowledge about the HDFs supporting T. gondii
infection is highly deficient, some amino acids, host proteins,
and miRNAs have been identified to be utilized by T. gondii
during infection. For example, as T. gondii lacks the enzymes
for polyamine, arginine, and purine biosynthesis, the intracellular
parasites have to get these nutrients from their host cells
(Schwartzman and Pfefferkorn, 1982; Fox et al., 2004; Cook et al.,
2007). We previously reported that host RhoA and Racl GTPases
were activated upon T. gondii infection and facilitated T. gondii
invasion (Na et al., 2013; Wei et al., 2019). It also has been
reported that host hypoxia-inducible transcription factor 1 (HIF-
1)/hexokinase 2 (HK2) can reprogram the host cell’s metabolism
to create an environment conducive for parasite replication at 3%
physiological oxygen levels (Menendez et al., 2015). Epidermal
growth factor receptor (EGFR) is reported to be activated by
T. gondii to maintain the non-fusogenic nature of the PV and
prevent the autophagy pathway-dependent killing of the parasite
(Muniz-Feliciano et al., 2013).

Previously, three papers reported that genome-wide RNAi
screening was performed to identify host genes required for T.
gondii growth (Gaji et al., 2013; Moser et al., 2013; Menendez
et al,, 2015). However, the overlap of these genes was very poor.
Six human proteins (PTK9L, MAPK7, PHPT1, MYLIP, PTPRR,
and PPIL2) have been reported to facilitate T. gondii entry by
modifying host actin dynamics (Gaji et al., 2013). It has been
suggested that the screened potential HDFs for T. gondii are
also vital for the host cells (Moser et al., 2013). Menendez et al.
identified 316 and 293 siRNAs that could reduce the parasite’s
growth under 21 and 3% O, conditions, respectively, and HK2
functions as a very important HDF for T. gondii infection at
physiological oxygen levels (Menendez et al., 2015).

The CRISPR-cas9 system has recently been widely used as
a tool to screen HDFs for virus infection, including human
immunodeficiency virus (HIV), West Nile virus (WNV), dengue
virus (DENV), Zika virus (ZIKV) (Ma et al.,, 2015; Zhang et al.,
2016; Park et al., 2017), and tumor growth (Shi et al., 2015;
Steinhart et al., 2017; Yau et al.,, 2017). Compared with RNAi
technology, the gene-silencing efficiency of the CRISPR system
is much higher, and the target genes can be completely deleted.
In our study, the whole-genome lentiviral CRISPR-Cas9-sgRNA
library was used to identify HDFs essential for T. gondii infection.
This study will contribute to the current limited knowledge about
host factors required by T. gondii infection and provide us with
new targets for therapy and vaccine exploitation.

MATERIALS AND METHODS

Toxoplasma gondii Strains and Cell Lines
The T. gondii wild-type ME49 strain tachyzoites were maintained
in our laboratory. The human foreskin fibroblast (HFF) and
Hela cell lines were purchased from the American Type Culture
Collection (ATCC) (USA). Parasites and cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, New
York, NY) containing 10% (v/v) fetal bovine serum (FBS) (Gibco,
New York, NY) in 5% CO, at 37°C.

Lentiviral Transduction, T. gondii Infection,

and sgRNA Sequencing

A lentiviral CRISPR-Cas9-sgRNA library targeting 19,050 human
genes with 6 sgRNAs per gene and 1,864 pri-miRNAs with 4
sgRNAs per miRNA was derived from Zhang’s lab (Sanjana
et al., 2014; Shalem et al.,, 2014) and purchased from Shanghai
GeneChem Company. The screening strategy is illustrated in
Figure 1A, and the detail procedure was as follows. (1) HFF cells
(6 x 107) were transduced with lentiviruses at multiplicity of
infection 1 (MOI = 1) for 72 h. (2) The cells were subsequently
screened with puromycin for 5 days. (3) About 1 x 107 HFF
cells treated or untreated with the lentivirus library were infected
with T. gondii ME49 tachyzoites (MOI = 1) and incubated for
10 days. T. gondii infection led to a small population of host
cells carrying lentivirus-sgRNA being protected and surviving,
and lysis of those normal HFF cells. (4) Genomic DNA was
extracted from the cells that survived T. gondii infection, and
sgRNA sequences were amplified by nested PCR with the
outer primers first (forward: 5-AATGGACTATCATATGCT
TACCGTAACTTGAAAGTATTTCG-3'; reverse: 5-AACGTT
CACGGCGACTACTGCACTTATATACGGTTCTC-3"),  and
then the inner primers (forward: 5-TCTTGTGGAAAGGAC
GAAACACCG-3'; reverse: 5'-AGCCAGTACACGACATCA
CTTTCC-3'). (5) After high-throughput sequencing, the tag
sequences were removed and the sgRNAs were matched to their
specefic genes. These genes are potential HDFs which may be
essential for T. gondii infection. The experiment was done in
biological triplicates.

Screening of the Potential HDFs and

Validation of the Selected HDFs

The sgRNAs were arranged by their reads and the top 39,000
sgRNAs cut off at the last one with the same reads were
selected from the three independent biological replicates. These
screened sgRNAs were further matched to their origin genes,
only the candidate genes or pri-miRNAs with three or more
matched independent sgRNAs in all three independent biological
replicates were selected. Then, seven genes were further verified
by siRNA gene knockdown assay, five mature miRNAs were
validated with specific inhibitors and mimics. All siRNAs were
purchased from Ribobio Company (Guangzhou, China) and used
at 100 nM working concentration. All inhibitors and mimics were
purchased from GenePharma Company (Shanghai, China) and
used at 10 nM working concentration. Hela cells were transfected
with siRNAs, inhibitors, and mimics against the candidate genes
using Lipofectamine 2000 (Invitrogen, cat. #11668-019) for 24 h.
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FIGURE 1 | Screening of host dependency factors required by Toxoplasma gondii infection with CRISPR/CAS9-sgRNA library. (A) Screening flowchart. Human
foreskin fibroblast (HFF) cells were transduced with lentiviruses at multiplicity of infection 1 (MOI = 1). Cells were subsequently selected using puromycin for 5 days.
Transduced cells were infected with T. gondii (MOl = 1) for 10 days. Finally, the transduced cells that survived T. gondii infection were harvested, and the genomic
DNA was extracted and subjected to high-throughput sequencing. (B) Venn diagram depicting the number of screened targets from independent biological triplicates:
first replicate (red), second replicate (lime), third replicate (blue), and overlapped targets (middle).

The cells surviving

4 Amplify the sgRNA
the 7' gondii effectors, sequencing
challenge and identify the

essential genes

In parallel, the control siRNA, inhibitor, and mimic were also
transfected to Hela cells for control. Then the transfected cells
were infected with T. gondii (MOI = 1) for 36 h. The infected
cells were collected and treated with Proteinase K (Qiagen, cat.
#19131). To evaluate the relative amount of T. gondii tachyzoites,
T. gondii B1 gene was detected by real-time PCR using the specific
primers (forward: 5-GGAACTGCATCCGTTCATG-3'; reverse:
5-TCTTTAAAGCGTTCGTGGTC-3'). The standard curve was
obtained through real-time PCR with B1 gene primers and the
plasmid containing B1 gene of known concentrations as the
template. Abundance of the parasitic equivalent was determined

by extrapolation from the standard curve. The experiments
were prepared in triplicates and performed for three times. The
information for gene-specific and control siRNAs, inhibitors, and
mimics is provided in Table S1.

Cell Viability Assay

Cell viability was assessed by a cell counting kit (CCK; Transgen,
cat. #FC101) following the manufacturers instructions. Equal
numbers of Hela cells were seeded in the wells of 96-well plates.
When the cells reached 80% confluency, they were transfected
with siRNAs, inhibitors, or mimics and incubated for 24 h. Then,
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10 l CCK solution was added to each well and the cells were
incubated for 4 h at 5% CO,, 37°C. The absorbance was measured
at 450 nm using a microplate reader (BioTek). The experiments
were prepared in triplicates and performed for three times.

Gene Ontology Enrichment and KEGG

Pathway Analysis

To further define the biological function of the identified
potential HDF genes, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment were done using the online server Enrichr
(http://amp.pharm.mssm.edu/Enrichr) (Kuleshov et al., 2016).
Additionally, the STRING database (version 11.0; http://string-

db.org) was used to explore and build the protein-protein
interaction (PPI) network. Targetscan (Agarwal et al, 2015),
miRWalk (Dweep et al., 2014; Sticht et al., 2018), and DIANA-
microT (Paraskevopoulou et al., 2013) were used to predict the
target genes of the mature miRNAs.

Statistical Analysis

The differences between two groups were analyzed with Prism
(GraphPad Software) using a 2-tailed Students t-test with
unequal variance. To compare more than two groups, one-
way ANOVA and least significant difference (LSD) test were
performed with the SPSS software package. The statistical
significance was defined as p < 0.05.
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FIGURE 2 | Validation of seven selected T. gondii host dependency factors (HDFs). (A) Among the HDFs, seven genes (CBLB, USP17L24, USP19, HDAC7, ULK1,
PIM1, and ENPP5) were selected for sSiRNA gene knockdown assay on Hela cells. Three siRNAs were designed for each gene, and siRNAs with the highest
knockdown efficiency were chosen for the further experiments. (B) When specific genes were knocked down with selected siRNA for 24 h, T. gondii was used to

S

s

infect cells at MOI = 1 for 36 h. Proliferation of T. gondii was significantly inhibited in siRNA treated groups compared with mock and negative control siRNA treated
groups. (C,D) FAM-tagged control miRNA inhibitor and mimic transfected Hela cells showed the transfection rate. (E,F) Compared with mock and negative control
siRNA treated groups, multiplication of T. gondii was significantly suppressed in specific miRNA inhibitor treated group, but not significantly changed in mimic treated
group. (G) Viability of Hela cells in siRNA, inhibitor, and mimic treated groups was not significantly changed. * p < 0.05, ** p < 0.01, *** p < 0.005.
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RESULTS

Genome-Wide CRISPR Screen for T. gondii

Dependency Factors

HFF cells were transduced with lentiviruses and subsequently
selected using puromycin. Then, the cells were infected with T.
gondii (MOI = 1). At 4 days post infection, more free tachyzoites
were found in the lentivirus-treated group. This result may be
due to the silencing of some immune-associated genes. At 10
days post-infection, the cells in the normal group were all lysed;
however, there were still remaining cells in the lentivirus-treated
group (Figure S1). The genomic DNA was extracted from the
cells that survived T. gondii infection and subjected to high-
throughput sequencing. Similar to RNAi screening, we used
the reagent redundancy principle (Echeverri et al., 2006) to
select the candidate genes or pri-miRNAs for each independent

screen. The sgRNAs were arranged by reads, and the top 39,000
sgRNAs cut off at the last one with the same reads were selected,
thus 36,898, 36,901, and 39,133 sgRNAs were chosen from the
three independent biological replicates, respectively (Table S2).
Only those genes or pri-miRNAs targeted by three or more
independent sgRNAs in each independent biological replicate
were further screened. Therefore, 5,149, 4,988, and 5,763 genes
and 105, 143, and 164 pri-miRNAs were selected from the three
independent biological replicates (Table S3). In total, 1,183 genes
and 10 pri-miRNAs were found to be overlapped in all the
three independent biological replicates, and the 10 pri-miRNAs
were found with 17 mature miRNAs (Figure 1B and Table S3).
Among the 1,183 genes, EGFR, which had been previously
confirmed as an HDF required by T. gondii to prevent autophagy
protein-mediated killing of the parasites (Muniz-Feliciano et al.,
2013), was also identified in our study. In addition to these known
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FIGURE 3 | The top 10 enriched biological processes for host dependency genes and predicted target genes of host dependency miRNAs identified by Gene
Ontology (GO) analysis. (A) Host dependency genes were significantly over-represented in the biological processes of actin filament organization, negative regulation
processes, and regulation of apoptotic processes. (B) Host dependency miRNA predicted target genes were involved in a variety of positive regulation process, such
as “positive regulation of transcription, DNA-templated” and “positive regulation of gene expression.” Stacked bar chart indicates the number of proteins overlapped
with the database, and connected orange points represent the logarithm of p-values.
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factors, the majority of the genes were newly defined potential
HDFs for T. gondii in our study. Notably, to our knowledge, this
is the first report of host dependency miRNAs required by T.
gondii. In all, 2,760 genes were predicted to be targeted by the
17 mature miRNAs (Table S4).

Validation of T. gondii Dependency Host

Factors

To further validate the factors identified by genome-wide
CRISPR screen, seven genes (CBLB, USP17L24, USP19, HDAC?7,
ULK1, PIMI1, and ENPP5) were selected for siRNA gene
knockdown assay. Three siRNAs were designed for each gene,
and the knockdown efficiency is shown in Figure 2A. Then
the siRNAs with the highest knockdown efficiency were chosen
for each gene in the next experiments. After the specific genes
were knocked down by the specific siRNAs, T. gondii ME49
strain was used to infect the cells. As shown in Figure 2B, the
proliferation of T. gondii was significantly inhibited in the siRNA
treated groups. Similarly, five mature miRNAs (miR-1270,
miR-22-5p, miR-3065-5p, miR-642a-5p, and miR-656-5p)
were validated with their specific inhibitors and mimics. The
transfection rates were indicated with the FAM-tagged control
inhibitors and mimics (Figures 2C,D). When Hela cells were
treated with specific miRNA inhibitors, the multiplication
of T. gondii was significantly suppressed (Figure 2E).
However, when Hela cells were treated with specific miRNA
mimics, the proliferation of T. gondii was not significantly
affected (Figure 2F). The viability of Hela cells was not
significantly changed in the siRNA, inhibitor, and mimic treated
groups (Figure 2G).

Bioinformatics Analysis of the Screened T.
gondii HDFs

In order to obtain a comprehensive view of the screened HDFs,
we performed GO analysis to identify the significantly enriched
functional terms. The results revealed that the 1,183 screened

HDFs were significantly enriched in a variety of biological
processes (p < 0.05). The top 10 enriched terms within the
Biological Process category were as follows, cell-cell adhesion
via plasma-membrane adhesion molecules, actin filament
organization, negative regulation of multicellular organismal
process, positive regulation of cell cycle process, regulation
of neuron apoptotic process, regulation of peptidyl-tyrosine
phosphorylation, purine ribonucleotide metabolic process,
vascular EGFR signaling pathway, positive regulation of
proteasomal protein catabolic process, and negative regulation
of extrinsic apoptotic signaling pathway (Figure3A). The
top 10 enriched terms within the Biological Process category
for the predicted target genes of the 2,760 host dependency
miRNAs were involved in a variety of positive regulation process,
such as positive regulation of transcription, DNA-templated,
positive regulation of gene expression, positive regulation
of transcription from RNA polymerase II promoter, positive
regulation of nucleic acid-templated transcription, and so on
(Figure 3B). These results show that potential host dependency
genes may be important for negative regulation, while host
dependency miRNA predicted targets are important for
positive regulation.

Then, we performed KEGG pathway enrichment to further
investigate the significant human signaling pathways required
by T. gondii infection. The top 10 enriched pathways for the
1,183 identified potential host dependency genes are shown in
Figure4 and Table S5. We found 30 genes enriched in the
PI3K-Akt signaling pathway, 21 genes in the Rapl signaling
pathway, 16 genes in the mTOR signaling pathway, 16 genes
in the JAK-STAT signaling pathway, 23 genes in regulation of
actin cytoskeleton, 16 genes in the relaxin signaling pathway,
18 genes in focal adhesion, 22 genes in human cytomegalovirus
infection, 16 genes in hepatitis C, and 16 genes in hepatitis B.
These results indicate that the identified HDFs are important for
infectious diseases and cytoskeleton reorganization. We further
conducted a deeper exploration of the PPI networks by using
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FIGURE 4 | The top 10 enriched pathways for host dependency genes. Stacked bar chart indicates the number of proteins overlapped with the database, and
connected orange points represent p-values.
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the STRING 11.0 database to elucidate whether these potential
HDFs were functionally related. Those reported experimental
data and prediction databases were used as active interaction
sources. By applying a high confidence of p > 0.7, 428 (36.12%) of
the host dependency genes were enriched in a large PPI network,
with a PPI enrichment p of 4.82¢ "7 (Figure 5), indicating that
the screened HDFs were biologically connected as a network
rather than a random set of proteins. As shown in Figure 5,
1,136 edges (PPIs) were observed among the 428 HDFs, and
seven protein—protein-interacting clusters were evident in the
network (Table §6). Among these, the biggest one was a cluster
of E3 ubiquitin-protein ligases containing 25 proteins (in green),
including TRIM63, UBE3D, HECTDI1, ARIH2, ZNF645, and

Casitas B-lineage lymphoma-b (CBLB) etc, notably, CBLB was
observed as one of the main hubs situated in the core of this
cluster. Then the second one was a cluster of 25 olfactory
receptor proteins (in red) with receptor-transporting protein 1
(RTP1) in the center. A cluster of 12 ubiquitin-specific proteases
(USP) (in medium slate blue) was also found among the seven
PPI clusters.

DISCUSSION

Obligate intracellular parasites rely on host resources for
entry, replication, and dissemination. Previously, three papers
reported on identification of host genes required for T. gondii
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growth through genome-wide RNAi screening, revealed that
host HK2 was essential for T. gondii growth under 3%
physiological oxygen concentration, 6 human proteins (PTKIL,
MAPK7, PHPT1, MYLIP, PTPRR, and PPIL2) facilitated
T. gondii entry by modifying host actin dynamics (Gaji
et al, 2013; Moser et al, 2013; Menendez et al., 2015).
In our study, the human CRISPR-cas9 sgRNA library was
used to screen HDFs for T. gondii infection. Finally, 1,183
genes and 10 pri-miRNAs were identified as HDFs. Among
them, seven genes (CBLB, USP17L24, USP19, HDAC7, ULK1,
PIM1, ENPP5) and five mature miRNAs (miR-1270, miR-
22-5p, miR-3065-5p, miR-642a-5p, miR-656-5p) were further
confirmed by siRNA knockdown assay or miRNA inhibitors.
Furthermore, EGFR, which had been previously confirmed
as an HDF required by T. gondii preventing autophagy
protein and lysosomal protease mediated killing of the parasite
(Muniz-Feliciano et al., 2013), was identified in our study.
All of these results strongly support the reliability of our
CRISPR-cas9 system. The majority of the 1,183 genes and 10
human pri-miRNAs were newly screened HDFs required by
T. gondii infection.

The Screened HDFs Function in Actin

Reorganization

It is known that cytoskeletal reorganization is induced when
cells are invaded by bacteria, viruses, or protozoan parasites.
For example, the bacteria Salmonella enterica induces host
cell actin reorganization to facilitate its internalization in non-
phagocytic cells (Patel and Galan, 2005). The vaccinia virus
utilizes polymerized actin to invade non-infected cells (Munter
et al., 2006). The protozoan Cryptosporidium parvum induces
host actin reorganization to form a plaque-like structure at
the host—parasite interface during parasite invasion and persists
during parasite replication (Elliott and Clark, 2000). Toxoplasma
gondii infection induces de novo polymerization of the host cell
actin, and F-actin is observed to accumulate and form a ring-
shaped structure at the point of apposition of the host and
parasite plasma membranes, which remains stable during the
parasite’s entry and disappears from the posterior end of the
internalized parasite within 10 min post entry (Gonzalez et al.,
2009). After that, T. gondii recruits host cell microtubules to form
conduits, along which host organelles are transported to the PV
(Coppens et al., 2006). The RacGTPases were activated upon T.
gondii invasion, and when F-actin polymerization was inhibited
in NSC23766-treated cells, the efficiency of T. gondii attachment,
invasion, and replication was significantly decreased (Na et al,,
2013; Wei et al., 2019). Furthermore, it has been reported that
six human proteins (PTK9L, MAPK7, PHPT1, MYLIP, PTPRR,
and PPIL2) facilitate T. gondii entry by modifying host actin
dynamics (Gaji et al., 2013). In our study, among the HDF genes
we screened, 14 genes (MYBPC3, INPPL1, LMOD1, MYBPH,
PPP1R9A, ERMN, RHOBTBI, EPS8, CDC42, SAMD14, ACTCl1,
SH3BP1, FAT1, CAP2) were significantly enriched in “actin
filament organization” in the GO term of Biological Process
(p = 0.012). In KEGG pathway enrichment, 23 genes fell in
“regulation of actin cytoskeleton” (p = 0.0041), and 16 genes

TABLE 1 | The 23 screened host dependency genes of T. gondii contributing to
immune tolerance.

Gene Functions References
ADAR T cell self-tolerance; a feedback suppressor  O’Connell et al., 2015;
of innate immunity George et al., 2016;
Chung and Rice, 2018
Bcl10 B cell tolerance Yuetal., 2012
Bcl2 B-cell tolerance Tsubata, 2017
Clga Facilitate the induction of intranasal Baruah et al., 2010
tolerance
CBLB T- cell dysfunction, and negatively regulate  Liu et al., 2014; Tang
innate immunity etal., 2019
CcDg4 B cell tolerance Wong et al., 2015;
Cuenca et al., 2019
CDC42 Suppress Th17 aberrant Kalim et al., 2018

differentiation/pathogenicity and promote of
Treg differentiation/stability/function
CEACAM1 T-cell inhibition; deletion of CEACAMT in
mice causes exacerbation of inflammation
and hyperactivation of myeloid cells and

Huang et al., 2015;
Horst et al., 2018

lymphocytes
DOK2 Involved in an intrinsic negative feedback Dong et al., 2006;
loop downstream of NK-cell-activating Celis-Gutierrez et al.,
receptors and early T cell receptor signal 2014
Fas Maintenance of immune tolerance by Yamada et al., 2017
regulating T cell and B cell immunity
HDAC7 T cell self-tolerance Verdin et al., 2004;
Kasler et al., 2012
1L411 Inhibits T-cell proliferation and production of ~ Marquet et al., 2010;
IFN-y and inflammatory cytokines Scarlata et al., 2015
LRP6 Decreased effector T cell differentiation and  Hong et al., 2016
increased regulatory T cell differentiation
NFIL3 T-cell dysfunction Zhu et al., 2015; Kim
etal.,, 2019
NRP1 A higher proportion of Nrp1=/~ Regulatory ~ Overacre-Delgoffe
T cells produce IFNy than (Nrp1+/+) Tregs. et al., 2017
PIM1 Facilitates promotion of viral infectivity by Miyakawa et al., 2019
counteracting the host antiviral system
PRKCI In human ovarian cancers, high PRKCI Sarkar et al., 2017
expression correlates with high expression
of TNFa and YAP1 and low infiltration of
cytotoxic T cells
SEMABA  Suppressing the over-activity of both T and  Vadasz and Toubi,
B cell autoimmunity 2014; Cozacov et al.,
2017
Sh2b3 Negatively regulates cytokine signaling in Mori et al., 2018
lymphohematopoiesis
SIRT2 Decreased LPS and poly (:C) induced IL-6, Qin et al., 2017
TNF-a and MCP-1 expressions
SMAD3 Cytokine suppression Yoshimura and Muto,
2011
SUMO4  Negatively regulates NF-kB transcriptional Park, 2007
pathway
TIGIT Suppresses T cell activation; decreases Yu et al., 2009; Lozano

IFN-y production. etal., 2012

fell in “relaxin signaling pathway” (p = 0.0043). All these results
further testify that cytoskeletal reorganization is essential for T.
gondii infection.
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Screened HDFs May Negatively Regulate

Host Immunity

During pathogen infection, immune defense is strongly induced
in the host cells. Both innate and adaptive immune defense play
essential roles in pathogen elimination. However, there exists
a variety of negative regulation signaling to avoid excessive
pro-inflammatory reaction and pathological damage (Liu et al,,
2005; O’Neill, 2008). Moreover, immune tolerance is a normal
phenomenon in many chronic infections (Han et al, 2013;
Larrubia et al., 2013; Snell et al.,, 2017; Dembek et al., 2018;
Teymouri et al., 2018). Therefore, this kind of negative regulation
of host cell immunity can be employed by intracellular pathogens
for their immune evasion.

In this study, two of the top 10 enriched GO terms within
Biological Process for the screened host dependency genes
were about negative regulation processes negative regulation
of multicellular organismal process, and negative regulation of
extrinsic apoptotic signaling pathway (Figure 3A). On the other
hand, among the predicted target genes of the host dependency
miRNAs, four of the top 10 enriched GO terms within Biological
Process were involved in various positive regulation processes
including positive regulation of transcription, DNA-templated,
positive regulation of gene expression, positive regulation of
transcription from RNA polymerase II promoter, and positive
regulation of nucleic acid-templated transcription (Figure 3B).
These results indicate that the screened host dependency
miRNAs targeted the genes and suppressed their functions
on positive regulation of host immunity. Surprisingly, 23 of
the screened 1,183 host dependency genes were reported to
contribute to immune tolerance. As shown in Table1, the
majority of the genes facilitate immune tolerance by inhibiting
T or B cell function, and some of them can negatively regulate
innate immunity, such as ADAR and CBLB. Interestingly, PIM
kinases are reported to promote viral infectivity by counteracting
the host antiviral system; SIRT1/2 knockdown increased LPS and
poly (I: C) induced IL-6, TNF-a, and MCP-1 levels. All these
genes were screened as HDFs of T. gondii with our CRISPR-cas9
system, indicating that they may play essential roles in the
negative regulation of host anti-T. gondii immunity.

In conclusion, our genome-wide CRISPR screen identified
1,193 HDFs required by Toxoplasma gondii infection, including
1,183 genes and 10 pri-miRNAs. The GO terms and KEGG
enrichment for the host dependency genes and the target genes
for the host dependency miRNAs revealed that these HDFs
were characteristically involved in the regulation of host cell
actin reorganization to facilitate T. gondii invasion, and in the
modulation of negative host immunity for immune evasion.
These findings provide us with new targets for therapy and
vaccine exploitation.
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