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Autophagy genes in myeloid cells counteract IFNy-
induced TNF-mediated cell death and fatal TNF-
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Host inflammatory responses must be tightly regulated to ensure
effective immunity while limiting tissue injury. IFN gamma (IFNy)
primes macrophages to mount robust inflammatory responses.
However, IFNy also induces cell death, and the pathways that
regulate IFNy-induced cell death are incompletely understood. Using
genome-wide CRISPR/Cas9 screening, we identified autophagy genes
as central mediators of myeloid cell survival during the IFNy response.
Hypersensitivity of autophagy gene-deficient cells to IFNy was me-
diated by tumor necrosis factor (TNF) signaling via receptor inter-
acting protein kinase 1 (RIPK1)- and caspase 8-mediated cell death.
Mice with myeloid cell-specific autophagy gene deficiency exhibited
marked hypersensitivity to fatal systemic TNF administration. This
increased mortality in myeloid autophagy gene-deficient mice re-
quired the IFNy receptor, and mortality was completely reversed by
pharmacologic inhibition of RIPK1 kinase activity. These findings
provide insight into the mechanism of IFNy-induced cell death via
TNF, demonstrate a critical function of autophagy genes in promot-
ing cell viability in the presence of inflammatory cytokines, and
implicate this cell survival function in protection against mortality
during the systemic inflammatory response.
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FN gamma (IFNy) and tumor necrosis factor (TNF) mediate

critical immune responses to intracellular and extracellular
pathogens by synergistically activating macrophages (1). The
pleiotropic functions of this synergy include priming of cell-intrinsic
antimicrobial responses to intracellular pathogens, enhancement of
antigen presentation, and antitumor effects (1). Since IFNy and
TNF also induce cell death, pathways that ensure cell viability must
exist to maintain robust effector functions driven by these cytokines.
Widespread efforts have detailed at least 3 distinct forms of TNF-
induced cell death: 1) TNF-receptor interacting protein kinase 1
(RIPK1)-independent, caspase 8 (CASP8)-mediated apoptosis; 2)
RIPK1- and CASP8-mediated apoptosis; and 3) RIPK1-mediated
necroptosis (2). Additionally, numerous studies have illuminated a
multilayered system that limits TNF-induced cell death (3-12).
However, mediators of IFNy-induced cell death, and factors that
regulate these pathways, are incompletely understood.

Induction of cell death by IFNy and synergistic antiproliferative
and cytotoxic antitumor effects with TNF have been recognized
for over 3 decades (13-16). Initial studies identified a role for
Death Associated Proteins in mediating IFNy-induced death in
epithelial cells, although the precise mechanisms remain in-
completely defined (17). Nuclear factor kB (NFkB) promotes
cell viability during IFNy or TNF responses, as mouse embryonic
fibroblasts (MEFs) deficient for RelA or IkB kinase p (IKKp)
undergo RIPK1-dependent cell death upon exposure to these
cytokines (18). Additionally, the dsRNA-sensing protein kinase
R (PKR) promotes IFNy-induced cell death in the absence of
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the Fas-associated via death domain (FADD) TNF-signaling
adapter, but PKR is dispensable for TNF-induced death (19).
Similarly, MEFs deficient in RIPK1 undergo cell death triggered
by IFNy that is RIPK3 and PKR dependent (20). Therefore,
IFNy can induce both apoptotic and necroptotic forms of cell
death, although the role of TNF in IFNy-induced death remains
unclear. Moreover, precise mechanisms of IFNy-induced death
in macrophages—a cell type that mounts robust responses to
IFNy and TNF—have not been described.

In this study we investigated the genetic determinants of IFNy-
induced cell death in myeloid cells. Using genome-wide CRISPR/Cas9
screening in a mouse microglial cell line, we found that autophagy
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Sepsis is a multifactorial syndrome with increasing incidence
and significant mortality. While previous work implicated tu-
mor necrosis factor (TNF)-induced cell death in sepsis, a role for
interferon-gamma (IFNy), which synergizes with TNF to acti-
vate macrophages, is incompletely understood. We demon-
strate using genome-wide CRISPR/Cas9 screening that genes
regulating the cytosolic degradative pathway of autophagy
protect against IFNy-induced cell death. This cell death requires
TNF and its receptor and depends on the downstream cell
death mediators caspase-8 and RIPK1. Moreover, mice with
myeloid cell autophagy gene deficiency are hypersusceptible to
fatal TNF-induced shock, which also depends on IFNy signaling
and RIPK1. These findings identify autophagy genes as im-
portant regulators of IFNy- and TNF-mediated cell death with
implications for fatal systemic inflammatory responses.
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genes played an integral role in limiting IFNy-induced cell death.
Suppressor screening on an A#g5-deficient background identified
TNF as an essential mediator of IFNy-induced cell death. More-
over, autophagy genes in myeloid cells were required to protect mice
against fatal shock triggered by TNF. RIPK1 inhibition blocked the
increased susceptibility of autophagy gene-deficient cells to IFNy-
induced cell death in vitro and protected myeloid autophagy gene-
deficient mice from increased TNF-induced mortality. Together,
these findings provide important insights into the regulation of
IFNy-induced cell death and define a role for autophagy genes in
countering this response to modulate TNF-induced shock.

Results

Identification of Autophagy Genes in Protection Against IFNy-Induced
Cell Death. To identify regulators of IFNy-induced cell death, we
performed a genome-wide screen in the murine microglial
BV?2 cell line for genes that, when knocked out by CRISPR/Cas9
(CRISPRko), resulted in sensitization (negatively selected) or
resistance (positively selected) to the effects of IFNy on cell via-
bility (Fig. 14). Cells expressing sgRNAs targeting genes known to
mediate IFNy signaling (e.g., genes encoding heterodimeric IFNy
receptor subunits Ifngr! and Ifngr2, intracellular signaling adapters
Jakl and Jak2, or transcriptional activator Stat]) would be expected
to resist effects of IFNy. Indeed, these factors were among the
most strongly positively selected hits, confirming the robustness
of the screen (Fig. 1B and SI Appendix, Table S1). In contrast,
using this library with moderate genome coverage (500 cells per
sgRNA), our screen did not identify any statistically significant
individual negatively selected sgRNAs for genes which have
prosurvival functions. To identify signatures of pathways that
might exert cytoprotective effects, we performed Gene Set En-
richment Analysis (GSEA) of the genome-wide rank-ordered list
for Hallmark pathways (which does not include an autophagy-
related gene set), and also included a custom generated Auto-
phagy GO functional annotation-based gene set given previously
identified links between immune effects of IFNy and autophagy.
GSEA demonstrated that the most significant negatively selected
pathway in our screen was the Autophagy GO pathway (Fig. 1C).
These data indicated that genes in the autophagy pathway might
promote viability of cells treated with IFNy.

Autophagy Genes Encoding Distinct Regulatory Complexes Promote
Viability of IFNy-Treated Cells. We assessed the roles of specific
genes in IFNy-induced cell death with CRISPRko using 2 ap-
proaches: 1) polyclonal cell populations stably expressing Cas9
and a sgRNA to a gene of interest were generated and allelic
disruption assessed by deep sequencing (polyclonal cells hereaf-
ter) and 2) clonal cell lines were generated by transient intro-
duction of Cas9/sgRNAs to induce mutations disrupting all alleles
for the protein coding sequence of a gene (clonal knockout [KO]
cell lines) (21). We first confirmed our positively selected genome-
wide screen results with polyclonal Stat! cells, which exhibited
resistance to IFNy-induced death (Fig. 1D). Among the genes
that, when deleted, exhibited the greatest viability defect after
IFNy treatment was Afg5, an autophagy gene that encodes an
essential component of the LC3 conjugation machinery involved
in autophagosome biogenesis (22, 23) (SI Appendix, Table S1).
ATGS also performs autophagy-independent functions in innate
immunity, including mediating IFNy-induced restriction of path-
ogens (24-30). Loss of A#g5 in polyclonal Ag5 cells (Fig. 1D), and
in A1g5KO cells (Fig. 1 E and F), resulted in sensitization to cell
death after IFNy treatment, confirming the negative selection
GSEA results in our screen. Further, increased IFNy-induced
cytotoxicity accounted for the loss of viability in Atg5-deficient
cells, as measured by loss of membrane integrity (Fig. 1E). Ad-
ditionally, 2 independent 4#g5KO cell line clones demonstrated
hypersensitivity to IFNy-induced cell death (Fig. 1F).
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The hypersensitivity of 41g5KO cells to IFNy was complemented
by reintroducing wild-type Atg5 fused to mCherry (Atg5”™) but
not by a mutant form of this protein encoding a K130R substitution
that prevents the covalent linkage of ATGS and ATG12 required
for the activity of the ATG5/ATG12/ATG16L1 complex in stimu-
lating LC3 conjugation to phosphatidylethanolamine (Fig. 24) (31).
As ATGS5 has been implicated in LC3 conjugation complex-
independent phenotypes (32), we evaluated a role for ATG16L1.
Atgl6lIKO cells were hypersensitive to IFNy-induced cell death,
which could be partially complemented by wild-type AgZ6/1 but not
by a mutant construct encoding a form lacking its ATGS-interacting
motif (SI Appendix, Fig. S14) (33). We next evaluated Beclin-1
(encoded by Becnl) in regulation of IFNy-induced cell death as
Beclin-1 is required both for nucleation of nascent autophagosomal
membranes and for lysosomal fusion with autophagosomes (34—
38). Becn1KO cells exhibited increased sensitivity to IFNy-induced
cell death, which could be partially complemented by retroviral-
mediated expression of Becnl (Fig. 2B). As Beclin-1 forms at
least 2 mutually exclusive complexes with class III PI(3)K and
ATG14 or with UVRAG involved in the regulation of autophagy
or endocytosis/phagocytosis, respectively (36-39), we evaluated a
role for ATG14 in IFNy-induced cell death. AtgI4KO cells were
hypersensitive to IFNy-induced cell death, which could be partially
complemented by wild-type Ag/4 but not by a mutant construct
encoding a form lacking the coiled—coiled domain required for
ATG14 to interact with Beclin-1 and regulate autophagy (SI Ap-
pendix, Fig. S1B) (40, 41).

Compared with WT cells, both A1g5KO and BecnlKO cells
lacked detectable endogenous protein expression from the mu-
tated gene, as confirmed by immunoblot (Fig. 2 C and E). Cells
from these autophagy gene-deficient lines also markedly accu-
mulated p62, which is a substrate for autophagic degradation
(Fig. 2 C-F), and reintroducing the respective wild-type gene
restored p62 to levels observed in WT cells (Fig. 2 C-F). While
previous studies indicate that IFNy induces autophagy (42-45),
we observed constitutive conversion of LC3-II in BV2 cells as
measured by LC3-II accumulation upon treatment with the
vacuolar ATPase inhibitor bafilomycin A (Baf), which blocks
LC3 degradation by inhibiting autophagic flux (SI Appendix, Fig.
S24) (46). IFNy did not further increase autophagic flux (S
Appendix, Fig. S24). We observed the expected lack of LC3-II
formation in A1g5KO cells (SI Appendix, Fig. S2B). Further,
cotreatment of cells with IFNy and Baf resulted in more cyto-
toxicity than either treatment alone (S Appendix, Fig. S2C). The
increased sensitivity of A1g5KO and Baf-treated cells to IFNy-
induced cell death suggested that autophagic activity promoted
cell survival during IFNy responses. The increased sensitivity of
independent clones to IFNy-induced cell death and the ability to
complement abnormal autophagy-related functions in autophagy
gene-deficient cells support the observation that hypersensitivity
was not a result of off-target effects of sgRNAs. Together these
data indicate that genes encoding members of distinct regulatory
complexes involved in initiation and completion of autophagy
(and more specifically the interacting domains in the factors re-
quired to form these complexes) are critical to prevent the death
of cells responding to IFNy. We subsequently focused on Azg5 as a
key autophagy gene for further studies on IFNy-induced death.

The TNF Pathway Is Essential for Atg5KO Hypersensitivity to IFNy-
Induced Cell Death. To identify genes required for the hypersen-
sitivity of 41g5KO cells to IFNy-induced cell death we performed
a genome-wide suppressor CRISPRko screen on the Atg5KO
background. We detected positive enrichment of sgRNAs targeting
Tnfrsfla (Tnfrl, TNF receptor 1), Fadd, and Casp8 in surviving cells
(Fig. 2G). These genes are critical components of the TNF-induced
cell death pathway (47), and they were not significantly enriched
in our initial screen in WT cells that express endogenous A#g5
(Fig. 14). Fig. 2H illustrates the overlap in positively selected hits
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Fig. 1. Pooled genome-wide CRISPRko screening for genes that regulate
IFNy-induced cell death. (A) Overview of CRISPRko screening strategy. (B)
Volcano plot for Brie genome-wide library in BV2-Cas9 cells treated with
IFNy. Log, fold changes represent average of all sgRNAs for each gene (IFNy
treated—-mock). Labeled genes are those with a positive STARS score FDR <
0.1. (C) GSEA for Hallmark pathways and the Autophagy GO pathway,
showing only pathways with FDR P value < 0.2. (D) Viability of BV2-Cas9 cells
stably expressing indicated sgRNA and treated with IFNy (10 U/mL) pro-
portional to untreated condition for each stable line. %WT indicates percent
alleles with wild-type sequence based on next generation sequencing (NGS)
of amplicon that encompasses the indicated sgRNA; n/a indicates not ap-
plicable as no sgRNA present. (E) Cell death in WT or Atg5KO clone treated
with IFNy (10 U/mL). (F) Viability of BV2 cells of genotype indicated treated
with increasing dose of IFNy indicated. *P < 0.05; **P < 0.01; ****P < 0.0001;
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between our WT screen and A1g5KO suppressor screen. GSEA
of the suppressor screen results demonstrated positive enrichment
for Myc and IL-6-JAK-STAT3 pathways (Fig. 27). Consistent with a
role for the autophagy pathway in protecting against IFNy-induced
cell death, we did not observe negative selection of Autophagy GO
pathway genes by GSEA in Ag5KO cells (which are already de-
fective in autophagy) (FDR g-val = 1).

TNF and TNFR1 Are Necessary for IFNy-Induced Death of Atg5KO Cells.
To validate results from our suppressor screen, we first analyzed
Atg5KO cells with polyclonal Stat! deletion, which protected
against IFNy-induced cell death and provided confirmation of
our positively selected screen results (Fig. 34). Next, we gener-
ated TnfrIKO cells, which resulted in reversal of the hypersen-
sitivity of Azg5SKO cells (Fig. 3B). Although we did not identify
the TNF cytokine gene in our CRISPRko screen, we reasoned
this could be due to complementation in trans by the majority of
cells with intact TNF production. Consistent with this possibility,
antibody neutralization of endogenous TNF partially reversed IFNy-
induced death of A#g5KO cells (Fig. 3C), and a requirement for the
Tnf gene was confirmed in 7nfKO cells (Fig. 3D). Importantly,
addition of TNF cytokine resulted in functional complementation of
the loss of activity observed in TrnfKO and AgSKO;TnfKO cells
treated with IFNy alone (Fig. 3D). Therefore, IFNy-induced death
of A1g5KO cells requires TNF and its receptor TNFR1.

When TNF was supplied to TnfKO cells treated with TFNy,
the hypersensitivity associated with Ag5-deficiency persisted
compared with WT cells (Fig. 3D). These results indicated that
IFNy-induced death of A#1g5KO cells was due to hypersensitivity
to events downstream of TNF production. Further, addition of
increasing amounts of exogenous TNF alone was insufficient to
trigger cell death of either WT or A1g5KO cells, while combined
treatment with IFNy triggered significantly more death of Aig5KO
cells (Fig. 3E). Therefore, TNF and TNFR1 are essential for
IFNy-induced cell death, but TNF alone is insufficient to explain
the hypersensitivity of Ag5KO cells to the combined activity of
IFNy and TNF.

Effect of ATG5 on IFNy-Induced Transcriptomic Responses. We next
considered the possibility that decreased viability of Azg5-deficient
cells could be due to global disruption of transcriptional responses
induced by IFNy and TNF. For example, increased IFNy-pathway
responses in Ag5KO cells could explain the hypersensitivity to cell
death, whereas decreased NFkB activity downstream of TNF would
be expected to sensitize cells to TNF-induced death. To test this, we
performed RNA-seq on WT or A1g5KO cells with or without IFNy
treatment (Fig. 4 and SI Appendix, Table S2). IFNy induced
widespread transcriptional responses in cells of both genotypes
(Fig. 4 A and B). While differences in expression of genes expressed
at low levels were observed, we observed a high overall concor-
dance of genes whose expression was altered >2-fold by IFNy (S/
Appendix, Fig. S34). Similar responses were also reflected in GSEA
of genes regulated by IFNy in both cell lines (SI Appendix, Fig.
S3B), including the IFNy pathway itself (SI Appendix, Fig. S3 B and
D). These data are consistent with a previous study of Ag5-
deficient bone marrow-derived macrophages treated with IFNy
(27). We conclude that IFNy-dependent regulation of gene ex-
pression is intact in cells lacking ATGS, leading us to examine the
TNF pathway as a potential cause for the hypersensitivity of ATGS-
deficient cells to IFNy-induced cell death.

1-way (D and E) or 2-way (F) ANOVA with Tukey’s (D and F) or Sidak's (E)
posttest; comparisons as indicated, or area under curve of KO vs. WT for each
treatment (E), or each clone vs. WT at each dose (F). Data in D-F represent
mean with SD of 3 to 4 technical replicates, and similar results were observed
in at least 3 independent experiments.
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Fig. 2. Genome-wide suppressor CRISPRko screen reveals essential role for TNF pathway in IFNy-induced death of Atg5KO cells. (A) Viability of BV2 cells of WT or
Atg5KO cells stably expressing construct indicated and treated with IFNy (3 U/mL) proportional to untreated condition for each stable line. (B) Viability of BV2 cells of
genotype indicated stably expressing construct indicated and treated with indicated dose of IFNy proportional to untreated condition for each stable line. (C and D)

Western blot for endogenous ATG5 or p62 in cell line indicated (C), with p62

quantification of 3 independent experiments in D. (E and F) Western blot for en-

dogenous BECN1, Ty1 tag, or p62 in cell line indicated (E), with p62 quantification of 3 independent experiments in F. Arrowheads indicate endogenous protein, and
arrows indicate fusion proteins in C and E, as detected by antibodies indicated. Upper arrow in Cis consistent with mCherry-ATG5-ATG12 conjugate, and lower arrow
is unconjugated; conjugated endogenous ATGS5 is observed and shown. Asterisk in C refers to unknown bands; Tot. prot. in C and E reflects intensity profile of total
protein in each lane on membrane for p62 blot shown, which was used for loading control and the area under curve used for normalization in quantitation. (G)
Volcano plot for Brie genome-wide screen in Atg5KO-Cas9 BV2 cells treated with IFNy. Log, fold changes represent average of all sgRNAs for each gene (IFNy
treated-mock). Labeled genes are those with a positive STARS score FDR < 0.1. (H) Overlap of positively selected hits from WT and Atg5KO genome-wide screens with

STARS score FDR < 0.1. (/) GSEA for Hallmark pathways and the Autophagy GO

pathway. Shown are pathways with FDR P value < 0.2. *P < 0.05; **P < 0.01; ***P <

0.001; ****P < 0.0001; 2-way ANOVA (A and B, comparing all lines at each dose; significance for each vector or within each clone shown) or 1-way ANOVA (in D and

F, vs. "WT; empty”), with Tukey’s (A and B) or Dunnett’s (D and F) posttest for
replicates, and similar results were observed in at least 3 independent experim

Evaluation of TNF Pathway in Atg5-Deficient Cells. We detected
basal Tnfisfla expression at similar levels in WT and Ag5KO cells,
without notable induction after IFNy (Fig. 4D). Ag5-dependent
changes in IFNy regulation of mRNAs for multiple previously
described prodeath or prosurvival factors in TNF death signaling
were not observed (Fig. 4D). Expression patterns for genes in the
annotated “genes regulated by NF-kB in response to TNF” path-
way, which exerts a prosurvival role in response to TNF, were not
significantly different between WT and A#g5KO cells (SI Appendix,
Fig. S3 B and C). These results indicated that ATG5 deficiency
does not globally affect IFNy regulation of the levels of factors
involved in TNF-induced NFkB signaling.

We next focused on posttranscriptional events downstream of TNF
signaling. Cell death induction by TNF involves both CASPS-
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multiple comparisons. Data in A and B represent mean with SD of 3 to 4 technical
ents; Data in D and F represent mean with SD of 3 independent experiments.

dependent apoptosis and CASP8-independent necroptosis (2). Apo-
ptosis is defined in part by morphological changes such as chromatin
condensation with cytoplasmic shrinkage and membrane blebbing,
while necrotic cells exhibit loss of membrane integrity (48). Trans-
mission electron microscopy revealed increased frequency of cell
corpses in Ag5KO cells treated with IFNy (22 dead/500 total cells)
compared with WT cells (8/500) (P < 0.05, Fisher’s exact test). The
predominant morphology in both cell lines was apoptotic (Fig. 54),
and only rare necrotic cells were observed. Further, IFNy resulted in a
dose-dependent activation of caspase 3 as measured by a fluorescent
reporter, which was blocked by a caspase 3/7 inhibitor (SI Appendix,
Fig. S4 A and B). We also detected cleaved caspase 3 biochemically
after IFNy treatment (SI Appendix, Fig. S4C) and markedly increased
caspase 3 activity in Ag5KO cells (ST Appendix, Fig. S4D).
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Our suppressor CRISPRko screen indicated a role for CASPS,
which has been reported as a target of autophagic degradation in
various cell types (49), although we observed no significant dif-
ference in CASPS8 protein levels in A#g5KO cells (Fig. 5B). How-
ever, CRISPRko of CaspS8 reversed the hypersensitivity to IFNy-
induced death in A7g5KO cells (Fig. 5 C and D). CASP8-induced
cell death can be RIPK1 mediated or RIPK1 independent (2), and
RIPK1 kinase activity can be inhibited by small-molecule necros-
tatins (50). Cotreatment of cells with necrostatin-1 (Fig. 5E), as
well as the more selective and potent analog necrostatin-1s (S
Appendix, Fig. S5A4), reversed the hypersensitivity of A#g5KO cells

Orvedahl et al.

to the effects of IFNy. We also considered whether cell death in-
duced by IFNy occurred via multiple TNF-induced pathways such
as RIPK3- and MLKL-mediated necroptosis (2). However, poly-
clonal Ripk3 or Mkl deletion in A:g5KO cells demonstrated no
effect on IFNy-induced cell death (SI Appendix, Fig. S5B). Addi-
tionally, we did not detect robust levels of Ripk3 transcripts at basal
levels or after IFNy treatment (Fig. 4D). Four distinct sgRNAs to
Ripkl resulted in limited allelic mutation (12-25% mutated alleles
in polyclonal cells), and we were unable to isolate any Ripk/KO
clones on the Arg5KO background, consistent with the previously
described kinase-independent cell survival scaffolding function of
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Fig. 4.

IFNy-induced and NFxB-regulated gene expression in Atg5KO cells. (A and B) RNA-seq of WT (A) or Atg5KO (B) BV2 cells treated with IFNy (1 U/mL).

Most highly induced genes labeled for illustration purposes. (C) Overlap of RNA-seq in A and B with adjusted P < 0.01 and direction of change after IFNy
treatment. (D) Log, normalized reads for each gene indicated from RNA-seq. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 in D; 2-way ANOVA with

Tukey's posttest.

RIPKI1 (20, 51-54). In sum, we conclude that Asg5-deficient cells
exhibit hypersensitivity to IFNy-induced cell death that is de-
pendent on TNF, TNFR1, CASP8, and RIPKI-kinase activity,
with some hallmarks of apoptosis, and without a demonstrable role
for the necroptotic machinery.

Autophagy Genes in Myeloid Cells Protect Mice against Fatal TNF-
Induced Shock That Requires IFNy and RIPK1 Activity. Having dem-
onstrated a protective role for autophagy genes in controlling
TNF-induced cell death after IFNy treatment, we hypothesized
that a similar process might occur in a mouse model of fatal
TNF- induced shock (50, 55). We were encouraged in this hy-
pothesis by the fact that myeloid cell responses are important for
TNF-mediated fatal shock (56) and that administering individ-
ually sublethal IFNy and TNF doses in combination leads to
synergistic mortality in mice (55). First, we sought to determine if
primary bone marrow-derived macrophages recapitulated the
hypersensitivity to IFNy-induced cell death observed in autophagy
gene-deficient BV2 cells. IFNy on its own, and TNF particularly
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when pretreated with IFNy, resulted in significantly more cell
death in cells isolated from mice lacking Azg5 in myeloid cells
(ALysM) compared with their littermate controls (f/f) (SI Appen-
dix, Fig. S6). To evaluate a role for myeloid cell autophagy genes
in TNF-induced shock, we compared ALysM mice to their litter-
mate controls after i.v. TNF injection (Fig. 6). Mice lacking A#g5,
Atgl6ll, Fip200, or Becnl each demonstrated striking hypersen-
sitivity to TNF, as demonstrated by decreased overall survival and
earlier onset of illness (Fig. 6 A-D). Importantly, mice with my-
eloid deficiency of Becnl bred to lack the receptor for IFNy
(IfngrI™") did not exhibit increased sensitivity to TNF-induced
shock (Fig. 6F). To test for the role of RIPKI-mediated cell
death in the hypersensitivity of autophagy gene-deficient mice, we
injected necrostatin-1s just before injection of TNF, which has
been shown to reverse TNF-induced shock in wild-type mice (50,
57). Necrostatin-1s pretreatment resulted in complete protection
of Ag5*?*™ mice to fatal TNF-induced shock (Fig. 6F). These
results demonstrate that autophagy genes in myeloid cells are
critical to promote survival of mice in a model of TNF-induced
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shock and that RIPK1 kinase activity and IFNy-signaling mediate
the hypersensitive phenotype in autophagy gene-deficient animals.

Discussion

We report an essential role for autophagy genes in protecting
against IFNy-induced macrophage cell death and identify TNF
as a primary mediator of this phenotype. Furthermore, we
identify RIPK1 kinase activity as the primary mediator of both
hypersensitivity to IFNy-induced cell death in vitro and the TNF-
induced mortality in Ag5*™*™ mice. Hypersensitivity of mice
with Becn1*?*™ to TNF-induced shock required the IFNy-receptor

Orvedahl et al.

subunit Ifngrl, providing an additional in vivo link to the IFNy and
TNF responses that we identified in vitro. Together, these findings
implicate cell death as a significant mediator of the pathogenesis of
systemic TNF-induced inflammatory responses, demonstrate an
essential role for TNF in IFNy-induced cell death, and identify
autophagy as an important regulator of these processes.

Previous studies have evaluated autophagy genes in regulation
of IFNy-induced cell death (17, 58-65). Studies evaluating IFNy
and TNF in combination have suggested a cytoprotective role for
autophagy-related genes in epithelial cells, yet the relative contri-
bution of each cytokine was not delineated (58, 59, 64). However,
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additional studies have suggested that autophagy, and ATGS
specifically, performs a pro-cell death function during IFNy and/
or TNF-related responses (60-63, 65). In latently HIV-infected
T cells (but not uninfected T cells), autophagosome-related struc-
tures scaffold an apoptosis-inducing complex containing RIPK1,
RIPK3, FADD, and CASPS triggered by small-molecule antag-
onists of inhibitor of apoptosis (IAPs) proteins (SMAC mimetics)
(65). However, this form of cell death was independent of
TNF (65), while the processes defined herein are TNF de-
pendent. In mouse prostate epithelial cells lacking TAK1, treatment
with the TNF-related apoptosis inducing ligand (TRAIL) leads
to necroptotic or apoptotic cell death depending on the presence
or absence, respectively, of the autophagy adaptor p62 (62).
Since the latter 2 studies did not evaluate a role for IFNy and
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given our present findings that autophagy genes limit IFNy-
induced and TNF-, CASPS-, and RIPK1-dependent death, the
effect of IFNy on the prodeath scaffolding function of autophagy
components will be an important area of future study. As we
investigated this pathway in cells of myeloid origin, it is likely
that the context, timing, cell type, and/or specific inflammatory
cues may determine whether autophagy genes perform a cyto-
protective or prodeath function.

Our study further delineates the role of autophagy genes in
fatal systemic responses to TNF. Previous studies have demon-
strated a protective role for genes regulating multiple steps of
the autophagy pathway in different tissues of mice challenged
with lipopolysaccharide (LPS)/endotoxin, including Azg7 in liver
and kidney (66-68) and Becnl and Rubicon in heart (69, 70). A
protective role for Azg7 and Atgl6l1 in the myeloid compartment
during endotoxin shock has also been demonstrated (71, 72).
Mortality from LPS in mice is mediated in part by TNF (73, 74),
although a specific role for TNF in systemic hyperresponsiveness
to LPS in autophagy-deficient mice remains unclear. However, a
role for Atg7 in protecting liver cells against TNF cytotoxicity was
previously demonstrated (66, 67). We extended these findings to
show multiple autophagy genes in myeloid cells protect against
systemic TNF-induced fatal shock. While our study combined
with previous studies implicates a set of genes regulating deg-
radative autophagy in protection against shock, the full extent to
which autophagy genes perform functions solely through degra-
dative autophagy is not completely understood. Consistent with a
degradative role for autophagy in protecting against endotoxin
responses, a role for Azgl6l1 in preventing Tax1BP1 accumula-
tion and type I IFN responses in myeloid cells was recently
demonstrated (72). Since Atg7 and Azgl6l1 both contribute to the
E3-like conjugation cascade to generate lipidated LC3 during
autophagosome biogenesis, an LC3 conjugation-specific role of
these genes in controlling responses of myeloid cells to endo-
toxin cannot be excluded.

We demonstrated here the importance of LC3 conjugation
machinery (Azg5 and A#g16l1) in regulating systemic responses to
TNF and also demonstrated a requirement for genes involved in
upstream nucleation of autophagosome biogenesis (Becnl and
Fip200) (34, 35, 75, 76) and fusion of autophagosomes with ly-
sosomes (Becnl) (36-38). Importantly, we also demonstrated a
role for the LC3 conjugation machinery (Atg5 and A#gl611), and
the complex required for nascent autophagosome biogenesis
(Becnl and Atgl4), in regulating IFNy-induced death of BV2
cells. ATG14 has also been indicated in fusion of autophago-
somes with lysosomes, which also requires its CCD (77, 78).
While the most parsimonious explanation for the involvement of
this set of genes is their function in degradative autophagy, we
cannot rule out overlapping additional roles of these genes. For
example, a role for Fip200 in countering TNF-induced lethality
during embryogenesis was suggested previously (79). However,
mice with mutations that abrogate the autophagy function of
Fip200 have extended embryonic development but still do not
survive to birth (75). In that study, double knockout of Fip200
and Tnfrl also resulted in extended embryonic viability but also
did not result in viable pups (75). Therefore, future studies should
be performed to dissect degradative and alternative functions of
autophagy genes in models of systemic shock.

Our findings may have important therapeutic implications. Sepsis
incidence is increasing, and this syndrome has few available targeted
therapies (80). Although a causative role remains to be proven,
patients with promoter polymorphisms that result in diminished
ATGS) expression have significantly decreased survival in sepsis (81).
A recent study showed that treatment of mice with a therapeutic
autophagy-inducing peptide was cardioprotective in an LPS model
of sepsis, exemplifying the potential utility of therapeutically ma-
nipulating autophagy during systemic inflammatory responses (70).
Accordingly, drugs that systemically inhibit autophagy may sensitize
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the host to sepsis. Further preclinical studies will be required to
elucidate the precise role of autophagy in cell survival during dif-
ferent models of sepsis and infection, with augmentation of auto-
phagy or more precise strategies targeting cell survival emerging as
an attractive therapeutic target in treating human sepsis.

Materials and Methods

Mammalian Cells and Treatments. BV2 microglial cells have been described
previously (82, 83). Primary bone marrow-derived macrophages were gen-
erated as described (27). CRISPRko editing efficiency and clone isolation in
BV2 cells were performed as described (21). Recombinant cytokines, chem-
icals, and antibodies are detailed in S/ Appendix.

Retroviruses and Lentiviruses. pMXs retrovirus encoding mCherry-Atg5 and
K130R mutant have been described (84). Generation of additional vectors
and lentiviruses is described in detail in S/ Appendix. Transduced cells were
selected and maintained in media containing puromycin (Puro, 4 pg/mL;
Thermo Fisher Scientific) and/or blasticidin (4 pg/mL; Thermo Fisher
Scientific).

CRISPRko Screening.

Primary screen. Lentiviral libraries were synthesized, cloned, and produced as
previously described (85). Additional details on library generation are in
SI Appendix.

Atg5KO suppressor screen. Suppressor screening with the Brie library on
Atg5KO background was performed essentially as for the WT screen.
Atg5K0-Cas9 cells were confirmed to exhibit equivalent IFNy hypersensi-
tivity as the parental Atg5KO line. Additional details on Atg5KO suppressor
screen are in S/ Appendix.

Next generation sequencing and data analysis. Genomic DNA was isolated from
cell pellets thawed on ice (Blood and Tissue kit; Qiagen). Sequencing libraries
were prepared from 10-ug aliquots of gDNA by amplifying sgRNA regions by
barcoded PCR, then sequenced, normalized, and analyzed as described (85).
Additional details on screen analysis are in S/ Appendlix.

Viability and Cytotoxicity Analyses. Cell viability was assessed using CellTiter-
Glo assay (Promega). Cytotoxicity and Caspase 3 activity were assessed by live
cell imaging on a Cytation 5 (Biotek) instrument. Additional details on cell
death analyses are in S/ Appendix.

Western Blot. Samples were prepared in RIPA buffer and targets detected
with the following primary antibodies: ATG5 (Sigma, A2859), p62 (Sigma,
P0067), Ty1 Tag (Thermo Fisher Scientific, MA5-23513), Beclin 1 (Transduction
Laboratories, 612113), Caspase 3 (Cell Signaling Technologies, 9665), and
actin (Sigma, A2228). Secondary fluorescent antibodies were hFAB actin-
rhodamine (BioRad), StarBright Blue 700 (BioRad), and IRDye 800-CW (Li-Cor).
Additional details on Western Blot analyses are in S/ Appendix.

RNA-Seq. WT or Atg5KO clone 2 cells were treated with media or IFNy (1 U/mL),
and 24 h later, cells were harvested and RNA purified for library production.
Sequencing was performed on an Illumina HiSeq 2500 instrument with a 2 x
101 run. Sample preparation, library production of polyadenylated RNA, and
analysis are detailed in S/ Appendix.
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Gene Set Enrichment Analysis: For GSEA of CRISPR screen results, average log,
fold change values from volcano plots output file were used. For GSEA of
RNA-seq results, Stat values from DeSeq2 results were used. Gene Set En-
richment Analysis software (v3.0, Broad Institute) was run on these data,
searching the Hallmark database (h.all.v5.2.symbols.gmt) (for RNA-seq re-
sults), with the addition of a custom gene set generated from GO annotations
for mouse autophagy genes with data quality at Experimental level, which
were appended as human orthologs to Hallmark set for CRISPRko screen
GSEA analysis. GSEA was performed with default settings and 1,000 iterations,
and pathways with FDR q value < 0.2 were considered significant.

Transmission Electron Microscopy. Ultrastructural analyses were performed as
described (86), except cells were fixed in 2% paraformaldehyde/2.5% glu-
taraldehyde (Polysciences Inc.) in 100 mM sodium cacodylate buffer (pH 7.2)
and washed in cacodylate buffer instead of phosphate buffer. Samples were
imaged with an AMT 8-megapixel digital camera and AMT Image Capture
Engine V602 software (Advanced Microscopy Techniques).

Mice. Atg5™ (87), Atg16117" (27), Fip200™ (79), Becn1™f (88), LysMcre (ALysM
herein; Jax #004781) (89), and Ifngr~'~ (Jax #003288) (90) mice have been
described. Mice were housed in a temperature-controlled specific pathogen-
free barrier vivarium with an alternating 12 h:12 h light:dark cycle. TNF in-
jections were performed at doses indicated on 8- to 12-wk-old mice in a final
volume of 200 pL in PBS/0.1% BSA. Nec-1s (6 mg/kg) or vehicle (6% DMSO in
PBS/0.1% BSA) injections were performed 17 to 20 min before TNF injection.
Mice were monitored every 6 to 12 h for clinical signs of morbidity and
euthanized if unable to ambulate to hydrogel food or unable to maintain
upright posture or if the core temperature nadir was <26 °C using rectal
thermometer for rodents (Bioseb). All experimental protocols were reviewed
and approved by the Washington University Institutional Animal Care and
Use Committee.

Software and Statistical Analyses. Software utilized was as indicated for each
application. Statistical analyses (except as noted for CRISPRko screens and
RNA-seq experiments) were performed in Prism with posttest analyses in-
dicated for each figure (v8.0.0.0, GraphPad Software, Inc.).
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