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Macrophages activated with interferon-y (IFN-y) in combination
with other proinflammatory stimuli, such as lipopolysaccharide
or tumor necrosis factor-a (TNF-a), respond with transcriptional
and cellular changes that enhance clearance of intracellular path-
ogens at the risk of damaging tissues. IFN-y effects must therefore
be carefully balanced with inhibitory mechanisms to prevent im-
munopathology. We performed a genome-wide CRISPR knockout
screen in a macrophage cell line to identify negative regulators of
IFN-y responses. We discovered an unexpected role of the ubiqui-
tin-fold modifier (Ufm1) conjugation system (herein UFMylation)
in inhibiting responses to IFN-y and lipopolysaccharide. Enhanced
IFN-y activation in UFMylation-deficient cells resulted in increased
transcriptional responses to IFN-y in a manner dependent on en-
doplasmic reticulum stress responses involving Ern1 and Xbp1.
Furthermore, UFMylation in myeloid cells is required for resistance
to influenza infection in mice, indicating that this pathway modu-
lates in vivo responses to infection. These findings provide a ge-
netic roadmap for the regulation of responses to a key mediator of
cellular immunity and identify a molecular link between the UFMy-
lation pathway and immune responses.
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M acrophage activation is a critical component of the immune
response. Interferon-y (IFN-y)-activated macrophages play
an integral role in mediating proinflammatory responses and
clearing intracellular pathogens (1). IFN-y signaling activates the
expression of various immune effectors, including chemokines and
genes involved in antigen presentation. In addition, the production
of reactive chemical species through increased expression of in-
ducible nitric oxide synthase (iNOS) and the phagocyte oxidase
system are induced for direct antimicrobial activity (2, 3). IFN-
y—dependent macrophage activation is enhanced by costimulation
with other proinflammatory stimuli, such as lipopolysaccharide
(LPS) or tumor necrosis factor-a (TNF-a) (4). The same pathways
that promote inflammation and the antimicrobial activity of
macrophages can also lead to detrimental outcomes for the host.

Multiple genes have been identified that regulate IFN-y re-
sponses and that have substantial in vivo effects on inflammation
and resistance to infection. Regulation of IFN-y responses can
occur through the activity of inhibitory phosphatases or via in-
ternalization or degradation of IFN-y-bound receptor complexes
(5, 6). In addition to regulation of receptor-mediated signaling
pathways, other cellular pathways such as autophagy have been
shown to regulate responses to IFN-y. Macrophage-specific A1g5
deletion increases virus-induced macrophage activation in vivo
and macrophages from these mice are hyperresponsive to IFN-y
(7, 8). In addition, Atg5-deficient macrophage cell lines are hy-
persensitive to IFN-y—induced cell death (9). The complete ge-
netic landscape of this regulation is not fully understood, and it
may be that additional molecular and cellular pathways play a role
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in regulating this aspect of cellular immunity. Thus, understanding
pathways that positively and negatively regulate IFN-y—dependent
macrophage activation is an important priority.

Here we performed a genome-wide CRISPR screen to identify
proteins that negatively regulate IFN-y responses in macrophages.
We identify and validate multiple known and unsuspected IFN-y
regulatory genes and then focus detailed mechanistic studies on
the role of the Ubiquitin-fold modifier 1 (Ufml)-conjugation
system (herein UFMylation). UFMylation is a recently described
ubiquitin-like conjugation system whose physiological role is in-
completely understood (10, 11). This system is only present in
higher eukaryotes and is involved in erythropoiesis (12, 13). Recent
studies have linked UFMylation to endoplasmic reticulum (ER)
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homeostasis (14-16), but a role in regulating inflammation in re-
sponse to IFN-y has not been demonstrated. We found that
UFMylation-dependent maintenance of ER homeostasis limits
IFN-y-induced transcriptional responses and that ER stress, in a
manner dependent on Ernl, increases IFN-y responsiveness. This
mechanism is physiologically relevant since mice lacking a
UFMpylation gene in myeloid cells displayed diminished resistance
to influenza infection.

Results

Identification of Candidate IFN-y Regulatory Genes. To identify
negative regulators of IFN-y responses, we conducted a screen
for cellular levels of iNOS, a classic marker for macrophage
activation, in murine BV2 microglial cells (herein BV2 cells).
BV2 cells respond to IFN-y in a Jakl/Jak2/Statl-dependent
manner (17). BV2 cells stably expressing Cas9 (BV2-Cas9) and
the Asiago genome-wide CRISPR knockout library (17) were
treated with 2 units IFN-y/mL, a concentration that minimally
increased iNOS levels (S Appendix, Fig. S1). We collected the
5% of cells expressing the highest iNOS levels (“iINOS-high”),
reasoning that these cells might contain single-guide RNAs
(sgRNAs) targeting negative regulators of IFN-y responses
(Fig. 14). We identified candidate genes using the average log,
fold-change (LFC) in guide detection and STARS scores, which
both assess the statistical significance of guide enrichment (17)
(Dataset S1). Notable hits from the genome-wide screen in-
cluded autophagy genes (Atg5/Atgl2/Atg9a), Tnfaip3, and Socsl
(Fig. 1B and Dataset S1), indicating that the screen identified
known regulators of cellular immunity.

To increase the number of high-confidence screening hits, we
generated a subpool library consisting of the top ~1,000 genes (by
average LFC and STARS score) from the genome-wide screen
(Dataset S2). sgRNAs targeting Nos2 and the IFN-y signaling
pathway (Ifngrl/2, Jakl/2, and Statl) were included as controls.
This screen was performed using 2 and 10 units IFN-y/mL to

identify regulators capable of altering higher-dose IFN-y re-
sponses. The subpool screen improved statistical significance of
the top genes as indicated by lower gene-level P values, higher
STARS scores, and lower false discovery rates (FDR) (Fig. 1 C
and D and Dataset S2). Consistent with the genome-wide screen,
components of the autophagy pathway (Ag%a, Atg5, and Atgl2)
were among the top genes. In addition, Tnfaip3, Uspl8, Traf2,
Socsl, Eginl, and Stubl were significantly enriched. The subpool
screen was also conducted with LPS-activated cells to determine
whether the hits were specific to IFN-y. Genes such as Uspl8 and
Eginl and components of the autophagy pathway (Ag5, Atg9a,
and GabarapL2) were enriched under these conditions, indicating
a possible broader role in regulating macrophage responsiveness
to proinflammatory stimuli (S Appendix, Fig. S2 and Dataset S2).
These screens identified multiple genes known to regulate proin-
flammatory signaling pathways, autophagy and hypoxia signaling,
as well as genes not previously known to regulate IFN-y signaling.

Validation of Selected Screen Hits as Regulators of IFN-y Responses.
To validate the screen results and to identify a gene for detailed
mechanistic analysis, we assessed nitric oxide (NO) production by
measuring nitrite in response to IFN-y in BV2-Cas9 cells expressing
sgRNAs to individual candidate genes. Editing efficiencies were
determined by deep-sequencing (Dataset S3) (18). As a control,
sgRNAs targeting Nos2 eliminated NO production, validating the
assay (SI Appendix, Fig. S3A4).

Socsl and Tnfaip3 are well-characterized negative regulators of
inflammatory responses. Socsl directly interacts with Jak1/2 inter-
fering with IFN-y signaling (19, 20) and SocsI™~ mice are hyper-
responsive to microbial pathogens and ultimately die of IFN-
y—dependent systemic inflammation (21). Tnfaip3 is a negative
regulator of inflammatory pathways, including TNF and Toll-like
receptor (TLR) signaling (22, 23), and negatively regulates IFN-
y/Statl signaling in human endothelial and smooth muscle cells (24).
For both Socs1 and Trfaip3, editing with at least one sgRNA tested
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CRISPR screen for regulators of IFN-y—-dependent iNOS expression. (A) WT BV2-Cas9 cells transduced with the Asiago genome-wide CRISPR libraries

were treated with IFN-y and the top iNOS-expressing cells collected by cell sorting. sgRNA enrichment relative to unsorted IFN-y-treated cells was determined.
(B) Genome-wide screen results. Volcano plot of genes enriched in the top 5% of iNOS-expressing cells after treatment with 2 U IFN-y/mL. Genes with three
sgRNAs represented are shown. (C and D) Subpool screen results. Volcano plot of genes enriched in the top 10% of iNOS-expressing cells after treatment with
(C) 2 U IFNy/mL and (D) 10 U IFNy/mL. For volcano plots the average LFC of all sgRNAs for each gene is plotted against the —logo(P value) for each gene.
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increased IFN-y—dependent NO production (Fig. 24). Autophagy
genes (Atg genes) play critical roles in multiple inflammatory path-
ways (7, 25, 26). Editing either Atg9a or Asg5 enhanced IFN-y—
dependent NO production (Fig. 2B). While Atg5 has been clearly
defined as a regulator of IFN-y responses (7, 9), the role for Atg9a
had not been previously identified.

To determine whether the identified role for A#g genes involved
amino acids known to be key for the activity of Atg proteins in
autophagy-related functions, we utilized clonal knockout cell lines
for Arg5 and Atgl4 (AA1g5/AArgl4) expressing either WT protein
or functionally inactive mutants [Atg5: KI130R mutant (27);
Atgl4: coiled-coil domain mutant (28)]. Expression of WT Atg5
or Atgl4 in knockout cell lines suppressed IFN-y—dependent NO
production, and mutation of autophagy-relevant motifs in these
proteins inhibited this effect (SI Appendix, Fig. S3B), confirming a
role for these Atg genes in regulating IFN-y responses (7, 29), and
indicating that this reflects their known functions in autophagy and
Atg-gene—dependent immunity (9, 27).

Eglnl is a prolyl hydroxylase, sensitive to oxygen levels, that
negatively regulates the activity of Hifla (30, 31). Hifla regu-
lates expression of IFN-y—dependent genes in the context of
Mycobacterium tuberculosis infection (32). Editing Eglnl in-
creased IFN-y—dependent NO production, whereas editing Hifl
substantially reduced IFN-y—dependent NO production sup-
porting a role for the Eglnl/Hifla axis in regulating IFN-y re-
sponses (Fig. 2C). In addition, editing Traf2, Traf6, and MapKI4/
p38 also resulted in increased IFN-y—dependent NO production,
while editing Emkl or Map3KS8 did not result in significant
changes in NO production (SI Appendix, Fig. S3C).

To validate previously unrecognized regulators of IFN-y sig-
naling from hits in the genome-wide screen we tested the role of
Ufcl, Zfp574, and Bloclsl1 (three of the top six genes by average
LFC) (Fig. 1B) in IFN-y—dependent NO production. Editing
Ufcl and Zfp574, but not Bloclsl, resulted in increased IFN-y—
dependent NO production (Fig. 2D and SI Appendix, Fig. S3C).
Zfp574 is a zinc-finger protein with unknown function. Ufcl is an
E2-like enzyme involved in UFMylation, the process of cova-
lently linking Ufm1, a ubiquitin homolog, to selected substrates
in the cell.

UFMylation Regulates IFN-y and LPS Responses. Since UFMylation is
not recognized to regulate macrophage inflammatory function or
resistance to infection, we performed a detailed analysis of en-
zymes in this pathway. UFMylation follows a typical ubiquitin-like
conjugation cycle involving Ufm1-specific proteases (Ufsp2), which
can both activate pro-Ufml and release Ufml from conjugated
substrates (33) and E1/E2/E3-like enzymes (Uba5, Ufcl, and Ufl1,
respectively) (10, 13) (Fig. 34). Increased IFN-y—dependent NO
production in Ufcl-deficient cells was validated in cells expressing
targeting sgRNAs (Fig. 2D). In addition to Ufcl, Uba5 (E1 acti-
vating enzyme), and Ufsp2 (Ufm1-specific protease 2) were within
the top 1,000 targets by STARS score in the genome-wide screen
(Dataset S1). We generated clonal knockout cell lines (AUfsp2,
AUba5, and AUfcl) and complemented these cells with WT pro-
tein or known catalytic mutants [Ufsp2: catalytic cysteine to alanine
mutant Ufsp2“®** (33); Uba5: catalytic cysteine to alanine
Uba5“*** and a Ufm1 interaction motif (UFIM) mutant Uba5-
W3OAL34A (34, 35); Ufcl: catalytic cysteine to alanine mutant
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Fig. 3. UFMylation regulates responses to IFN-y and LPS. (A) The Ufm1 conjugation cascade. (B) Western immunoblot for free and conjugated Ufm1 in WT
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ns, not statistically significant.

Ufc1€'%4 (10)]. Proteins were tagged with a 3x Tyl epitope and
levels of the Tyl-tagged proteins were confirmed by flow cytometry
and Western blot (SI Appendix, Fig. S4). To confirm that deletion
and complementation of these genes altered and restored Ufm1-
conjugation activity, we measured Ufml-conjugated proteins by
Western immunoblotting. As expected, we observed a loss or
decrease of Ufm1 conjugates in AUba5 and AUfcl cells and a
decrease in Ufml (which may represent a decrease in de-
UFMylation activity) in AUfsp2 cells which was restored with
expression of WT proteins (Fig. 3B). An additional band in
AUba5 cells complemented with WT Uba5 protein or the
UFIM Uba5 mutant and in AUfc! cells complemented with WT
Ufcl protein (observed at ~70 and 37 kDa, respectively) may
represent the intermediate thioester between the exogenously
expressed Tyl-tagged Uba5/Ufcl protein and Ufml. This is
supported by the presence of bands that migrated at the same
molecular weight when detecting Tyl-tagged Uba5/Ufcl in
these cells (SI Appendix, Fig. S4B).

Expression of WT Ufsp2, Uba5, and Ufcl suppressed IFN-
y—dependent NO production (Fig. 3 C-E). Furthermore, ex-
pression of WT Ufsp2, Uba$5, and Ufcl inhibited LPS-dependent
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NO production, revealing a general role of UFMylation in reg-
ulating macrophage responses to proinflammatory stimuli
(Fig. 3 F-H). Negative regulation of IFN-y and LPS-mediated
macrophage activation required the enzymatic activity of Ufsp2,
UbaS5, and Ufcl as expression of functional mutants failed to
limit IFN-y— and LPS-dependent NO production (Fig. 3 C-H).
Because amino acids 340 to 347 constitute a domain in UBAS
that includes a motif potentially relevant to both interaction with
UFM1 and ATGS proteins involved in autophagy (35), we also
assessed the capacity of UbaSW**0A4t34A i regulating IFN-y
responses. ATGS8 proteins, specifically GABARAP family
members, were recently shown to be involved with recruitment of
UBAS to the ER (36). Although Uba5W?*0At34A restored
Ufm1-conjugation activity, expression in AUba5 cells failed to
inhibit both IFN-y and LPS responses (Fig. 3 D and G). These
data demonstrate that multiple proteins involved in both
UFMylation and de-UFMylation regulate both IFN-y— and LPS-
dependent responses, and that these regulatory functions depend
on enzymatic activities and protein—protein interactions critical
for the function of the pathway.
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Fig. 4. Transcriptional profiles in AUfc1 cells. (A and B) Differentially
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U/mL IFN-y and (B) unactivated cells. Average LFC pooled from four inde-
pendent experiments for each mRNA is plotted against the -log10 (P value-
adjusted). Select differentially expressed genes with an adjusted P < 0.05 are
labeled. See also Dataset S4.

UFMylation Regulates IFN-y-Induced Gene Expression. We next
tested the hypothesis that UFMylation regulated responses to
IFN-y at the level of mRNA expression, and identified cellular
pathways altered under either basal or IFN-y—stimulated condi-
tions. We compared transcriptional profiles of IFN-y—activated
AUfcl cells to AUfcl cells expressing WT Ufcl (AUfel-Ufc1™ ™).
Differential gene-expression analysis revealed increased tran-
scription of Nos2 in AUfcl cells stimulated with IFN-y (Fig. 44),
which was confirmed by qRT-PCR (SI Appendix, Fig. S5). This
indicates that the regulation of iNOS expression we observed in
cells with deficient UFMylation was at least in part at the tran-
script level. In addition, increased transcript levels of other
proinflammatory mediators (Ccl2, Tnfsfl0/Trail, and Ptgs2) in
AUfcl cells were observed (Fig. 44). Gene set enrichment
analysis (GSEA) revealed enrichment of several inflammatory
pathways in IFN-y-activated AUfcl cells including the “TNF-a
signaling via NF-xB” pathway (Table 1 and Dataset S4). Thus,
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UFMpylation inhibits IFN-y—dependent macrophage activation by
decreasing the steady-state levels of mRNAs for Nos2 and other
proinflammatory mediators in response to IFN-y.

UFMylation Regulates IFN-y Responses via the ER-Stress Pathway. In
unactivated AUfcl cells, GSEA revealed specific activation of the
Ernl (also known as Irel) pathway (Table 1 and Dataset S4).
Increased gene expression of Sec6141 and Vimp in AUfcl cells
(Fig. 4B) further suggests activation of the Ernl pathway as
transcription of these genes in response to ER stress is Ernl-de-
pendent (14). Ernl is activated during ER stress and splices cy-
toplasmic Xbp! mRNA, initiating transcription of genes involved
in ER stress responses (37). We therefore tested whether Ufcl
regulates Ern1/Xbp1 activity in macrophages by measuring Xbp!
mRNA splicing. We observed increased splicing of Xbpl mRNA
in IFN-y—activated and unactivated AUfc! cells (Fig. 54).

Activation of Ernl/Xbpl-dependent transcription induces ex-
pansion of the ER membrane (38, 39). Consistent with this,
AUfsp2, AUba5, and AUfcl cells contained large protein disul-
fide isomerase (PDI, a marker of the ER) -positive structures by
immunofluorescence, and had increased PDI protein levels, a
characteristic that was reversed by expression of WT UFMyla-
tion proteins (Fig. 5B and SI Appendix, Fig. S64). The PDI*
structures were present in both IFN-y—activated and unactivated
cells (SI Appendix, Fig. S6B). In addition, transmission electron
microscopy revealed large whorls of convoluted rough ER
membrane in AUba5 cells, which were not apparent in WT cells
(Fig. 5C). These data indicate that genes involved in both
UFMpylation and de-UFMpylation regulate ER homeostasis,
consistent with results from others (13, 15, 36, 38-40).

To determine whether Ernl activation contributed to in-
creased responses to IFN-y and LPS in UFMylation-deficient
cells, we introduced Cas9 into AUba5 cells (AUba5-Cas9). We
next generated WT-Cas9 and AUba5-Cas9 cells expressing
sgRNAs targeting Ernl. Editing efficiency was confirmed by
deep sequencing (Dataset S3). Editing Ernl in AUba5-Cas9 cells
reduced the presence of the large PDI* structures, confirming
that activation of ER stress responses in UFMylation-deficient
cells is dependent on Ernl (SI Appendix, Fig. S6C). Editing Ernl
in AUba5-Cas9 cells decreased NO production and restored
iNOS protein levels in AUba5 cells in response to both IFN-y
and LPS (Fig. 6). These data indicate that the effects of
UFMpylation deficiency on IFN-y and LPS signaling are via ac-
tivation of Ernl-triggered cellular responses.

Ufsp2 Is Important for Control of Infection In Vivo. We next evalu-
ated the role of myeloid cell expression of the UFMylation
pathway gene Ufsp2 in resistance to infection as a readout for the
potential physiologic relevance of the observations above that
this pathway regulates inflammatory responses. We selected in-
fluenza A virus infection because NO generated by iNOS con-
tributes to disease induced in mice by this virus (41, 42).
Furthermore, AUfcl cells stimulated with IFN-y display in-
creased expression of genes, such as Ccl2, Tnfsf10/Trail, and
Prgs2 (Fig. 44), which contribute to disease in influenza A virus-
infected mice (43-46). We generated mice with Ufsp2 exon 5
flanked by loxP sites (SI Appendix, Fig. S74) and bred these to
mice expressing Cre recombinase specifically in myeloid cells
and some dendritic cell subsets (LysM-cre) (47). Knockout of
Ufsp2 was confirmed in peritoneal macrophages by Western
immunoblot (SI Appendix, Fig. S7B). Mice were challenged with
influenza A virus (HINI1 strain PR8) and body weight and
mortality were monitored. Consistent with a role for Ufsp2 in
regulating resistance to infection, we observed a significant
persistent weight loss and increase in mortality in Ufspz%f -LysM-
cre mice infected with influenza A virus (Fig. 7).
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Table 1. Pathways enriched in IFN-y—activated and unactivated AUfc1 cells

Pathway enrichment FDR g-value

Pathway enrichment in IFN-y—activated AUfcT cells
HALLMARK_TNFA_SIGNALING_VIA_NFKB 0
HALLMARK_INFLAMMATORY_RESPONSE 0
KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION 0
GO_POSITIVE_REGULATION_OF_EXTRINSIC_APOPTOTIC_SIGNALING_PATHWAY 0.03
GO_NEGATIVE_REGULATION_OF_ADAPTIVE_IMMUNE_RESPONSE 0.04
GO_NEGATIVE_REGULATION_OF_IMMUNE_EFFECTOR_PROCESS 0.04
GO_T_CELL_MEDIATED_IMMUNITY 0.04
GO_PEPTIDE_TRANSPORT 0.04

Pathway enrichment in unactivated AUfcT cells
KEGG_PROTEIN_EXPORT 0
GO_ROUGH_ENDOPLASMIC_RETICULUM 0.01
GO_INTRAMOLECULAR_OXIDOREDUCTASE_ACTIVITY_TRANSPOSING_S_S_BONDS 0.01
GO_IRE1_MEDIATED_UNFOLDED_PROTEIN_RESPONSE 0.01
GO_ENDOPLASMIC_RETICULUM_GOLGI_INTERMEDIATE_COMPARTMENT_MEMBRANE 0.03
GO_PROTEIN_EXIT_FROM_ENDOPLASMIC_RETICULUM 0.03
GO_ENDOPLASMIC_RETICULUM_GOLGI_INTERMEDIATE_COMPARTMENT 0.03
GO_ENDOPLASMIC_RETICULUM_LUMEN 0.03
GO_PEPTIDYL_ASPARAGINE_MODIFICATION 0.03
REACTOME_COLLAGEN_FORMATION 0.03
GO_ROUGH_ENDOPLASMIC_RETICULUM_MEMBRANE 0.04
REACTOME_ASPARAGINE_N_LINKED_GLYCOSYLATION 0.04

GSEA for GO terms, KEGG, Reactome, and Hallmark pathways. Only pathways with FDR g-value < 0.05 are shown. See

also Dataset S4.

Discussion

Here we identified genes that inhibit responses of a macrophage
cell line to IFN-y, identifying both known (for example auto-
phagy-related proteins and Socsl) and previously unsuspected
regulators of IFN-y responses. We demonstrated that the
UFMylation pathway suppresses responses to both IFN-y and
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-
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<
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LPS, suggesting that this pathway may have a key role in both
innate and adaptive immunity. We interpret that the UFMyla-
tion pathway, rather than individual genes, plays this role be-
cause we identified effects of three key enzymes in the
pathway—Ufcl, Uba5, and Ufsp2—and furthermore showed
that each played a role via the known enzymatic active site or
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Fig. 5. UFMylation regulates ER homeostasis. (A) Xbp1 cleavage in unactivated and IFN-y-activated AUfc1 and AUfc1-Ufc1™T cells. (B) Immunofluorescence
images (magnification: 60x 1.4 NA objective) of the ER protein PDI in AUfsp2/AUba5/AUfcT cells and cells reconstituted with WT protein or functionally
inactive mutant protein (MUT protein), Uba5 protein—protein interaction motif mutant (UFIM mutant). (C) Representative images using transmission electron
microscopy (magnification: 3,000x direct magnification for overview images; 12,000x direct magnification for Inset) showing aberrant ER structures in

AUba5 cells.
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Fig. 6. UFMylation regulates IFN-y- and LPS-dependent iNOS expression and activity through Ern1. (A and B) Average NO production and (C and D) average
iNOS expression (geometric mean) as measured by flow cytometry in IFN-y and LPS-stimulated WT-Cas9 and AUba5-Cas9 expressing control vector and sgRNAs
targeting Ern1. Average data pooled from four to six independent experiments are represented as mean + SEM relative to WT-Cas9 stimulated with 10 U IFN-
y/mL or 50 ng LPS/mL. *P < 0.05 determined by ANOVA with Tukey’s multiple comparison test; ns, not statistically significant.

protein—protein interaction motifs with known functions in
UFMpylation. Through transcriptional profiling in UFMylation-
deficient cells we identified an Ernl-mediated ER stress re-
sponse which accounted for the increased sensitivity of cells with
deficient UFMylation to proinflammatory stimuli. Finally, we
demonstrated a protective effect of myeloid-specific expression
of a UFMylation gene during influenza infection.

TNF signaling via NF-kB was selectively enriched in IFN-y—
activated UFMylation-deficient BV2 cells. Interestingly, knock-
down of UFMI1-specific ligase activity results in elevated basal
and TNF-o-stimulated NF-xB activity in HeLa and U20S cells
and enhanced LPS-dependent NF-kB signaling in bovine mam-
mary epithelial cells (48, 49). UFMylation-deficient BV2 cells do
not spontaneously increase transcription of genes in this pathway
since differential expression of proinflammatory genes in unac-
tivated UFMylation-deficient cells was not observed. Thus, we
interpret that the findings of activation of the expression of genes
in this pathway is triggered by inflammatory stimuli, indicating
that in the normal setting the function of UFMylation blunts the
induction of inflammatory responses to IFN-y and LPS. This is
consistent with observations that TNF-a is a costimulatory signal
for IFN-y—dependent macrophage activation (50-52). Other
genes identified in our screens also modulate expression of genes
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regulated by TNF-a. For example, Tnfaip3, a top hit from both
the genome-wide and subpool screens, is a well-characterized
negative regulator of TNF signaling and other proinflammatory
pathways (23). Autophagy, which was another significant path-
way enriched in our screen has been shown to regulate responses
to TNF and autophagy-deficient intestinal epithelial cells display
increased susceptibility TNF-mediated cell death (53). In addi-
tion, autophagy inhibits IFN-y—dependent cell death in BV2 cells
by regulating the TNF pathway and protects against TNF-in-
duced systemic shock (9). It will be interesting to determine
whether TNF signaling and/or other known costimulatory path-
ways contribute to the increased IFN-y—dependent responses in
other targets identified in our screen.

Defects in UFMylation lead to expression of ER chaperones
and increased Xbpl mRNA splicing (13, 15), and ER stress re-
sponses have been shown to intersect with multiple immune-
signaling pathways (54). Expansion of the ER has also been
observed in UFMylation-deficient cells and fibroblasts obtained
from individuals with rare autosomal-recessive variants in UBAS
(39, 55). UFMylation is required for the lysosome-dependent
degradation of stalled ribosomes in the translocon, which pro-
vides a mechanism relating UFMylation genes and ER stress
(56). Loss of both UFMylation and de-UFMylation results in
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Fig. 7. Ufsp2 in myeloid cells protects against influenza. (A) Weight loss and
(B) survival of Ufsp2™-LysM-cre mice following challenge with influenza
H1N1 PR8. Data are pooled from four independent experiments. P value
determined by log-rank Mantel-Cox tests for survival. For weight loss data
are represented as mean + SEM; *P value determined by two-way ANOVA.

aberrant protein synthesis in the ER and defects in ER-associ-
ated degradation (40). The most parsimonious explanation for
observing ER stress responses when either UFMylation or de-
UFMpylation enzymes are deleted is that ER homeostasis re-
quires a delicate balance of these two functions.

Ern1/Xbp1 activation enhances IFN-f production in dendritic
cells and macrophages stimulated with TLR agonists (57-59),
supporting the generality of the observations presented herein.
In addition, the Ern1/Xbpl pathway is activated in response to
TLR activation and infection with intracellular bacteria. Thus, it
is possible that the response of cells to disruption of ER ho-
meostasis in a variety of settings enhances IFN-y and LPS re-
sponses. In addition to ER stress, UFMylation plays a role in the
DNA damage response and regulates ataxia-telangiectasia—
mutated (ATM) signaling in response to genotoxic agents (60,
61). DNA damage and loss of ATM have been shown to activate
type I IFN signaling and amplify innate immune responses (62).
IFN-y and LPS activation of macrophages induces expression of
DNA damage-response genes, and production of reactive oxygen
species may induce DNA damage (63). It would be interesting to
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evaluate if loss of UFMylation alters responses to DNA damage
in IFN-y—activated macrophages and if this involves Ernl, which
is required for the phenotypes we report here.

This report provides a genomic landscape for the regulation of
IFN-y responsiveness and analysis of one of these genes defines
the linkage between the UFMylation and Ernl/Xbpl-mediated
ER stress responses to macrophage activation by proin-
flammatory stimuli. We find that Ernl activation can enhance
IFN-y and LPS responses and enhances the proinflammatory
capacity of macrophages. Furthermore, our studies indicate that
this pathway may have significant antiinflammatory effects in
myeloid cells during infection. Further evaluation of the rela-
tionship between UFMpylation, Ernl, and inflammatory re-
sponses to influenza and other infections is warranted. It seems
likely that pathogens and physiologic processes that result in ER
stress and Ernl activation may be important contributors to the
activation state of myeloid cells important for positive and neg-
ative effects of IFN-y and LPS in vivo.

Materials and Methods

Cell Lines and Assays. BV2 cells stably expressing Cas9 (BV2-Cas9, lentiCas9-
Blast, Addgene #52962) were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) with 10% fetal bovine serum and 1% Hepes. Cells for as-
says were plated in DMEM with 2% fetal bovine serum and 1% Hepes. NO
was measured by plating 4 x 10* BV2 cells per well in 96-well plates, incu-
bated for 20 h with or without IFN-y (BioLegend) or LPS (Sigma) and
quantifying NO levels in the supernatant (Griess Reagent System, Promega).
Single-cell clones of AAtg9a, AAtg5, AAtg14, AUba5, AUfcl, AUfm1, and
AUfsp2 cells were generated at the Genome Engineering and IPSC Center
(Washington University in St. Louis) by introducing Cas9 and sgRNAs into
BV2 cells by nucleofection. For generation of polyclonal knockout lines used
for screen validation, one to two sgRNAs per target were cloned into the
lentiGuide-Puro vector (Addgene #52963) and transfected into 293T cells
along with packaging vector (psPAX2, Addgene #12260) and pseudotyping
vector (pMD2.G, Addgene #12259) to generate sgRNA-expressing lentivirus.
BV2-Cas9 were transduced with lentivirus and selected 48 h post-
transduction. For selection, 5 pg/mL puromycin (ThermoFisher) and 4 pg/mL
blasticidin (ThermoFisher) were added. For cDNA expression of UFMylation
proteins cells were transduced with lentivirus carrying the gene of interest
with an N-terminal 3x Ty1 tag (Dataset S5) on the pCDH-CMV-MCS-T2A-Puro
backbone (CD522A-1, System Biosciences). cDNA expression of Atg proteins
has been previously described (9).

CRISPR Knockout Cell Line Validation by Next-Generation Sequencing. Non-
homologous end joining (NHEJ) frequency was confirmed by targeted next-
generation sequencing (Genome Engineering and IPSC Center) 5 to 7 d after
puromycin selection (18). Briefly, PCR amplification using locus-specific pri-
mers containing partial Illumina sequencing adaptors was performed fol-
lowed by a second amplification using primers containing indexes and
necessary llumina adaptors; 2 x 250 read sequences (lllumina MiSeq) were
generated and NHEJ signature frequency was determined using an in-house
algorithm (GEiC, Washington University School of Medicine in St. Louis, MO,
geic.wustl.edu/).

CRISPR Screens. BV2-Cas9 cells were transduced with four separate pools of
gRNA-expressing lentivirus (Asiago Pools 1, 2, 5, and 6) (64). Cells were ac-
tivated with 2 U/mL recombinant IFN-y (BioLegend) and 20 h later cells were
fixed with 4% paraformaldehyde, permeabilized with perm wash buffer (BD
Biosciences) and stained with anti-INOS-APC (BioLegend). iNOS high cells
were sorted on a FACS Ariall (BD Biosciences). Total DNA from sorted cells
was extracted (QlAamp DNA FFPE Tissue Kit, Qiagen) as suggested by the
manufacturer, except that 0.3 M NaCl was added to the lysis buffer and
incubation at 56 °C extended to 4 h. DNA from unsorted unfixed input cells
was isolated using DNeasy Blood & Tissue Kit (Qiagen). lllumina sequencing
and screen analysis was performed as described previously (9, 64). Results
from Pool 2 of the Asiago library were excluded due to insufficient read
depth in the sorted sample. Scores for sorted and unsorted controls were
averaged, and the unsorted control average was subtracted from sorted
average to achieve the LFC for each sgRNA (Dataset S1). Mean LFC was then
used to determine the hypergeometric distribution and P values for volcano
plots (https:/github.com/mhegde/volcano_plots) and analyzed using STARS
(https://portals.broadinstitute.org/gpp/public/software/stars). For the custom
subpool, a single pool formed from the union of the top 1,000 genes by
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average LFC (genes with three sgRNAs represented) and STARS score con-
taining eight guides per target was used (Dataset S2). Sequencing and
analysis were performed as described above (Dataset S2).

SDS/PAGE Western Immunoblot. For BV2 cells, lysates were run under non-
reducing conditions on an Any kDa Mini-PROTEAN TGX Stain-Free Protein
Gel (Bio-Rad). Ufm1 conjugates were detected using anti-Ufm1 (1:1,000 di-
lution; Abcam). Total protein and Ufm1 conjugates were imaged using a
stain-free enabled ChemiDoc imaging system (Bio-Rad). For PDI protein
measurements, PDI (1:500 dilution; Abcam) and p-actin (1:500 dilution;
Abcam) band intensity was determined using Quantity One (Bio-Rad). Ty1-
tagged constructs were detected using anti-Ty1 (1:1,000 dilution; Thermo-
Fisher). For peritoneal macrophages, peritoneal cells were collected from
mice after injection of 5 mL of DMEM containing 2 mM EDTA and 2% FBS
into the peritoneal space. Adherent cells were analyzed using anti-Ufsp2
(1:500 dilution; Abcam) and p-actin (1:500 dilution; Abcam).

RNA Isolation, RNA-Seq, qPCR, and Xbp1 Splicing Assay. For RNA-seq, 3.2 x 10°
cells in 12-well dishes were stimulated with 10 U/mL IFN-y for 20 h. RNA from
four independent experiments was extracted (Takara RNA kit) and libraries
prepared, and sequenced on an lllumina HiSeq 2500 using 50-bp x 25-bp
paired-end sequencing, as previously described (7). RNA-seq data were de-
posited to the European Nucleotide Archive under the accession number
PRJEB41914. For pathway analysis, the preranked list data were analyzed
with the GSEA desktop application (https://www.gsea-msigdb.org/, the
Broad Institute of MIT and Harvard). Gene sets used for comparison included
gene ontology (GO) terms, Kyoto Encyclopedia of Genes and Genomes
(KEGG), Reactome, and Hallmark pathways in analyses performed June
2018. For gPCR, Tagman probes (IDT) targeting Nos2 were used to determine
total mRNA copies per sample relative to ActB. The following primers were
used to amplify Xbp? mRNA at the region spanning the splicing event:
Forward: 5-GAACCAGGAGTTAAGAACACG-3’ and reverse: 5'-AGGCAACAG
TGTCAGAGTCC-3’ (65). PCR products were separated by gel electrophoresis
on a 2.5% agarose gel.

Fluorescence Microscopy. Cells in 96-well plastic (Greiner) plates were fixed in
4% PFA in PBS. For wide-field fluorescence, cells were permeabilized with
0.3% Triton X-100 and stained with anti-PDI (1:100 dilution; Cell Signaling
Technologies). Wide-field epifluorescence microscopy used an InCell 2000
microscope at 40x magnification or a Nikon Ti microscope equipped with a
60x 1.4 NA objective.

Transmission Electron Microscopy. Cells were fixed in 2% paraformaldehyde/
2.5% glutaraldehyde (Polysciences) in 100 mM sodium cacodylate buffer pH
7.2 at room temperature. Samples were washed in sodium cacodylate buffer,
postfixed in 1% osmium tetroxide (Polysciences), rinsed extensively in dH,0,
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and en bloc-stained with 1% aqueous uranyl acetate (Ted Pella). Following
several rinses in dH,0, samples were dehydrated in a graded series of eth-
anol and embedded in Eponate 12 resin (Ted Pella); 95-nm sections were cut
(Leica Ultracut UCT ultramicrotome, Leica Microsystems), stained with uranyl
acetate and lead citrate, and viewed on a JEOL 1200 EX transmission elec-
tron microscope (JEOL) equipped with an AMT 8 megapixel digital camera
and AMT Image Capture Engine V602 software (Advanced Microscopy
Techniques).

Influenza Challenge. Mice were infected with 250 TCIDsq (50% tissue culture
infectious dose) of PR8 intranasally. Weight loss and morbidity and mortality
of the mice were monitored. Mice losing more than 30% of their initial body
weight were killed under a protocol approved by the Washington University
Institutional Animal Care and Use Committee. Data are pooled from
11 Ufsp2™ mice (6 males, 5 females) and 12 Ufsp2™-LysM-cre mice (6 males, 6
females) across four independent experiments.

Mice. Ufsp2™ mice were designed at the Genome Engineering and IPSC
Center and produced at the Transgenic, Knockout, and Micro-Injection Core
at Washington University School of Medicine. Briefly, C57BL/6J (Jackson
Laboratories) fertilized zygotes were electroporated with CRISPR/Cas9 RNPs
(66). Exon 5 was floxed using crRNAs 5" ATAGCATGCTGAAACTGAGA 3’ and
5 TACCTACCTGGAGTGCCCGG 3’ and single-stranded donor oligonucleo-
tides with 60-bp homology arms (Dataset S5) (IDT). Targeted deep-se-
quencing was used to validate reagents in N2a cells and to genotype
founders and F1 mice, as previously described (18). Additional generations
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