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Abstract

Autophagy is an ancient catabolic process that has emerged as part of innate immu-
nity. Upon infection, autophagy is activated but the key factors responsible remained
unclear. Here, we show that interferon (IFN) released during viral infections subse-
quently activates autophagy via STAT1/5B-mediated upregulation of Suppressor of
Cytokine Signaling 1 (SOCS1). Our data show that scavenging of IFNs diminishes
autophagy induced by several respiratory viruses. All types of IFN (I, Il and )
mediated robust autophagic flux activation in both cell lines and primary human lung
fibroblasts in a JAK1-3 dependent manner. Depletion or pharmacological inhibition of
individual signal transducer and activator of transcription (STAT) transcription factors
demonstrated that both STAT1 and STATSB are required for IFN-induced autophagy.
Upon IFN stimulation STAT1 and STAT5B associate and translocate to the nucleus.
Transcriptome analyses revealed that most known anti-viral IFN-stimulated genes
(ISGs) remain induced to high levels upon inhibition of STAT5 expect for a small
subset of ISGs, among them SOCS1. Overexpression of SOCS1 stimulated autoph-
agy, whereas its depletion impaired IFN-induced autophagy. Successful viruses like
measles virus (MeV) or respiratory syncytial virus (RSV) evolved strategies to exploit
autophagy to promote their own replication. Uncoupling IFN-mediated ISG defenses
from autophagy induction by STAT5 inhibition reduced virus-induced autophagy, and
inhibited efficient replication of autophagy-dependent MeV and RSV. Overexpression
of SOCS1 upon STATS inhibition largely rescued both infection-induced autophagy
and viral replication. Taken together, our data show that IFN promotes autophagy via
STAT1/STAT5B-SOCS1 in viral infections and reveal that targeting of this axis allows
inhibition of autophagy-dependent viruses without compromising innate immune
defenses.
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Author summary

Autophagy, like the Interferon (IFN) system, is considered part of the innate
immune defenses activated upon viral infection. However, some viruses, such as
measles (MeV) and respiratory syncytial virus (RSV), have learned to hijack this
process to promote their replication. Our study shows that autophagy activation
during viral infections is promoted by the IFN system. Consequently, blocking
IFNs reduced virus-induced autophagy. Mechanistic analyses demonstrated that
various types of IFN induce expression of SOCS1, via the transcription factors
STAT1 and STAT5B in both cell lines and primary human lung cells. Pharmaco-
logical inhibition or depletion of STAT1, STAT5B or SOCS1 impaired IFN-induced
autophagy. Importantly, disrupting STAT5 signaling does not impact IFN-
mediated induction of most ISGs. Thus, selective disruption of IFN-induced au-
tophagy by inhibiting STAT5 restricted replication of MeV and RSV. Our findings
reveal an underappreciated mechanistic link between the IFN system and auto-
phagy and suggest that targeting of the STAT5-SOCS1 axis may inhibit
autophagy-dependent viruses without compromising IFN-mediated defenses.

Introduction

Innate immunity is one of the major defense systems against invading pathogens,
including respiratory viruses [1,2]. Activation of innate immune pathways such as the
interferon (IFN) system or autophagy during viral infection is a highly coordinated
process. However, while activation of the IFN system is considered anti-viral against
most respiratory viruses, autophagy has been usurped by some successful viruses
such as measles virus (MeV) and respiratory syncytial virus (RSV) to promote their
replication.

The innate immune system detects viral infections mainly via pattern recognition
receptors (PRR), such as retinoic acid-inducible gene (RIG)-I-like receptors (RLRs),
Toll-like receptors (TLRs), or cyclic GMP-AMP synthase (cGAS) that recognize both
intracellular and extracellular viral pathogens by binding to pathogen-associated
molecular patterns (PAMPs) [2—6]. Activation of PRRs converges in the induction
and secretion of IFNs and other pro-inflammatory cytokines. The three types of IFNs
(type |, Il or 1) include the type | IFNs, IFN-a and -B, the sole type Il IFN, IFN-y, and
the four type Il IFNs, IFN-A1—4. Of note, while type | IFNs can be secreted by almost
all cell types, type Il IFN production is mainly limited to lymphocytes, whereas type
[II [FNs are primarily found at mucosal surfaces [7,8]. The secreted IFNs bind to
their respective receptors in both an autocrine and paracrine fashion and mediate
activation of a set of Janus kinases (JAK1-3 and Tyk2) [9,10]. The kinases in turn
phosphorylate the signal transducer and activator of transcription (STAT) transcrip-
tion factors. Humans express seven different STAT proteins, namely STAT1, STAT2,
STAT3, STAT4, STAT5A, STAT5B and STAT6 [11]. Each of these transcription factors
can act as a homodimer or a heterodimer, driving or restricting the expression of a
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diverse array of genes. For example, type | or lll IFN stimulation typically leads to the formation of STAT1-STAT2 heterod-
imers [12], which eventually activate transcription driven by ISREs (Interferon-Stimulated Response Element). Expression
of ISGs, among them many well-known virus restriction factors, such as Mx1 or OAS1, sets the cells in an anti-viral state

[13,14].

Macroautophagy (hereafter autophagy) is an evolutionarily conserved and intricately regulated degradation pathway
and anti-viral defense mechanism [15—17]. Activation of autophagy is induced by cellular kinases, including ULK1 (unc-
51 like autophagy activating kinase 1) and 5’ AMP-activated protein kinase (AMPK), and downregulated by mTOR and
Casein kinase Il [18,19]. The precise mechanisms by which autophagy is activated during viral infection, however, remain
unknown. During autophagy, cytoplasmic cargoes are engulfed by double-membrane vesicles, termed ‘autophagosomes’,
which are eventually degraded upon fusion with lysosomes [20]. Processing of LC3B from cytosolic LC3B-I to
autophagosome-associated LC3B-Il and degradation of the autophagy receptor SQSTM1/p62 are hallmarks of autophagy.
Autophagy targets viruses or viral components by dedicated receptors, such as p62 to promote their lysosomal degra-
dation [16,20,21]. Unfortunately, the ancient autophagy system and its components have been hijacked and exploited by
viruses during their long co-evolution, effectively making autophagy a pro-viral process for some viruses. For example,
interaction of the C protein of MeV with IRGM promotes pro-viral autophagy [22—24]. Similarly, RSV exploits the auto-
phagic machinery to form cholesterol-rich lysosomes that promote replication [25]. Targeting pro-viral autophagy may thus
be a feasible anti-viral strategy.

Autophagy and the IFN system are highly interconnected. For example, activation of the cGAS-STING cascade that
mediates sensing of virus-derived cytosolic DNA, induces a strong autophagic response [26]. In line with this, RNA sens-
ing, e.g., by the sensor RIG-I, was also recently suggested to promote autophagy activation [27]. Furthermore, activation
of Toll-like receptors such as TLR7, was shown to promote MyD88-dependent autophagy induction [28]. In addition, key
factors of the type | IFN induction cascade play roles in both autophagy and the IFN system [13,15]. For example, the
kinase TBK1, which is crucial for activation of the transcription factor IRF3, was reported to mediate virus-induced autoph-
agy by phosphorylating the autophagy receptor p62 [2,29,30]. Vice versa, autophagy was reported to dampen IFN induc-
tion by mediating the turnover of signaling components or effector proteins [15]. For example, the DNA sensor cGAS and
the RNA sensor RIG-| are degraded by autophagy [31,32]. It was suggested that IFNs itself may also promote autophagy
[33,34]. However, the underlying mechanism(s) are currently not understood.

Here, we show that induction of autophagic flux during respiratory viral infection is activated by virus-induced IFNs.
Mechanistic analyses revealed that JAK-STAT1/5B-SOCS1 signaling is required to activate autophagy. Notably, we further
show that selectively inhibiting IFN-induced autophagy by targeting of STAT5B signaling does not impair IFN-mediated
defenses but interferes with replication of autophagy-dependent viruses such as MeV and RSV. Our results establish a
connection between IFN signaling and autophagy via the STAT1/5B-SOCS1 axis that contributes to autophagy induction
during viral infections. Targeting of this axis inhibits replication of autophagy-dependent viruses.

Results
Autophagy induction during viral infection is dependent on IFNs

To understand whether autophagy induction during viral infection is coordinated with the IFN system, we inhibited type

I IFN by B18R, a potent scavenger derived from a pox virus [35]. Autophagosome levels in infected HeLa autophagy
reporter cells stably expressing GFP-LC3B were analyzed by flow cytometry [36]. To this end, we mildly permeabilized the
cells and removed non-membrane-bound GFP-LC3B-I by washing. Quantification of the remaining fluorescence is a proxy
for the GFP-LC3B-ll-positive autophagosome content [36]. Inhibition of IFN by B18R reduced autophagosome levels in
MeV-, RSV- or |AV-infected GFP-LC3B expressing Hela cells significantly (Fig 1A). This was confirmed by analyzing
GFP-LC3B puncta as surrogate for autophagosomes in HelLa reporter cells infected with MeV, RSV and IAV via immuno-
fluorescence (Fig 1B and 1C). B18R treatment efficiently reduced the amount of autophagosomes after infection — even
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Fig 1. Interferons induce autophagic flux. A, Quantification of autophagosome levels by flow cytometry in HeLa autophagy reporter cells (HeLa GL)
24 h after infection with Measles Virus (MeV, MOI 1.25), Respiratory Syncytial Virus (RSV, MOI 1.25), or Influenza A Virus (IAV, MOI 1.25). Treated with
200 ng/ml B18R as indicated. n=3—4 biological replicates + SEM. Student’s t-test with Welch'’s correction. B, Representative confocal immunofluores-
cence images of HelLa autophagy reporter cells (HeLa GL, GFP-LC3B, green) 24 h after infection with Measles Virus expressing TagRFP (MeV-TagRFP,
MOI 1), Respiratory Syncytial Virus (RSV, MOI 1), or Influenza A Virus (IAV, MOI 1) treated with 200 ng/ml B18R as indicated. DAPI (blue), (scalebar 10
um). C, Quantification of the number of autophagosomes (= eGFP-LC3B positive puncta) per nucleus per image relative to the uninfected controls of
(B) n=25-50 images + SEM. Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test. D, Quantification of autophagosome levels
by flow cytometry in HeLa autophagy reporter cells (HeLa GL) 4, 24 and 48 h after treatment with increasing concentrations of indicated IFNs (0.01 pM
—100 nM). n=4+SD. E, Area under the curve analysis showing accumulated autophagy levels over time. Accumulated data of (D). Bars indicate the
means of n=4+SEM. Brown-Forsythe and Welch ANOVA with Dunnett's T3 multiple comparisons test. F, Quantification of autophagosome levels by
flow cytometry in HeLa autophagy reporter cells (HeLa GL) 24 h after treatment with increasing concentrations (0.01 pM — 100 nM) of indicated IFNs in
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presence of Bafilomycin A1 (625 nM). Dotted line, Bafilomycin A1 only treatment. n=4+SD. G, Representative immunoblots of NHLF cells treated for

48 h with Torin-1 (1 pM), Bafilomycin A1 (250 nM) or 100 pM of either IFN-B, IFN-y or IFN-A1. Stained with a-SQSTM1/p62 and a-GAPDH (left panel).
Quantification of SQSTM1/p62 band intensities normalized to GAPDH band intensities of the immunoblots as percentage of the water control. n=4 (bio-
logical replicates) + SEM (right panel). Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test. Uncropped blots in S1 File. H,
Representative confocal immunofluorescence images of NHLF cells treated with IFN-f or IFN-y (each 100 pM) for 24 h. BafA1 (625 nM, 4 h), Torin-1 (1
UM, 4 h) were used as controls. Stained with a-SQSTM1/p62 (green) and DAPI (blue) (scalebar 10 um, left panels). Quantification of the number of auto-
phagosomes (= SQSTM1/p62 positive puncta) per nuclei per tile (right panel). n=25-50 tiles + SEM. Brown-Forsythe and Welch ANOVA with Dunnett’s
T3 multiple comparisons test. *, p<0.05, ** p<0.01, *** p<0.001.

https://doi.org/10.1371/journal.ppat.1014414.9001

almost to baseline levels for MeV and IAV. These data indicate that activation of autophagy during respiratory viral infec-
tion is further driven by infection-induced IFNs.

Various types of IFNs promote autophagic flux

To determine whether the link between autophagy and IFN is dependent on the type of IFN, we treated GFP-LC3B
expressing HelLa autophagy reporter cells with selected type |, type Il or type 11l IFNs (type I: IFN-B, IFN-a2, IFN-¢; type
[I: IFN-y; type Ill: IFN-A, IFN-A2/3). Treatment with all tested IFNs increased the number of autophagosomes in HelLa
cells in a dose-dependent manner (Figs 1D and S1A). Induction of autophagosomes was apparent 24h post-treatment
for all IFNs. IFN-B and IFN-y peaked at 24 h, whereas IFN-A1 induced autophagy stayed constant at lower levels
between 24h and 48h post-treatment (Figs 1E and S1A). Detailed analyses of the kinetics of autophagosome induction
by IFN-3 showed a significant increase of autophagosomes already at 8h post-treatment (S1B Fig). To discriminate
whether IFN treatment induced de novo autophagic flux or whether autophagosomes accumulated due to inhibited

or slowed turnover, we blocked autophagosome turnover using saturating concentrations of Bafilomycin A1 (BafA1)
[19,20,37]. Bafilomycin A1 is a potent V-ATPase inhibitor which prevents autophagic flux, leading to the accumulation
of autophagosomes. Thus, in the presence of saturating concentrations of Bafilomycin A1 any other compound impair-
ing turnover is masked, but de novo autophagy induction is still detectable. These assays revealed that IFN-a2, IFN-{3,
IFN-g, IFN-y, IFN-A1 and IFN-A3 induce de novo autophagic flux in a dose-dependent manner (Figs 1F and S1C). To
establish physiological relevance, we treated primary human lung fibroblasts (NHLF) with type |, Il or Il IFNs. All treat-
ments significantly reduced SQSTM1/p62 levels 48h post treatment, a hallmark of autophagic flux induction (Fig 1G).
Torin-1, a well-known mTOR inhibitor and autophagy-inducer was used as a positive control, whereas BafA1 was used
as a negative control (Fig 1G). To corroborate this data, endogenous p62 abundance in NHLF cells was assessed using
immunofluorescence. In line, treatment with type | or Il IFNs significantly reduced the p62 area per nucleus, similar as
treatment with Torin-1 (Fig 1H). These experiments demonstrate that all types of IFNs induce autophagic flux in human
cell lines and primary cells.

IFN-induced autophagy is dependent on JAK1-3

After binding to their respective receptors, IFNs activate the kinases JAK1-3 and Tyk2 (Fig 2A) [2]. They, in turn, phos-
phorylate and activate the STAT transcription factors, which eventually mediate transcriptional induction of ISGs (Fig 2A).
To dissect which of these kinases are required for autophagy induction by IFNs, we used inhibitors: TC JL 37 (TC) targets
TYK2, Ruxolitinib (Rux) prevents activation of JAK1/2, PF06651660/Ritlecitinib (PF) inhibits JAK3 and CP690550/Tofaci-
tinib (CP) inactivates JAK1-3 (Fig 2A) [11]. To quantify their impact on IFN-induced autophagy, HeLa autophagy reporter
cells were pre-treated with the inhibitors at approximately double the concentration of their respective IC_, and then
incubated with IFNs. These assays revealed that autophagy induction by all types of IFN is inhibited by the JAK kinase
inhibitors PF, Rux and CP, whereas the TYK2 inhibitor TC had lesser effects (Figs 2B-D and S2A-C). This indicates that
mainly JAK kinases (JAK 1-3) mediate IFN-induced autophagy, whereas TYK2 plays a minor role.
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Fig 2. Inhibition of IFN induced autophagy by JAK Inhibitors. A, Schematic depiction of the JAK-STAT signaling cascade. First level shows the Type
I (red), Il (blue) and IlI (green) IFNs with respective receptors. Second level depicts the receptor-associated kinases (right) Tyrosine kinase 2 (Tyk2),
Janus kinase 1 (JAK1), Janus kinase 2 (JAK2) and Janus kinase 3 (JAK) with the respective inhibitors (left) for each kinase. TC JL 37 (TC) inhibits Tyk2,
Ruxolitinib (Rux, international nonproprietary name) inhibits JAK1 and JAK2, PF06551600 (PF, international nonproprietary name Ritlecitinib) inhibits
JAKS and CP-690550 (CP, international nonproprietary name Tofacitinib) inhibits JAK1, JAK2 and JAK3. Third level shows exemplary Signal Transducer
and Activator of Transcription (STAT) dimer with STAT proteins (STAT1 to STAT6) listed. Fourth level depicts schematic induction of interferon-stimulated
gene (ISG) expression in the nucleus. B-D, Quantification of autophagosome levels by flow cytometry in HeLa autophagy reporter cells (HeLa GL) 24

h after treatment with increasing concentrations of IFN-3 (B), IFN-y (C) or IFN-A1 (D), in presence or absence of TC (100 nM), PF (100 pM), Ruxolitinib
(Rux, 100 nM), or CP (100 nM), n=4+ SEM (left panels). Area under the curve (AUC) analysis (right panels) of the cumulative autophagy induction.
Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test. *, p<0.05, ** p<0.01, *** p<0.001.

https://doi.org/10.1371/journal.ppat.1014414.9002

STAT1 and STAT5B are required for IFN-induced autophagy

To investigate which of the seven human STAT proteins are required for IFN-induced autophagy, we constructed a library
expressing Cas9 and at least two gRNAs against each STAT protein. Autophagosome induction by IFN- was abrogated
upon expression of gRNAs targeting STAT1 and STAT5B (Fig 3A). Targeting of all other STAT proteins did not have a
significant effect. Depletion of the individual STATs was confirmed by Western blotting (S3A Fig). In line, depletion of
STAT1 and STAT5, but not STAT3, by siRNA reduced the autophagosome levels induced by IFN-{ treatment in Hela auto-
phagy reporter cells (Fig 3B). Knockdown efficiency was above 90% (S3B Fig). To corroborate this data, we used small
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targeting STAT1, STAT3, STAT5B or ATG5 and treated with 1 nM IFN-{ for 24 h. BafA1 (625 uM) or Torin-1 (1 uM) for 4 h used as controls. n=4+SEM.
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(STAT1 Inhibitor, STAT1i) or 100 uM STATS5 Inhibitor (STAT5i). n=4+SEM. D, Area under the curve (AUC) analysis of the data in (C). E, Quantification
of autophagosome levels by flow cytometry in HeLa autophagy reporter cells (HeLa GL) 24 h after treatment with increasing concentrations of IFN-y and
STATS Inhibitor (STAT5i, 100 uM). n=4+SEM. F, Quantification of autophagosome levels by flow cytometry in HeLa autophagy reporter cells (HeLa GL)
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https://doi.org/10.1371/journal.ppat.1014414.9003
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compounds that target individual STATs at double of their IC50 concentration. STAT1 activation was inhibited by Fludar-
abine (STAT1i, IC50=3 pM), which does not target other STAT transcription factors [38]. The SH2 domain of STAT5 was
targeted by CAS 285986-31-4 (STATSi, IC50=47 uM) [39]. Activity against STAT3 and STAT1 was reported only for high
concentrations above 500 uM [39]. STAT3 was targeted selectively by 5,15-DPP (STAT3i, IC50=880 nM) [40], and STAT6
by AS1517499 (STATGI, IC50=21 nM) [41]. Treatment of HeLa autophagy reporter cells with STAT1i and STATS5i, but not
STAT3i or STAT6iI, decreased IFN-B-induced autophagy (Fig 3C and 3D). Autophagic flux stimulation by IFN-y and IFN-
A was also significantly reduced by STATSi (Figs 3E, 3F and S3C). Taken together, these data suggest that STAT1 and
STATSB are required for autophagy induction by all three types of IFNs.

STAT1 and STAT5B form a complex that mediates autophagy induction

Our data indicated that depletion of STAT1 and STAT5B almost abolished IFN-induced autophagy. To examine whether
both proteins work together, we performed overexpression studies. While individual expression of STAT1 and STAT5B
moderately increased autophagosome levels, their co-expression significantly boosted cellular autophagosome content
(Fig 4A) suggesting additive effects. Expression of TRIM32 served as positive control [36,42,43]. To induce transcrip-
tion of ISGs, STAT molecules typically form hetero- or homodimers [44,45]. Co-immunoprecipitation of overexpressed
FLAG-STAT5B, FLAG-STAT1 and respective V5-tagged STAT1 or STAT5B revealed that both STAT1 and STAT5B bind
to themselves as well as to one another with similar efficiency (Fig 4B). These interactions were confirmed at an endog-
enous level in primary NHLF cells, where STAT1 readily co-purified with STAT5B (S4A Fig). In line with this, proximity
ligation assays in primary human dermal fibroblasts showed that upon treatment with IFN-3, STAT1 and STATS5B are in
close spatial proximity (Figs 4C and S4B), suggesting that STAT1 and STAT5B associate after IFN treatment. To induce
transcription, the STAT transcription factors translocate to the nucleus. Upon IFN- stimulation, localization of endogenous
STAT1 and STAT5B in primary NHLF cells significantly shifted to the nucleus (Fig 4D and 4E), where they co-localize as
indicated by an increased Pearson correlation coefficient (S4C Fig). Taken together, these assays indicate that STAT1-
STAT5B associate upon IFN stimulation and traverse to the nucleus where they reside in close proximity.

SOCS1 is a STAT5-dependent gene that drives autophagy induction

To examine which ISGs are induced in a STAT5 dependent fashion, we performed transcriptome analyses of IFN-f3-
treated Hela cells in the presence and absence of the STATS inhibitor 16 h post treatment (Figs 5A and S5A, S5B;

S1 Data). Quality controls confirmed the integrity of the dataset (S5A Fig). Correlation analyses revealed that inhibitor
treatment did not change induction of the majority of genes (Fig 5B), among them are classical ISGs such as OAS pro-
teins, MX1 or RIG-I (S5C Fig). However, the correlation analyses as well as principal component (PCA) analyses also
suggested that a set of genes is differentially regulated (Fig 5B) upon STAT5 inhibition. Among these are CXCL10, which
is more upregulated upon STATS5 inhibition, and IFI127, RSAD2, IFIT1 and SOCS1, which are less induced in the pres-
ence of the STAT5 inhibitor (Fig 5B). To quantitatively delineate which genes are regulated by STAT5, we performed a
Deming regression and calculated the deviation (PC2) of each gene to the perfect correlation (S2 Data, Fig 5C). These
analyses revealed that SOCS1 and SLFN5 are the most downregulated genes in the presence of the STATS inhibitor (Fig
5C). Analysis of normalized counts shows that inhibition of STAT5 reduces SOCS1 expression by ~15-fold, whereas the
expression of SLFN5 is reduced ~3.5-fold (Fig 5D). Dependency of SOCS1 induction after IFN-3 treatment on STAT5 was
confirmed by gPCR analysis in human primary dermal fibroblasts (Fig 5E). Finally, to determine whether SOCS1 drives
IFN-induced autophagy, we used siRNAs in HeLa autophagy reporter cells to deplete SOCS1, as well as STAT1, STAT5
and ATGS5 as positive controls. siRNA targeting of RSAD2, another STAT5 target gene, was used as a negative control.
Knockdown efficiency of the individual genes was over 90% (S5C Fig). Cells were stimulated with IFN- to induce autoph-
agy. Depletion of SOCS1 reduced autophagy levels upon IFN-B induction (Fig 5F). Vice versa, overexpression of SOCS1,
but not RSAD2 led to higher GFP-LC3B positive autophagosome levels in HeLa autophagy reporter cells (Fig 5G). In
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Fig 4. STAT1 and STAT5B interact to induce autophagy. A, Representative confocal immunofluorescence images of HeLa autophagy reporter

cells (HeLa GL) transiently expressing FLAG-tagged (red) and V5-tagged (yellow) STAT1, STAT3 or STAT5B in combination or FLAG-tagged TRIM32
(scale bar, 10 um) (left panel). Quantification of the number of autophagosomes (= eGFP-LC3B positive puncta) per cell in the images in the left panel.
n=15-63 cells + SEM Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test. B, Co-immunoprecipitation of FLAG-tagged
STAT1 and STAT5B from whole cell lysates of HEK293T cells transiently expressing FLAG-tagged and V5-tagged STAT1 and STAT5B or VV5-tagged
STAT1 or STAT5B alone. Immunoblots stained with anti-V5, anti-FLAG or anti-GAPDH. Uncropped blots in S1 File. C, Exemplary images of Proximity
Ligation Assay (PLA) of STAT1 and STAT2 or STAT5B (left panel) in HDF hTERT cells with or without treatment with 1 nM IFN-( for 1 h. PLA signal
(red). DAPI, nuclei (blue). Quantification of the number of PLA spots per nucleus per image of the left panel with single antibody controls (right panel).
n=15-21 tiles £ SEM. Student’s t-test with Welch’s correction. D, Representative confocal immunofluorescence images of NHLF cells treated with 1 nM
of IFN-B for 1 h and stained with a-STAT1 (green) and a-STAT5B (red), and DAPI (blue, nuclei) (scalebar 25 pm). E, Quantification of the ratio of nuclear
to cytosolic intensity of STAT1 and STAT5B in the images in (D). n=19-20 cells + SEM. Student’s t-test with Welch’s correction. *, p<0.05, ** p<0.01, ***
p<0.001.

https://doi.org/10.1371/journal.ppat.1014414.9004
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Fig 5. Identification of STAT5B-regulated genes responsible for autophagy induction. A, Heatmap of variance of the top 40 differentially
expressed genes (DEGs) in HeLa GL cells treated with 1 nM IFN- vs untreated control (mock vs. IFN-B) as assessed by next generation sequencing.
Samples treated with 100 uM STAT5 Inhibitor are indicated. n=3. B, Deming Correlation Analysis of log2-fold changes of DEGs (mock_vs_IFN-$ and
mock(iSTAT5)_vs_IFN-B (iSTAT5)) in HeLa GL in (A). Deming (Model II) Linear Regression. C, Quantification of Top20 up- and down-regulated genes by
STAT5 (=PC2) of data in (B) by Principal Component Analysis. D, Fold changes of normalized counts of SOCS1 and SLFN5 derived from the data in (A
and B). n=3+SEM. Student’s t-test with Welch’s correction. Blue Bars, DMSO treated. Pink bars, STAT5i (100 uM). E, Quantification of gene expression
by qRT-PCR of STAT5 regulated genes or ISGs in human dermal fibroblasts (HDF) cells treated with IFN-B (1 nM), STAT5i (250 uM) or both. Student’s
t-test with Welch’s correction. Blue Bars, DMSO treated. Pink bars, STAT5i (100 uM). F, Quantification of autophagosome levels by flow cytometry in
HelLa autophagy reporter cells (HeLa GL) transfected with siRNAs for RSAD2, SOCS1, ATG5, STAT1 or STAT5 and treated with IFN-3 (1 nM, 24h).
n=4+SEM. Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test. Blue Bars, DMSO treated. Pink bars, STAT5i (100 pM).
(G), Representative confocal immunofluorescence images of HelLa autophagy reporter cells (HeLa GL) transiently expressing FLAG- or HA-tagged (red)
SOCS1, RSAD2 or TRIM32 (scale bar, 10 um) (left panel). Quantification of the area of autophagosomes (= px? of eGFP-LC3B positive puncta) per cell
in the images in the left panel. n=49-140 cells £ SEM. Brown-Forsythe and Welch ANOVA with Dunnett’'s T3 multiple comparisons test. H, Quantification
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of autophagosome levels by flow cytometry in HEK293T autophagy reporter cells (HEL293T GL) expressing HA-SOCS1, TRIM32-FLAG or treated with
Torin-1 (1 pM, 4 h) or Bafilomycin A1 (625 nM, 4 h) as positive controls. N =4+ SEM, Brown-Forsythe and Welch ANOVA with Dunnett’'s T3 multiple com-
parisons test. *, p<0.05, ** p<0.01, *** p<0.001.

https://doi.org/10.1371/journal.ppat.1014414.9005

addition, expression of SOCS1 in HEK293T autophagy reporter cells increased their autophagosome content significantly,
as analyzed by flow cytometry (Fig 5H). In both assays, overexpression of TRIM32 was used as a positive control. Alto-
gether, these data showed that STAT5-dependent induction of SOCS1 is required for autophagy activation by IFN.

Selective targeting of IFN-induced autophagy reduces growth of autophagy-dependent viruses

To determine the impact of the IFN-STAT1/STAT5B-SOCS1 axis on autophagy activation during viral infection, we infected
HelLa autophagy reporter cells with Measles virus (MeV), Respiratory syncytial virus (RSV) and Influenza A virus (IAV). All
infections induced expression of SOCS1, albeit with varying efficiency (S6A Fig). Inhibition of IFN-induced autophagy by
STATSi resulted in a drastic reduction of autophagosome levels as assessed by flow cytometry (Fig 6A). In line, auto-
phagosome levels induced by infection in HeLa autophagy reporter cells were all significantly reduced upon inhibition of
STAT5B, albeit to varying degrees (Fig 6B and 6C). Quantification of infection efficiency by immunofluorescence con-
firmed high infection rates (S6B Fig). To dissect the impact of the IFN-autophagy axis on viral replication independently
from ISG induction, we analyzed growth of MeV and RSV in the presence of IFN scavenging by B18R or STAT5i (Fig
6D and 6E). Expression of a GFP reporter from recombinant MeV and RSV was analyzed automatically every 4 hours in
primary human lung fibroblasts (NHLF) to monitor virus growth. Cumulative gene expression analyses (area under the
curve) showed that, as expected, scavenging IFN significantly promoted the growth of MeV (2.5-fold) and RSV (1.1-fold).
In contrast, inhibition of the IFN-STAT5-SOCS1 axis restricted replication of MeV and RSV by 7.5- and 3.2-fold. Next, we
aimed to understand whether the impact of STATS inhibition on viral replication depends on SOCS1-induced autophagy.
Overexpression of SOCS1 in HEK293T autophagy reporter cells rescued STAT5i treatment reduced autophagy during
IAV and RSV infection (S6C Fig), indicating that STAT5-dependent autophagy is driven by SOCS1. Finally, expression
of SOCS1 in trans in primary human lung fibroblasts largely rescued RSV replication that was significantly inhibited by
STATSi (Fig 6F).

Taken together, the STAT5B-SOCS1 axis contributes significantly to autophagy induction by respiratory viruses. Uncou-
pling IFN-induced autophagy from ISG responses by inhibiting STAT5 restricts replication of the autophagy-dependent
viruses MeV and RSV.

Discussion

Concerted innate immune activation is required for effective pathogen defense [2]. Here, we show that upregulation of
SOCS1 by STAT1/STAT5B-dependent signaling is interconnecting the IFN system and autophagy. Our mechanistic data
shows that both STAT1 and STAT5B are required for effective autophagy induction, and loss or inhibition of either of them
almost abrogates IFN-induced autophagy (Fig 3). Importantly, targeting of STAT5 abrogates IFN-induced autophagy,
inhibiting replication of autophagy-dependent viruses such as MeV and RSV. Our work thus allows revealed targets for
inhibition of viral replication by impairing autophagy, without compromising the defensive power of the IFN system.

While STAT1 is well-established as a crucial transcription factors mediating ISG induction, STAT5 play a major role in
the development of many hematopoietic lineages, including B cells and T cells [46]. Of note, selective loss of STAT5B
function by mutations in humans is associated with severe forms of pulmonary disease, eczema, combined immunodefi-
ciency, autoimmune disease and bacterial and/or viral infections, consistent with our proposed role of STAT5B in innate
immunity [47—-49]. STAT5B is highly similar to its paralog STAT5A; however, it differs in 12 amino acids at the C-terminus,
but the functional consequence of this difference is not understood yet. We reveal that IFN-mediated autophagy is
dependent on STAT5B, but not STAT5A, suggesting distinct roles for these two highly similar proteins. The existence
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Fig 6. Virus-induced autophagy is dependent on IFN and STAT5B. A, Quantification of autophagosome levels by flow cytometry in HeLa autophagy
reporter cells (HeLa GL) 24 h after infection with Measles Virus (MeV, MOI 1.25), Respiratory Syncytial Virus (RSV, MOI 1.25), or Influenza A Virus (lAV,
MOI 1.25). Treated with 100 uM STAT5 Inhibitor (STATS5i) as indicated. n=3+SEM. Student’s t-test with Welch’s correction. B, Representative confo-
cal immunofluorescence images of HeLa autophagy reporter cells (HeLa GL, GFP-LC3B, green) 24 h after infection with Measles Virus (MeV, MOI 1),
Respiratory Syncytial Virus (RSV, MOI 1), or Influenza A Virus (IAV, MOI 1) treated with STATSi (100 uM, 24 h) as indicated. C, Quantification of the area
of autophagosomes (= px? of eGFP-LC3B positive puncta) per nucleus per tile of the images in (B). n=25-50 tiles + SEM. Brown-Forsythe and Welch
ANOVA with Dunnett’s T3 multiple comparisons test. D, Exemplary microscopy images of NHLF cells infected with MeV-GFP (MOI 0.1) or left uninfected
3 days 16 h post infection in presence of 200 ng/ml B18R, 250 uM STAT5 Inhibitor (STAT5i) or without treatment (scale bar 400 um, left panel). Quantifi-
cation of viral growth by fluorescent reporter expression (= GFP-positive area (um?)) over up to 6 days post infection of the images in the left panel (mid-
dle panel). n=4-12 biological replicates + SEM. Area-under the curve analysis of the growth curves in the middle panel (right panel). n=4-12 biological
replicates per group + SEM. Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test. E, Exemplary microscopy images of NHLF
cells infected with RSV-GFP (MOI 0.1) or left uninfected 3 days 4 h post infection in presence of 200 ng/ml B18R, 250 uM STATS5 Inhibitor (STAT5i) or
without treatment (scale bar 400 um, left panel). Quantification of viral growth by fluorescent reporter expression (= GFP-positive area (um?)) over up to
80 h post infection of the images in the left panel (middle panel). n=4-12 biological replicates + SEM. Area-under the curve analysis of the growth curves
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in the middle panel (right panel). n=4-12 biological replicates per group + SEM. F, Quantification of viral growth in RSV (MOI 0.1) infected NHLF cells by
fluorescent reporter expression (= GFP-positive area (um?)) (top panel) up to 70 h post infection. Cells were either mock transfected or transfected by
electroporation with SOCS1, as indicated. 250 uM STATS Inhibitor (STATS5i), as indicated. n=3 biological replicates + SEM. Area-under the curve analysis
of the growth curves (bottom panel). n=3 biological replicates per group + SEM. Brown-Forsythe and Welch ANOVA with Dunnett’'s T3 multiple compari-
sons test. *, p<0.05, ** p<0.01, *** p<0.001.

https://doi.org/10.1371/journal.ppat.1014414.9006

of pathogenic STAT5B mutations in humans also indicates that the functions of STAT5A and 5B are not redundant [50].
Moreover, STATSB, but not STAT5A, was reported to have a key role in the development of leukemia [51] and has
emerged as a novel target in pancreatic cancer [52]. Thus, our data, uncovers a so far unknown role of STAT5B in coordi-
nating anti-viral innate immune responses, which is not redundant to the highly similar STAT5A.

Our data unveiled that STATS positively regulates transcription of a highly defined subset of ISGs, among them RSAD2
and SOCS1. The identity of the specific ISGs that require STAT5 as a transcription factor were previously unclear. It was
suggested that STATS likely mediates induction of genes regulated by the (IFN) gamma activated sequence (GAS) pro-
moter element [8,53,54] or that it may serve as a negative regulator of STAT1-mediated gene expression in cancers [55].
Of note, induction of well-known anti-viral ISGs such as Mx1 or OAS1 was not affected by inhibition of STATS5, suggesting
that IFN-mediated defenses are largely independent of STAT5.

Here we show that SOCS1 is a key STATS dependent gene in IFN induced autophagy. SOCS proteins are well-known
for acting as a negative feedback regulator of cytokines [56,57]. In line, genetic deletion of SOCS1 is lethal in mice due to
systemic inflammation [58]. It was proposed that it may act as a direct inhibitor of JAKs [50,59] or exert their
anti-inflammatory function via the recruitment of E3 ligases [60]. However, it is unclear whether any of these functions may
help SOCS1 to induce autophagy. In addition, SOCS1 plays a major role in T cell homeostasis [57]. The contribution of
SOCS1-induced autophagy to T cell homeostasis as well as the precise molecular mechanism of SOCS1 in autophagy,
will be the subject of future studies. However, our data already uncovers a previously underappreciated axis of transcrip-
tional regulation of autophagy.

Our data shows that during respiratory viral infection autophagy is induced via a transcription-dependent and IFN-
dependent cascade. This requires previous activation of PRRs by the infection as well as upregulation of SOCS1, leading
to a delayed induction 24-48h post the first presence of IFN. Previous studies suggested that autophagy is already induced
early by viral infections [16]. Thus, this activation has to be differently mediated, for example via activation of pattern rec-
ognition receptors like cGAS or by cellular stress responses [17,26,61]. Thus, IFN-dependent autophagy may boost auto-
phagic flux in the late stage of an infection. It is thus tempting to speculate, that it may contribute to keeping inflammation in
check during late stage infections [15,62]. Finally, our data demonstrates that pharmacological inhibition of STAT5 reduces
respiratory viral growth and virus-induced autophagy. Both effects could be rescued by SOCS1 overexpression. This sug-
gests, that loss of SOCS1-mediated autophagy drives restriction of the two autophagy-dependent viruses MeV and RSV
by STAT5 inhibition. However, it cannot be excluded that other functions of STAT5 may contribute to the restriction [63—-65].
Future research is required to dissect the relative contribution of SOCS1 and autophagy, as well as other STATS targets.

In summary, we identified and characterized the IFN-STAT5B-SOCS1 axis as a key axis coordinating virus-induced
autophagy, establishing a molecular link between the IFN system and autophagy. Selective targeting SOCS1 or
STAT5B-dependent signaling may be a future approach to inhibit pro-viral autophagy while leaving other innate defenses
intact.

Materials and methods
Cell culture

The construction of autophagy reporter HEK293T and Hela cells stably expressing GFP-LC3B (GL) was reported previ-
ously [36]. HEK293T (ATCC, #CRL321), HEK293T GL, Hela (ATCC, #CCL-2), HeLa GL, MDCK (ATCC, CCL-34), Vero E6
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(ATCC, CRL-1586), HEp-2 (ATCC, # CCL-23), and A549 (ATCC, #CCL-185) cell lines and human dermal fibroblast (HDF)
cells immortalized by stably expressing human telomerase reverse transcriptase (hTERT) (HDF hTERT) (provided by
Patrick Hearing, Stony Brook University, New York, USA) as well as primary normal human lung fibroblast (NHLF, Lonza)
were cultivated in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10% (v/v) fetal bovine serum
(FBS), 6.5 pg/ml (13 uM) gentamicin, and 2 mM L-glutamine. All cells were incubated at 37°C in a 5% CO,, 90% humidity
atmosphere.

Viruses

Influenza A Virus (A/PR/8/34 H1N1) was purchased from ATCC (VR-95). Measles virus (vac2), Measles virus
expressing GFP (MeV-GFP, vac2) and Respiratory Syncytial Virus (A2) were a kind gift from Karl-Klaus Conzelmann.
Respiratory Syncytial Virus expressing GFP (RSV-GFP, A2) was created by Michel N. Teng and provided by Kariem
Ezzat Ahmed.

Virus stock generation

Influenza A virus was grown as previously described [66,67]. In brief, MDCK cells were seeded in 75 cm? cell culture
flasks and incubated overnight. The next day, growth medium was removed and the cells were washed three times to
remove any traces of FCS before infection with an MOI of 0.01. Infection and subsequent virus growth were carried out in
1 ml of cDMEM (DMEM supplemented with 6.5 pg/ml (13 yM) gentamicin, 2 mM L-glutamine, 0.2% Bovine Serum Albu-
min (BSA) and 25 mM HEPES) with L-(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK) treated trypsin (1 pg/ml)
added. The inoculum was removed after 1 h and the cells were washed once before the addition of 15 ml cDMEM. At 80%
visible CPE, usually 2-3 days post-infection, medium and cells were harvested together by detaching the cells using a
cells scraper, freezing the flask at -80°C and after thawing transfer the virus-containing supernatant to a 50 ml falcon. The
supernatant was then sonicated for 10 min and cleared by centrifugation at 300 x g for 15 min at 4°C to pellet cell debris.
Cleared supernatant was aliquoted and frozen at -80°C. Titer was determined by plaque assay as previously described
[68]. In brief, MDCK cells were seeded in 12 well plates and infected with 100 uL of increasing dilutions, ranging from

10" to 10", with produced virus stocks in triplicates and 250 yL cDMEM. Inoculum was allowed to attach for 1 h, before
removal and addition of 2 ml of overlay medium (cDMEM supplemented with 1% DEAE dextran, 5% NaHCQO3, 1 y/ml
TPCK trypsin and 0.6% Avicel). 48—72 h after infection, the overlay was removed and cells were fixed using 4% PFA for 1
h at RT and washed with PBS. Plates were stained using 0.5% crystal violet solution in 30% EtOH for 10 min at RT. The
staining solution was removed and the plates were washed three times. Plagques were counted after the plates were dried
overnight.

Measles virus was grown on Vero E6 cells. Vero E6 cells were seeded into 75 cm? cell culture flasks and incu-
bated overnight. The next day, medium was removed and the cells were infected with an MOI of 0.01 in DMEM
supplemented with 10% (v/v) fetal bovine serum (FBS), 6.5 pg/ml (13 pM) gentamicin, and 2 mM L-glutamine. 3-5
days post infection, at approximately 80% visible CPE, virus was harvested by removing the supernatant and adding
5 ml OptiMEM (Gibco) to the flask. The cells were frozen at -80°C for 20 min and scraped off the cell culture flask
after thawing. The resulting virus-containing supernatant was sonicated for 10 min and cleared by centrifugation at
300 x g for 10 min at 4°C to pellet cell debris. Cleared supernatant was aliquoted and frozen at -80°C. For titration,
Vero cells were seeded in 96 well plates and incubated overnight. The next day, cells were infected using 100 pL of
increasing dilutions, ranging from 10" to 10'°, with produced virus stocks in triplicates. 72 h after infection, cells were
fixed using 80% ice-cold acetone for 20 min at 4°C. After removal of acetone, plates were allowed to dry for 20 min
before addition of FITC-tagged anti-Measles antibody, clone 83KKII, (MAB8906F, Merck Millipore) for 2 h at 37°C.
Cells were washed twice with PBS, and FITC-positive foci were counted using a fluorescence microscope (Leica) or
a Cytation 3 (BioTek).
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Respiratory Syncytial Virus was grown on HEp-2 cells. Cells were seeded in 15 cm cell culture dishes and incubated
overnight. The next day, medium was removed and the cells were infected with an MOI of 0.01 in 10 ml of DMEM without
supplements. 4 h post-infection, the inoculum was removed and 20 ml of DMEM supplemented with 10% (v/v) fetal bovine
serum (FBS), 6.5 pg/ml (13 pM) gentamicin, and 2 mM L-glutamine was added. After 3-5 days, at approximately the first
visible syncytia, medium was changed to 10 ml DMEM supplemented with 10% (v/v) fetal bovine serum (FBS), 6.5 pg/ml
(13 uM) gentamicin, and 2 mM L-glutamine per dish. 6—8 h after medium reduction virus was harvested by removing the
supernatant and scraping the cells in the remaining medium. Supernatant was cleared at 1000 x g for 5 min at 4°C. The
scraped cells were collected and vortexed for 5 min before debris was cleared at 1000 x g for 5 min at 4°C. Supernatant
from the dishes and cleared supernatant from the cells was pooled, aliquoted and frozen at -80°C. Infectious virus yields
of RSV were determined by seeding HEp-2 cell in 96well plates and incubating overnight at 37°C, 5% CO2. The next day,
cells were infected with 100 pl of increasing viral dilutions, ranging from 10" to 10°, and incubated for 3—5 days until clearly
visible CPE was detectable. At that time, cells were fixed using 4% PFA for 1 h at RT and washed with PBS. Plates were
stained using 0.5% crystal violet solution in 30% EtOH for 10 min at RT. The staining solution was removed and the plates
were washed three times. Infected wells were counted after the plates were dried overnight and TCID50/ml was calcu-
lated using the Reed-Muench interpolation method [69].

Expression constructs and cloning

Constructs coding for human STAT1 (eGFP STAT1 WT, Addgene #12301, kindly gifted from Alan Perantoni), STAT3
(PEGFP-N1-STAT3, Addgene #111934, kindly gifted from Geert van den Bogaart), STAT5B (MAC_N_STA5B, Addgene
#167800, kindly gifted from Markku Varjosalo) and SOCS1 (HA-SOCS1, Addgene plasmid #174571, kindly gifted from
Mathew Garnett) were obtained from Addgene. pTwist-FLAG was generated by removing the ORF of TRIM3 from
pTwist_3x_FLAG_optTRIM (purchased from Twist Biosciences) as described previously [43]. pTwist-V5 was generated by
linearizing pTwist-FLAG by PCR using the pTwist-FLAG fwd and rev primers from Table 1, amplifying the V5-gBlock (IDT)
and inserting it into the linearized pTwist ‘null’ vector using Gibson Assembly (New England Biolabs). The ORFs of STATT,
STAT3 and STAT5B were amplified using the respective primers from Table 1 and then subcloned into pTwist-FLAG and
pTwist-V5 vectors using Gibson assembly (New England Biolabs) to generate pTwist-FLAG-STAT1, -STAT3, -STAT5B,
pTwist-V5-STAT1, -STAT3, -STAT5B. The vectors were linearized with Afel and Nhel restriction enzymes (New England
Biolabs). pIRES-FLAG-TRIM32 was previously described [19,36].

Constructs for CRISPR-Cas9-mediated knockout were generated by linearizing RP418 [70] with Bsmbl (New England
Biolabs), and single guideRNAs (Table 2) were inserted using Gibson Assembly (New England Biolabs). RP418 was a
kind gift from Robert Jan Lebbink (University Medical Center Utrecht, Utrecht).

Transfection of mammalian cells

For transfection, cells were seeded to reach a confluency of 60—80% the next day. Plasmid DNA was diluted in
Opti-MEM (Gibco 31985070), and in parallel, PEI (Sigma-Aldrich; 408727) (2ug PEI per 1 ug plasmid DNA) for
transfection of HEK293T cells or TransIT LT1 (Mirus, MIR 2300) (3 pl transfection reagent per 1 ug plasmid DNA) for
overexpression in HeLa GL cells was suspended in Opti-MEM. Both suspensions (plasmid in OptiMEM and trans-
fection reagent in OptiMEM) were mixed in a ratio of 1:1. After incubation at RT for 20 min, the complete transfec-
tion mix was added to each well. The medium was replaced with fresh medium after 6—16 h to remove the
transfection reagents.

High-throughput autophagy reporter assay

The autophagosome levels of HeLa or HEK 293T cells stably expressing LC3B-GFP were assessed as previously
reported [36]. For interferon stimulation: The cells were grown in 96-well F-bottom plates and stimulated with increasing
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Table 1. Primers used for cloning.

Name Sequence 5’ - 3’
pTwist FLAG fwd GCTAGCTTGACTGACTGAGATACAGCGTACCT
pTwist FLAG rev CCATGGTGGCGCGGCC

V5 gBlock TATATAACTCGAGCGGCCGCGCCACCATGGGGAAAGCCTATCCCTAACCCTCTTCTGGGCCTTGATAGCACCG-
GTAAACCCATCCCCAACCCCCTGCTTGGACTGGATAGCACAGGGAAGCCAATTCCTAACCCCCTGCTGGGACT-
GGATTCTACCGGCGGCGGCGGAAGCGGCGGAGGCGGAAGCGCTAGCTTGACTATATTA

TATATAACTCGAGCGGCC
TAATATAGTCAAGCTAGCGCTTC
GAAGCGGCGGAGGCGGAAGCatgtctcagtggtacgaac
TCTCAGTCAGTCAAGCTAGCctatactgtgttcatcatactg
GAAGCGGCGGAGGCGGAAGCatggcccaatggaatcage
TCTCAGTCAGTCAAGCTAGCctacatgggggaggtagcgca
GA_pTwist_STAT5B fwd GAAGCGGCGGAGGCGGAAGCatggctgtgtggatacaagce
GA_pTwist_STAT5B rev TCTCAGTCAGTCAAGCTAGCctacgattgtgcgtgcgggatc

https://doi.org/10.1371/journal.ppat.1014414.t001

pTwist N-term V5 fwd
pTwist N-term V5 rev
GA_pTwist_STAT1 fwd
GA_pTwist_STAT1 rev
GA_pTwist_STAT3 fwd
GA_pTwist_STAT3 rev

Table 2. single guideRNAs (capital letters) with overhang (lowercase letters) used for cloning.

Name

Sequence 5’ - 3’

guideSTAT1-1

gtggaaaggacgaaacaccgTCAATATAGTCGCTTTTCTTgttttagagctagaaatag

guideSTAT1-2

gtggaaaggacgaaacaccgTTCCCTATAGGATGTCTCAGgttttagagctagaaatag

guideSTAT2—-1

gtggaaaggacgaaacaccgAGCTTTTGGGTGCTACTACCgttttagagctagaaatag

guideSTAT2-2

gtggaaaggacgaaacaccgTGAGTGTGGCCGTTGCAGCC Cgttttagagctagaaatag

guideSTAT3-1

gtggaaaggacgaaacaccgACAATCCGGGCAATCTCCATgttttagagctagaaatag

guideSTAT3-2

gtggaaaggacgaaacaccgAGAGAACATTCGACTCTTGCgttttagagctagaaatag

guideSTAT4-1

gtggaaaggacgaaacaccGTTCAATAGCTTTACACTATgttttagagctagaaatag

guideSTAT4-2

gtggaaaggacgaaacaccGAAACACAGATCTGCCTCTAgttttagagctagaaatag

guideSTAT5A-1

gtggaaaggacgaaacaccGCACTACGCCACGCAGCTCCgttttagagctagaaatag

guideSTAT5A-2

gtggaaaggacgaaacaccgTACACCCACCTGGAGCTGCGgttttagagctagaaatag

guideSTAT5B-1

gtggaaaggacgaaacaccgCATCAGATGCAAGCGTTATAgttttagagctagaaatag

guideSTAT5B-1

gtggaaaggacgaaacaccgAGTAGATCTTGATAATCCACgttttagagctagaaatag

guideSTAT5B-3

gtggaaaggacgaaacaccg TAAATAATGCCGCACCTCAAgttttagagctagaaatag

guideSTAT6-1

gtggaaaggacgaaacaccgCCGGGGAATACCTGGTGACGgttttagagctagaaatag

guideSTAT6-2

gtggaaaggacgaaacaccgCCCTCACCAGGTTCTTGAAC( ttttagagctagaaatag

guideATG5-1 gtggaaaggacgaaacaccgAACTTGTTTCACGCTATAT Cgttttagagctagaaatag
guideATG5-2 gtggaaaggacgaaacaccgT TCCATGAGTTTCCGATTGAgttttagagctagaaatag
NT gtggaaaggacgaaacaccgACGGAGGCTAAGCGTCGCAAgttttagagctagaaatag

https://doi.org/10.1371/journal.ppat.1014414.t002

amounts of interferons (0.01 pM — 100 nM), Recombinant Human Interferon beta Protein (R&D System), Recombinant
Human IFN-b (Peprotech), Human IFN Alpha A (Alpha 2a), carrier-free (pbl Assay Science), Recombinant Human
IFN-gamma Protein (R&D Systems), Recombinant Human IL29/IFN-lambda 1 Protein (R&D Systems), Recombinant
Human IFN-I1 (Peprotech), Recombinant Human IL28A/IFN-lambda 2 Protein (R&D Systems), Recombinant Human
IL28B/IFN-lambda 3 Protein (R&D Systems), Recombinant Human IFN-lambda 4 Protein (R&D Systems), Recombinant
Human IFN-epsilon Protein (R&D Systems)) for 4 — 48 h. For samples that were treated with JAK Inhibitors (Ruxolitinib
(R&D Systems), TC JL 37 (R&D Systems), PF06551600 malonate (R&D Systems) or CP 690550 citrate (Tofacitinib
citrate) (R&D Systems)), STAT Inhibitors (Fludarabine (Cayman Chemical, Biomol), AS1517499 (Cayman Chemical,
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Biomol), 5,15-DPP (Cayman Chemical, Biomol), STAT5 Inhibitor — CAS 285986-31-4 (Calbiochem, Merck Millipore or
Cayman Chemical, Biomol) or STAT5-in-1 (Target Molecules, Biomol)) or B18R (R&DSystems), the cells were pre-
treated with the respective inhibitor for 1 h, and inhibitor was also added to medium at time of interferon treatment.

For HEK293T GL cells overexpressing RP418, cells were seeded in 6-well plates and transfected with 2 ug of plasmid
the next day. 6-16 h post transfection a medium change was performed to remove the transfection complexes. 3 days
after transfection, the cells were split to fresh 6-well plates and left to recover for further 3 days. Afterwards, the cells
were seeded as before in 96-well F-bottom plates and incubated for 24 h before stimulation with 10 pM IFN- B for 24

h. HEK293T GL cells for transient overexpression were transfected in reverse and seeded in 96-well F-bottom plates
at a density of 40,000 cells per well. 16 h post transfection the medium was replaced and the cells incubated for a total
of 48 h after transfection. For infection experiments using the high-throughput autophagy reporter assay, 40,000 HelLa
GL cells were seeded in 96-well plates and incubated overnight. The next day, the cells were infected with a MOI of
1.25 PFU/ml for 1AV, 1.25 FFU/mI for MeV, 1.25 TCID50/ml for RSV in 100 yl of DMEM, supplemented with 10% (v/v)
fetal bovine serum (FBS), 6.5 ug/ml (13 pM) gentamicin, and 2 mM L-glutamine. For the uninfected controls, medium
change was performed. For experiments using either B18R Interferon scavenger or STAT5 Inhibitor (STATSi), the inhib-
itors were directly added to the infection medium and uninfected controls were treated with the same amount of inhibi-
tor or left untreated. For transient overexpression combined with infection experiments, 50,000 HEK293T GL cells were
seeded per well in a 48-well plate. The following day, cells were transfected using PEI. At 24 h post-transfection, the
medium was replaced, and the cells were infected with 1AV, MeV, RSV, or left uninfected, in the presence or absence of
STATSi for 24 h. For knockdown using siRNA, the cells were seeded in 24-well plates and 24 h later transfected using
RNAIMAX (Thermo Fisher). 24 — 48 h later, the cells were treated with 100 pM IFN-3 for further 24 h. For samples that
were treated with Bafilomycin A1 or Torin-1, 20 h after treatment, Bafilomycin A1 at a concentration of 625 uM or Torin-1
at a concentration of 1 nM was added to the medium and incubated for another 4 h. For flow cytometry preparation,
the samples were then trypsinized and transferred to 96-well V-bottom plates. If RNA levels were analyzed in parallel,
the cells were split and RNA from one half was isolated using the Quick-RNA Microprep Kit (Zymo research) according
to the manufacturer’s instructions. Cells for autophagy assay were treated with 0.05% saponin in PBS and two subse-
quent washes with PBS were used to remove cytosolic LC3B-GFP. Fluorescence intensity of membrane-bound LC3B-
GFP was measured using a BD FACSCanto Il (BD Biosciences), a Beckman-Coulter CytoFLEX or a Cytek Northern
Lights (Cytek Biosciences) with attached high-throughput sampler and baseline signal set to 21000 to allow for detec-
tion of shifts in autophagosome levels in both directions (more or less autophagosomes). Intact single cells were gates
using SSC-A/ FSC-A and FSC-A / FSC-H respectively. Raw data was analyzed using FlowJo 10. Median fluorescence
intensity shifts of all samples were calculated by subtracting the LC3B-GFP-MFI of the appropriate control samples
from the treated, transfected or infected samples.

Whole-cell lysates

Whole-cell lysates (WCL) were prepared by harvesting cells in Phosphate-Buffered Saline (PBS, Gibco) and pelleting
them by centrifugation (500 g, 4 °C, 5 min). The cell pellet was lysed using RIPA buffer (150 mM NaCl, 1% NP-40, 0.5%
Deoxycholic acid, 0.1% sodium dodecyl sulfate, 50 mM Tris-HCI pH 8) by incubating on ice for 10 min with frequent
vortexing at maximum speed for 30 s. Cell debris was removed by centrifugation (20,000 g, 4 °C, 20 min), and the protein
concentration of the supernatants was quantified using a BCA assay (Pierce Rapid Gold BCA Protein Assay Kit, Thermo
Fisher Scientific). The lysates were stored until analysis at -20 °C.

BCA assay

BCA assay was done using the manufacturer’s instructions. In brief, 10 pl of lysates or albumin standard (Thermo Fisher
Scientific) in a dilution series of 2 mg/ml — 0.125 mg/ml was added to clear F-bottom 96-well plates in duplicates. 200 pl
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of Working Reagent (50:1 mix of Reagent A and B) was added to the wells and incubated for 5 min at room temperature.
Absorption at 480 nm was immediately measured on an Orion plate reader and concentrations were calculated using the
standard curve.

SDS-PAGE and Immunoblotting

SDS-PAGE and immunoblotting was performed as previously described [36]. In brief, whole cell lysates were mixed with 6x
Protein Sample Loading Buffer (Tris-HCI pH 6.8, 75% Glycerol, 6% SDS, 0,3% w(v) Orange G, 15% 3-mercaptoethanol) and
heated to 96°C for 10 min, separated on NUPAGE 4-12% Bis-Tris Gels (Invitrogen) for 90—120 minutes at 90 V and trans-
ferred onto Immobilon-FL PVDF membranes (Merck Millipore) at a constant voltage of 30 V for 30 min. After the transfer,
the membrane was dried overnight at room temperature and total protein staining was performed using the Revert 700 Total
Protein Stain (LI-COR) according to the manufacturer’s instructions. After removal of the total protein stain, the membranes
were blocked in 1% Casein in PBS. Proteins were stained with primary antibodies (mouse anti-SQSTM1/p62, abcam,
#ab56416, 1:1000; mouse anti-FLAG M2, Sigma-Aldrich, #F1804, 1:3000; rabbit anti-V5, Cell Signaling, #13202, 1:1000;
mouse anti-STAT1, Santa Cruz, #sc-464, 1:250; rabbit anti-STAT1, Cell Signaling, #9172S, 1:1000; rabbit anti-STAT2, Cell
Signaling, #72604, 1:1000; rabbit anti-STAT3 (D1B2J), Cell Signaling, #30835S, 1:1000; rabbit anti-STAT4 (C46B10), Cell
Signaling, #2653S, 1:1000; mouse anti-STAT5A, Thermo Fisher Scientific, #13—-3600, 1:250; rabbit anti-STAT5B, Genetex,
#GTX08967, 1:250; rabbit anti-STAT6 (D3H4), Cell Signaling, #5397S, 1:1000; rabbit anti-ATG5 (D5F5U), Cell Signaling,
#12994S, 1:1000; rat anti-GAPDH, BioLegend, #607902, 1:3000) diluted in 0.1% Casein in PBS overnight at 4 °C. Mem-
branes were washed three times using PBS with 0.2% Tween20 and then stained with secondary IRDye-labelled secondary
antibodies (LI-COR), diluted in 0.1% Casein in PBS for 1 h at RT. Detection of proteins was done using either an Odyssey
9120 Imager (LI-COR) with the Image Studio software (Version 5.2, LI-COR) or an Odyssey M Imaging System (LI-COR)
with the LI-COR Acquisition software (Version 2.2, LI-COR). Band intensities were quantified using Image Studio Lite (Ver-
sion 5.0.21, LI-COR) or Empiria Studio (Version 3.2, LI-COR).

Co-Immunoprecipitation

HEK293T cells were transfected with empty vectors (pTwist-FLAG and pTwist-V5), STAT1 (pTwist STAT1-FLAG

and pTwist STAT1-V5 or pTwist STAT1-V5 alone), STAT5B (pTwist STAT5B-FLAG and pTwist STAT5B-V5 or pTwist
STAT5B-V5 alone), or STAT1 and STAT5B (pTwist STAT1-FLAG or pTwist STAT1-V5 and pTwist STAT5B V5 or STAT5B
FLAG, respectively). 24 h post transfection, WCLs were prepared and incubated with anti-FLAG M2 magnetic beads
(Sigma-Aldrich) for 4 h at 4 °C on a rotating shaker. Subsequently, the beads were washed five times with RIPA buffer
and incubated with 1x Protein Sample Loading Buffer supplemented with 15% B-mercaptoethanol. After heating to 95°C
for 10 min the samples were separated by SDS-PAGE and then transferred to PVDF membranes for protein detection as
described for immunoblotting.

Immunofluorescence

NHLF or HeLa GL cells were seeded on coverslips (VWR) in 24-well plates and treated, transfected or infected as indi-
cated. For treated cells, medium was removed and 500 pl medium containing either IFNs, Torin-1 or Bafilomycin A1 at

the indicated concentrations was added and the cells were incubated for 24 h. For overexpression, cells were transfected
using TransIT-LT1 and medium was replaced 6—16 h post-transfection and cells were incubated for further 24 h. For infec-
tion, HeLa GL cells were infected with an MOI of 1 PFU/ml for IAV, 1 FFU/mI for MeV, or 1 TCID50/ml for RSV in 500 pl of
DMEM, supplemented with 10% (v/v) fetal bovine serum (FBS), 6.5 pg/ml (13 uM) gentamicin, and 2 mM

L-glutamine. For the uninfected controls, medium change was performed. For experiments using either B18R Interferon
scavenger or STAT5 Inhibitor, the inhibitors were directly added to the infection medium and uninfected controls were
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treated with the same amount of inhibitor or left untreated. The cells were then incubated for 24 at 37°C with 5% CO,,.
Next, the samples were washed once with PBS and fixed in 4% paraformaldehyde solution (PFA) for 20 min at RT,

then permeabilized and blocked with PBS containing 0.5% Triton X-100 and 5% FCS for 1 h at RT. Afterwards, the cells
were washed with PBS and incubated overnight in a wet chamber at 4 °C with primary antibody (mouse anti-SQSTM1/
p62, abcam, #ab56416, 1:200, mouse anti-FLAG M2, Sigma-Aldrich, #F 1804, 1:400, rabbit anti-V5, 1:400, Cell Signal-
ing, #13202, mouse anti-STAT1, 1:50 Santa Cruz, #sc-464, rabbit anti-STAT2, 1:50, Cell Signaling, #72604, rabbit anti-
STATSB, 1:50, Genetex, #GTX08967) diluted in PBS containing 1% FCS. After washing with PBS containing 0.1% Tween
20, the samples were incubated with the respective secondary antibodies (anti-mouse IgG (H+L) F(ab’)2 Fragment (Alexa
Fluor 488 Conjugate), Cell Signaling, #4408, anti-mouse IgG (H+L) F(ab’)2 Fragment (Alexa Fluor 594 Conjugate), Cell
Signaling, #8890, anti-mouse IgG (H+L) F(ab’)2 Fragment (Alexa Fluor 647 Conjugate), Cell Signaling, #4410, anti-rabbit
IgG (H+L) F(ab’)2 Fragment (Alexa Fluor 488 Conjugate), Cell Signaling, #4412, anti-rabbit IgG (H+L) F(ab’)2 Fragment
(Alexa Fluor 594 Conjugate), Cell Signaling, #8889, anti-rabbit IgG (H+L) F(ab’)2 Fragment (Alexa Fluor 647 Conjugate),
Cell Signaling, #4414) and 500 ng/ml DAPI for 2 h at 4 °C in the dark. Next, the samples were washed three times with
PBS containing 0.1% Tween 20 and once with ultrapure water and the cover slips were mounted onto microscopy slides
(VWR). Images were acquired using a Zeiss LSM 710 or Zeiss LSM 980 confocal laser scanning microscope with ZEN
imaging software (Zeiss). Images were analyzed with ImagedJ (Fiji). The number of SQSTM1/p62 positive particles and
the particle size were analyzed using a custom ImageJ macro (Fiji). The nuclear and cytoplasmatic signal intensities were
determined using the Analyze Tool in ImageJ (Fiji) on a 50x50 px field in the nuclear region as determined by DAPI stain-
ing or in the cytoplasmatic region as determined by exclusion of DAPI signal, but inclusion of either STAT1 or STAT5B
positive region. Co-localization was determined using the Huygens Professional 19.10 software. Pearson coefficients
were calculated with the “Huygens Colocalization Analyzer” applying automatic thresholds.

Proximity ligation assay

Human derma fibroblasts hTERT cells were seeded on coverslips (VWR) in 24-well plates and treated with IFN- for 60
min. Next, the samples were washed once with PBS and immediately fixed in 3.7% paraformaldehyde solution (PFA) for
10 min at RT, permeabilized with PBS containing 0.5% Triton X-100 and for 7 min at RT and blocked with PBS containing
5% BSAfor 1 h at RT. Afterwards, the cells were washed with PBS and incubated overnight in a wet chamber at 4°C with
primary antibody (mouse anti-STAT1, 1:50 Santa Cruz, #sc-464, rabbit anti-STAT2, 1:50, Cell Signaling, #72604, rabbit
anti-STAT5B, 1:50, Genetex, #GTX08967) diluted in PBS containing 5% BSA. Afterwards, the slides were washed and
immediately stained using DuoLink In-situ Detection Reagents Far Red (Sigma) according to the manufacturer’s protocol.
Images were acquired using a Zeiss LSM 980 confocal laser scanning microscope with ZEN imaging software (Zeiss).
Images were analyzed with Imaged (Fiji). The number of ligated spots and number of nuclei per tile was analyzed using a
custom Imaged macro (Fiji). A detailed protocol is available [71].

Automated virus growth analyses

For infection experiments, 10,000 NHLF cells were seeded into 96-well plates. The next day, cells were infected with

either MeV-GFP or RSV-GFP with a MOI of 0.1 in presence or absence of either 200 ng/ml B18R or 250 uM STATSi or left
uninfected in 180 yl DMEM, supplemented with 10% (v/v) fetal bovine serum (FBS), 6.5 pg/ml (13 pM) gentamicin, and 2
mM L-glutamine. The cells were then incubated for up to 6 days at 37°C with 5% CO2 inside an Incucyte SX5 G/O/NIR with
5 phase and green channel images per well taken every 4 hours. Viral growth was observed using the expression of the
fluorescent reporter and total GFP positive area (um?) was used as proxy for viral replication. For transient overexpression
combined with infection experiments, 100,000 NHLF cells were nucleofected with either a SOCS1-expressing plasmid or
an empty vector control. The nucleofection was performed with the P3 Primary Cell 4D-Nucleofector X-Kit (Lonza, V4XP-
3024) on an Amaxa 4D-Nucleofector (Lonza) using pulse code CA-137 according to the manufacturer’s instructions and
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the cells were seeded into 24-well plates. The next day, cells were infected with RSV-GFP with a MOI of 0.1 in presence or
absence of 250 yM STATS5i or left uninfected. The cells were then incubated for up to 3 days at 37°C with 5% CO2 inside
an Incucyte SX5 G/O/NIR with 6 phase and green channel images per well taken every 4 h. Viral growth was observed
using the expression of the fluorescent reporter and total GFP positive area (um2) was used as proxy for viral replication.

RNASeq

HelLa GL cells were pre-treated with 100 uM STAT5 Inhibitor for 1 hour or left untreated and then stimulated with 1 nM
IFN-B or left unstimulated. Total RNA was extracted 16 h post-stimulation using the Quick-RNA Miniprep Kit (Zymo
research) according to the manufacturer’s instructions. Construction of stranded RNA libraries was performed using the
sparQ RNA-Seq HMR Kit (QuantaBio) with sparQ PureMag Beads (QuantaBio) and sparQ UDI Adapters (QuantaBio)
according to the manufacturer’s instructions. In brief, 1000 ng of isolated RNA was used as input for the fragmentation
and depletion reaction using 4 pl of the proprietary Frag Prime RG depletion mix in 10 pl total reaction volume. The
reaction was mixed by pipetting 5 times up and down and briefly centrifuging before incubation at 94°C for 8 min and
then stepwise reduction of 5°C to 75-55°C every two minutes and then incubation at 37°C for 5 min and 25°C for 5
min. First strand synthesis was done using 4 ul of the proprietary 1st Strand Enzyme mix of the kit and adding it to the
fragmentation and depletion reaction together with 6 ul nuclease-free water for 20 pl total reaction volume. 1st strand
synthesis was done by incubating the reaction at 25°C for 10 min, followed by incubation at 42°C for 15 min and 70°C
for 15 min. The reaction was then immediately placed on ice and the second strand synthesis was performed by adding
20 pl of the 2nd Strand Buffer and 10 pl of the 2nd Strand Enzyme Mix to the 1st Strand Synthesis Reaction to achieve
a total reaction volume of 50 pl. The second strand synthesis reaction was then incubated at 16°C for 30 min, followed
by an incubation at 62°C for 10 min. The finished reaction was then cleaned up using 90 pl of the sparQ PureMag
beads per reaction. After cDNA purification, UDI adapters were ligated to the cDNA using the sparQ UDI Adapters. For
this, 5 ul of 1:10 or 1:20 unique diluted UDI adapters together with 20 pl of Rapid Ligation Buffer and 10 ul of T4 Ligase
were added to the cDNA product and incubated at 20°C for 15 min. Ligated product was purified using 70 pl of the
sparQ PureMag beads. 23.5 ul of the ligated product was used for library amplification. 25 ul of HiFi Plus Master Mix,
1.5 ul of proprietary Primer Mix and the 23.5 pl purified, adapter-ligated DNA was mixed for a total reaction volume of
50 pl and incubated for 10 min at 37°C, followed by 45 sec at 98°C and 10-12 cycles of 20 sec at 98°C, 30 sec at 60°C
and 30 sec at 72°C before an incubation for 1 min at 72°C. The amplified library was purified three times using 45 pl

of the sparQ PureMag beads. Quality control and quantification of Input RNA and libraries was done using a TapeSta-
tion 4150 (Agilent) and RNA ScreenTape (Agilent) or D1000 ScreenTape (Agilent) respectively. Sample libraries were
sequenced using a lllumina NextSeq. Analysis of sequencing results was performed using a custom pipeline consisting
of FastQC [72] (version 0.11.9), BEDtools [73] (version 2.30.0) and RSeQC [74] (version 5.0.1) on R (version 4.2.2)

for quality control, Trim Galore! (version 0.6.7) for adapter trimming, a custom tool for paired-end matching (Alexander
Graf, LAFUGA), STAR [75] (version 2.7.10b) for mapping to the reference genome (GRCH38.p13) with default settings,
featureCounts [76] (subread version 2.0.3) for gene expression counting and DESeq2 [77] (version 1.34.0) on R (ver-
sion 4.1.3) for differential gene expression on a Galaxy platform (version 24.1, hosted by the Laboratory for Functional
Genome Analysis (LAFUGA)). Further analysis was done in R (version 4.4.1) on RStudio (Posit, version 2024.09.1)
with the following packages attached: EnhancedVolcano (version 1.22.0), BiocManager (version 1.30.25), cluster (ver-
sion 2.1.6), missMDA (version 1.19), factoextra (version 1.0.7), FactoMineR (version 2.11), pheatmap (version 1.0.12),
tidyverse (version 2.0.0) and biomaRt (version 2.60.1).

siRNA-mediated knock down

HelLa GL cells were transfected with siRNA (Horizon Discovery SMARTPOOL for STAT1, STAT3, STAT5B, ATG5, SOCSH1,
RSAD2 and Non-targeting Pool #2) using RNAiMax Transfection Reagent (Invitrogen) according to the manufacturer’s
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instructions. In brief, cells were seeded in 24 wells to reach a confluency of 60—80% at time of transfection. 5 pmol siRNA
was used per 24 well and diluted in OptiMEM. 1.5 ul of RNAIMAX transfection reagent was also diluted in OptiMEM, and
both solutions were mixed at a ratio of 1:1 before vortexing and incubation for 5 min at RT. 24 h after transfection, the
medium was changed and the cells incubated for further 24 h before treatment with 1 nM IFN-B. Afterwards, the cells were
either harvested for high-throughput Autophagy Reporter Assay or for reverse transcription quantitative real time—PCR
(RT-gRT-PCR). For RT-gRT-PCR, total RNA was extracted 24 h post treatment using the Quick-RNA Microprep Kit (Zymo
Research) according to the manufacturer’s instructions.

STATS target gene expression

HDF cells were treated with 250 uM STATS5 Inhibitor for 1h or left untreated. Afterwards, cells were stimulated with 1
nM IFN-B or left unstimulated. Total RNA was extracted 24 h post stimulation using the Quick-RNA Microprep Kit (Zymo
Research) for RT-gRT-PCR of STAT5 regulated ISGs.

RNA purification

RNA was isolated using either the Quick-RNA Microprep Kit (Zymo Research) for samples <1076 cells or Quick-RNA
Miniprep Kit (Zymo Research) for samples for samples <1077 cells. In brief, cells were lysed in 300—600 ul of RNA Lysis
buffer. Equal amount of 100% RNase-free ethanol (Roth) was added and lysate was transferred to spin columns. Columns
were washed with 400 pl Wash buffer and afterwards DNase digest was performed by incubating the spin columns with 5
U of DNase | for 15 min at RT. Afterwards, columns were washed using 400 pl Prep buffer and twice with 400 pl and 700
pl Wash buffer. RNA was eluted in 15 pl nuclease free water.

Reverse transcription quantitative real time—PCR (RT-qRT-PCR)

RT-qRT-PCR was performed using the Luna Universal Probe One-Step RT-gPCR Kit (New England Biolabs) on a Quant
Studio 7 Pro Real-Time PCR System (Applied Biosystems) according to the manufacturer’s instructions. In brief, 7.5 pl
Luna Universal Probe One-Step Reaction Mix (2X), 0.75 ul of Luna WarmStart RT Enzyme Mix (20X), 0.6 pl of house-
keeping TagMan Gene Expression Assay (GAPDH), 0.6 ul of target TagMan Gene Expression Assay, 1-3 pl of isolated
RNA and nuclease free water up to 15 pl total reaction volume was mixed and added to 96-well optical reaction plates and
run on a Quant Studio 7 Pro Real-Time PCR System (Applied Biosystems) with the following cycling conditions: 10 min
at 55°C for reverse transcription, 1 min at 95°C for initial denaturation, and 40 cycles of 10 seconds at 95°C denaturation
followed by 60 seconds at 60°C extension step with plate read. TagMan primer/probes (Table 3) for each individual target
gene were purchased as premixed TagMan Gene Expression Assays (Thermo Fisher Scientific) and added to the reac-
tion(. Expression levels for each target gene were calculated by normalizing to GAPDH expression levels using the AACT
method.

Table 3. Primers used for TagMan qPCR.

Type Primers Assay ID
TagMan STAT1 Hs01013996_m1
TagMan STAT3 Hs00374280_m1
TagMan STAT5B Hs00560026_m1
TagMan ATG5 Hs00355494_m1
TagMan SOCS1 Hs00705164_s
TagMan RSAD2 Hs00369813_m
TagMan OAS1 Hs00973635_m1

https://doi.org/10.1371/journal.ppat.1014414.t003
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Quantification and statistical analysis

Statistical analyses were performed using GraphPad PRISM 10 (version 10.2.3). P-values were determined using
Brown-Forsythe and Welch ANOVA with Dunnett’'s T3 multiple comparisons test for multiple comparisons or a two-tailed
Student’s t test with Welch'’s correction for comparison of two datasets. Unless otherwise stated, data are shown as the
mean of at least two biological replicates + SEM. Significant differences are indicated as: *, p<0.05; **, p<0.01; *¥*
p<0.001. Not significant differences are not indicated. Specific statistical parameters are specified in the figure legends.

Data and materials availability All data are available in the main text or the supplementary materials. RNA sequenc-
ing data was submitted to NCBI Gene Expression Omnibus (GEO, Accession code: GSE302359).

Supporting information

$1 Fig. IFNs induce autophagic flux. A, Quantification of autophagosome levels by flow cytometry in HeLa autophagy
reporter cells (HeLa GL) 4, 24 and 48 h after treatment with increasing concentrations (0.01 pM — 100 nM) of indicated
IFNs. n=4+SD. B, Area under the curve analysis of accumulated autophagy levels over time normalized by highest
induction (AUC) of data in Fig 1A and additionally 8 and 16 h after treatment with IFN-B. n=4-8 + SEM. C, Quantification
of autophagosome levels by flow cytometry in HeLa autophagy reporter cells (HeLa GL) 24 after treatment with increasing
concentrations (0.01 pM — 100 nM) of indicated IFNs in presence of 625 nM of the autophagy flux inhibitor Bafilomycin A1.
Dotted line, Bafilomycin A1 only treatment. n=4+SD.

(TIF)

S2 Fig. Inhibition of IFN induced autophagy by JAK Inhibitors. A-C, Quantification of autophagosome levels by flow
cytometry in HelLa autophagy reporter cells (HeLa GL) 24 h after treatment with increasing concentrations (0.01 pM — 100
nM) of IFN-a (A), IFN-¢ (B) or IFN-A3 (C). Treated as indicated with TC JL 37 (TC, 100 nM), PF06551600 malonate (PF,
Ritlecitinib, 100 uM), Ruxolitinib (Rux, 100 nM), or CP 690550 citrate (CP, Tofacitinib citrate, 100 nM), n=4+ SEM (left
panels). Area under the curve (AUC) analysis of the data in (A-C), (right panels). Ordinary one-way ANOVA with Dunnett’s
multiple comparisons test. * p<0.05, ** p<0.01, *** p<0.001.

(TIF)

S3 Fig. KO and KD efficiency and reduction of IFN induced autophagy by STATS5i. A, Representative immunoblots of
whole cell lysates of HEKT293T-GL cells transfected as in Fig 3A. Individual STATs were detected with indicated antibod-
ies. KD efficiency is indicated below the blots. Uncropped blots in S1 Raw Gel. B, RT-qRT-PCR analysis of siRNA-
mediated knockdown of mRNA expression of data in Fig 3B. n=4+ SEM Student’s t-test with Welch’s correction.

*** n<0.001. C, Area under the curve (AUC) analysis of the data in Fig 3E and 3F. n=4 +SEM Student’s t-test with
Welch’s correction. ** p<0.01.

(TIF)

S$4 Fig. STAT1 and STAT5B interact to induce autophagy. A, Exemplary Immunoblot of the co-immunoprecipitation of
endogenous STAT1 and STAT5B in NHLF cells treated with 1 nM IFN- for 1 h or left untreated. Uncropped blots in S1
Raw Gel. B, Exemplary confocal immunofluorescence images of single antibody controls for PLA in HDF hTERT cells of
data in Fig 4C. PLA signal red. DAPI, nuclei (blue). (scale bar=10 ym). C, Pearson Correlation of STAT1 and STAT5B
signal of immunofluorescence data in Fig 4D. n=37-38+ SEM Student’s t-test with Welch’s correction. *** p<0.0001.
(TIF)

S5 Fig. Next-generation sequencing quality control, analysis and KD efficiency. A, Percentage of mapped and
unmapped reads for all samples n=12 (top panel). Percentage of read tags to genome features for all samples. n=12
(bottom panel). B, Principal Component Analysis of differential expression data, the individual samples are separated
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(violet control, cyan IFN-f3, green STAT5 Inhibitor, orange IFN-f + STAT5 Inhibitor). n=3. C, Fold changes of selected ISGs
from the data in Fig 5A. n=3+SEM. D, RT-gRT-PCR analysis of siRNA-mediated knockdown of mMRNA expression of data
in Fig 5F. n=3-4 £+ SEM.

(TIF)

S6 Fig. SOCS1 levels upon infection, infection efficiencies and rescue of virus-induced autophagy. A, Quantifi-
cation of SOCS1 mRNA levels by RT-gRT-PCR in NHLF cells 24 h post infection with Measles Virus (MeV, MOI 1.25),
Respiratory Syncytial Virus (RSV, MOI 1.25), or Influenza A Virus (IAV, MOI 1.25). IFN- (1 nM, 24h) was used as a
control. n=3—-4+ SEM. B, Percentage of infected cells per tile of immunofluorescence data in Fig 6D. n=3-125+SEM. C,
Autophagosome levels as quantified by flow cytometry in HEK293T GL cells infected with either IAV (MOI 1.25, left panel)
24 h post infection or RSV (MOI 1.25, right panel) 48 h post infection. Cells were either vector or SOCS1 transfected

and treated with STATSi as indicated (100 uM). n=4 1+ SEM. Student’s t-test with Welch'’s correction. * p<0.05; ns, not
significant.

(TIF)

S1 Data. Raw data of the RNAseq analysis.
(XLSX)

S2 Data. Raw data of the PC2 quantification.
(XLSX)

S1 File. Raw Gel. Uncropped Western blot images.
(XLSX)
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