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Abstract

Toxoplasma gondii is an important human pathogen infecting an estimated 1 in 3 people worldwide. The cytokine
interferon gamma (IFNy) is induced during infection and is critical for restricting T. gondii growth in human cells.
Growth restriction is presumed to be due to the induction interferon stimulated genes (ISGs) that are upregulated to
protect the host from infection. Although there are hundreds of ISGs induced by IFNy, their individual roles in
restricting parasite growth in human cells remain somewhat elusive. To address this deficiency, we screened a library
of 414 IFNy induced ISGs to identify factors that impact T. gondii infection in human cells. In addition to IRF1, which
likely acts through induction of numerous downstream genes, we identified RARRES3 as a single factor that restricts
T. gondii infection by inducing premature egress of the parasite in multiple human cell lines. Overall, while we
successfully identified a novel IFNy induced factor restricting T. gondii infection, the limited number of ISGs capable
of restricting T. gondii infection when individually expressed suggests that IFNy mediated immunity to T. gondii

infection is a complex, multifactorial process.
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Introduction

Toxoplasma gondii infection is common in humans, and while typically self-limiting in immunocompetent individuals,
it can be severe in congenital toxoplasmosis and in immunodeficient individuals (1). Additionally, T. gondii is a leading
cause of infectious retinochoroiditis (2). Eye disease is most prominent in Latin America and Africa with
approximately one third of uveitis cases being attributed to ocular toxoplasmosis(3). Although mechanisms of
immune control are well studied in the mouse, they are less well understood in humans with currently known

mechanisms of restriction observed in a cell type dependent manner(4).

In response to pathogen infection, host cells express and secrete interferons (IFNs), which signal in an autocrine
or paracrine manner through IFN receptors to induce factors designed to block infection. Interferons fall into three
categories: type | (including IFNa and IFNB), type Il (IFNy), and type Il (IFNA1-4). In general, receptors for type | and Il
IFN are ubiquitously expressed whereas type Il IFN sensitivity is restricted to epithelial barriers. Conventionally, IFN
signaling involves the induction of interferon stimulated genes (ISGs) involved in host defense via JAK-STAT mediated
signaling (5-7). Although IFN upregulates expression of many genes, induction of ISGs is only semiconserved between
cell types, with many ISGs being cell type dependent (7). Variability in ISG expression is perhaps due to the induction
of noncanonical IFN signaling pathways that have been observed in a cell type dependent manner(8, 9). To identify
and study the functions of this diverse set of genes, a wide variety of approaches have been utilized including ectopic
overexpression, siRNA-mediated knockdown, and more recently CRISPR-Cas9 screening approaches(7). For the
purpose of our study, several previous over-expression screens have been informative: an ectopic expression-based
screen of type Il IFN induced genes developed by Abrams et al., and the prior screen developed by Schoggins et al.,
which focused on type | IFN induced genes (10, 11). These screens utilized a lentiviral based expression cassette to
express a curated library of commonly expressed ISGs in a one gene per well format. Abrams et al., successfully used
this approach to identify novel ISGs which impact Listeria monocytogenes infection while the screen developed by
Schoggins et al., has been used to identify many ISGs impacting a broad range of pathogens including both bacteria

and viruses(10-13).

Interferon gamma (IFNy) has been known since the 1980s to be expressed during T. gondii infection and to be
critical for restricting infection in mice(14-16). IFNy mediated restriction has been attributed to the expression of a
group of interferon stimulated genes (ISGs) including immunity related GTPases (IRGs) and guanylate binding
proteins (GBPs). IRGs and GBPs are recruited to the parasitophorous vacuole membrane (PVM) resulting in a loss of
membrane integrity and parasite death(17, 18). As a defense, type | and |l strains of T. gondii express the Ser/Thr
kinase ROP18, which phosphorylates and inactivates IRG proteins to prevent PVM damage(19). Additionally,
increased nitric oxide production due to induction of inducible nitric oxide synthase (iNOS) has also been shown to

play a role in restricting T. gondii infection in mice in vivo and in vitro(20-22).
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IFNy is similarly important for T. gondii restriction in human cells in vitro and IFNy expression has been shown to
correlate with disease severity in vivo(23, 24). However, in contrast to the situation in mouse, the mechanisms
underlying IFNy mediated T. gondii restriction in humans tend to be cell-type specific. Humans possess one truncated
IRG that likely lacks GTPase activity and only one nontruncated IRG that is not IFNy or infection inducible(25). Hence,
it is unlikely IRGs play a role in human resistance to T. gondii infection. Although human GBP1 has been shown to
restrict T. gondii infection, it does so in a cell type dependent manner. GBP1 restricts infection in IFNy-treated human
mesenchymal stromal cells (MSCs) and lung epithelial cells (i.e. A549 cells) but not myeloid-derived cells (i.e. HAP1
cells)(26-28). GBP1 is also implicated in an inflammasome pathway that results in host cell death in human
macrophages following T. gondii infection (29). Additionally, GBP5 has been shown to play a role in the clearance of
T. gondii from human macrophages in vitro, albeit in an IFNy independent manner (30). Humans also possess an
ISG15-dependent, IFNy inducible, noncanonical autophagy (ATG) pathway that restricts T. gondii growth in human
cervical adenocarcinoma cells (HeLa cells) and A549 cells(31, 32). A similar noncanonical ATG dependent pathway has
been reported in human umbilical vein epithelial (HUVEC) cells, although it differs slightly in culminating in lysosome
fusion(33). Finally, indoleamine 2,3-dioxygenase (IDO1) has been shown in vitro to restrict T. gondii growth by
limiting L-tryptophan availability in human fibroblasts and monocyte derived macrophages as well as in human
derived cell lines of myeloid, foreskin, liver, or cervix origin (e.g. HAP1s, HFFs, Huh7s, and Helas) but not in cells lines
originating from mesenchymal stem cells, the large intestine, or the umbilical endothelium (e.g. MSCs, CaCO,s, or

HUVECs)(26, 34-38).

Collectively, the previous studies examining IFNy mediated growth restriction in human cells support a model
where different mechanisms make variable contributions in distinct lineages. However, the known pathways for
restriction only cover a small fraction of the genes that are normally upregulated in different human cell types
following treatment with IFNy (7, 39). Hence, there may be additional control mechanisms not yet defined, including
either those that are lineage-specific or that operate globally in all cell types. To explore this hypothesis, we screened
a library of 414 IFNy induced interferon stimulated genes (ISGs) in a one gene per well format to attempt to identify

novel human factors with the ability to restrict T. gondii infection.
Results

To identify novel ISGs that impact T. gondii infection, we employed a library of 414 IFNy induced ISGs cloned into a
lentiviral expression cassette co-expressing tagRFP, as previously described by Abrams et al. (10). To screen for ISGs
that restrict T. gondii infection, we developed a high-throughput method to quantitatively measure infection of GFP-
expressing type Il strain CTG parasites using automated microscopy. A549 lung epithelial cells were infected with
CTG-GFP and the size of individual parasitophorous vacuoles (PVs), the number of vacuoles per field, and the
percentage of vacuoles with a size consistent with containing > 8 parasites was determined after 36 hr of culture

(Figure 1A-C). Cells were transduced with lentivirus in a one gene per well format and challenged with CTG-GFP
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(Figure 1D). Transduction efficiency was high for most ISGs with 86% (357/414) of ISGs expressed in at least 50% of
the cell population and 50% of ISGs (205/414) expressed in 90% of the cell population (Dataset 1). Using this
approach, we found three ISGs that restricted infection: IRF1, TRIM31, and RARRES3(Figure 1E, Dataset 1). All hits
were identified as significant by a two-way ANOVA (P < 0.0001). We found it curious that IDO1 was not identified by
this screen considering its significant impact on infection observed in some but not all cell lines (26, 34-38). There
have been no previous reports as to the role of IDO1 during infection in A549s and as such we generated an IDO1
deficient A549 cell line and challenged with CTG-GFP in the presence of IFNy. Consistent with the results of our
screen, IDO1 deficiency did not impair IFNy-mediated restriction of CTG-GFP suggesting that IDO1 does not play a

role in the restriction of T. gondii in A549 cells (Figure 1F).
Validation of Screen Hits

Cells ectopically expressing IRF1, TRIM31, and RARRES3 expanded normally and showed similar viability compared to
a luciferase control when stained with the live-dead stain SYTOX green, suggesting that the overexpression of these
genes is not cytotoxic (Figure 2A-B). To confirm that these genes restrict T. gondii infection, we ectopically expressed
these genes in A549 cells and challenged with CTG-GFP for 36 or 96 h. RARRES3 and IRF1 ectopic expression resulted
in a reduction in average vacuole size at 36 h (Figure 2A-B). At 96 h, the total area infected per well was significantly
lower for RARRES3 and IRF1 expressing cells compared to control as was the average size of infection foci (Figure 2C-
D). TRIM31 had no significant effect on infection in validation experiments and it was not studied further. IRF1 has a
known role in amplifying IFNy mediated transcription, and its role relative to IFNy is further explored below. RARRES3
is a small, 18.2 kDa single domain protein in the HRASLS family(40). It displays phospholipase A1/2 activity in vitro
and has been shown to suppress Ras signaling and promote apoptosis(41, 42). Although RARRES3 was described by a
previous screen to be antiviral(12), it was not studied further and little is known about its involvement in immunity to

other pathogens. In studies described below, we explore its role in restricting growth of intracellular T .gondii.
IRF1 versus IFNy induced genes

In mice, Irfl deficiency has been shown to result in increased susceptibility to T. gondii infection (43), consistent with
the secondary induction of a broad set of ISGs downstream of IFN dependent STAT-mediated gene expression(44).
However, it is unknown what subset of IFNy-induced genes are regulated by IRF1 in A549 cells. To define these two
gene sets, we ectopically expressed IRF1 or luciferase control in A549 cells, treated a subset of control cells with IFNy,
and analyzed transcriptional changes by RNA-seq. For both IFNy and IRF1, the majority of changes were due to
upregulation and we focused our analysis on these genes (Figure 3A,B). We identified 160 genes upregulated by IRF1
and 380 genes upregulated by IFNy in A549 cells (FDR < 0.05, 2 fold) (Dataset 2). When we compared these gene lists
with the ISG library with which we challenged T. gondii infection, we found that 41.1% (86/160) of IFNy induced
genes and 53.8% (156/380) of IRF1 induced genes were represented by the library (Dataset 3). Notably, strongly

induced ISGs were more commonly represented in the ISG library with 69% of the top 100 strongest induced genes
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by IFNy and 67% of those induced by IRF1 being represented (Figure 3C, Dataset 3). Gene ontology (GO) analysis for
the lists of IRF1 and IFNy induced genes revealed induction of very similar processes that were grouped into IFN
signaling, immune response regulation, host defense, and antigen presentation (Figure 3D-E). Interestingly, RARRES3

was strongly induced by both IRF1 and IFNy treatment.
RARRES3 does not affect immune signaling

To determine if the observed reduction in infection with RARRES3 overexpression might also be due to induction of
interferon expression and downstream I1SG induction, we used CRISPR/Cas9 mediated gene editing to generate a
STAT1” A549 cell line (Figure 4A-B). We ectopically expressed RARRES3 in these cells and subsequently infected with
CTG-GFP parasites. The same phenotypes were observed with RARRES3 ectopic expression irrespective of the
presence of STAT1, suggesting that decreased infection on over-expression of RARRES3 is not due to induction of
IFNy signaling (Figure 4C-F). Interestingly, we noticed that RARRES3 ectopic expression resulted in a modest increase
in the number of PVs observed at 36 h in wild type cells and was slightly more pronounced in STAT17 cells (Figure 2C,
4C). We further tested if ectopic expression of RARRES3 impacted NF-kB or interferon signaling by using kB-, ISRE-,
and GAS-luciferase reporter cell lines. RARRES3 did not significantly impact luciferase expression for any of the
reporters tested (Figure 4G-J). These findings suggest that RARRES3 does not modulate immune signaling pathways

and instead plays a direct role in restricting infection.
Endogenous RARRES3 can restrict infection

To determine if endogenously expressed RARRES3 impacts infection, we next used CRISPR/Cas9 mediated gene
editing to generate a RARRES3”" A549 cell line. Alternatively, cells were transduced with an expression cassette
containing Cas9 and a previously used nontargeting sgRNA to serve as a negative control(45). RARRES3 deficiency did
not alter the susceptibility of quiescent cells to infection (Figure 5A-B). However, RARRES3 deficiency partially
alleviated IFNy-mediated restriction of CTG-GFP infection and this deficiency was complemented with RARRES3
ectopic expression (Figure 5A-B). As previously mentioned, RNA-seq analysis showed that RARRES3 expression was
strongly induced by both IRF1 and IFNy. Since RARRES3 was the only ISG identified by our screen to restrict T. gondii
infection, we wanted to determine if the impact of IRF1 on infection was solely due to upregulation of RARRES3
expression. To test this, we ectopically expressed IRF1 or luciferase control in WT and RARRES3”" A549 cells and
challenged them with CTG-GFP. However, loss of RARRES3 did not impact IRF1 mediated restriction of infection
(Figure 5C). This suggests that either IRF1 mediated infection restriction is RARRES3 independent or involves multiple
factors with RARRES3 playing a redundant role in the process of restricting growth. CTG is a type Il strain of T. gondii
that is less virulent in mice and more susceptible to IFNy mediated restriction than other strains (46-48). We wanted
to determine if RARRES3 also impacts other strains of T. gondii. To test this, we infected A549s ectopically expressing

RARRES3 with GFP expressing RH88 (Type I) and Me49 (Type Il). However, RARRES3 had no impact on the infection of
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either of these two strains (Figure S1). Differential expression or polymorphic virulence factors may explain the

disparity in susceptibility to RARRES3 mediated restriction between strains(48, 49).
RARRES3 promotes premature egress

We subsequently revisited our previous finding that infection in RARRES3 ectopically expressing cells results in more,
smaller PVs at 36 h than control. This result suggested to us that RARRES3 might be promoting premature egress of
the parasite. To test this possibility, we infected A549 cells ectopically expressing RARRES3 with CTG-GFP parasites
and measured lactose dehydrogenase (LDH) release (Figure 6A). RARRES3 ectopic expression resulted in increased
LDH release in CTG-infected cells compared to control cells (Figure 6A). We next sought to differentiate if the
observed LDH release was due to PKG dependent, active parasite egress or a form of induced cell death. To
differentiate between these two hypotheses, we treated cells during infection with a trisubstituted pyrrole T. gondii
protein kinase G (PKG) inhibitor known as Compound 1(50, 51). Compound 1 is a potent inhibitor of parasite egress
and has also been shown to promote differentiation from tachyzoites to bradyzoites, significantly slowing parasite
growth thus also delaying or preventing egress(52-54). Treatment with Compound 1 blocked the LDH release
observed during infection and compound 1 treated cells did not stain with propidium iodide, suggesting that host cell

death as measured by LDH release was due to parasite egress (Figure 6B, Figure S2A).

In addition to increased parasite egress, we observed a reduction in host cell number during infection in cells
ectopically expressing RARRES3 compared to control (Figure 6C). Similar to above, this phenotype was blocked by
Compound 1 addition. A common trigger of premature egress is the induction of cell death pathways, of which there
is a diversity of types controlled by different mechanisms (55-58). Hence, we were curious if extending this timepoint
further would reveal host cell death even with blockage of parasite egress by Compound 1. However, Compound 1
addition during infection resulted in no significant increase in LDH release or propidium iodide staining even 72 h
after infection (Figure 6D, Figure S2B). Meanwhile, in untreated, infected cultures the cell monolayer was nearly
completely lysed and LDH activity was elevated in the supernatant (Figure 6D, Figure S2C). Collectively, these findings
suggest that induction of cell death by RARRES3 is not the trigger for promotion of parasite egress. To further test
this idea, we treated cells with a panel of inhibitors during infection either individually or in combination as indicated
(Figure 6E). These inhibitors included the pan-caspase inhibitor Z-VAD-FMK, which blocks apoptosis; the necroptosis
inhibitors GSK’963, GSK’872, and necrosulfonamide (NSA), which block RIP1, RIP3, and MLKL activity respectively;
and the pyroptosis inhibitor Z-YVAD-FMK, which blocks caspase 1. No single drug or combination thereof was capable
of inhibiting LDH release during infection except for GSK’872, which partially prevented LDH release in both RARRES3
ectopically expressing and control cells. Overall, we conclude from these experiments that it is unlikely that over

expression of RARRES3 induces cell death and therefore it must trigger premature egress by some other means.

A similar premature egress phenotype to that observed here has previously been identified in HFF cells(57). We

hypothesized that RARRES3 might play a role in this process. To test this possibility, we ectopically expressed
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RARRES3 in HFF cells and infected with CTG-GFP parasites. RARRES3 ectopic expression was found to restrict CTG
infection (Figure 7A-B). We next ablated RARRES3 expression in HFFs using CRISPR/Cas9 mediated gene editing. Loss
of RARRES3 resulted in a partial reduction in IFNy -dependent cell death in RARRES3”" HFF cells compared to control
cells expressing Cas9 and a nontargeting sgRNA (Figure 7C). This finding indicates that RARRES3 plays a role in
premature egress but is not the only factor involved in HFF cells. In line with this finding, RARRES3 deficiency in HFF
cells partially abrogated IFNy -mediated restriction of CTG-GFP infection (Figure 7D). Moreover, treatment with
Compound 1 completely blocked cell death during infection, suggesting that cell death is caused by PKG dependent
parasite egress (Figure 7E, Figure S2D-F). Collectively, this data suggests that RARRES3 over-expression promotes
premature parasite egress independently of host cell death pathways in multiple cell lines which presumably stunts

parasite growth leading to reduced infection overall.
Discussion

Although mechanisms of IFNy-mediated immunity are highly conserved across different cell types in mice, the
currently known restriction mechanisms in humans show dramatic differences between cell types with no common
or widespread restriction mechanism being observed. However, of the hundreds of ISGs, the vast majority have
never been studied in relation to T. gondii, leaving open the possibility of unidentified restriction mechanisms.
Herein, we performed a screen of IFNy induced ISGs to identify novel mechanisms of IFNy-mediated immunity in
humans. Our screen identified RARRES3 and IRF1 as ISGs restrictive to T. gondii infection in human cells. Further
study revealed that RARRES3 induced premature egress of T. gondii from host cells in a cell death independent
manner. Not unexpectedly, IRF1 induced genes were largely found to be a subset of those induced by IFNy, including
RARRES3. These findings suggest that IRF1 works by the collective action of multiple ISGs. The relative lack of
individual ISGs that are active alone also suggest that control mechanisms effective against T. gondii rely on
complexes of multiple ISGs or cellular proteins working in concert. Hence the control of intracellular eukaryotic
pathogens contrasts with that of bacterial and viral pathogens, mirroring differences in their overall biological

complexity.

We identified RARRES3 as an ISG promoting premature egress of type lll strains of T. gondii in two different
human cell lines. This phenotype occurs independently of triggering downstream immune signaling. A common cause
of premature egress is the induction of host cell death pathways (55-57). And indeed, such a mechanism might be
suggested due to the fact that RARRES3 ectopic expression has been previously shown to induce apoptosis(42).
However, in our system RARRES3 ectopic expression was not found to impact cell death. Additionally, basal levels of
LDH release were not increased in cells ectopically expressing RARRES3. Finally, when we blocked cell death
pathways individually or in tandem, we did not see a reduction in LDH. The one exception to this pattern was the
reduced release of LDH following treatment with GSK’872. We suspect this result is due to RIP3 inhibition mediated

induction of apoptosis as has been demonstrated previously with GSK’872 treatment (59). Thus, following treatment
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with GSK’872 it is likely that infection is hindered by host cell apoptosis and LDH release is not observed since cell
membranes remain largely intact. The early egress phenotype observed here was similar to an IFNy dependent
premature parasite egress observed in HFF cells that was independent of known cell death pathways(57). We found
that ablation of RARRES3 expression partially prevented the IFNy and infection dependent cell death phenotype in
HFF cells. Furthermore, we observed that LDH release was blocked via Compound 1 mediated inhibition of PKG
suggesting that RARRES3 over-expression leads to parasite egress resulting in host cell lysis. Although previous
studies using CDPK3 inhibition concluded that blocking egress was not sufficient to prevent cell death, our findings
differ from this conclusion, possibly due to the stronger role for PKG in controlling egress(53). It is presently unclear
how RARRES3 leads to premature egress, although it is possible that its phosphoplipase A1/A2 activity may alter
cellular lipid pools that could induce premature egress. As an example of the sensitivity of egress to membrane lipid
constituents, increases in phosphatidic acid(60), or the activity of lipolytic lecithin: cholesterol acyltransferase(61)

have been shown to trigger egress of T. gondii.

In addition to RARRES3, we found that ectopic expression of IRF1 was sufficient to restrict T. gondii infection. It
was not surprising to us that we identified IRF1 in this screen considering the well-known role of IRF1 in the
secondary induction of ISGs and other protective factors downstream of IFN signaling(44). Mice deficient in Irf1 were
previously shown to be more susceptible to T. gondii infection(43). However, considering the limited number of I1SGs
found to restrict T. gondii infection in our screen, we were curious as to what genes or pathways were being induced
by IRF1 ectopic expression and how this compared to IFNy mediated gene expression in A549s. Although few genes
were substantially downregulated by IRF1 expression, 160 genes were upregulated > 2 fold by IRF1 compared to 380
genes with IFNy treatment. IRF1 induced genes were largely a subset of those IFNy inducible genes. Notably, this is
not always the case with a significant disparity in genes being induced by IRF1 compared to IFNs being reported
previously in BEAS-2B cells(62). Overall, similar processes were induced by both IRF1 and IFNy and these were related
to antigen processing and presentation, host defense, and immune signaling. We observed that IRF1 and IFNy both
strongly induced the expression of RARRES3 which led us to question if infection restriction by IRF1 was due to the
induction of RARRES3 expression. However, we found that this was not the case, suggesting that RARRES3 either
does not play a role in IRF1 mediated restriction of T. gondii infection or plays a redundant role. Hence it is likely that

IRF1 leads to overexpression of multiple ISGs that collectively inhibit parasite growth.

Although our study is the first to broadly screen ISGs for anti-protozoal activity, it is curious that we only
identified two genes that were inhibitory to T. gondii infection. In contrast, similar screens challenging viruses and
bacteria have commonly identified a minimum of 2-3 times this number of ISGs that were restrictive to infection(10-
13). One possible explanation of this difference is that T. gondii separates itself from the host cytoplasm via the host
derived PVM that forms a barrier to otherwise harmful ISGs in the cytosol. Another explanation is that a common
mechanism of ISG activity is the manipulation or shutdown of host processes required for pathogen infection.

Examples include PKR and IFIT mediated inhibition of host translation machinery, processes that directly affect viral
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infection (7). In contrast, T. gondii is a relatively autonomous intracellular pathogen with relatively limited need for
host machinery for its growth and replication. Hence, the fact that so few genes were identified by this screen may
reflect a secluded existence of T. gondii within the PVM and its autonomy of cellular processes relative to viral or

bacterial pathogens.

Alternatively, the low number of single genes that restrict growth of T. gondii in A549 cells suggests that IFNy -
dependent restriction is a complex process requiring the cooperation of multiple host factors at a time. Hence, the
expression of single factors may not be sufficient to restrict infection. For example, a requirement for additional
factors could explain why ISG15 was not identified by this screen as ISGylation also requires ubiquitin-like
conjugation to attach to target proteins(63). ISG15 knockout was previously found to enhance T. gondii growth in
A549 cells (31) and this was attributed to its role in the targeting of autophagy machinery to the PV during infection
leading to restriction of parasite growth. Currently, over 200 genes have been found to be involved in autophagy in

human cells according to the human autophagy database (HADb, http://autophagy.lu/clustering/index.html).

Furthermore, coimmunoprecipitation experiments indicated that ISG15 interacts directly or indirectly with more than
240 proteins(31). Thus, although 1ISG15 may be necessary for autophagy mediated infection restriction as observed
with knockout based studies, its individual ectopic expression may not be sufficient to induce this mechanism of
infection restriction. A similar explanation can be made for GBP1 that was shown via knockout experiments to be
important for restriction of T. gondii in A549 cells previously(28). Gbp1 recruitment to the PV and parasite clearance
in mice has been shown to require the autophagy machinery(64) and the interaction of GBP1 with ATG5 has been
reported in a human cell line(31). In human macrophages, the AIM2 inflammasome has been reported to induce host
cell death in a GBP1 dependent manner(29). Thus, the expression of GBP1 individually may not be sufficient to
restrict T. gondii infection. A similar argument is unlikely to explain the lack of a phenotype for IDO1, which is not
thought to require any other genes for its function. However, this pathway does not seem to operate in all human
cells(26, 36, 37). Our findings demonstrate that IDO1 does not impact infection specifically in A549s. Finally, it is also
possible that ISGs important for T. gondii were missed by this screen as the library used herein is not an exhaustive
list of all ISGs expressed in A549 cells. Hence it is possible that other ISGs that restrict T. gondii infection could be

identified using a more focused library or using a similar approach in a different human cell line.

Although we successfully identified a novel anti-parasitic ISG impacting T. gondii infection, the scarcity of ISGs
identified with the screening approach used here is also of interest. Our results suggest that immunity to T. gondii is a
complex process requiring multiple factors to impact infection. This complexity differs from other intracellular
pathogens such as bacteria and viruses, where single ISGs are often sufficient to inhibit infection. As such, a future
loss-of-function based screen for ISGs targeting T. gondii infection may reveal additional mechanisms of T. gondii

restriction.
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Methods
Cell lines and Parasites

Hela adenocarcinoma, A549 lung carcinoma (ATCC # CCL-185), HFF foreskin fibroblast (ATCC # SCRC-1041),
and human embryonic kidney-derived 293T cells (ATCC # CRL-3216) were grown in DMEM supplemented with 10%
FBS, 10 mM HEPES (pH 7.5), 2 mM L-glutamine, and 10 ug/mL gentamicin. Cells were grown at 37° C with 5% CO,.
Toxoplasma gondii strains RH88 (Type |), Me49 (Type Il), and CTG (Type lll) expressing GFP were generated via
random insertion of pGRA1.GFP.GRA2.DHFR after electroporation as described previously (65). Clonal populations
expressing GFP were generated via limiting dilution. T. gondii lines were passaged as described previously in HFFs
grown under the conditions listed above(66). Parasite and host cell lines were confirmed to be negative for

mycoplasma using an e-Myco plus kit (Intron Biotechnology).
Plasmids and Cloning

The plasmids TRIP.RARRES3 and control constructs were kindly provided by Neal Alto and John Schoggins.
Briefly, the TRIP plasmid encodes an expression cassette flanked by lentiviral LTRs. Expression of a bicistronic
transcript including tagRFP and a gene of interest is driven by a CMV promoter. The gene of interest and tagRFP are
translated independently via an internal ribosome entry site. Cas9 resistant RARRES3 was generated from the WT
TRIP.RARRES3 construct by overlap extension PCR. For CRISPR/Cas9 experiments, RARRES3 and nontargeting guides

were cloned into plentiCRISPRv2 (Addgene plasmid #52961)(67). Primers for the above cloning are listed in
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supplementary table 1. For IDO1, an IDO1 targeting sgRNA was cloned into pLenti-Cas9-GFP (Addgene plasmid
#86145). Briefly, pLenti-Cas9-GFP was digested with BsmBI (New England Biolabs). Primers listed in supplemental
table 1 were annealed and ligated into the digested plasmid using T4 ligase (New England Biolabs). For the
generation of pGRA1.GFP.GRA2.DHFR, an expression cassette consisting of the GRA1 5’ UTR (M26007.1, nucleotides
4-615) driving the expression of GFP (MN114103.1, coding sequence) flanked by the GRA2 3’ UTR (XM_002366354.2,
nucleotides 997-1114) was cloned into pHL931 along with DHFR (XM_002367211.2, coding sequence) expressed
from its native promoter and flanked by its 3" UTR (L08489.1).

Lentivirus Production and Cell Line Generation

TRIP lentiviruses were produced as previously described(68). Lentiviruses derived from Lenti-Cas9-GFP,
lentiCRISPRv2 and HAGE NFkB-TA-LUC-UBC-GFP-W were produced similarly. Briefly, 293T cells were seeded at 4 x 10°
cells per well into 6-well plates. Cells were transfected with 1 ug pTRIP, pLenti-Cas9-GFP, plentiCRISPRv2 or pHAGE
NFkB-TA-LUC-UBC-GFP-W, 0.2 pg plasmid expressing VSVg, and 0.8 ug plasmid expressing HIV-1 gag-pol using X-
tremeGENE 9 (Sigma). Media was changed 6 h later and lentivirus containing culture supernatants were collected at
48 and 72 h post-transfection. Pooled supernatants were clarified by centrifugation at 800 x g for 5 min. Polybrene
and HEPES were added to a final concentration of 4 pg/mL and 35 mM respectively. Lentivirus was stored at -80° C

until use.

For lentivirus transductions, cells were seeded at 7 x 10 cells per well in 24 well plates. The next day, media
was changed to DMEM supplemented with 4 ug/mL polybrene, 3% FBS, 35 mM HEPES, 2 mM glutamine, and 10
pug/mL gentamicin. Cells were transduced by spinoculation at 800 x g, 45 min, 37° C. For the ISG screen, media was
changed 6 h later to normal growth medium. Cells were replated at 48 h post transduction for subsequent

experimentation.

For knockout cell line generation, cells were transduced with lentiCRISPRv2 or pLenti-Cas9-GFP containing
the appropriate sgRNA for Cas9 targeting as above. For lentiCRISPRv2, cells were selected for at least two weeks in
growth media containing 4 pug/mL puromycin before experimentation. For IDOl'/', STAT1” and RARRES3” A549 cell
lines, cells were transduced with a single lentivirus and clonal cell lineages were established through limiting dilution.
For HFFs, a heterogenous bulk population RARRES3 knockout cell line was generated by transducing at a tissue
culture infectious dose of 90% (TCIDgo) with two different lentiCRISPRv2 based lentiviruses expressing separate
RARRES3 targeting sgRNAs. Nontargeting control cell lines were generated for use as a control in all experiments
involving RARRES3”" cells. Here, cells were transduced with a single lentiCRISPRv2 based lentivirus containing a single
nontargeting guide. For RARRES3 and STAT1, editing was confirmed by PCR amplifying targeted loci using primers
listed in supplementary table 1 followed by Sanger sequencing. Editing efficiency was quantitated using Synthego ICE
analysis (https://ice.synthego.com/#/). For single cell clones, >90% editing was verified. For HFF bulk population

knockout of RARRES3, 68% editing of sequenced alleles was observed. For STAT1, editing was further confirmed
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functionally via testing the sensitivity of cells to IFN treatment as determined by IRF1 induction. For IDO1, editing was

confirmed via loss of protein expression observed by western blot.
Infections

A549 and Hela cells were seeded at 1.5 x 10* in 96 well plates 24 h prior to infection. HFFs were seeded at 2 x 10* in
96 well plates 24 h prior to infection. Cells were infected with parasites diluted in 200 puL normal growth medium for
1 h at 37 °C. Media was subsequently changed to 300 pL normal growth medium. For single life cycle infections
(typically indicated as 36 h infections), an MOI of 1 was used. For focus forming assay (typically indicated as 96 h
infections), an MOI of 0.03 was used. For LDH assays, media was changed to 200 pL normal growth medium. For
experiments involving IFNy, cells were pretreated with or without IFNy diluted in normal growth medium as indicated
for 24 h prior to infection. For infections involving cell death inhibitors or compound 1, drugs were added during the
media change after the 1 h infection period. For imaging-based experiments, cells were fixed in 4% formaldehyde for

10 min after infection and washed with PBS before subsequent experimentation.
Drugs

Stocks of the cell death inhibitors Z-VAD-FMK (R&D Systems), GSK'963 (Selleck Chemicals), GSK’872 (Selleck
Chemicals), NSA (Tocris), and Z-YVAD-FMK (Sigma) as well as Compound 1 (obtained from MERCK & CO., Inc.) were
prepared in DMSO. For use, the drugs were diluted in normal growth medium to the following working
concentrations: Z-VAD-FMK (50 uM), GSK’963 (1 uM), GSK’872 (5 uM), NSA (10 uM), Z-YVAD-FMK (10 uM),
Compound 1 (5 uM). A DMSO control was included in experiments involving these drugs with a final DMSO

concentration of 1%.
LDH Assays

LDH assays were performed with the CyQuant LDH Cytotoxicity Assay Kit (Invitrogen) according to the manufacturer’s
protocol. Briefly, A549 or HFF cells split in 96-well plates were infected for 1 h as described above with CTG-GFP at an
MOI of 40 or 15 respectively and subsequently treated with drugs as indicated. After 36 or 72 h, 20 pL of 10X lysis
buffer or PBS was added to each well and incubated at 37° C for 30 min. Afterwards, 50 uL of cell supernatant was
mixed with 50 pL of assay buffer and substrate for 30 min at room temperature. The reaction was stopped with 50 pL

stop solution and absorbance was measured at 490 nm.
Luciferase Assays

Hela cells expressing GAS-Fluc, GFP-Fluc, or ISRE-Gluc reporters were transduced with TRIP.RARRES3 or TRIP.Fluc
lentivirus as described above. For kB-luc, Hela cells were additionally transduced with HAGE NFkB-TA-LUC-UBC-GFP-
W lentivirus. After 48 h, cells were split into 96 well plates at 1.5 x 10” cells/well. Cells were treated with or without

100 U/mL IFNB or IFNy as indicated for 24 h and subsequently infected as indicated with CTG-GFP at an MOI of 2 for
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24 h. For firefly luciferase assays, cells were lysed in 50 uL of 1X Luciferase Cell Culture Lysis Buffer (Promega). For
Gaussia luciferase assays, supernatant was collected. Luciferase assays were conducted using Pierce Gaussia
Luciferase Glow Assay Kit (Thermo Scientific) or Luciferase Assay System kit (Promega) according to the

manufacturer’s protocol.
Next Generation RNA-Sequencing Sample Preparation and Analysis

A549 cells transduced with TRIP.IRF1 or TRIP.FLUC derived lentivirus were split at 3.5 x 10° into 100 mm dishes. After
24 h, cells were treated with or without IFNy at 1000 U/mL for an additional 12 h before harvest with RLT buffer. RNA
was isolated with a Qiagen RNeasy mini kit according to the manufacturer’s protocol. Prior to sequencing, RNA
quality was determined on an Agilent Bioanalyzer to have a RIN > 8.0. Libraries prepared from samples were analyzed
with an lllumina NovaSeq 6000 S4 generating a minimum of 3 x 10’ reads per sample. Data was analyzed with Partek
Flow software. Prior to alignment, 5 bp were trimmed from the 5’ end of transcripts. Only fragments > 25 bp in
length were considered for alignment. Alignment was conducted with the STAR aligner and differential expression
analysis was conducted using GSA analysis with recommended settings. Genes were characterized here as induced by
IFNy or IRF1 if they induced gene expression 2 2 fold with an FDR < 0.05. Gene lists were compared using GeneVenn
(http://genevenn.sourceforge.net/index.htm). For GO analysis, gene lists were analyzed with the PANTHER
classification system using the GO biological process complete dataset(69, 70). Statistical significance was
determined with Fisher’s exact test using the Bonferroni correction for multiple testing. Only processes containing at

least 25 total genes with a p-value < 0.05 were considered.
Immunofluorescence and Imaging

Samples were fixed in 4% formaldehyde for 10 min at room temperature. Wash buffer (WB) consisted of 1%
FBS, 1% normal goat serum (NGS), and 0.02% Saponin in PBS. Samples were blocked for 30 min with PBS containing
5% FBS, 5% NGS, and 0.02% Saponin. Samples were incubated with 1:2000 anti-RFP antibody (Invitrogen) and 1:2000
anti-GFP (Invitrogen) in WB overnight, washed 4 times in WB for 5 min each, and probed with 1:1000 goat anti-
mouse Alexa Fluor 488 (Life Technologies) and 1:1000 goat anti-rabbit Alexa Fluor 568 (Life Technologies) in WB for 1
h. For IRF1 staining, 1:500 anti-IRF1 primary antibody (Cell Signaling Technology) and 1:1000 anti-rabbit Alexa Fluor
488 secondary antibody (Life Technologies) were used instead. Samples were washed 3 times with WB and nuclei
were stained for 5 min with Hoechst 33342 (Life Technologies) in WB. Samples were imaged with a Cytation 3 imager

(BioTek) and images were analyzed in CellProfiler v3.1.9.
Western Blotting

A549 cells were split at 2.5x10° cells per well into 6-well plates in standard growth medium. The following
day, media was changed to standard growth medium supplemented with or without 1000 U/mL IFNy. After 24 h,

cells were washed with PBS, trypsinized with 0.05% trypsin, and spun down at 200 x g for 5 min. Cell pellets were
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washed once with PBS and lysed with CelLytic M (Millipore) supplemented with 20 mM DTT and 125 U/mL
benzonase (Millipore). Samples were incubated at room temperature for 20 min, run on a 10%, 37.5:1
polyacrylamide gel, and transferred to nitrocellulose membranes. Membranes were blocked with 0.1% Tween-20
PBS-T containing 5% bovine serum albumin (BSA) for 30 min. Membranes were incubated with 1:1000 rabbit anti-
IDO1 (Cell Signaling) and 1:5000 mouse anti-actin (Sigma) in 5% BSA PBS-T for 1 h, washed 4 times with PBS-T for 3
min each, incubated with 1:5000 goat anti-mouse 680RD (LI-COR) and 1:5000 goat anti-rabbit 800CW (LI-COR) in 5%
BSA PBS-T for 30 min, washed 4 times in PBS-T for 3 min each, and washed 2 times in PBS. Membranes were imaged

with a LI-COR Odyssey scanner.
Statistical Analysis

For most datasets including those normalized to control, statistical significance was determined with a two-way
ANOVA and Tukey’s honestly significant difference post-hoc test conducted on raw data prior to normalization and
considered variance between experimental replicates and variance between experimental conditions. For LDH and
luciferase reporter experiments, statistical significance was determined after normalization and considered variance
between experimental replicates and variance between experimental conditions. For experiments in Figure 2A and
2B, statistical significance was determined using a Brown-Forsythe and Welch ANOVA. Specifically for datasets not
normalized to control with only two conditions, a Mann-Whitney U test was used to determined statistical
significance. The term ‘technical replicate’ refers to separate samples derived from the same original source within
the same experiment (i.e. wells of a plate) processed on the same day. The term ‘biological replicate’ refers to

separate experiments conducted on different dates with different samples.
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Figure Legends

Figure 1. Screen for interferon stimulated genes (ISGs) impacting T. gondii infection. A549 cells were treated with
indicated concentrations of IFNy for 24 h and subsequently infected with the type Il strain CTG expressing GFP (CTG-
GFP) for 36 h (A-C). Cells were fixed, stained with anti-GFP and anti-RFP antibodies, and imaged using a Cytation3
Imager. (A-C) Average parasitophorous vacuole (PV) size (A), PVs per field (B), and the percentage of vacuoles
containing =8 parasites (C) was quantitated for data from 36 h image sets. (D) lllustration of the method used to
conduct the screen presented in E. (E) A549 cells were transduced with a lentiviral expression cassette co-
transcriptionally expressing tagRFP and an ISG of interest in a one gene per well format. After 72 h cells were infected
with CTG-GFP for 36 h, fixed, stained with anti-GFP and anti-RFP antibodies, and imaged with a Cytation3 Imager. (F)
WT and IDO17" A549 cells were infected with CTG-GFP for 96 h. Cells were fixed, stained with anti-SAG1 antibody,
and imaged with a Cytation3 Imager. Average total infected area per well is shown. Loss of IDO1 in IDO17" A549 cells
was confirmed via western blot. Briefly, cells were treated with or without 1000 U/mL IFNy for 24 h before samples
were harvested and IDO1 expression was determined. (A-C, F) Data represent the mean * standard deviation of three

biological replicates conducted in technical triplicate. (E) Data represent mean * standard deviation of two biological
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replicates conducted in technical
duplicate. Statistical significance
was determined using two-way
ANOVA with Tukey’s test for post-
hoc analysis. ns (not significant) P >

0.05, ** P<0.01, **** P < 0.0001.

Figure 2. IRF1 and RARRESS3 restrict
Toxoplasma infection. (A-B) Wild
type (WT) A549 cells were either
not transduced (NT) or transduced
with TRIP.RARRES3 or TRIP.FLUC
control and split 48 h later. After 60
h, cells were stained with Hoechst
33342, SYTOX green, and imaged
with a Cytation3 imager. As a
positive control, cells were
permeabilized by treatment with
methanol (MeOH) for 5 min prior to
staining. Average cell number (A)
and the percentage of SYTOX
staining cells (B) were determined.
(C-F) WT A549 cells were
transduced with TRIP.RARRES3 or
TRIP.FLUC control and infected 72 h
later with CTG-GFP for 36 (C-D) or
96 (E-F) h. Cells were fixed, stained
with anti-GFP and anti-RFP
antibodies, and imaged using a
Cytation3 Imager. Average PV
number per field (C) and PV size (D)

were quantitated for 36 h infections

663  while total area infected per sample (E) and average foci size (F) were quantitated for 96 h infections. Data in A

664 represent four to seven biological replicates conducted in technical triplicate. Data in B represent two to four

665 biological replicates conducted in technical triplicate. Data in C-F represent three to four biological replicates
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Figure 3. Comparison of genes induced by IRF1 and IFNy in A549 cells. Cells were transduced with TRIP.IRF1 or
TRIP.FLUC control lentivirus. Cells transduced with FLUC were further treated 72 h later with or without 1000 U/mL
IFNy for 24 h. All cell populations were subsequently harvested and analyzed by RNA-Seq. (A-B) Changes in gene
expression relative to FLUC control expressing cells for cells treated with IFNy (A) or ectopically expressing IRF1 (B).
(C) Comparison of genes induced > 2 fold with a false discovery rate cutoff of 0.05 by each condition and their

overlap with the ISG library used in the screen described in figure 1. (D-E) Lists of induced genes were analyzed with

(E) are shown. Redundant terms were excluded from these lists with only the most enriched version of each term

PANTHER gene ontology analysis. The top ten most enriched processes amongst genes induced by IFNy (D) and IRF1
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Figure 4. RARRES3 restricts Toxoplasma infection in a STAT1 independent manner.

To determine if restriction of T. gondii growth was STAT1 dependent, STAT1” A549 cells were generated. To confirm
complete insensitivity to interferon treatment, WT or STAT1”" A549 cells were treated with or without 4,000 U/mL
IFNy for 6 h, fixed, stained with anti-IRF1 antibodies, and imaged with a Cytation3 Imager. (A) Representative images
and (B) quantitation are shown. Scale bar = 50 pm. (C-F) STAT1”" A549 cells were transduced with TRIP.RARRES3 or
TRIP.FLUC control and infected 72 h later with CTG-GFP for 36 (C-D) or 96 (E-F) h. Cells were fixed, stained with anti-
GFP and anti-RFP antibodies, and imaged using a Cytation3 Imager. Average PV number per field (C) and PV size (D)
were quantitated for 36 h infections while total area infected per sample (E) and average foci size (F) were

guantitated for 96 h infections. Hela reporter cell lines expressing GAS-LUC (G), kB-LUC (H), ISRE-GLUC (l), and GFP-
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LUC (J) were either not transduced (NT) or transduced with TRIP.RARRES3, TRIP.FLUC, or TRIP.GFP. After 72 h, cells
were mock treated or treated with 100 U/mL IFNB or IFNy as indicated and infected with CTG-GFP for 36 h. Cells
were harvested for luciferase assay. Data in B represent means + S.D. of four biological replicates conducted in

technical duplicate. Data in C-F represent means + standard deviation of four biological replicates conducted in

technical triplicate. Data represent means + S.D. of two (G) or three (H-1) biological replicates conducted in technical

duplicate. Statistical significance was determined using two-way ANOVA with Tukey’s test for post-hoc analysis

except for D where Mann-Whitney’s U test was used. * P <0.05, ** P <0.01, *** P<0.001, **** P < (0.0001.
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Supplemental Figure 1. RARRES3
does not restrict infection of Type |
or |l strains of Toxoplasma gondii.
A549 cells were transduced with
TRIP.RARRES3 and infected 72 h
later with a type | strain expressing
GFP (RH88-GFP) (A-B) or a type Il
strain expressing GFP (Me49-GFP)
(C-D) for 4 d or 6 d respectively.
Cells were fixed, stained with anti-
GFP and anti-RFP antibodies, and
imaged using a Cytation3 Imager.
Average total infected area per well
(A, C) and average area of infection
foci (B, D) is shown. Data represent
means t standard deviation of two
to three biological replicates
conducted in technical triplicate.
Statistical significance was
determined using two-way ANOVA
with Tukey’s test for post-hoc

analysis.
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T Figure 5. RARRES3 deficiency

A RARRES3™ . ggggggl RARRES3** partially reverses IFNy mediated

restriction of Toxoplasma
infection. RARRES3” A549s or
- IFNy wildtype cells transduced with a
nontargeting CRISPR/Cas9 sgRNA

were transduced with Cas9

D resistant TRIP.RARRES3 or
T TRIP.FLUC as indicated. 72 hours
+ IFNy )
later, cells were treated with or
without 100 U/mL IFNy for 24 h as

indicated and subsequently

B 3 c . .
£ 250 200 infected with CTG-GFP for 96 h.
G 200 =
B O 450 88 Cells were harvested, stained with
g 2 100 g £ 1507
E § eg L. ﬁ " k= 3 anti-GFP and anti-RFP antibodies,
© S _ © 2100
g5 20 2o and imaged with a Cytation3
< 20 < 2
— — _ =
£ g < 50 Imager. (A) Representative images
2 107 4
% 0 0- and (B) quantitation are shown.
14 +/+ -/~
RARRES3 Genotype - - ++ - - ++ RARRESS RARRESS Scale bar = 500 um. (C) RARRES3”
TRIP.RARRES3 + +
+/+
TRIPFLUC + " or RARRES3™" A549 cells
IFNy b ¥

transduced with a nontargeting
CRISPR/Cas9 control sgRNA were transduced with TRIP.FLUC or TRIP.IRF1 derived lentivirus. After 72 h, cells were
infected with CTG-GFP for 96 h, harvested, stained with anti-GFP and anti-RFP antibodies, and imaged with a
Cytation3 Imager. Average total infected area per well is shown. Data represent means * standard deviation of four
biological replicates conducted in technical triplicate. Statistical significance was determined using two-way ANOVA

with Tukey’s test for post-hoc analysis. ns P > 0.05, ** P < 0.01, **** P < 0.0001.
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Figure 6. RARRES3 promotes premature egress of T. gondii. A549 cells were transduced with TRIP.RARRES3 or
TRIP.FLUC control and infected 72 h later with CTG-GFP for 36 (A-C, E) or 72 (D) h. Cells were treated with the cell
death inhibitors Z-VAD-FMK (50 uM), GSK’963 (1 uM), GSK’872 (5 uM), NSA (10 uM), or Z-YVAD-FMK (10 pM) as

indicated during infection. (A, B, D, E) Cell supernatant was collected after infection and lactate dehydrogenase (LDH)

activity was determined to measure cell lysis. As a control to measure maximal LDH release, cells were lysed before
supernatant collection. (C) Cells were fixed, stained with anti-RFP and anti-GFP antibodies, and imaged with a

Cytation3 Imager. Average cells per field are shown. Data represent the means + standard deviation of three to five

biological replicates conducted in technical duplicate. Statistical significance was determined using two-way ANOVA

with Tukey’s test for post-hoc analysis. ns P > 0.05, * P < 0.05, *** P < 0.001, **** P < 0.0001.
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Supplemental Figure 2. Compound 1 prevents host cell death during infection. (A-C) A549 cells were transduced
with TRIP.RARRES3 or TRIP.FLUC control and infected 72 h later with CTG-GFP for 36 h (A) or 72 h (B-C). Cells were
stained with Hoechst 33342, propidium iodide, and imaged with a Cytation3 imager. As a positive control, cells were
permeabilized by treatment with methanol (MeOH) for 5 min prior to staining. The percentage of propidium iodide
staining cells (A, B) and average cell number per field (C) were determined. (D-F) HFF cells were pretreated with or
without IFNy for 24 h and subsequently infected with CTG-GFP for 36 h. Cells were stained with Hoechst 33342,
propidium iodide, and imaged with a Cytation3 imager. As a positive control, cells were permeabilized by treatment
with methanol (MeOH) for 5 min prior to staining. (D) Representative images are shown. Scale bar = 50 um. Average
cell number (E) and the percentage of propidium iodide staining cells (F) were determined. Data represent means +
standard deviation of two or three biological replicates conducted in technical duplicate. Statistical significance was

determined using two-way ANOVA with Tukey’s test for post-hoc analysis. *** P < 0.001, **** P < 0.0001.
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Figure 7. IFNy -dependent host cell
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2
L U/mL IFNy for 24 h. (C) Cells were

infected with CTG-GFP for 36 h. Supernatant was collected and lactate dehydrogenase (LDH) activity was determined.
As a control to measure maximal LDH release, cells were lysed before supernatant collection. (D) Cells were infected
with CTG-GFP for 96 h. Samples were treated as in A. Total infected area per sample is shown. (E) HFFs were infected
with CTG-GFP for 36 h in the presence or absence of 5 uM Compound 1. Supernatant was collected and LDH activity
was determined. Data represent means * standard deviation of three (A,B,D,E) or four (C) biological replicates
conducted in technical duplicate (A,B,D,E) or singlet (C). Statistical significance was determined using two-way

ANOVA with Tukey’s test for post-hoc analysis. * P <0.05, *** P <0.001, **** P < 0.0001.
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Supplemental Table 1. List of primer sets used.
Dataset 1. Summary of over-expression screen in A549 cells.
Dataset 2. List of genes induced by IRF1 ectopic expression or IFNy treatment in A549 cells.

Dataset 3. Comparison of genes induced by IRF1 or IFNy with genes in the type Il ISG screen library.
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