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Abstract

cGAS-STING signalling is induced by detection of foreign or mislo-
calised host double-stranded (ds)DNA within the cytosol. STING
acts as the major signalling hub, where it controls production of
type | interferons and inflammatory cytokines. Basally, STING
resides on the ER membrane. Following activation STING traffics to
the Golgi to initiate downstream signalling and subsequently to
endolysosomal compartments for degradation and termination of
signalling. While STING is known to be degraded within lysosomes,
the mechanisms controlling its delivery remain poorly defined.
Here we utilised a proteomics-based approach to assess phosphor-
ylation changes in primary murine macrophages following STING
activation. This identified numerous phosphorylation events in
proteins involved in intracellular and vesicular transport. We
utilised high-temporal microscopy to track STING vesicular trans-
port in live macrophages. We subsequently identified that the
endosomal complexes required for transport (ESCRT) pathway
detects ubiquitinated STING on vesicles, which facilitates the deg-
radation of STING in murine macrophages. Disruption of ESCRT
functionality greatly enhanced STING signalling and cytokine pro-
duction, thus characterising a mechanism controlling effective ter-
mination of STING signalling.
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Introduction

Pathogen-derived DNA from either viruses or bacteria are highly
immunogenic. Cytosolic double-stranded (ds)DNA is detected by
cyclic-GMP-AMP (cGAMP) synthase (cGAS), a nucleotidyltrans-
ferase enzyme that once DNA-bound produces a second messenger
cyclic dinucleotide (CDN) molecule known as 2'3’-cGAMP. 2/3'-
cGAMP then acts as a ligand for Stimulator of Interferon Genes
(STING), which forms a platform for innate signalling. While 2'3'-
cGAMP is uniquely produced by mammalian cGAS, bacteria can
produce and secrete CDN analogues (e.g. 3’3'-cGAMP, c-di-AMP)
that also directly bind and activate STING. Following CDN binding,
STING induces activation of transcription factors including IRF3 and
NF-kB via the signalling kinases TBK1 and IKKe (Balka et al, 2020).
The activation of such transcription factors culminates in the expres-
sion of antiviral type I interferons (IFNs) and a suite of pro-
inflammatory cytokines (e.g. [TNF],
interleukin-6 [IL-6]), which are important for establishing immune
responses and microbial clearance. Recently, a number of studies
have highlighted the importance of STING non-IFN responses for
host immunity, including during anti-viral immunity against HSV-1
(Wu et al, 2020; Yamashiro et al, 2020; Yum et al, 2021). Examina-
tion of STING non-IFN responses was made possible by the genera-
tion of a mutant mouse strain lacking the IRF3 binding site within
STING (i.e. Sting®****), rendering STING unable to induce down-
stream type I IFN production. These non-IFN responses, which
include the production of NF-kB-dependent inflammatory cytokines,
as well as induction of autophagy pathways, appear to be more
primitive STING responses, conserved across organisms.

The immune functions of STING are highly dependent on its
organelle location and intracellular trafficking (Balka & De
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Nardo, 2021). In resting conditions, STING localises to the endoplas-
mic reticulum (ER) membrane via four transmembrane (TM)
domains, existing as pre-formed dimers. Following CDN binding,
STING is transported via coatomer protein complex II (COPII)-
coated vesicles that transport cargo from the ER to ER-Golgi inter-
mediate compartment (ERGIC) and Golgi (Ogawa et al, 2018; Gui
et al, 2019; Ran et al, 2019). Interestingly, blocking STING ER-Golgi
trafficking by disrupting the ADP-ribosylation factor (ARF) GTPases
with either the toxin Brefeldin A or a Shigella effector protein
inhibits STING signalling, completely blocking STING-driven inflam-
mation (Ishikawa et al, 2009; Konno et al, 2013; Dobbs et al, 2015;
Ni et al, 2017; Ogawa et al, 2018). Furthermore, STING must transit
to the Golgi for interaction with TBK1 and downstream signalling
events. Multiple proteins have now been shown to play roles in
mediating STING ER to Golgi trafficking including STIM1, STEEP,
iRHOM2, TMED2 and YIPSF (Luo et al, 2016; Sun et al, 2018; Ran
et al, 2019; Srikanth et al, 2019; Zhang et al, 2020; Balka & De
Nardo, 2021). At later timepoints, STING has been shown to move
into endosomal regions (e.g. positive for Rab7) before it becomes
degraded within the acidic environment of the lysosome (Gonu-
gunta et al, 2017). Blocking acidification of the lysosome with the
V-ATPase inhibitor Bafilomycin A1 or Chloroquine, has been shown
to prevent STING degradation and promotes enhanced STING sig-
nalling (Gonugunta et al, 2017; Gui et al, 2019). Interestingly, co-
administration of ¢cGAMP and Bafilomycin Al enhanced STING-
induced cytokine production and was found to improve tumour
clearance in a B16 melanoma transplant model compared to cGAMP
alone (Gonugunta et al, 2017).

STING signalling outcomes are fine-tuned by precise movement
through multiple organelles. However, the complexity of STING traf-
ficking regulation provides several avenues for dysregulated traffick-
ing to cause aberrant STING activation. Strikingly, in the context of
the autoinflammatory disease termed STING-associated vasculo-
pathy with onset in infancy (SAVI), autoactivating STING mutations
mimic the structure and location of ligand-activated STING, posi-
tioning STING at the Golgi to drive constitutive signalling (Dobbs
et al, 2015; Ergun et al, 2019). Interestingly, preventing recycling of
STING back to the ER from the Golgi in the steady state has been
shown to drive STING pathology in the context of coatamer subunit
o (COPA) deficiency (Deng et al, 2020; Lepelley et al, 2020; Kato
et al, 2021; Mukai et al, 2021; Steiner et al, 2022). Finally, impaired
STING degradation has been found in models of neurological dis-
eases including amyotrophic lateral sclerosis (ALS), Parkinson’s dis-
ease and Niemann-Pick disease type C, driven by deficiency of
C9orf72 (McCauley et al, 2020), VPS13C (Hancock-Cerutti
et al, 2022) and Niemann-Pick type C1 (NPC1; Chu et al, 2021),
respectively. While we now appreciate the importance of under-
standing STING trafficking at a mechanistic level, several questions
still remain, particularly regarding the regulation of post-Golgi vesic-
ular STING trafficking. Moreover, the mechanisms that target STING
for degradation within lysosomal compartments remain poorly
defined. Here we performed an unbiased mass spectrometry-based
proteomics screen in primary murine macrophages to assess global
phosphorylation changes following STING activation. In particular,
this approach identified several novel trafficking proteins that may
be important for regulating distinct STING translocation events. This
prompted us to track the dynamics of STING vesicular trafficking
in live macrophages using high temporal microscopy. We
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subsequently identified that the endosomal sorting complexes
required for transport (ESCRT) pathway facilitates STING degradation.
We found that the ESCRT-0 protein, hepatocyte growth factor-
regulated tyrosine kinase substrate (HRS), initially detects ubiquiti-
nated STING on endosomes leading to its degradation. By inhibiting
the ESCRT pathway through depletion of HRS or via expression of a
dominant negative mutant form of ATPase vacuolar protein sorting 4
homologue A (VPS4a), we observed reduced STING degradation,
resulting in an increase in STING-induced signalling and enhanced
immune responses. Our discovery that the ESCRT pathway mediates
STING degradation sheds new light on how STING signalling is termi-
nated in order to control inflammatory responses.

Results

Global phosphoproteomic screen reveals a prominent role for
STING vesicle trafficking

We recently discovered that TBK1 and IKKe redundantly control
activation of STING-dependent NF-kB in myeloid cells (Balka
et al, 2020). In an attempt to discover further novel insights into
mechanisms controlling STING signalling responses, we performed
a global phosphoproteomic screen of primary mouse bone marrow-
derived macrophages (BMDMs) following STING activation. To do
this, we performed a time course of STING activation for 5-, 10- and
30-min with the synthetic STING ligand DMXAA (or corresponding
DMSO controls). BMDMs were then lysed and peptides digested
before phosphorylated peptides were enriched with titanium oxide
beads (Appendix Fig S1A). A portion of peptides were also collected
to examine the total proteome, where no overall differences were
observed in protein levels across the time points (Appendix
Fig S1B-D). Importantly, treatment groups clustered together when
plotted as a Uniform Manifold Approximation and Projection
(UMAP; Appendix Fig S1E). We observed numerous dynamic phos-
phorylation changes which were either up- or down-regulated fol-
lowing STING activation over time (Fig 1A-C). Of note, we
identified strong phosphorylation of several known residues within
STING itself following 30 min DMXAA treatment (Fig EV1A; Konno
et al, 2013; Liu et al, 2015; Zhao et al, 2019), indicating this
approach generated robust, biologically relevant data. These phos-
phorylation sites in STING (Ser®™, Ser®*™, Ser®*®, Thr*’®; Fig EV1B-E)
are mostly clustered within the C-terminal tail (CTT), where Ser®®
facilitates IFN signalling responses by forming a critical residue within
the IRF3 binding motif (Tanaka & Chen, 2012; Liu et al, 2015). We
expected that many of the phosphorylation events following STING
activation may comprise signalling molecules involved in the activa-
tion of STING-induced transcription factors. Indeed, we detected phos-
phorylation of molecules previously identified in STING signalling,
including IKKp, CYLD, OPTN and iRHOM2 (Fig EV1F-L).

While we expected the predominant phosphorylation events to
be on signalling molecules, to our surprise after performing Reac-
tome pathway analysis of all proteins with differentially regulated
phosphorylation changes across all time points, the top ranked path-
way identified was “Membrane Trafficking” (Fig 1D). To gain fur-
ther insights into our dataset, we performed a separate
gene ontology (GO) analysis of the differentially regulated phos-
phorylation changes, detecting terms involved in trafficking

© 2023 The Authors
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Figure 1. Phosphoproteomic screen uncovers numerous proteins with roles in vesicular trafficking.

A-C Volcano plots depicting significantly up (blue) and down (pink) regulated phosphorylation events for DMXAA vs. DMSO groups for 5min (A), 10 min (B) and 30 min
(C) timepoints. -Logyo(P-value) is plotted on the y-axis vs. Log,(Fold change [FC]) on the x-axis. Significantly regulated events display P-value > 0.01 and Log,(FC) >

lor<-1

D Pathway analysis was performed for all proteins with phosphorylation changes found across all three timepoints. Significantly enriched Reactome pathways are

plotted with significance value displayed as -Log;o(False discovery rate [FDR]).

E Gene ontology (GO) analysis was performed for all proteins with phosphorylation changes found across all three timepoints. Numerous significant Biological
Processes terms were identified. Terms related to membrane/vesicular trafficking are plotted with significance value displayed as -Log1o(FDR).
F The intensity of phosphorylated peptides that contributed to the GO terms in (E) was plotted in a heatmap over time. Data are shown as Log,(FC) of DMXAA vs

DMSO for each time point.

processes across the ER, Golgi, endosomal and lysosomal compart-
ments, particularly endosome and lysosome vesicular transport
(Fig 1E). These findings highlighted trafficking proteins along the
known route of STING translocation. We then plotted the phosphor-
ylation levels of proteins involved in the GO terms associated with
membrane or vesicular trafficking (in Fig 1E) as a heat map, observ-
ing changes in these events in a time-dependent manner (Fig 1F).
We observed strong phosphorylation changes in proteins involved
in endosome and lysosomal functions, including the late endosomal
marker Rab7a (Fig EV2A), which has been shown to colocalise with
STING (Gonugunta et al, 2017), as well as, proteins involved in
transport to the lysosome (CHMP4B, LYST, TOM1 [Fig EV2B-D])
and a subunit of the V-ATPase lysosomal acidifier pump
(ATP6V1G3 [Fig EV2E]). We also identified phosphorylation of CD-
MPR (Fig EV2F), which traffics lysosomal hydrolase enzymes from
the Golgi to the lysosome. The findings from our unbiased phospho-
proteomics screen revealed that a large number of proteins involved
in trafficking via the Golgi, endosomes and lysosomes are modified
upon STING activation (Fig EV2G). In line with recent findings that
the clathrin adaptor AP-1 traffics STING from the Golgi (Liu
et al, 2022), several of the detected proteins were also linked to
clathrin-coated vesicles (Fig EV2G). Overall, our screen identified
numerous proteins associated with endosome and lysosomal func-
tion that are modified upon STING activation.

Live cell imaging reveals the spatiotemporal movement of STING
vesicles

STING trafficking in vesicles after exit from the Golgi is poorly
understood. After identifying several phosphorylated proteins with
roles in vesicular trafficking via our phosphoproteomic screen, we
next wanted to examine the temporal dynamics of STING vesicle
transport using live cell imaging. Therefore, we generated fluores-
cent STING reporter systems to perform live cell microscopy experi-
ments enabling us to track the movement of STING in real time. To
this end, we reconstituted Sting'/ “immortalised (i) BMDMs with fluo-
rescently tagged versions of murine STING (reconstituting STING-
induced signalling responses, Fig EV3A) and imaged live cells using
spinning disk confocal microscopy. To validate our STING reporter
systems, we firstly examined the initial event in STING trafficking,
which is its redistribution from the ER to the Golgi. In untreated
conditions, mRuby3-STING (or eGFP-STING) localised to the ER net-
work (Figs 2A and EV3B and Movie EV1). However, following acute
STING activation with DMXAA, we could observe strong colocalisa-
tion of mRuby3-STING with the fluorescent Golgi marker, eGFP-
Golgin84 (Fig 2A). We then utilised Sting’/~ iBMDMs expressing
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eGFP-STING to track the precise kinetics of the STING ER-Golgi
transition, observing STING accumulation within only 6 min of
DMXAA addition, which increased steadily over time, reaching a 2.5
fold enrichment within 15min (Figs 2B and EV3C, Appendix
Fig S2A and Movies EV2 and EV3). Of note, this occurred in a linear
fashion, implying a highly co-ordinated process. These data demon-
strate the validity of our reporter systems. We then utilised live cell
imaging of our fluorescent-STING macrophage reporters to examine
vesicular STING transport post-Golgi. Within 30 min of DMXAA
treatment and following enrichment in the Golgi, we started to
observe a steady loss of eGFP signal from the Golgi (Fig 2C). Indeed,
~ 30 min after DMXAA stimulation we observed exit of STING from
the Golgi into small vesicles (Figs 2D and EV3D and Movies EV4
and EVS). eGFP-STING vesicles emanating out of the Golgi
increased rapidly with the total number of vesicles in the whole cell
volume, reaching a steady state over time (Fig 2E). This correlated
with the post-Golgi vesicle and endosomal transport proteins identi-
fied via the phosphoproteomic screen at 30 min (Fig 1). At later time
points following STING activation ( ~ 80 min), we observed further
accumulation of eGFP-STING vesicles within the cytosol (Fig 2F,
Appendix Fig S2B and Movie EV6 and EV7). Our live cell imaging
demonstrates that STING vesicles are visible from the Golgi ~ 30
min following activation and accumulate in the cytosol over time.

STING undergoes degradation following ligand activation

We observed a large number of STING positive vesicles emerging
from the Golgi over time. It is known that endosomes containing
STING move to the lysosomal system for degradation (Gonugunta
et al, 2017). Having established that STING exits the Golgi early
from around 30 min following DMXAA exposure, we next aimed to
assess the degradation kinetics of STING in macrophages. There-
fore, we activated STING in primary BMDMs over time for 2, 4 or 6
h with DMXAA (Fig 3A) or a modified version of the endogenous
STING ligand (i.e. produced by cGAS) 2'3'-cGAM(PS)2 (referred to
hereon as 2'3’-cGAMP; Fig 3B) and assessed STING activation and
degradation by Western blot. Stimulation with DMXAA appeared to
induce relatively short-lived STING activation with detectable
STING phosphorylation (p-STING) at 2 h, that was no longer visible
by 4h (Fig 3A). Activation of TBK1 (i.e. p-TBK1) followed similar
kinetics with peak activation at 2 h (Fig 3A). When examining total
STING levels, we observed the characteristic increase and shift
upward in molecular weight at 2 h, which corresponds to phosphor-
ylated STING. Both bands were greatly depleted over time with min-
imal STING remaining at both 4 and 6h post DMXAA treatment
(Fig 3A). 2'3'-cGAMP stimulation led to similar, albeit more

© 2023 The Authors
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Figure 2. STING rapidly traffics to the Golgi and exits via vesicular trafficking.

A

Sting'/‘ iBMDMs expressing mRuby3-STING (magenta) and eGFP-Golgin84 (green) were imaged live on the 3i marianas spinning disk microscope. Z stack images were
acquired either before (i.e. untreated) or after 50 pg/ml DMXAA treatment (i.e. image captured at 12 min post DMXAA treatment). Data are shown as a maximum
intensity projection (MIP) of Z stack images. Scale bar=5 pm.

Increase in Golgi accumulation of eGFP signal starting from 2 min after 50 ug/ml DMXAA stimulation of eGFP-STING iBMDMs and presented as Golgi/ER intensity in
arbitrary units (a.u.) over time. Line of best fit is shown in red. Data are shown as the mean + SD (N =8 cells) and representative of three individual experiments.
eGFP intensity loss from the Golgi starting from 20 min after 50 pg/ml DMXAA stimulation of eGFP-STING iBMDMs and presented as intensity of the Golgi (a.u.) over
time. Line of best fit is shown in red. Data are shown as the mean & SD (N =12 cells) and representative of three individual experiments.

Sting"’ iBMDMs expressing mRuby3-STING were imaged live on the spinning disk microscope. Representative images of timelapse showing STING vesicles exiting the
Golgi for a recording starting 27 min after 50 pg/ml DMXAA treatment. Data are shown as a MIP of Z stack images. Square region of interest (ROI) indicates zoomed
insert. Scale bar =5 um. Corresponds to Movie EV4.

eGFP-positive small vesicle regions were counted for individual cells over time starting from 20 min after 50 ug/ml DMXAA stimulation of eGFP-STING iBMDMSs and
presented as the number of endosomes per cell. Data are shown as the mean + SD (N =11 cells) and representative of three individual experiments.

Sting"’ iBMDMs expressing eGFP-STING were imaged live on the spinning disk microscope. A representative image of timelapse showing transport of STING vesicles
for a recording starting 1 h 18 min after 50 pg/m| DMXAA treatment. Data are shown as a MIP of Z stack images. Square ROI indicates zoomed insert. Scale bar=5p

Katherine R. Balka et al

m. Corresponds to Movie EV6.

Source data are available online for this figure.

prolonged, p-STING and p-TBKI1 signal, with slightly more delayed
degradation kinetics compared to that in macrophages treated with
DMXAA (Fig 3B). Interestingly, STING degradation appeared largely
independent of canonical STING signalling events, as iBMDMs defi-
cient for both TBK1 and IKKe (which cannot induce STING IFNf nor
NF-kB responses; Balka et al, 2020) exhibited similar levels of
STING degradation following activation with DMXAA over time
(Fig 3C). Of note, TBK1/IKKe?® iBMDMs induced comparable
STING-dependent LC3B lipidation to WT counterparts (Fig 3D). This
is in line with previous studies that have shown STING-induced
LC3B lipidation remains active in the absence of STING-induced sig-
nalling responses (Gui et al, 2019; Liu et al, 2019; Wu et al, 2020;
Yamashiro et al, 2020; Yum et al, 2021). These data demonstrate
that following activation, STING becomes degraded over time in a
manner independent of TBK1 and IKKe.

STING degradation is dependent on ubiquitination

While STING is known to be degraded within lysosomes, the
mechanisms controlling STING vesicular transport to lysosomal
compartments are largely unknown. STING has been shown to ori-
entate on the endosomal membrane with a forward topology,
where the C terminus, that facilitates STING signalling via the
CTT, faces the cytosol (Gonugunta et al, 2017). This suggests that
a model in which STING endosomes directly fuse with lysosomes
may not be effective at preventing continuing STING responses.
Hence, efficient degradation of STING would require its internalisa-
tion into larger acidified vacuoles. From our phosphoproteomic
screen, we identified phosphorylation of the endosomal sorting
complexes required for transport (ESCRT)-III component, CHMP4B
(Fig EV2B), which is involved in internalising endosomal mem-
brane proteins into multivesicular bodies (MVB) for subsequent
lysosomal degradation (Vietri et al, 2020). We posited that STING
degradation may therefore require the ESCRT pathway. The gener-
ation of MVBs initially involves the detection of ubiquitinated
endosomal membrane proteins by the ESCRT-0 complex. There-
fore, we hypothesised that STING degradation would be highly
dependent on ubiquitination. To examine this, we utilised TAK243,
a ubiquitin E1 activating enzyme inhibitor that prevents the conju-
gation of ubiquitin onto target sites. We found that TAK243 effec-
tively blocked global ubiquitination in BMDMs, as we could no
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longer detect any ubiquitin smears via Western blot in TAK243-
treated cells (Fig 4A). We then pre-incubated BMDMs with
TAK243 for 30 min, before stimulating STING with DMXAA for 1,
2 or 4h. Surprisingly, although previous studies have suggested
ubiquitination events may be required for STING trafficking and
signalling events (Baker et al, 2017; Ni et al, 2017), we did not
observe a defect in STING signalling responses in the presence of
TAK243 (Fig 4B). In fact, treatment with TAK243 led to enhanced
STING signalling with increased and prolonged phosphorylation of
STING, TBK1, IKKe and IRF3 (Fig 4B). Interestingly, TAK243 treat-
ment also appeared to protect against STING degradation, where
although STING levels were nearly undetectable by 4h in the
absence of TAK243, we saw no reduction in total STING protein
from 1 to 4h post DMXAA treatment in the presence of TAK243
(Fig 4B). We obtained similar results following STING activation
with 2/'3’-cGAMP in the presence of TAK243 (Fig 4C). We then
activated STING in the absence or presence of TAK243, before fix-
ing BMDMs and staining for phosphorylated STING. We observed
similar kinetics of DMXAA-induced STING phosphorylation as via
Western blot with a peak at 1h, which was then almost undetect-
able at 4h post-DMXAA treatment (Fig 4D-left panels, E and F).
While the size and intensity of p-STING signal decreased from 1 to
4h post DMXAA stimulation, in stark contrast TAK243 treated
BMDMs maintained the same size and intensity of p-STING over
time (Fig 4D-right panels, E and F). We next evaluated the effect
of TAK243 treatment on downstream cytokine expression, observ-
ing significantly elevated gene expression of IfnbI, Isgl5 and Il6 in
both DMXAA and 2'3’-cGAMP-stimulated primary BMDMs in the
presence of TAK243 (Fig 4G-I). Finally, we explored whether
TAK243 treatment regulated degradation and/or activation of an
autoactivating mutant of STING (STING-N154S), causative for the
autoinflammatory disease, STING-associated vasculopathy with
onset in infancy (SAVI). We introduced either WT human (h)
STING or hSTING-N154S SAVI mutant into Sting”~ iBMDMs under
the control of a doxycycline (Dox)-inducible promoter. Cells were
treated with Dox for 2 h to induce expression of STING before Dox
was removed by washing and cells were left for 8 h in the absence
or presence of TAK243. We observed that the protein expression
of total hSTING-N154S was lower than that of WT-hSTING
(Fig 4J), which may be due to increased degradation of the consti-
tutively active mutant. Furthermore, we found that TAK243

© 2023 The Authors
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Figure 3. STING degradation is independent of TBK1/IKKe.

A Primary BMDMs were left untreated or treated with 25 pg/ml DMXAA for 2, 4 or 6 h. Cells were lysed for immunoblot with the indicated antibodies. Data shown are
representative of three independent experiments.

B Primary BMDMs were left untreated or treated with 10 pg/ml 2/3'-cGAM(PS)2 for 2, 4 or 6 h. Cells were lysed for immunoblot with the indicated antibodies. Data
shown are representative of three independent experiments.

C WT or TBK1/IKKe double CRISPR-Cas9 knockout (dKO) iBMDMs were left untreated or treated with 25 pg/ml DMXAA for 2, 4, 6 or 8 h. Cells were lysed for immunoblot
with the indicated antibodies. Data shown are representative of three independent experiments.

D Sting™, WT or TBK1/IKKe dKO iBMDMs were left untreated or treated with 10 ug/ml 2'3'-cGAM(PS)2 for 1, 2, or 3 h. Cells were lysed for immunoblot with the indicated
antibodies. Data shown are representative of three independent experiments.

Source data are available online for this figure.

treatment appeared to increase the levels of total STING protein
for both the WT and N154S forms. Strikingly, TAK243 treatment
led to a large increase in phosphorylation of hSTING-N154S,
suggesting ubiquitination may also act to degrade SAVI STING
(Fig 4J). Therefore, together these data demonstrate that ubiquiti-
nation is crucial for STING degradation and the termination of
STING signalling responses.

© 2023 The Authors

Ubiquitinated STING is detected by the ESCRT pathway

After confirming that ubiquitination is required for STING degrada-
tion, we hypothesised that ubiquitination of STING itself leads to
detection by the ESCRT pathway. Therefore, we assessed the ubiqui-
tination kinetics of STING following activation. To do this, we acti-
vated STING in primary BMDMs for 1.5 or 3 h and then isolated all
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Figure 4. STING degradation and termination of signalling is dependent on ubiquitination.

A Primary BMDMs were treated with 2 uM TAK243 or DMSO vehicle control for 4.5 h. Cells were lysed for immunoblot with the indicated antibodies. Data shown are

representative of three independent experiments.

B Primary BMDMs were treated with 2 uM TAK243 or DMSO vehicle control for 30 min before being either left untreated or treated with 25 pg/ml DMXAA for 1, 2 or 4
h. Cells were lysed for immunoblot with the indicated antibodies. Data shown are representative of three independent experiments.

C Primary BMDMs were treated with 2 pM TAK243 or DMSO vehicle control for 30 min before being either left untreated or treated with 10 pg/ml 2'3'-cGAM(PS)2 for
4 h. Cells were lysed for immunoblot with the indicated antibodies. Data shown are representative of three independent experiments.

D Primary BMDMs were treated with 2 pM TAK243 or DMSO vehicle control for 30 min before being either left untreated (UT) or treated with 25 pg/ml DMXAA for 1, 2
or 4 h. Cells were fixed and stained for p-STING (white) and the nucleus (DAPI; blue), before Z stack images were acquired on the LSM980 confocal microscope.
Images are displayed as a maximum intensity projection (MIP) of Z stack images. Scale bar =5 pm. Data shown are representative of three independent

experiments.

E, F The size (i.e. mean radius) (E) and mean intensity (F) of individual p-STING punctate regions was quantified using CellProfiler. Data are shown as mean & SEM com-
bined from N =3 independent experiments. Statistical analysis was performed using two-way ANOVA using Bonferroni’s multiple comparisons test, where *P < 0.05,
****p < 0.0001. A representative experiment used for quantification is shown in (D).

G-I Primary BMDMs were treated with 2 pM TAK243 or DMSO vehicle control for 30 min before being either left untreated (UT) or treated with 25 pg/ml DMXAA or 10 p
g/ml 2'3'-cGAM(PS)2 for 4 h. Cells were lysed for RNA purification and the expression of Ifnb1 (G), Isg15 (H) and /16 (I) was analysed by qPCR. Data are shown as
mean + SEM combined from N =3 independent experiments. Statistical analysis was performed using two-way ANOVA using Bonferroni’s multiple comparisons

test, where *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

J Sting'/' iBMDMs expressing either WT hSTING or hSTING-N154S were left untreated or treated with 1 pg/ml doxycycline (Dox) for 2 h. Cells were then washed and
left to recover for a further 8 h in the absence or presence of 2 uM TAK243. Cells were lysed for immunoblot with indicated antibodies. Data shown are representa-

tive of three independent experiments.

Source data are available online for this figure.

poly-ubiquitinated proteins within total cell lysates using the tan-
dem ubiquitin binding entities (TUBE) assay (Hjerpe et al, 2009).
Using this method, the appearance of a ubiquitin smear upon prob-
ing with an antibody to a protein of interest suggests the protein
itself is ubiquitinated (i.e. due to covalent modification of differing
length ubiquitin chains). Following activation with DMXAA, we
observed an enrichment in native STING (i.e. ~ 42kDa) and the
appearance of ubiquitin smears (i.e. Ub-STING), strongly suggesting
that STING becomes directly poly-ubiquitinated following activation
(Fig 5A). We also observed similar levels of ubiquitinated STING in
both WT and TBK1/IKKe*® iBMDMs, suggesting STING ubiquitina-
tion is largely independent of canonical signalling events
(Fig EV4A). Next, we wanted to determine whether ubiquitinated
STING was detected by the ESCRT-0 complex, in particular focusing
on the subunit HRS, that detects ubiquitinated cargo on the endo-
somal membrane via a ubiquitin interacting motif (UIM; Williams &
Urbe, 2007). Therefore, we utilised Sting”~ iBMDMs reconstituted
with a HA-tagged version of STING and performed HA immunopre-
cipitation (IP) following DMXAA treatment. We detected the interac-
tion of STING with the ESCRT-0 subunit HRS, which increased over
time (Fig 5B), in a STING-dependent manner (Fig EV4B). As
expected, we also observed the interaction of TBK1 with STING
upon DMXAA treatment (Fig 5B). As HRS interacts with cargo via
its UIM, we next performed endogenous STING IP experiments in
cell lysates generated from primary BMDMs in the absence or pres-
ence of TAK243. Following 3h DMXAA treatment we observed
STING interaction with HRS, which was blunted in the presence of
TAK243 (Fig EV4C). To further assess STING ubiquitination and
interaction with HRS, we activated eGFP-STING-expressing Sting””
iBMDMs with DMXAA over time and performed co-
immunofluorescence staining with antibodies that detect conjugated
ubiquitin (Ub, FK2 clone) and endogenous HRS (Fig 5C and Appen-
dix Fig S3). We identified strong colocalization of ubiquitin and
STING following DMXAA treatment that increased over time
(Figs SD-F and EV4D and Appendix Fig S4A-D). Many of the eGFP-
STING/Ub punctate regions observed were also positive for HRS
staining (Figs 5D-F and EV4D and Appendix Fig S4A-D). Strikingly,

© 2023 The Authors

treatment with TAK243 blocked all conjugated Ub signal and
disrupted the localisation of HRS (Appendix Fig S3-bottom panels).
Together these data demonstrate that ubiquitinated STING is
targeted for recognition by the ESCRT pathway through interaction
with ESCRT-0 protein, HRS.

HRS depletion drives enhanced basal and ligand-induced STING
responses

After confirming HRS interacts with STING via a ubiquitin-
dependent mechanism, we next examined the role of the ESCRT
pathway in shutting off STING signalling. To do this we utilised
CRISPR interference (CRISPRi) to deplete HRS expression. iBMDMs
underwent lentiviral transduction with catalytically dead Cas9
(dCas9) fused to the Kriippel-associated box (KRAB) transcrip-
tional repressor, along with three Dox-inducible single guide (sg)
RNAs designed to target the HRS promoter. Following Dox treat-
ment for 48h to induce sgRNA expression and HRS depletion,
iBMDMs were subsequently stimulated with the STING ligands,
DMXAA and 2'3’-cGAMP for 6h before Western blot analysis.
Although HRS expression was not fully depleted with any of the
three sgRNAs, we observed increased phosphorylation of STING,
TBK1 and IRF3 for sg2 and sg3 (Fig 6A). We further assessed
STING-induced cytokine production after 6h DMXAA or 2'3'-
cGAMP stimulation across the dCas9-KRAB and each sgRNA
iBMDM line. We observed increased IFNp and/or IL-6 production
in HRS sg2 and sg3 compared to control dCas9-KRAB expressing
iBMDMs (Fig 6B and C). Importantly, we observed no difference
in TLR4 or TLR1/2 signalling nor cytokine production across cell
lines following LPS or Pam3CSK4 treatment, respectively
(Fig EV5A-C). Furthermore, as low-level STING trafficking is
thought to regulate basal STING turnover (Deng et al, 2020;
Lepelley et al, 2020; Chu et al, 2021; Kato et al, 2021; Mukai
et al, 2021; Steiner et al, 2022; Tu et al, 2022), we hypothesised
that HRS depletion could lead to accumulation of non-degraded
STING and enhance STING activity in the absence of exogenous
ligand. To investigate this, we performed qPCR analysis of STING-
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Figure 5. ESCRT-0 HRS interacts with ubiquitinated STING.

The EMBO Journal

A Primary BMDMs were left untreated or treated with 50 pg/ml DMXAA for 1.5 or 3 h. Cells were lysed and a portion of lysate underwent immunoblot with the
indicated antibodies (i.e. lysate). The remaining lysate was incubated with TUBE beads to isolate ubiquitinated proteins. TUBE samples underwent immunoblot
with the indicated antibodies. Data are representative of two independent experiments.

B Sting”" iBMDMs expressing HA-STING were left UT or treated with 50 pg/ml DMXAA for 1 or 3 h. Cells were lysed and a portion of lysate underwent immunoblot
with the indicated antibodies (i.e. lysate). The remaining lysate underwent immunoprecipitation with an anti-HA antibody (i.e. HA pull down). Samples then under-
went immunoblot with the indicated antibodies. Data representative of three independent experiments.

C  Sting” iBMDMs expressing eGFP-STING (yellow) were left UT or treated with 50 ug/ml DMXAA for 3 h. Cells were fixed and underwent immunofluorescence staining
for conjugated ubiquitin (Ub; magenta) and HRS (cyan). Z stack images were acquired on the LSM980 confocal microscope. Images are displayed as merged images
for a single Z slice. Scale bar =10 pm. Data shown are representative of three independent experiments.

D  Square ROl indicates zoomed insert from (C), displayed as both merged and single colour images. Scale bar =5 pum. Two colour merged images can be found in

Fig EVAD.

E, F The intensity profiles were plotted for each channel for two-line regions as indicated in (D).

Data information: An additional example of STING/Ub/HRS colocalisation can be found in Appendix Fig S4.

Source data are available online for this figure.

induced cytokines following HRS-depletion alone. We observed
that HRS-depleted iBMDMs exhibited increased basal expression of
Ifnbl and the IFN-stimulated genes (ISGs) IsglS and Irf7 (Fig 6D-
F). Furthermore, this tonic IFN activity was blocked by treatment
with the STING inhibitor H-151 (Fig 6D-F). Interestingly, we saw
no significant basal increase in expression of pro-inflammatory
cytokine Il6 (Fig EV5D). This is in contrast to ligand-activated
STING (especially DMXAA), where we found a more pronounced
increase in IL-6, compared to IFNf production, in HRS-depleted
cells (Fig 6B and C). Overall, perturbation of the ESCRT pathway
leads to enhanced STING responses both basally and following
ligand-induced STING activation.

Blocking the ESCRT pathway leads to heightened STING
responses

VPS4a is a AAA-type ATPase, that forms a critical component of
the ESCRT machinery. There are currently no known pharmacologi-
cal inhibitors of the ESCRT pathway; however, overexpression of a
dominant-negative mutant form of VPS4a (i.e. VPS4a®*?%Q) is com-
monly used to interfere with ESCRT-dependent processes (Babst
et al, 1998). Therefore, we next used a viral transduction system to
express Dox-inducible HA-tagged VPS4a"" or dominant-negative
VPS4a"?5Q in primary BMDMs. Cells were then left untreated or
treated with Dox for 4 h to induce expression, followed by 4 h stim-
ulation with DMXAA (Fig 7A) or 2'3’-cGAMP (Fig 7B). We first
examined STING protein levels and downstream signalling
responses via Western blot, where we clearly observed highly
increased phosphorylation of STING, TBK1 and IRF3 in the STING-
activated BMDMSs expressing VPS4a™*%? compared to VPS4a"™’
control cells (Fig 7A and B). In addition, we noted a rescue in the
amounts of total STING following activation in BMDMs expressing
VPS4a"25Q albeit lower than basal STING expression (Fig 7A and
B). The increase in STING levels and downstream signalling
responses correlated with a trend in increased IFNf secretion
(Fig 7C) and significantly greater levels of IL-6 (Figs 7D and EVS5E)
cytokine production upon STING activation in BMDMs expressing
VPS4a™28Q compared to VPS4a"T counterparts. Together these
data demonstrate that interference with the ESCRT pathway dis-
rupts STING degradation and promotes enhanced immune signal-
ling and cytokine responses.

© 2023 The Authors

Discussion

Fine-tuning STING signalling is important for mounting an appropri-
ate immune response to infection. Here we discover a new model
for the degradation of STING and the shutdown of STING signalling
via the ESCRT pathway (Fig 7E). STING has previously been shown
via electron microscopy to localise to endosomal membranes with
its C terminus, that facilitates TBK1 and IRF3 recruitment, facing the
cytosol (Gonugunta et al, 2017). The ESCRT pathway internalises
endosomal membrane cargo into MVBs via sequential interactions
of ESCRT-0 to -III complexes and VPS4a on the cytosol-facing
regions of membrane cargo (Vietri et al, 2020). The ESCRT-0 com-
ponent HRS contains VHS and FYVE domains for interaction with
endosomal membranes, as well as a UIM for detecting ubiquitinated
cargo. Here we show that HRS binds to STING following activation
in a ubiquitin-dependent manner. Following detection, STING
would therefore become internalised into intraluminal vesicles
(ILVs) within MVBs. Thus, upon fusion of MVBs to lysosomes,
STING would be efficiently degraded inside the acidified lysosomal
environment. In support of our findings, two independent groups
also recently found a role for ESCRT machinery in STING degrada-
tion (Gentili et al, 2023; Kuchitsu et al, 2023). Both studies utilised
unique screening approaches, ultimately identifying that ESCRT
machinery regulates basal and/or ligand-activated STING degrada-
tion in several models utilising human and mouse immune cells and
fibroblasts (Gentili et al, 2023; Kuchitsu et al, 2023), nicely correlat-
ing with our findings from murine macrophages. Strikingly,
Kuchitsu et al, observed clusters of individual STING vesicles within
lysosomal membranes via correlative light and electron microscopy
(CLEM), distinctive of MVBs (Kuchitsu et al, 2023). A limitation of
our study is we did not identify the lysine (K) residue(s) required
for STING degradation. However, it should be noted that in the
study by Kuchitsu et al (2023), the authors identified that ubiquiti-
nation of K288 drove STING degradation. In contrast, Gentili
et al (2023), found that mutation of five separate STING lysine resi-
dues was required to prevent STING interaction with ESCRT and
subsequent degradation. Regardless, together these data demon-
strate STING ubiquitination is required for its degradation via
ESCRT.

Here we inhibited ESCRT machinery via HRS depletion or expres-
sion of a dominant-negative form of VPS4a observing that these
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Figure 6. HRS depletion substantiates increased STING responses.

The EMBO Journal

A dCas9-KRAB expressing iBMDMs, without (i.e. dCas9 alone) or with HRS-targeting sgRNAs (i.e., sgl, sg2 or sg3) were treated for 48 h with 1 ug/ml doxycycline (Dox)
to induce sgRNA expression. Cells were then left untreated (UT), or treated with 20 pg/ml DMXAA or 10 pg/ml 2/3'-cGAM(PS)2 for 6 h. Cells were lysed for immuno-
blot with the indicated antibodies. Data shown are representative of three independent experiments.

B, C dCas9-KRAB expressing iBMDMs, without (i.e. dCas9 alone) or with HRS-targeting sgRNASs (i.e. sg1, sg2 or sg3) were treated for 48 h with 1 pg/ml Dox to induce
sgRNA expression. Cells were then left UT, or treated with 20 pg/ml DMXAA or 5 pg/ml 2'3'-cGAM(PS)2 for 6 h. Cell supernatant was collected and assayed for
secreted IFNp (B) and IL6 (C) by ELISA. Data are shown as mean + SEM combined from N =3 independent experiments. Statistical analysis was performed using
two-way ANOVA using Bonferroni’s multiple comparisons test, where *P < 0.05, ***P < 0.001, ****P < 0.0001. n.d., not detected.

D-F dCas9-KRAB expressing iBMDMs, without (i.e. dCas9 alone) or with HRS-targeting sgRNAs (i.e. sg1, sg2 or sg3) were treated for 24 h with 1 ug/ml Dox to induce
sgRNA expression. iBMDMs were further treated with 1 pg/ml (i.e. 1,000 ng/ml) or 100 ng/ml H-151 as indicated and incubated for a further 24 h. Cells were lysed
for RNA purification and the expression of /fnb1 (D), Isg15 (E) and Irf7 (F) was analysed by gPCR. Data are shown as mean & SEM combined from N =3 independent
experiments. Statistical analysis was performed using two-way ANOVA using Tukey’s multiple comparisons test, where *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001. Bars display significant differences between dCas9 and sgRNA knockdowns in the absence of H-151. Additional asterisks represent significant differences

between the absence or presence of H-151 across the same cell line.

Source data are available online for this figure.

approaches prevented STING degradation and enhanced STING sig-
nalling. It is worth noting that our knockdown of HRS protein was
incomplete and led to a less prominent phenotype compared to
expression of dominant-negative VPS4a. This is in line with other
recent studies that likewise found knockdown of HRS had less of an
effect on STING degradation and immune responses compared to
targeting of other ESCRT components (e.g.VSP37, TSG101; Gentili
et al, 2023; Kuchitsu et al, 2023). Of note however, ESCRT perturba-
tion does not appear to provide a complete rescue in STING protein
levels. Therefore, multiple mechanisms may exist to tightly regulate
STING degradation. For example, Prabakaran et al (2018), previ-
ously reported p62-mediated autophagy-controlled STING degrada-
tion in murine embryonic fibroblasts (MEFs) and THP-1 monocytes,
where p62 knockouts similarly exhibited heightened STING
responses. Conversely, others have shown STING degradation is
independent of several canonical autophagy components (e.g. Atg-
3, -5, -7 and -9; Gonugunta et al, 2017; Gui et al, 2019; Kuchitsu
et al, 2023). Therefore, further studies are required to define
whether it is a balance between autophagy, trafficking cofactors
(such as NPC1 - see below) and ESCRT-mediated lysosomal deliv-
ery that controls maximal STING degradation. Furthermore, it is
also not fully understood when the STING signalling complex (i.e.
STING-TBK1/IKKe-IRF3) is dismantled and whether this precedes
the movement of STING into larger degradative compartments.
Future studies will be important to assess whether this balance may
be overturned in distinct cell types, where certain degradative path-
ways (i.e. MVBs) may be crucially important for STING
degradation.

Interestingly, the activation and termination of STING signalling
via trafficking-facilitated degradation is controlled via transit through
multiple organelles. These complex trafficking events require tight
regulation as multiple diseases have now been linked to dysregula-
tion of STING localisation resulting in enhanced immune responses.
The assumption remains that STING trafficking is held in an equilib-
rium, where basal STING turnover is also similarly controlled via
trafficking to lysosomes. Disruption or mutations in proteins control-
ling STING cycling can offset this equilibrium, ultimately leading to
the accumulation of STING within active sites at the ERGIC, Golgi
and endosomes, which can propagate inflammation. In particular,
inactivating mutations in coatomer subunit o (COPA), which medi-
ates retrograde transport from the Golgi to ER, have been shown to
drive STING-dependent inflammation in COPA syndrome (Deng
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et al, 2020; Lepelley et al, 2020; Kato et al, 2021; Mukai et al, 2021;
Steiner et al, 2022). In this context, blocking the recycling of STING
back to the ER in steady state conditions leads to accumulation of
STING at the Golgi and the propagation of STING signalling events.
Interestingly, the inflammation caused by COPA deficiency was res-
cued by both STING or cGAS depletion, suggesting low level basal
cGAS-mediated 2'3’-cGAMP production and STING activation stimu-
lates STING turnover (Lepelley et al, 2020; Steiner et al, 2022). Addi-
tionally, a break on lysosomal degradation of STING can also lead to
heightened STING signalling and drive disease. McCauley
et al (2020), reported that in a murine model of amyotrophic lateral
sclerosis (ALS), C9orf72 deficiency led to impaired degradation of
STING and elevated STING-dependent inflammation. Furthermore, a
lipid trafficking protein VPS13C, which is found to be mutated in
early onset Parkinson’s disease has also been linked to aberrant
STING activity (Hancock-Cerutti et al, 2022). VPS13C-depleted HeLa
cells display both increased cytosolic mtDNA, as well as a disrupted
lysosomal system and impaired STING degradation (Hancock-Cerutti
et al, 2022). Finally, NPC1 has also been described as a trafficking
cofactor of STING that delivers STING to the lysosome (Chu
et al, 2021). NPCl1-deficient mice recapitulate the neurological condi-
tion Niemann-Pick disease type C. However, crossing to STING-
deficient mice rescues the neuroinflammation and neuropathology
observed in NPCl1-deficient mice (Chu et al, 2021). These studies
highlight the importance of controlled STING degradation for pre-
vention of human diseases, particularly in the context of neuroin-
flammation, where offsetting the balance of STING turnover can
develop into STING-driven inflammation and disease.

Here, we show that blocking the ESCRT pathway genetically or
via overexpression of dominant-negative VPS4a led to enhanced
STING signalling and cytokine output. Ultimately, our data suggest
that STING activation could be boosted in the context of an under-
functioning ESCRT pathway (Fig 7E). Firstly, while HRS knockout
mice are embryonically lethal (day E11), mice harbouring a muta-
tion in the VHS domain of HRS present with a progressive neurolog-
ical disease, reduced motor function, reduced size and only survive
up to 5 weeks (Komada & Soriano, 1999; Watson et al, 2015). Mice
deficient for VPS4a are also embryonically lethal, while heterozy-
gous MEFs display disrupted endolysosomal morphology (Drusen-
heimer et al, 2015). Patient mutations have been described in
VPS4a, as well as the ESCRT-III proteins, CHMP1A and CHMP4B
across varying disease phenotypes (Shiels et al, 2007; Mochida
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Figure 7. The ESCRT pathway is required for effective termination of STING responses.

A B VPS4a™" or VPS4a®2?52 dominant negative BMDMs were left untreated (UT) or treated with 1 pg/ml doxycycline (Dox) for 4 h. BMDMs were then further left UT or
treated with 25 pg/ml DMXAA (A) or 10 pg/ml 2'3'-cGAM(PS)2 (B) for 4 h. Cells were lysed for immunoblot with the indicated antibodies. Data shown are representa-

tive of 2 independent experiments for (A) and 3 independent experiments for (B).

C, D VPS4a"'T or VPS4at225Q dominant negative BMDMs were left UT or treated with 1 pg/ml Dox for 4 h. BMDMs were then further left UT or treated with 25 pg/ml
DMXAA for 4 h. Cell supernatant was collected and secreted IFNp (C) or IL-6 (D) was measured by ELISA. Data are shown as mean £ SEM combined from N =3 inde-
pendent experiments. Statistical analysis was performed using one-way ANOVA. using Bonferroni’s multiple comparions test, where *P < 0.01. n.d., not detected.

E A proposed model for ESCRT-dependent degradation and termination of STING-mediated immune responses.

Source data are available online for this figure.

et al, 2012; Rodger et al, 2020). In particular, VPS4a-associated dis-
ease, presents as a severe neurodevelopmental disease. Interest-
ingly, Gentili et al (2023), modelled a dominant-negative patient
mutation in the ESCRT protein UBAP1 which causes hereditary
spastic paraplegia. Expression of the UBAP1 mutant led to disrup-
tion of basal STING degradation and increased STING-dependent
inflammation. In addition to mediating lysosomal degradation,
ESCRT-III and VPS4a play roles in closing the nuclear envelope
(NE), as well as spindle disassembly following mitosis (Olmos
et al, 2015; Vietri et al, 2015). Rodger et al (2020), also discovered
that patient neurons harbouring VPS4a mutations displayed abnor-
mal nuclear morphology, increased yH2AX DNA damage and micro-
nuclei formation. CHMP4B and VPS4b have further been shown to
be recruited to sites of NE rupture in migrating cells to reseal the NE
(Denais et al, 2016; Raab et al, 2016). Of note, cGAS also rapidly
associated with damaged DNA at NE rupture sites (Raab
et al, 2016). Therefore, together these observations suggest that
VPS4a and/or additional ESCRT mutations may have the potential
to provoke both cGAS activation, as well as impede STING degrada-
tion, providing an opportunity for strong aberrant STING inflamma-
tion. However, further studies are required to assess if cGAS is
activated in the context of ESCRT/VPS4a deficiency. Additionally,
mutations in Lysosomal trafficking regulator (LYST), which we
found to be strongly phosphorylated at 30 min post DMXAA treat-
ment (Fig EV2C) are causative in an immunodeficiency disease
known as Chediak-Higashi syndrome (CHS) (Windhorst et al, 1966;
Burkhardt et al, 1993; Barbosa et al, 1996; Sepulveda et al, 2015).
LYST deficiency in either mice or through mutations seen in patients
is characterised by enlarged lysosomes and disruption of endolyso-
somal trafficking (Windhorst et al, 1966; Burkhardt et al, 1993;
Barbosa et al, 1996; Sepulveda et al, 2015), analogous to VPS4a and
ESCRT mutants. Interestingly, TRIF-dependent TLR3/4 signalling in
endosomes was found to be disrupted in cells derived from CHS
LYST-mutant mice, which exhibited inhibited cytokine production
(Westphal et al, 2017). Therefore, it would be interesting to further
assess STING activation and degradation in the context of ESCRT
and lysosomal trafficking defects, where additional disease mecha-
nisms may be identified. Conversely, Gonugunta et al (2017), also
provided proof of principle evidence that blocking STING degrada-
tion to boost STING signalling can also be exploited for therapeutic
benefit, by demonstrating that co-administration of cGAMP and the
lysosomal inhibitor, Bafilomycin Al, improved tumour clearance
over cGAMP alone in a murine melanoma model. We speculate that
blocking the interaction between STING and ESCRT components
and/or ubiquitin may provide a more specific avenue for enhancing
STING responses for improved therapeutic outcomes. Our phospho-
proteomic screen and discovery of ESCRT-mediated STING

© 2023 The Authors

degradation open up important new questions regarding the regula-
tion of STING trafficking and degradation. Identifying the precise
mechanisms that limit STING signalling is becoming increasingly
important for understanding a growing number of diseases, where
balancing STING degradation may constrain unwarranted STING-
dependent inflammation.

Materials and Methods

General reagents

DMSO (Sigma-Aldrich #D2650), DMXAA (SelleckChem #S1537),
2'3’-cGAM(PS)2 (InvivoGen #tlrl-nacga2srs), LPS-B5 Ultrapure
(InvivoGen #tlrl-pb5lps), Pam3CSK4 (InvivoGen #tltl-pms), TAK243
(SelleckChem #S8341), H-151 (InvivoGen #inh-h151), doxycycline
(Sigma-Aldrich #D9891).

Animals

C57BL/6 Sting™* and Sting”” mice as previously reported (Jin
et al, 2011) were housed under specific pathogen-free conditions at
Monash University. All procedures involving mice were approved by
the Monash University Animal Ethics Committee (#15294, #28073).

Primary murine bone marrow-derived macrophages (BMDMs)

Bone marrow cells were harvested from femurs and tibias of 6- to 8-
week-old male or female C57BL/6 mice and cultured with complete
Dulbecco’s Modified Eagle Medium (DMEM, made in house) supple-
mented with 20% L929 conditioned media for 6days at 37°C in
humidified atmosphere with 10% CO, to generate primary bone
marrow-derived macrophages (BMDMs).

Cell lines

Human Embryonic Kidney 293T (HEK293T) cells and immortalised
(i) BMDMs were cultured in complete DMEM at 37°C in 10% CO,
humidified atmosphere and passaged every 2-3 days. Wildtype,
Sting'/' iBMDMs (De Nardo et al, 2018b) and TBK1/IKKe CRISPR
knockout iBMDMs (Balka et al, 2020) were generated as previously
described.

CRISPR/Cas9 gene editing

HRS depletion was performed via CRISPR interference (CRISPRi)
using CRISPR/Cas9 gene editing as previously described (Baker &
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Masters, 2018). Third-generation lentiviral transduction (see below)
was used to generate iBMDMs expressing blasticidin-selectable
dCas9-KRAB, which were selected with 5 pg/ml blasticidin for ~

72 h. CRISPRi sgRNA guides were designed using the Broad Institute
CRISPick online tool (https://portals.broadinstitute.org/gppx/
crispick/public) and cloned into the doxycycline-inducible sgRNA
plasmid pFgH1tUT, expressing GFP (see below). Following lentiviral
transduction (see below) of sgRNAs into dCas9-KRAB iBMDMs,
cells were sorted for GFP-positive cells via flow cytometry using a
BD Biosciences Influx™ cell sorter. iBMDMs were treated with 1 pg/
ml doxycycline to induce HRS depletion as indicated in the figure
legends.

Generation of lentiviral plasmids

All primers were ordered from Integrated DNA Technologies (IDT).
The second-generation lentiviral plasmids pLVX-mRuby3-mSTING,
pLVX-eGFP-mSTING and pLVX-mSTING were generated by Gibson
Assembly utilising the backbone from pLVX-EF1la-EGFP-TA-
Golgin84-IRES-Puromycin (Addgene #133028) between cloning sites
Xbal and BamHI. The online tool NEBuilder was used to design all
primers for Gibson Assembly cloning. A HA-tag was introduced to
the N terminus of STING in pLVX-mSTING via Q5 mutagenesis to
generate pLVX-HA-mSTING. pTRIPz-hSTING (AAgel) was used as
previously described (Balka et al, 2020). pTRIPz-hSTING-N154S
was generated using Q5 mutagenesis. NEBasechanger was used to
design primers for Q5 mutagenesis. Third-generation sgRNA plas-
mids for HRS were generated by annealing sgRNA oligo guide
sequences (sgl: 5-tcccTCCGGAGTGGGGTCGCCATG-3/,  5'-
aaacCATGGCGACCCCACTCCGGA -3/, sg2: 5'-tcccTGCAGCGTCGG
TCCGGAGTG-3', 5-aaacCACTCCGGACCGACGCTGCA-3', sg3: 5'-
tcccCTGCAGCGTCGGTCCGGAGT-3’,  5-aaacACTCCGGACCGACG
CTGCAG-3') before ligation into BsmBI sites of pFgH1tUT-GFP. 5-a
Competent E.coli (high efficiency; New England Biolabs [NEB],
C2987U) was used to prepare single colony preparations of plas-
mids. DNA was extracted and plasmids were subsequently
subjected to Sanger sequencing by Monash Micromon Genomics.

Lentiviral transduction

Third-generation lentivirus was generated by transient transfection
of HEK293T cells with lentiviral plasmids (dCas9-KRAB, pFgH1tUT),
pMDL (packaging), RSV-REV (packaging) and VSVg (envelope)
plasmids complexed into liposomes using Lipofectamine 2000
(Thermo Scientific) diluted in OptimMEM (Thermo Scientific).
Second-generation lentivirus was generated via transient transfec-
tion of HEK293T cells with lentiviral pLVX, pPAX2 (packaging) and
pMD2.G (envelope) plasmids complexed into liposomes using Lipo-
fectamine 2000 (Thermo Scientific) diluted in OptimMEM (Thermo
Scientific). Retrovirus was generated by transient transfection of
HEK293T cells with pRetroX, gag-pol (packaging) and VSVg (enve-
lope) plasmids complexed into liposomes using Lipofectamine 2000
(Thermo Scientific) diluted in OptimMEM (Thermo Scientific). Len-
tiviruses or retroviruses were harvested 48 h later, filtered through a
0.45 pm filter and used to infect iBMDMs target cell lines. Cells were
subsequently enriched for lentiviral plasmid expression via antibi-
otic selection (i.e., 5 pg/ml blasticldin, 2.5 pg/ml puromycin) or cell
sorting using a BD Biosciences Influx™ sorter.
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Expression of VPS4a in primary BMDMs

pRetroX-VPS4a and pRetroX-VPS4a-E228Q plasmids (Ruhl
et al, 2018) were used to generate retroviruses in HEK293T cells as
above, before retroviral transduction of day 2 bone marrow progeni-
tor cells was performed as previously described (Cardona Gloria
et al, 2018) to generate BMDMs expressing HA-tagged VPS4a"" and
VPS4a"2%8Q,

Preparation of whole-cell lysates (WCLs)

For immunoblot assays, ~ 4x10° iBMDMs or 1x10° primary
BMDMs were seeded in 12-well plates the day prior to cell stimula-
tion. Following appropriate cell treatments, cells were lysed on ice
with 150 pl of 1x Radioimmune precipitation assay (RIPA) buffer
(20 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-
100, 10% glycerol, 0.1% SDS and 0.5% deoxycholate, 5 mM NaF,
10 mM NaPP;, 1 mM Na;3;VO,) supplemented with 1 mM phenyl-
methylsulfonyl fluoride (PMSF) and 1x cOmplete protease inhibitors
(Roche Biochemicals). WCLs were clarified by centrifugation at
17,000 g for 1 min through Pierce centrifuge columns (Thermo Sci-
entific) before 60 pl was diluted with 20 pl 4% reducing LDS-sample
buffer (Thermo Scientific) supplemented with 5% f-
mercaptoethanol (Sigma-Aldrich) (SB) and heated to 95°C for 10
min before SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblot.

Immunoprecipitation (IP) and tandem ubiquitin binding entities
(TUBE) assays

20 x 10° BMDMs or iBMDMs were suspended in 1 ml DMEM in a
1.5 ml Eppendorf tube with or without STING stimulation (e.g. 50 p
g/ml DMXAA) as indicated with constant mixing. Cells were
pelleted at 400 g for 5 min at 4°C. DMEM was removed by aspiration
and cells were resuspended in 1 ml 1x NP-40 lysis buffer (40 mM
Tris—HCl [pH 7.4], 2mM EDTA, 2% Nonidet P-40 [IGEPAL], 20%
Glycerol), supplemented with 1x cOmplete™ Protease inhibitor
cocktail (Roche Biochemicals), 100 pM PMSF, 1 mM NaPPi, 500 uM
NaF, 100 uM Na3VO, and allowed to lyse on ice for 30 min. For
TUBE experiments, the NP-40 lysis buffer was supplemented with
DUB inhibitors 20 pM PR-619 (LifeSensors SI-9619) and 20 pM N-
Ethylmaleimide (Sigma-Aldrich E3876). Samples were centrifuged at
17,000 g for 10 min at 4°C to clarify lysates. 90 ul of clarified WCL
was mixed with 30 pl 4x SB, boiled at 95°C for 10 min. IP experi-
ments were performed as previously described (De Nardo
et al, 2018a). Here the primary antibody (anti-HA 3F-10, Roche #
11867431001 at 1pg per IP sample; or anti-STING D1VSL Rabbit
mADb (Rodent Preferred), Cell Signalling Technology #50494, used at
1:50) was added to the remaining lysate and incubated on a rotator
for 1h at 4°C. 50 pl of Protein G magnetic Dynabeads™ (Thermo
Scientific) was then added to each sample and incubated for a fur-
ther 1h on a rotator at 4°C. Beads were washed 4x with 1 ml NP-40
lysis buffer using a magnetic holder. Protein was eluted by incuba-
tion with 35 pl 1x SB and boiled at 95°C for 10 min. For TUBE exper-
iments, 50 pl of the slurry of TUBE agarose beads (LifeSensors UM-
0401-1000) were added to each sample and incubated for 1h on a
rotator at 4°C. Beads were pulse centrifuged to sediment the beads
and the supernatant was removed. Beads were washed 4x with 1 ml
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NP-40 lysis buffer. Protein was eluted by incubation with 35 pl 2x
SB and boiled at 95°C for 10min. Samples were centrifuged at
17,000 g for 1 min and underwent SDS-PAGE and immunoblot.

Immunoblotting

Between 20 and 35 pl of prepared WCL, IP or TUBE samples were
run on NuPAGE™ 4-12% Bis-Tris Protein Gels (Thermo Scientific)
with MES or MOPS running buffer (Thermo Scientific). Following
activation of Immobilon-P polyvinyl difluoride (PVDF) membrane
(Millipore Merk) in methanol, proteins were transferred to mem-
branes using the Trans-Blot Turbo System (Bio-Rad). Membranes
were then blocked using 5% skim milk powder in TBS+0.1%
Tween 20 (TBST) at room temperature (RT) for 1h before incuba-
tion overnight in primary antibodies at 4°C. The following primary
antibodies were purchased from Cell Signalling Technology (CST)
and diluted as indicated; p-STING (Ser365) D8F4W Rabbit mAb
#72971 1:1,000, p-STING (Ser366) D7C3S Rabbit mAb #19781
1:1,000, STING D2P2F Rabbit mAb #13647 1:1,000, STING D1V5L
Rabbit mAb (Rodent Preferred) #50494 1:1-2000, p-TBK1/NAK
(Ser172) D52C2 Rabbit mAb #5483 1:1-2,000, TBK1 #3013 1:1,000,
p-IKKe (Ser172) D1B7 Rabbit mAb #8766 1:1,000, IKKe D61F9 Rab-
bit mAb #3416 1:1,000, p-IRF3 (Ser396) 4D4G Rabbit mAb #4947
1:500, IRF3 D83B9 Rabbit mAb #4302 1:1,000, p-NF-xB p65
(Ser536) 93H1 Rabbit mAb #3033 1:1,000, NF-kB p65 C22B4 Rabbit
mAb #4764 1:1,000, Ubiquitin P4D1 Mouse mAb #3936 1:1,000,
HRS D7T5N Rabbit mAb #15087 1:1,000, HA-Tag 6E2 Mouse mAb
#2367 1:1,000, LC3B D11 Rabbit mAb #3868, 1:1,000. Additional
antibodies include the following: p-actin Mouse mAb HRP-
conjugated AC-15 Abcam ab49900, Hsp70 Mouse mAb 5A5 Abcam
ab2787. Membranes were then washed 3x in TBST (10-20 min per
wash) and incubated with appropriate HRP-conjugated secondary
antibodies (Peroxidase-AffiniPure Goat Anti-Rabbit IgG: Jackson
ImmunoResearch Labs #111-035-003, Goat anti-mouse Thermo Sci-
entific #A16078) for 1 h at RT before membranes were again washed
3x in TBST. Chemiluminescence was detected by subjecting mem-
branes to Immobilon Forte Western HRP substrate (Millipore Merk)
before imaging using the ChemiDoc Touch or ChemiDoc XRS+
Imaging Systems (Bio-Rad). Images were acquired and converted to
tagged image format file (TIFF) using Image Lab software (Bio-Rad).
When required, antibodies were removed from membranes using a
mild stripping buffer (50 mM glycine +0.4% SDS pH 2.2) before 3x
washes in TBST and re-probing with required primary antibodies.

Reverse transcription quantitative polymerase chain reaction
(RT-qPCR)

RNA was isolated from BMDMs or iBMDMs using the RNeasy Plus
Mini Kit (QIAGEN). Complementary DNA (cDNA) was generated
using SuperScript III Reverse Transcriptase (ThermoScientific).
gPCR was performed with QuantiNova Probe PCR Master Mix SYBR
Green (QIAGEN) using the Bio-Rad CFX384™ Real-Time System
Thermal Cycler. Expression levels are displayed as 2%, normal-
ised to the housekeeping gene Hprt. Primer sequences used were as
follows: Hprt Forward: 5'-tgaagtactcattatagtcaagggca-3', Hprt
Reverse: 5'-ctggtgaaaaggacctctcg-3/, Ifnbl Forward: 5'-ccagctccaa
gaaaggacga-3/, Ifnb1l Reverse: 5'-tggatggcaaaggcagtgta-3', Irf7 Forwa
rd: 5'-aagctggagccatgggtatg-3’, Irf7 Reverse: 5'-cgatgtcttcgtagaga
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ctgttgg-3’, Isg15 Forward: 5'-tgtgagagcaagcagcecaga-3', Isg1S Reverse:
5’-cceccagcatcttcaccttt-3', 116 Forward: 5'-ccagaaaccgctatgaagttce-3/,
116 Reverse: 5'-cggacttgtgaagtagggaagg-3'.

Enzyme-Linked immunosorbent assay (ELISA)

Cell supernatant was assayed for murine TNF or IL-6 using eBios-
cence kits (Thermo Scientific) according to the manufacturer’s pro-
tocol. Murine IFNf was measured using a custom-made protocol as
previously reported (Roberts et al, 2007). The monoclonal rat anti-
mouse IFNp (USBiological Life Sciences; 138027) was used as a
coating antibody, while the polyclonal rabbit anti-mouse IFNf (PBL
Assay Science; 32400-1) was used for detection. Recombinant
mouse IFN (carrier-free) (PBL Assay Science; 12401-1) was used to
generate a standard curve, peroxidase-conjugated AffiniPure F(ab’),
fragment donkey anti-rabbit IgG (H+L) (@Jackson Immuno
Research; 711-036-152) was used for colorimetric detection, and
PBS with 1% bovine serum albumin (BSA) was used as the assay
diluent.

Immunofluorescence

2.5-5x10%* iBMDMs or 1x 10° primary BMDMs were seeded in 8-
well p-slide ibiTreat chamber slides (iBidi). The next day, following
any cell treatments, cells were washed with PBS and fixed with 4%
paraformaldehyde (PFA) in PBS at RT for 30 min. Cells were then
washed twice with PBS, permeabilised with 0.15% Triton X-100 in
PBS for 20 min and then incubated with blocking buffer (PBS +10%
FBS) for 1h at RT. Primary antibodies (p-STING (Ser365) CST
DI1CAT Rabbit mAb #62912 1:400, HRS CST D7T5N Rabbit mAb
#15087 1:400, Ubiquitin FK2 Mouse mAb Sigma-Aldrich #04-263
1:1,500) were diluted in blocking buffer and samples were incu-
bated at 4°C overnight. The following day, samples were washed 3
times with blocking buffer before incubation with Alexa-conjugated
secondary antibodies (Goat anti-rabbit IgG AlexaFlour™ 647:
Thermo Scientific #A21245, Goat anti-mouse IgG AlexaFluor™ plus
555: ThermoScientific #A32727) diluted 1:1,000 in blocking buffer.
Samples were subsequently washed 3 times with blocking buffer
before nuclear staining with 300 nM DAPI (in PBS) for 10 min at RT
and then a final wash using PBS. Z-stack images (with a 0.5pm Z
step) were acquired using the Zeiss confocal light scanning micro-
scope (LSM) 980, equipped with Airyscan 2 detector with ZEN soft-
ware. A 63%x/1.40 NA oil objective with Immersol 518F immersion
oil (Zeiss) was used. Images were handled in ImageJ to generate sin-
gle colour grayscale and composite images. The intensity plots were
generated using the plot profile tool.

Imaging analysis of p-STING puncta

A FIJI macro and CellProfiler pipeline were used to quantify the
number of phosphorylated (p)-STING puncta per cell and analyse
their intensity. Firstly, the FIJI macro was used to batch-process all
image files: generation of maximum intensity projections (MIP) of
Z-stacks; splitting (3) channels; and conversion of images into a
binary mask, removing objects touching edges. This mask was sub-
sequently used for cell segmentation in CellProfiler. Secondly, the
resulting images files were used as input for the CellProfiler pipeline
to detect the number of p-STING puncta per cell. The binary mask
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was used to segment cell objects. The p-STING puncta were
detected and related as a component (child) of the cell object (par-
ent). A reference overlay outline of the puncta and cell objects was
created to calculate different measurements (cell and related cell-
puncta size, area occupied and intensity) and exported in a spread-
sheet before data were plotted using GraphPad Prism.

Live cell imaging

2.5-5x10% iBMDMs were seeded in 8-well p-slide ibiTreat chamber
slides (iBidi). The following day cells were imaged live using the 3i
marianas spinning disk confocal microscope with CSU-W1T2 Yoko-
gawa spinning disk confocal (50 pm disk) coupled to inverted Zeiss
Axio observer 7 stand. iBMDMs were imaged before or after treat-
ment with 50 pg/ml DMXAA. Z stack images were acquired with a
0.5 pm z-step over time. Details for image acquisition can be found
in figure legends. Imaris software was used to export 3D movies for
visualisation as mp4 files. Single images or image sequences were
exported from ImageJ either as maximum intensity projections
(MIPs) or a single z-slice.

Live cell imaging analysis

To measure the increase in Golgi accumulation of eGFP-STING, cells
treated with 50 pg/ml DMXAA were imaged as a volumetric time-
series ~ 2min post addition. Two ROIs were drawn, one encom-
passing the perinuclear Golgi and the other including the more
peripheral endoplasmic reticulum, identified from the last frames.
The mean intensity above background, for both ROIs was measured
from maximum intensity projections of the volumes and the Golgi/ER
intensity was plotted over time. For obtaining intensity loss at Golgi;
Golgi boundary was obtained by watershed-based segmentation and
intensity was measured. The individual cells were normalised by
maximum value (usually the first time-point) to describe the rate of
STING loss independent of initial values and to ascertain variability
in the rates. Linear parts of the curve were fit using a linear function
and presented as a guide to the eye. To obtain endosomal numbers,
the data were first photo-bleach corrected using histogram normalisa-
tion (Miura, 2020) to avoid undercounting owing to bleaching, and
detected and tracked as previously described (York et al, 2021), and
counted for individual cells across entire time-lapse movies.

Phosphoproteomic screen

Primary BMDMs were seeded at a density of 10 x 10° in 10 cm petri
dishes the day before the experiment. BMDMs were then left
untreated or treated with 50 pg/ml DMXAA or the corresponding
dilution of DMSO for 5, 10 or 30 min. All treatments were performed
in quadruplicate. BMDMs were then washed 3x with TBS and lysed
with 1 ml of lysis buffer (4% sodium deoxycholate [SDC], 100 mM
HEPES) on ice, before samples were snap-frozen on dry ice. Samples
were processed by the Monash Proteomics and Metabolomics Facil-
ity (MPMF) similarly as previously described (Huang et al, 2020).
Briefly, protein lysates were reduced with 10 mM TCEP (Thermo-
Fisher), alkylated with 40 mM CAA (Sigma) and digested with tryp-
sin (Promega). The majority of each sample was subjected to
phosphopeptide enrichment, whilst a small aliquot was removed for
the analysis of the underlying proteome. Both sample types were
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analysed by LC-MS/MS on a QExactive HF mass spectrometer
(ThermoFisher Scientific) coupled online to a RSLC nano HPLC (Ulti-
mate 3000, UHPLC ThermoFisher Scientific). Samples were loaded
onto a 100 pm, 2 cm nanoviper Pepmap100 trap column, eluted and
separated on a RSLC nano column 75 pm X 50 cm, Pepmap100 C18
analytical column (ThermoFisher Scientific). The tryptic peptides or
phosphopeptides were separated by increasing concentrations of
80% ACN/0.1% formic acid at a flow of 250 nl/min for 158 min.
Data-independent acquisition (DIA) mass spectrometry was used to
analyse the total proteome. The instrument was set to switch
between a full MS scan and 43 subsequent DIA scans. Survey full
scan MS spectra (m/z 375-1,575) were acquired with 60,000 resolu-
tion (at m/z 200) after accumulating ions to an AGC (Automatic
Gain Control) target of 3 x 10° with a maximum injection time of 54
ms. 43 DIA scans were acquired with 15,000 resolution (at m/z 200)
covering the m/z range between 375 and 975 and using an isolation
window of 14 m/z. The AGC target was set to 2 x 10° with a maxi-
mum injection time of 22 ms and the normalised collision energy to
27. Spectronaut v14 (Biognosys) was used to analyse all DIA data.
Data-dependent acquisition (DDA) mass spectrometry was used to
analyse the phosphoproteome. The instrument was set to toggle
between a full MS scan and subsequent MS/MS scans. Survey full
scan MS spectra (m/z 375-1,575) were acquired with 60,000 resolu-
tion (at m/z 200) after accumulating ions to an AGC \ target of 3 x
10° with a maximum injection time of 54 ms. Dynamic exclusion
was set to 30s. The 30 most intense multiply charged ions (z>2)
were sequentially isolated and fragmented in the collision cell by
higher-energy collisional dissociation (HCD) with a maximum injec-
tion time of 54 ms, 30,000 resolution and an AGC target of 1 x 10°.
MaxQuant (version 1.6.5.0; Cox & Mann, 2008) was used to interro-
gate all DDA files against a human protein sequence database. Cyste-
ine carbamidomethylation was specified as a fixed modification, and
methionine oxidation, N-terminal acetylation and phosphorylation
at serine, threonine or tyrosine were set as variable modifications.
Only proteins and peptides falling below a false discovery rate (FDR)
of 1% were considered for subsequent analyses.

Analysis of phosphoproteomics data

Phosphoproteomics data were further analysed using R language
(https://www.R-project.org/). Normalised intensity values were
supplied by the Monash Proteomics and Metabolomics Facility
(MPMF). Samples were visualised via uniform manifold approxima-
tion and projection (UMAP) using the umap library. One pair of rep-
licates (DMXAA- and DMSO-treated) at the 30 min time point
exhibited abnormalities consistent with a suspected technical error
and were excluded from subsequent analysis. Unpaired t-tests were
performed using the stats library. Differentially phosphorylated resi-
dues were selected with a threshold of P<0.01 and Log2FC > 1. Vol-
cano plots and intensity plots were generated in GraphPad Prism,
while heatmaps were produced using the ggplot2 library. Gene
ontology (GO) and Reactome pathway analysis was performed using
the STRING online platform (https://string-db.org).

Statistical analysis

Unpaired two-tailed Student’s t-test, one-way or two-way ANOVA
was performed using Prism 7.0 GraphPad Software as indicated in
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figure legends. No calculations were performed to estimate sample
size. Samples were not blinded during experimentation.

All reagents are available upon request from the corresponding
authors.

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRoteomics IDEntifications
(PRIDE) (Perez-Riverol et al, 2022) partner repository with the
dataset identifier PXD037108.

Expanded View for this article is available online.
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