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Stimulator of Interferon Genes (STING) is a cytosolic sensor of cyclic dinucleotides (CDNSs).
The activation of dendritic cells (DC) via the STING pathway, and their subsequent
production of type | interferon (IFN) is considered central to eradicating tumours in
mouse models. However, this contribution of STING in preclinical murine studies has
not translated into positive outcomes of STING agonists in phase | & Il clinical trials. We
therefore questioned whether a difference in human DC responses could be critical to the
lack of STING agonist efficacy in human settings. This study sought to directly compare
mouse and human plasmacytoid DCs and conventional DC subset responses upon
STING activation. We found all mouse and human DC subsets were potently activated by
STING stimulation. As expected, Type | IFNs were produced by both mouse and human
plasmacytoid DCs. However, mouse and human plasmacytoid and conventional DCs all
produced type Il IFNs (i.e., IFN-As) in response to STING activation. Of particular interest,
all human DCs produced large amounts of IFN-A1, not expressed in the mouse genome.
Furthermore, we also found differential cell death responses upon STING activation,
observing rapid ablation of mouse, but not human, plasmacytoid DCs. STING-induced
cell death in murine plasmacytoid DCs occurred in a cell-intrinsic manner and involved
intrinsic apoptosis. These data highlight discordance between STING IFN and cell death
responses in mouse and human DCs and caution against extrapolating STING-mediated
events in mouse models to equivalent human outcomes.

Keywords: STING activation, dendritic cell (DC), interferon-lambda, human dendritic cells, type lll interferons, cell
death, plasmacytoid dendritic cells (pDCs)
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INTRODUCTION

Stimulator of IFN genes (STING, also known as TMEM173,
MITA, MPYS or ERIS) is a pattern recognition receptor (PRR)
that recognises cytosolic DNA in the form of cyclic dinucleotides
(CDNs), such as the bacterial product cyclic-guanosine
monophosphate-adenosine monophosphate (3’3 cGAMP) (1-
4). In addition to bacterial components, other forms of DNA
from viruses, or the host cell, that find their way into the cytosol
are recognised by an enzyme c-GMP-AMP (cGAMP) synthase
(cGAS). Upon cytosolic DNA binding, cGAS converts ATP and
GTP into the metazoan-specific CDN 2’3’-cGAMP for STING
recognition and activation (4-6). STING is a transmembrane
protein that exists as dimers anchored within the endoplasmic
reticulum membrane and forms a V-shaped pocket that enables
cytosolic CDN binding. Ligand binding results in significant
conformational changes in the C-terminal domain of STING,
mediating its transport to Golgi compartments. At the Golgi,
STING recruits TANK-binding kinase 1 (TBK1), which
facilitates IRF3 phosphorylation, nuclear translocation and the
strong induction of transcription of type I IFNs (e.g. IFN-f)
(7-12). STING also triggers a robust pro-inflammatory cytokine
response [e.g. tumour necrosis factor (ITNF)] by activating
Nuclear Factor-kappa B (NF-kB) and this part of the pathway
can be mediated independent of TBK1 via a closely related
homologue protein, IKKe (13).

STING activation, and associated type I IFN responses, are
required for optimal immune responses to infectious pathogens and
DNA-based vaccines (14), as well as for anti-tumour responses (15),
including after DNA damage induced by radiation and
chemotherapies (16-18). Thus, therapeutics directly targeting
STING represent an important avenue to explore. Indeed, in
mouse, the use of STING agonists has emerged as a powerful tool
to eliminate tumours, both when used alone or as an adjunct to
enhance checkpoint immunotherapies (15, 19-21). However,
human clinical trials to date have failed to recapitulate the
promising pre-clinical responses observed in animal models (22,
23). This lack of efficacy has been somewhat surprising as previous
studies have suggested that STING-induced signaling pathways that
lead to type I IFN and pro-inflammatory cytokine production are
intact in humans and mice (13).

Dendritic cells (DCs) are important players in innate immune
responses and their activation is required for the induction of
specific immunity. It has been proposed that a DC type I IFN
(IFN-o, B) response is essential for STING-mediated immune
responses (14, 24). The current dogma garnered from mouse
tumour models proposes that DC ingestion of tumour DNA, or
use of STING agonist therapy, leads to STING-dependent IFN-3
production that enhances conventional (c) DC function to boost
subsequent anti-tumour immune responses (15, 24). However, any
further detailed molecular studies focused on STING activation in
¢DCs have largely focused on monocyte-derived DCs generated in
vitro with GM-CSF (9). A direct comparison of human and mouse
DC responses to STING activation is therefore of critical
importance, but to date has not been carried out.

DCs are categorised into different subsets with specialised
functions and are conserved across species. Plasmacytoid DCs

(pDCs), the original natural interferon producing cells (NIPC),
are major type I IFN producers. The cDC1 subset excels at the
presentation of exogenous antigen on MHCI (cross-
presentation), particularly when associated as particulate or
cell-associated antigen, and cDC1 are excellent at inducing and
activating cytotoxic T cells (CTL). cDC2s are superior at
enhancing CD4" T cell activation through MHCII presentation
and are important for inducing T helper 2 (Th2) and Th17
cellular responses [reviewed in (25)]. We have previously shown
that pDCs and ¢DCls also have the specialized capacity to
produce high levels of Type III IFNs (or IFN-1) in response to
TLR7/9 and TLR3 ligands, respectively, and to multiple viruses
(26). Others have also recently shown that human pDCs produce
IFN-A in response to STING agonists, similar to TLR7 or 9
activation (27).

The IFN-A family of genes differs between human and mouse
in that the mouse genome encodes only 2 highly homologous
genes, IFN-A2 and IFN-A3, whilst the human genome universally
encodes 3 genes, IFN-A1, -A2 and -A3. Moreover, polymorphisms
in the IFN-A gene locus that are more prevalent in people of
African descent (28, 29) can lead to expression of a fourth IFN-A
gene, IFN-A4, which exhibits only approximately 40% identity to
the other IFN-A genes but still signals through the IFN-A Receptor
(R) (30). IEN-A proteins bind to the IFN-AR composed of the
unique IFNLR1 (IL-28RA) and the IL-10RB. The IFN-AR,
although distinct from the type I IFNR, similarly employs JAK-
STAT signaling leading to the transcription of hundreds of
interferon stimulated genes (ISGs) and antiviral activity (31).
However, IFN-AR expression is mainly confined to epithelial
cells and select subsets of hematopoietic cells, including DC,
with much work still to be done to refine expression during
health and disease settings (32). Overall, IFN-A seems to have
evolved to protect mucosal and epithelial barriers. Whilst I[FN-A1
and -A2 induce upregulation of similar sets of ISGs, there is some
evidence that IFN-A1 lacks gene repressor function compared to
IFN-A2 (33). Whether unique function of IFN-Al in specific
epithelial and hematopoietic cells generates differences in overall
IFN-A signaling outcomes in mouse versus humans is not yet
known. In addition, expression of IFN-A4, together with other
polymorphisms within the IFN-A locus, is strongly linked to poor
clearance of Hepatitis C Virus (34). Polymorphisms within the
IFN-A gene locus have also recently been linked with the incidence
and/or mortality of other diseases including liver inflammation,
fibrosis and non-alcoholic fatty liver disease and certain cancers
(28, 29, 35). Intriguingly, the mechanisms behind how these
polymorphisms affect viral infection, inflammatory disease and
cancer, as well as the involvement of high IFN-A producing cells
such as DCs in these contexts, are as yet unclear.

Here we present the first detailed comparison of STING
activation in freshly isolated ex vivo DCs from mice and humans,
and reveal divergent molecular and cellular responses. STING
ligation by cyclic dinucleotides (CDNs) markedly upregulated cell
surface expression markers of DC activation and maturation to
levels at least as prominent as TLR activation. Moreover, STING
activation elicited equivalent cell death in human blood and mouse
cDC2. In contrast, while mouse pDC were rapidly ablated, human
pDCs were refractory to STING-induced killing. Importantly,
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in response to STING stimulation, differential IFN production was
observed by DC subsets that is shared across the species. pDC of
both species produced IFN-o, whilst all DC subsets produce IFN-2
and -3 proteins upon STING activation. IFN-Al was the most
highly expressed IFN from all human DC subsets. This work places
IFN-A in the spotlight as a potential major player in DC-mediated
immune responses downstream of STING activation.

RESULTS

DC Subsets Reveal Differential Signaling
Upon STING Activation but IFN-A Is
Produced From All Mouse DC Subsets
The activation of STING in c¢DCs is reported to lead to type I IFN
production (14), enabling enhanced T cell stimulation and therefore
is likely to be essential for co-ordinating downstream T cell-
mediated immune responses. However, the direct effects of
STING activation on mouse and human DC function is less clear
but remains of immense interest to understand the potential
adjuvant properties of STING ligands. We therefore firstly tested
the ability of an array of cyclic dinucleotide (CDN) STING ligands, ¢
[G(3’,5)pA(3’,5)p] (3’3 cGAMP), 2’3’ cGAMP, ¢ di-AMP, c di-
GMP, versus linearised controls, to activate and induce type I and
II IFN production in mouse splenic DC cultures. All STING
ligands led to upregulation of CD86 (Figure 1A) and MHCII
(Supplementary Figure 1A and Supplementary Figure 2) on
pDC and c¢DC subsets. In fact, cGAMP (10 nmol) induced CD86
expression on DC, most notably on pDC, that far surpassed the level
seen in response to TLR activation (Figure 1A). Analyses of IFNs in
these cultures also revealed that upon activation, STING induced
appreciable levels of IFN-o and IFN-A (Figure 1B), albeit at lower
levels than the TLR ligand, CpG-A (CpG 2216). Importantly, IFN
production was abrogated in DC lacking STING (Supplementary
Figure 1B), confirming the responses were indeed STING-
dependent. However, whether cell activation and IFN production
was intrinsic to each of the DC subsets examined, or a bystander
event upon selective DC activation, remained unclear.
Conventional DC1 (cDC1) activation has been observed in vivo
in response to STING-activating adjuvants (36). Moreover,
activation of cDC1 through STING is purported to be critical in
inducing CTL responses upon immunotherapy administration
(reviewed in (37)). However, in these scenarios, whether ¢DCl1
directly respond to STING ligands has not been examined in
detail. We therefore firstly examined levels of STING in DC
subsets and found that STING (encoded by the gene Tmem173)
is differentially expressed amongst DC subsets with expression in
mouse pDC >cDC2 >cDC1 (Supplementary Figure 3A). Next, to
determine the response of individual DC subsets to STING
ligands, we sorted freshly isolated mouse splenic DCs into cDC1
(CD11c™CD317°CD8*CD11b), <DC2 (CD11c™CD317°CD§”
CD11b*) and pDC (CD11¢™CD317"CD11b) subsets
(Supplementary Figure 4A), and stimulated them with 3°3’-
c¢GAMP for 1.5 hours. Consistent with our gene expression data
(Supplementary Figure 3A), Western blotting confirmed
differential protein levels of total STING between DC subsets.

These analyses further indicated that the ¢cDC1 and ¢DC2
populations showed similar signaling events within the STING
signaling pathway, with activation of NF-kB-p65, TBK1, IRF3 and
STING (Figures 2A, B). This was commensurate with signaling
events shown for other cell types (13); with the exception that we
were unable to detect IKKe protein in any DC subset (not shown).
Although not reaching significance, there was a trend for cDC2 to
express the highest relative level of phospho (P)-STING, and the
phosphorylated form of the STING-activating kinase, TBK1
(Figures 2A, B). Intriguingly, despite pDC exhibiting the
highest levels of total STING protein they demonstrated modest
STING phosphorylation and IRF3 activation, and showed little to
no activation of NF-xB p65 (Figures 2A, B). These data strongly
suggest differential regulation of the STING signaling pathways
between ¢cDCs and pDCs.

In view of the fact that all DC subsets were STING competent,
we next examined the expression of co-stimulatory markers CD86
and CD80 in cultured DC subsets by FACS (Figure 2C and
Supplementary Figure 5). It is worth noting that we and others
routinely observe that isolated ¢DCs upregulate these activation
markers in vitro in media alone (38) and that further increases are
observed in cDCI and ¢cDC2 upon TLR3 (poly I:C) or TLR9 (CpG)
activation, respectively (Figure 2C). Remarkably, we observed that
3’3’-cGAMP stimulation potently induced significant upregulation
of CD86 (Figure 2C) and CD80 expression in cDC2
(Supplementary Figure 5), commensurate with increased STING
signaling responses (Figure 2A). Compared to the negative controls,
this upregulation was notably higher than the CD86 and CD80
expression elicited by CpG stimulation (Figure 2C and
Supplementary Figure 5). Likewise, pDCs, which normally
exhibit modest upregulation of CD86 and CD80 on their surface
after CpG-induced activation, also expressed heightened expression
of these markers after cGAMP stimulation (Figure 2C and
Supplementary Figure 5). This is perhaps surprising given the
relatively poor STING phosphorylation observed in pDCs upon
stimulation (Figure 2A). Commensurate with the low levels of
STING we observed in cDC1, cGAMP only slightly enhanced CD86
(Figure 2C) and CDS80 (Supplementary Figure 5) levels, which
were more comparable to that induced by poly I:C (Figure 2C and
Supplementary Figure 5).

We have previously documented that cDC1 and pDCs produce
not only large quantities of type I IFNs but also IFN-A in response to
poly I:C and CpG stimulation, respectively (26). Consequently, we
tested supernatants from sorted mouse DC subsets treated with 3°3’-
c¢GAMP for production of IFN-o and -f3, as well as IEN-A, by ELISA
and bead array. In order to support the viability of sorted cDC after
sorting and maximise IFN-A production (26), we included a low
concentration of GM-CSF (0.2 ng/ml) in the stimulated cultures.
Interestingly, the levels of STING activation in each of the DC
subsets was not directly related to levels of IFN production
(Figures 2A, D). Consistent with their specialised IFN-I
producing function, pDCs produced low levels of IFN-o in
response to cGAMP stimulation (Figure 2D). However, cDC2
and ¢DC1 also produced low levels of IFN-o that was only
detectable in the presence of GM-CSF (Figure 2D and
Supplementary Figure 6). The major producers of IFN-8 were
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FIGURE 1 | Triggering STING with CDNs induces potent activation and IFN production in mouse DCs. Bulk splenic mouse DCs were stimulated with 1 or 10 nmol
2’8" cGAMP, 3’3’ cGAMP, c-di-AMP or c-di-GMP complexed with lyovec, their respective linearized control ligands (Ctrl) complexed with lyovec, lyovec alone, 0.5
uM CpG2216 or 100 ug/mL pl:C for 18 h. (A) CD86 expression on DC subsets was determined using flow cytometry. Bar graphs represent the mean difference
between geometric mean fluorescence intensities (QMFI) of stained samples and fluorescence minus one (FMO) controls + SEM from 3 biological replicates (pool of 2
mice per replicate). (B) IFN production in cell culture supernatants were analysed by ELISA. Bar graphs represent mean + SEM from 3 biological replicates (pool of 2
mice per replicate). Statistical analyses were performed using two-tailed Paired Student’s t test where *P < 0.05, **P < 0.01, ***P < 0.001 and ns, not significant.

the cDC2 subset, while IFN-A2/3 was produced by all DC subsets in
response to 3’3’ cGAMP-mediated STING activation (Figure 2D),
with ¢DC1 producing the most, most prominently when
supplemented with GM-CSF (Figure 2D and Supplementary
Figure 6). Overall these data reveal that while all DC subsets
activate STING upon CDN treatment they differ in their
downstream signaling and IFN responses.

STING-Dependent Activation Occurs
Co-Incident With Potent Killing of

Mouse pDCs

It has recently been recognized that STING signaling can trigger
multiple forms of cell death, including apoptosis, pyroptosis and
necroptosis (39), but the effects on DCs are unknown. Given the
potential importance of antigen presentation and IFN responses

induced in individual DC subsets after STING activation, we set
out to determine whether STING signaling induced death of DC
subsets. Analyses of the total spleen mouse DCs after activation
with CDNs revealed that pDC numbers were obliterated
compared to stimulation with a control linearized dinucleotide
ligand (Figure 3A). The analyses of sorted spleen DCs revealed
this cGAMP-induced death was intrinsic to the pDC and not due
to feedback from the other DCs in the total DC cultures
(Figure 3B). This was in stark contrast to TLRY activation
with CpG, which enhanced survival of pDCs compared to
media alone (Figure 3B). In addition to the depletion of pDCs,
we further observed a significant reduction in sorted cDC after
stimulation with cGAMP, although to a lesser extent (Figure 3B)
and ¢DC1 and cDC2 population ratios remained similar in the
unsorted DC (Supplementary Figure 7). Remarkably, pDC cell
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FIGURE 2 | Type | and Ill IFNs are differentially produced by DC subsets after cGAMP stimulation. (A, B) Sorted splenic mouse cDC1, ¢cDC2 and pDCs (see
Supplementary Figure 4A for sorting strategy) from a pool of 11-12 mice were stimulated with 10 nmol 3’3" cGAMP or its linearized control ligand (inGAMP Ctrl)
complexed with lyovec for 1.5 hrs. (A) Cells were then lysed and blotted using the indicated antibodies. Data shown represents 1 of 2-3 independent experiments.
(B) Densitometric analysis of (i) phosphorylated STING relative to total STING (i) phosphorylated TBK1 relative to total TBK1 and (i) phosphorylated IRF3 relative to
total IRF3 immunoblots from 2-3 independent experiments are shown. Bar graphs show mean + SEM. (C) Sorted splenic mouse cDC1, cDC2 and pDCs from a
pool of 15-17 mice were stimulated with 10 nmol 3’3" cGAMP or its linearized control ligand (inGAMP Ctrl) complexed with lyovec, lyovec alone, 0.5 uM CpG2216
or 100 pg/mL pl:C for 18 h. CD86 expression on DC subsets was determined using flow cytometry. Bar graphs represent the mean difference between geometric
mean fluorescence intensities (gMFI) of stained samples and fluorescence minus one (FMO) controls + SEM from 3 independent experiments. (D) Sorted splenic
mouse cDC1, cDC2 and pDCs from a pool of 15-17 mice were stimulated with 10 nmol 3’3’ cGAMP or its linearized control ligand (inGAMP Ctrl) complexed with
lyovec, lyovec alone, 0.5 uM CpG2216 or 100 ug/mL pl:C in the presence of 0.2 ng/mL GM-CSF for 18 hrs. IFN production in cell culture supernatants was
analysed by ELISA (IFN-a and IFN-A) or flow cytometric bead assay (IFN-B). Bar graphs represent mean + SEM from 4 independent experiments. Statistical analyses
were performed using two-tailed Paired Student’s t test where “P < 0.05, **P < 0.01 and ns, not significant.
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mean relative survival of pDCs + SEM from 3 biological replicates (pool of 2 mice per replicate). Statistical analyses were performed using (B, D, E) two-tailed Paired
Student’s t test or (C) two-way ANOVA using Tukey’s test to correct for multiple comparisons where “P < 0.05, *P < 0.01, **P < 0.001 and ns, not significant.

death was rapid (significant from 4 hours onwards, Figure 3C)
and stimulation with a 10-fold lower concentration of cGAMP
(Inmol) still induced killing of pDCs, albeit reduced (Figure 3C).
These results suggest murine pDCs are more sensitive to cell
death upon STING activation than both ¢cDC1 and ¢DC2s.

To determine the specificity of STING in inducing rapid pDC
death we assessed pDCs viability upon the genetic deletion of

STING. STING deficiency (Tmem173”") completely protected
pDCs from cell death following 3°3> ¢cGAMP stimulation
(Figure 3D) thereby confirming this is a STING-dependent
event. Given that different CDNs bind to STING with different
affinities and could potentially affect STING activation (40), we
next determined whether other CDNs were able to similarly
induce DC death in mixed cultures of spleen DC. Significant

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 794776


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Pang et al.

STING Responses in Dendritic Cells

pDC death occurred after stimulation with all four types of
CDNes tested, although bacterial CDNs (3’3’ cGAMP, c-di-AMP,
c-di-GMP) were more potent at inducing cell death when
compared to mammalian 2’3" cGAMP at a lower (1 nmol)
dose (Figure 3E). For cDCs, the ¢cDC2 subset exhibited
increased death to all CDNs over the controls (Supplementary
Figure 8), however, a drop in the cDC1 population numbers was
only observed after c-di-AMP stimulation (Supplementary
Figure 8). Overall, cell death in these mixed cultures
(Supplementary Figure 8) was not as dramatic as seen in the
sorted populations (Figure 3B). We did not further investigate
the reason for this but propose that a combination of cell:cell
crosstalk and lack of stress induced by cell sorting slightly
enhanced the survival of the unsorted populations.

Soluble Mediators Induced by STING
Activation Are Not Responsible for Mouse
pDC Death

To clarify the mode of pDC death after STING activation, we
first investigated if pDCs were dying via a direct, intrinsic
mechanism following STING activation, or if they were
producing a soluble factor that could feedback on cells and
induce cell death extrinsically. Some cytokines, such as the key
pro-inflammatory cytokine TNF, can bind to receptors that have
death domains and trigger apoptosis (41). Therefore, we
examined the cytokine and chemokine profile in the
supernatants of mouse pDCs stimulated with cGAMP.
Although pDCs produced large quantities of TNF, IL-6,
RANTES and MIP-1B in response to CpG stimulation, they
produced much lower amounts of these cytokines and
chemokines after cGAMP stimulation (Figure 4A). Others
have shown that IL-10, previously implicated in human pDC
death (42), can also be produced in response to STING activation
(43). We did not detect any IL-10 in the supernatants of pDCs
stimulated with cGAMP (data not shown). However, other types
of soluble mediators not tested here, including hormones, could
be present in these supernatants and induce pDC death after
STING activation (44).

To formally address if pDC death could be induced by a soluble
factor produced after STING activation, we stimulated splenic
DCs from wild-type (WT) C57BL/6 mice with 3’3 cGAMP/lyovec
complexes then harvested the culture supernatants after 18 hours
to isolate potential soluble death-inducing factors. Freshly isolated
DCs from WT and Tmem173”~ mice were then stimulated with
these culture supernatants alone and pDC survival was
determined (Figures 4B, C). Use of Tmeml 737~ DCs that lack
STING expression eliminated the possibility that residual ecto-
nucleotide pyrophosphatase phosphodiesterase degradation
resistant 3’3’-cGAMP/lyovec complexes (45) present in the
supernatants, and/or STING ligands released from dead and
dying cells, could activate STING directly in freshly isolated DCs
(Figure 4B). Hence, if an inducible soluble mediator was indirectly
inducing pDC death both WT C57BL/6 and Tmem173”~ pDCs
should die. Importantly, we observed that pDCs from WT C57BL/
6, but not Tmem173”", mice displayed significant cell death after
stimulation with culture supernatants (Figure 4C), suggesting that

pDC depletion after STING activation was not caused by a
secreted soluble factor but rather via direct intracellular
STING activation.

Intrinsic Apoptosis Is Indispensable

or cDC Death but Only Partly Required

for pDC Death Induced Upon

STING Activation

Having established that mouse STING-mediated pDC death is
cell intrinsic, we next investigated which programmed cell death
pathway was responsible. As multiple modes of cell death have
been implicated in mammalian and bacterial/viral DNA sensing
(46), as well as during STING responses in myeloid cells,
fibroblasts and other cell types (47) we examined the role of
four major inflammatory and non-inflammatory cell death
pathways in pDC demise: pyroptosis, necroptosis, extrinsic and
intrinsic apoptosis. A schematic diagram displaying key signaling
components of each pathway is shown in Figure 5A. To
determine which cell death pathway was involved in STING-
dependent pDC death, we used genetically modified mice that
had key components of each pathway deleted or overexpressed.
Caspase-1""Caspase-11""(Casp1/11”") and Ripk3”" mice were
used to block pyroptosis and necroptosis, respectively. In
addition to its key role in extrinsic apoptosis, caspase-8 can
also cleave RIPK3 to limit necroptosis (48). Therefore, Ripk3”"
Caspase-8” (Ripk3” Casp8”") mice were also used to inhibit both
extrinsic apoptosis and necroptosis simultaneously. We isolated
DCs from these knockout mice and stimulated them with
cGAMP for 18 hours. We observed pDC depletion of
comparable severity to C57BL/6 mice in Caspl/117, Ripk3”
and Ripk3” Casp8”~ mice after cGAMP stimulation, thus
eliminating the involvement of pyroptosis, necroptosis and
extrinsic apoptosis, respectively, in STING-mediated pDC
death (Figures 5B, C).

Next, to determine any involvement of intrinsic
“mitochondrial BCL-2 family regulated” apoptosis in STING-
dependent pDC death, we used Bcl2 transgenic mice that
overexpress anti-apoptotic protein BCL-2 under the
haematopoietic-restricted Vav promoter (Bcl2Tg). Importantly,
BCL-2 has previously been shown to be a key baseline pro-
survival factor in pDCs but not cDCs (49, 50). We isolated
splenic DCs from WT non-transgenic or Bcl2Tg mice and
stimulated them with 3’3> cGAMP in vitro. Consistent with our
previous findings (49, 50), there was a greater percentage of
pDCs in the Bcl2Tg spleens (Figure 5D). Moreover, whilst we
recovered more pDCs back from cultures of BcI2Tg pDC treated
with cGAMP, there was still a 72% decrease in pDC number
compared to stimulation with its control ligand, suggesting that
the major mechanism of pDC death post-STING activation is
not rescued by BCL-2 overexpression (Figure 5E). Likewise, the
cell death seen in STING-activated cDC populations was also not
rescued by BCL-2 overexpression (Figure 5F).

Although BCL-2 is a crucial regulator of pDC survival, or at
least its transgenic expression is able to support pDC survival
(49), there are other anti- and pro-apoptotic signals (e.g. BH3-
only proteins) that can influence the activation of intrinsic
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FIGURE 4 | Soluble mediators induced by STING activation are not responsible for pDC death. (A) Sorted splenic pDC from a pool of 15-17 mice were stimulated
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design. (C) Bar graphs show mean relative survival (compared to media supernatant alone) + SEM from 3 individual mice per genotype. Statistical analysis was
performed using two-tailed Paired Student’s ¢ test where P < 0.01 and ns, not significant.

apoptosis. Hence, to more definitively determine if intrinsic
apoptosis is involved in STING-dependent pDC death, we
examined STING-mediated cell death in mice lacking the
intrinsic apoptosis effector proteins, BAX and BAK. BAX and
BAK activation and pore formation in the mitochondrial outer
membrane is the ‘point of no return’ in apoptosis (recently
reviewed in (51, 52)). Mice harbouring global genetic deletion of
both Bax and Bak genes are embryonically lethal and therefore
viable Vav"*Bax'*"**Bak™~ mice were used to generate bone
marrow (BM) chimeras lacking BAX and BAK specifically in
haematopoietic cells (53). As per prior experiments, we isolated
splenic DCs from these mice and stimulated them with 3’3
cGAMP. The BM chimera splenic DC responded to cGAMP
stimulation, in fact trending higher in the production of IFN-A,
IEN-0o. and TNF than the WT chimeras (Supplementary
Figure 9A). As expected, the pDC population was depleted in

the WT BM chimera spleen cultures after cGAMP stimulation,
illustrating that STING-dependent pDC death still occurred in
these BM chimeric mice (Figure 5G). However, in line with our
Bcl2Tyg results, pDCs from the Bax””/Bak” BM chimeras were
partially rescued from cell death after cGAMP stimulation
(Figure 5H), with survival increased about 40% in pDC
deficient in expression of BAX and BAK. The trend of
increased IFN-o. from the STING-activated BAX/BAK
deficient DC cultures (Supplementary Figure 9A) is likely due
to the increased survival of these cells. Indeed, the Bax”"/Bak™
pDC also showed clear STING-dependent activation with
upregulation of both CD69 and CD86 on these increased
numbers of surviving cells (Supplementary Figure 9B). These
data are in line with publicly available RNA sequencing data
indicating normal levels of STING pathway genes (e.g.,
Tmem173, Tbkl, Irf3) in immune cells deficient in expression
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of BAX and BAK (54). These results confirm a partial
contribution of intrinsic apoptosis to STING-dependent pDC
death. The rigour of this finding was highlighted by the fact that,
in contrast to the partial rescue of mouse pDC death observed in
Bax”"/Bak”” BM chimeras after cGAMP stimulation, a complete
rescue of the moderate levels of cell death in both ¢cDC1 and
c¢DC2 was observed, identifying that intrinsic apoptosis is the
main mechanism of STING-dependent death of ¢DC
(Figure 5I). These data further demonstrate that, similar to
our findings relating to differential IFN production from cDCs
and pDCs, it appears these subsets may elicit alternative (at least
in part) modes of cell death.

To further substantiate our findings showing intrinsic
apoptosis was involved in the rapid STING-induced death of
pDC, we first treated DC with the pan-caspase inhibitor Q-VD-
OPh (55). The pDC were rescued from cell death induced in just
media alone or STING-induced (Supplementary Figure 9C).
The cleavage of caspase 3 occurs downstream of BAX/BAK
activation and at 1.5 h we show that caspase 3, although
expressed at low levels, is indeed cleaved in pDC
(Supplementary Figure 9D). Moreover, caspase 3/7 activity in
the cGAMP-stimulated pDC was illustrated using the caspase 3/
7 Glo-assay (Promega, Supplementary Figure 9E).

Human DCs Display Divergent Responses
to STING Activation

Our data thus far indicated that STING activation in mouse DC
subsets induces DC activation and differential type I IFN
production between subsets, and IFN-A production from all
subsets examined. ¢cDC1 and cDC2 were also susceptible to
STING-driven cell death and this was completely dependent on
intrinsic apoptosis. We therefore turned to the human immune
system to determine whether human DC subsets displayed similar
phenotypes. Interrogation of publicly available microarray and
RNA sequencing data sets revealed that, similar to mouse DC
subsets, human c¢DC1 (CD141") expressed the lowest levels of
STING transcripts (Supplementary Figure 3B-E). The human
cDC2 (CD1c") expressed the highest level of STING amongst the
DC subsets of human blood, with blood pDCs displaying
intermediate STING expression between ¢DCIl and c¢DC2
subsets (Supplementary Figure 3B). Expression of STING
transcripts in humanised mice DC subsets was similar, although
pDC tended to have expression levels closer to ¢cDC2
(Supplementary Figure 3B-E).

Recently, Pratik et al. (27) demonstrated that human pDC, in
line with their mouse counterparts, also produced type I IFN and
IEN-A, specifically IFN-A1, upon STING activation. To
determine whether STING stimulation with cGAMP also
induces potent activation of all human DCs, ¢cDC and pDC
populations were isolated from human blood (Supplementary
Figure 4B) and were stimulated with 2’3> cGAMP, which has
been reported to be the most stimulatory STING ligand for
human cells (56). Upon cGAMP stimulation the levels of
activation marker CD86 on ¢DCs (Figure 6A) and CD69 on
pDCs were upregulated (Figure 6B). Examination of DCs from
humanised mice, previously shown to be functionally akin to

their human blood counterparts (57), also demonstrated a potent
increase in CD80 expression by pDCs and c¢DC subsets
(Supplementary Figure 10A). Therefore, as we observed in
mouse DC subsets (Figure 1), 2’3 ¢cGAMP is a strong
activator of all human DC subsets.

To investigate whether human DCs similarly responded with
IFN production to STING ligands, we isolated total DCs from
human blood and stimulated them with 2’3 ¢cGAMP and
controls and measured IFN production. Like mouse splenic
DCs, human DCs produced IFN-a, IFN-f3 and IFN-A2/3 in
response to the cGAMP (Figure 6C). However, IFN-A1 (IL-29),
an isotype of IFN-A that is a pseudogene in the mouse genome,
was produced at extremely high levels in response to cGAMP
(Figure 6C). As with mouse DCs (Figure 1), we observed human
blood DC IFN-B responses were also much greater than IFN-o.
responses to STING ligand (Figure 6C).

We have previously shown that the activation of humanised
mice DC subsets closely mirrors that of ex vivo blood DC of
human donors (57-61), and using these mice is far more
practical to obtain enough human DC numbers suitable for
analyses of individual subset function. Therefore, to determine
the specific human DC subsets responsible for IFN production in
response to STING ligand, we examined 2°3> cGAMP-induced
IFN production in sorted DC subsets from humanised mice.
pDC were the only subset found to produce detectable levels of
IFN-02, whilst all subsets produced low levels of IFN-B in
response to 2’3’cGAMP (Figure 6D). Strikingly, all humanised
mice DC subsets also produced large amounts of IFN-A1 after
stimulation with 2°3°cGAMP (Figure 6D), although this was
found to be statistically not significant due to human cord blood
derived-DC donor-to-donor variation in STING responses. This
variation in the absolute amount of cytokines produced by
human DC in response to STING activation was also observed
in the enriched blood DC responses (Figure 6C). In most
experiments, the production of IFN-A2/3 was not detected
above background in response to cGAMP stimulation of the
sorted humanised mice DC subsets (not shown). Thus, our data
reveal for the first time that all mouse and human DC subsets
produce IFN-A in response to ligands of the cytoplasmic CDN
sensor, STING. Of note, we have discovered that the human
restricted IFN-A1 is the IFN produced most highly by all human
DC subsets.

Human pDCs Are Resistant to
STING-Induced Cell Death

We uncovered that STING activation causes rapid death of
mouse pDCs that was partially dependent on intrinsic
apoptosis. Intriguingly, enumeration of DC subsets from
human blood DC cultures or isolated DCs from humanised
mice after 18 hours stimulation with 2’3° cGAMP or its linearized
control, indicated that the obliteration observed for murine
pDCs upon STING activation was not translated in the human
system (Figure 6E and Supplementary Figure 10B). In fact,
pDC death was actually rescued by activation with 2°3> cGAMP
in most human donors (Figure 6E). The CD141" ¢DC1 subset
showed little survival difference between the control and 2’3
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cGAMP stimulation conditions, with minor variations between
donors (Figure 6E and Supplementary Figure 10B). However,
the blood ¢cDC2 subset exhibited significantly enhanced cell
death in the presence of 2’3 ¢cGAMP in all donors tested
(Figure 6E). Interestingly, the observed death of human blood
¢DC2 was not conserved in the cDC2 of humanised mice that
were similarly challenged with 2’3> cGAMP (Supplementary
Figure 10B). Thus, our data reveal strong species differences
between DC responses to STING activation, with heightened cell
death exhibited by mouse but not human pDCs.

An open question here was whether the IFN-A1, only
produced by the human DC, could have been protecting the
human pDC from STING-induced death. However, experiments
which stimulated human DC with STING ligands in the presence
of IFN-A1 neutralising antibodies, did not lead to enhanced cell
death of human pDC (Supplementary Figure 10C). These
results suggested that survival of human pDC after STING
activation was independent of their production of IFN-Al.
However, the IFN-Al neutralising antibodies did abrogate the
upregulation of CD69 on the human pDC, indicating that the
upregulation of this ISG is dependent on active IFN-A signaling
in the cultures (Supplementary Figure 10D).

DISCUSSION

A protective role of IFN-A in protecting against mucosal anti-
viral responses is clear. Potential roles of IFN-A in many other
diseases have been proposed by GWAS studies revealing
associations with polymorphisms in the IFN-A locus. In this
study, we show for the first time that all major subsets of mouse
and human DG, key professional antigen presenting cells linking
innate and adaptive immunity, produce IFN-A in response to
direct STING activation. STING signaling is implicated in many
different diseases, raising the possibility that IFN-A production
from DC underpins at least some phenotypes of STING-
mediated disease.

IFN-A2/3 are the only IFN-As expressed in mouse and mouse
c¢DC1 were the prominent producers in response to STING
activation (Figure 2D), although ¢DC2 and pDC also
produced low levels. In the human DC, where IFN-A1, 2 and 3
genes are present, IFN-Al was by far the predominant IFN
produced in response to STING ligands (Figures 6C, D).
Strikingly, we were also able to show that distinct type I IFNs
are produced by human and mouse DCs to STING ligands.
Namely, IFN-o is produced at low levels by all mouse DC but
solely by human pDCs in response to STING activation
(Figures 2D, 6D), while amongst the mouse DC, only mouse
c¢DC2 produce IFN-B (Figure 2D) and all human DC subsets
produce low levels of IFN-f (Figure 6D).

We have provided evidence that STING-mediated signaling,
at least in the mouse DC, differs between ¢cDC and pDC subsets.
The signaling downstream of STING activation in the mouse DC
subsets included the characteristic TBK1 phosphorylation,
STING phosphorylation and IRF3 activation in all subsets
(Figure 2A). However, surprisingly, STING-mediated NF-xB

activation (read out as phosphorylation of the NF-xB p65
subunit) and associated cytokine production was very weak in
the STING competent pDC subset despite these cells expressing
the highest levels of total STING protein. Of note, this difference
in STING activation was concomitant with rapid death of the
mouse pDC (significant by 4 hours after stimulation), involving
intrinsic apoptosis. We have previously found differential
reliance on NF-kB subunits for pDC activation and cytokine
production compared to cDC (49). This, together with the high
basal IRF7 expression by pDC (62) may explain the lack of NF-
KB p65 activation, but requires further investigation.

The human IFN-A response to STING activation was unusual
in that it was predominated by IFN-A1. Depending on the donor,
10-30-fold more IFN-A than IFN-A2/3 was produced by human
DC in response to STING activation (Figure 6C). We have not
previously seen this predominant IFN-A1l production when
examining human DC responses to TLR3 stimulation, where
IFN-AL and IFN-A2/3 were produced at similarly high levels
(26). IFN-A1 production by ¢DC1, proposed to be via TLR3, has
recently been associated with positive clinical outcomes and local
Thl immune responses in breast cancer patients (63). In these
patients, IFN-A1 transcripts were produced at similar levels to
the combined IFN-A2/3 transcripts, aligning with what we have
previously seen at the protein level with poly I:C stimulation in
human DCs (26). The downstream immune response elicited by
STING activation of DCs, with a predominance of IFN-A1 over
IFN-A2/3 production by all DC subsets is not yet clear. Previous
work indicated a potential lack of gene repressor function by
IFN-A1 compared with IFN-A2 on epithelial cells (33). Our
findings certainly warrant future examination of the effects of
IFN-A1 production in the context of STING activation.

The role of the cytosolic CDN sensor STING in anti-tumour
immunity has been attributed to its recognition of tumour DNA
within ¢DCls, which consequently triggers type I IFN
production and enhances DC cross-priming of tumour antigen
to cytotoxic T cells (24). As a result, STING agonists have been
promoted as potent adjuvants in cancer immunotherapies.
However, not only does the ¢DCI subset have the lowest
expression of STING amongst the DC subsets (Supplementary
Figure 2), they also do not produce high quantities of IFN-I after
STING activation (Figures 2D, 6D). Our results suggest that
¢DC2 and pDCs could contribute to IFN-I production in the
anti-tumour cytokine milieu, which has been previously
postulated (64). In contrast to the well documented role for
STING-induced type I IFNs in anti-tumour immunity, the role
of IFN-A has not been investigated up until this point. We have
previously shown that TLR3-induced IFN-A production is
blunted in DCs lacking the Type I IEN receptor (IFNAR) (26),
thus studies showing a requirement for IFNAR signaling in the
efficacy of STING responses could also be masking the
involvement of downstream IFN-A signaling. An anti-tumour
role for IFN-A is an attractive idea, as IFN-AR is expressed on
neutrophils, DCs, throughout the mucosal epithelia, within
epithelial cells of the liver, kidney and brain, as well as on
various tumours (31, 65). Moreover, IFN-A treatment has been
shown to synergise with the kinase inhibitor sorafenib to inhibit

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 794776


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Pang et al.

STING Responses in Dendritic Cells

Hepatocellular carcinoma cell growth and induce apoptosis (66),
and a strong correlation between IFN-A1, 2, and 3 producing
¢DCI and beneficial outcomes in breast cancer has recently been
described (63). Therefore, the fact a large amount of IFN-A is
produced by DCs in response to STING activation warrants
further investigation in the realms of cancer immunotherapy.
However, as the IFN-A locus has been shown to be polymorphic in
a subset of cancer patients and patients suffering from infectious
diseases (8, 29, 65, 66), moving forward, polymorphisms and
differences in IFN-A gene expression will need to be taken into
account when considering clinical STING immunotherapeutic
approaches (29, 35, 67, 68).

It is of interest that some studies have implicated STING-
induced IL-10 as having an inhibitory effect on anti-tumour
immunity (69, 70) and in some cases, a protective effect to avoid
continued inflammation and development of colorectal cancer
(43). Our studies show that DCs do not produce IL-10 in
response to cGAMP stimulation but it is worth noting that the
IFN-A1 receptor shares with the IL-10 family the use of IL-10 R2.
Whether the extremely high levels of IFN-Al expressed by
human DC in response to STING stimulation could lead to a
usurping of the IL-10R2 to the IFN-AR complex, and thus result
in a decrease of available IL10R2 for IL-10 signaling, remains to
be elucidated.

Importantly, mouse and human pDC survival in response to
STING activation was divergent, with human pDC showing
equivalent or enhanced survival in vitro to STING activation
(Figure 6E and Supplementary Figure 10B, C), whereas mouse
pDC were rapidly and potently killed in vitro (Figure 3). This
death was STING-dependent (Figure 3D) and involved the
intrinsic apoptotic pathway, although it was not the sole
mechanism for STING-induced killing of pDCs (Figure 5 and
Supplementary Figure 9). This finding contradicts the pathways
reported to mediate STING-dependent cell death observed in
malignant lymphocytes and other myeloid cell types (71-77).
Lysosomal rupture or other forms of phagocytic cell death may
be compensatory mechanisms, given the co-localisation between
STING and autophagy-related proteins (10). Alternatively, the
rapid death of the murine pDC may be a novel form of cell lysis.
A further cell death anomaly we observed was that both mouse
splenic (Figure 3B) and human blood (Figure 6E) cDC2 but not
humanised BM c¢DC2 were sensitised to STING-mediated
intrinsic apoptotic cell death (Figure 5I and Supplementary
Figure 10B). The lack of death in the humanised mice cDC2 of
BM origin suggests that the non-haematopoietic niche may
contribute to priming of these cells for STING-mediated death.
Whether this is mediated by soluble factors or cell-mediated
interactions remains to be elucidated.

Divergent outcomes in DC viability and high production of
IFN-A1 after STING activation mark major points of difference
between species and need to be considered when translating
experimental results from mouse models to human clinical trials.
Of particular importance, pDC in the tumour environment are
often associated with poor prognosis (78-81). Our data would
suggest that in mouse tumour models, exposure to STING ligand
adjuvants would eliminate pDCs. In humans treated with STING

adjuvants, activated pDCs would potentially persist in a tumour
environment. Hubert et al. (63) recently demonstrated a
correlation between pDC infiltration in breast tumours and
Treg accumulation. This suggests that pDCs activated by
STING could similarly lead to an immunosuppressive
microenvironment, although this remains to be elucidated. We
are yet to define what the key mediators directing differental
STING signaling outcomes between mouse and human pDCs
are, however elucidating these molecular differences could lend
insight into discrete mechanisms of inducing rapid pDC death,
tools that could potentially be harnessed to improve cancer
immunotherapies or alter viral immune responses.

In summary, this work places IFN-A in the spotlight as a
potential major player in DC-mediated immune responses
downstream of STING activation. It also highlights the need to
re-evaluate STING responses in mice, in particular, does the
direct killing of murine pDC have beneficial anti-tumour eftects,
or indeed anti-viral effects, that are not recapitulated in the
human setting?

METHODS

Mice

All mice were housed under specific pathogen free conditions
and all animal experimental procedures were approved by either
Monash University or Walter and Eliza Hall Institute (WEHI)
animal ethics committees. C57BL/6 (WT) mice were obtained
from either Monash Animal Research Platform or WEHI and all
transgenic mice were obtained from WEHL Tmem173” mice (9)
were provided by Benjamin Kile (Biomedicine Discovery
Institute, Monash University, Australia). Vav-Bcl-2 transgenic
mice (Bcl2Tg) (82) were provided by Yifan Zhan (WEH]I,
Australia). Ripk3”, Ripk3” Casp8’ mice (83) and Vav-Cre
Bax'**"*Bak”" (Bax”"/Bak”) BM chimeras (84) were provided
by Kate Lawlor (Hudson Institute of Medical Research,
Australia) and James Vince (WEHI). Caspl’/ ’Caspll’/ " mice
(85) were provided by Seth Masters (WEHI, Australia). Mice
used were 6-12 weeks old except for Bax”/Bak” BM chimeric
mice that were 10 months old.

Mouse DC Purification

DCs from spleen were isolated using a previously described
method (86). In brief, spleens were digested using DNase/
Collagenase (Roche Diagnostics, Basel, Switzerland/
Worthington Biochemical Corporation, Lakewood, New Jersey)
at room temperature (RT) for 20 min and filtered to create a
single cell suspension. Light density cells were isolated by
centrifugation in a 1.077 g/cm’ NycoPrepTM medium (AXIS
Shield PoC AS, Dundee, Scotland). Negative selection using a
rat monoclonal Ab cocktail against CD3-e (KT3-1.1), Thy-1
(T24/31.7), Ly6G/Ly6C (1A8), CD19 (ID3) and erythrocytes
(TER-119) together with anti-rat immunoglobulin
immunomagnetic beads (Qiagen, Hilden, Germany) was used
to isolate DCs. For sorted DCs, these isolated cells were then
labelled with the following fluorophore-conjugated mAbs:
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CDl11c (N418), CD45RA (14.8), CDS8 (53-6.7), CD11b (M1/70),
CD49b (DX5) (Becton Dickinson, Franklin Lakes, New Jersey;
eBioscience, San Diego, California; BioLegend, San Diego,
California; TONBO, San Diego, California) and sorted on BD
Influx machine according to gating strategy provided
(Supplementary Figure 4A).

Human Blood DC Purification

Human blood (15-20 mL) collected in heparin tubes was diluted
with PBS (human osmolarity) and underlayed with 10 mL Ficoll-
Hypaque 1.077 g/mL density medium (Thermofisher Scientific,
Waltham, Massachusetts) at RT. Samples were then centrifuged
at 400 g for 30 min at 20°C with the brake off. The peripheral
blood mononuclear cell (PBMC) layer was then collected,
washed twice and counted. DCs were negatively selected from
PBMCs using EasySepTM Human Pan-DC pre-enrichment kit
(STEMCELL M Technologies, Tullamarine, Victoria) according
to manufacturer’s instructions.

Humanized Mouse DC Purification
Human CD141" DC, CD1c" DCs and pDCs were isolated from
the bone marrow and spleens of humanised mice as described
previously (57). Briefly, humanised mice were generated by
engrafting immunodeficient neonatal NSG mice with human
cord blood CD34" haematopoietic progenitor cells (HSC),
leading to multi-lineage human immune reconstitution,
including functional human DC subsets, from 12 weeks of age
(57). Cord blood was obtained from the Queensland Cord Blood
Bank following written informed consent in accordance with
Mater Adult Hospital Human Ethics Committee approval. Mice
were housed and treated in accordance with approval by the
University of Queensland Animal Ethics Committee and under
TRI Biological Resources Facility (BRF) operations. Following
immune reconstitution, DC populations were expanded with 2
s.c. injections with 50 pg FIt3L (Bio-X Cell, Lebanon, New
Hampshire) 4 days apart. Where indicated, gene expression
data were obtained from humanised DC that were activated in
vivo by administration of HBSS (control) 50 pg high molecular
weight poly I:C (In vivoGen), 20 ug R848 (In vivoGen), or poly I:
C and R848 combined, as previously described (57).
Humanised mouse DC were enriched by magnetic bead
depletion of mouse CD45, using rat anti-mouse CD45
(Beckman Coulter, Pasadena, California, 30-F11) and TER-
119 and rat anti-human CD14 (Beckman Coulter, RMO52),
CD19 (Beckman Coulter, J3-119), CD3 (Scientific support,
OKT3) and CD34 (Beckton Dickson, MY10) Abs and rat
anti-mouse TER-119 (BioLegend, TER-119) followed by
sheep anti-rat IgG Dynabeads (Thermofisher Scientific)
separation. Obtained single cell suspension was then stained
for flow cytometry sorting using: LIVE/DEAD Fixable Aqua
(Thermofisher Scientific), huCD45 APC Cy7 (BioLegend),
Lineage (CD3, CD14, CD16, CD19, CD20 and CDS56)
PacBlue (BioLegend), HLA-DR PE-Cy7 (BioLegend), CD123
PerCP5.5 (BioLegend), CD141 APC (BioLegend), CD1c PE
(BioLegend). Human DCs were gated on a live cell gate as
huCD45 " huHLA DR Lineage. ¢cDC1 were further defined as

CD141*CDl1c’, cDC2 as CD141'CD1c" and pDC as CD141°
CD1c'CD123" (Supplementary Figure 4B).

In Vitro Stimulations

Mouse spleen and human blood DCs were resuspended in
RPMI-1640 Glutamax (Thermofisher Scientific) with 10% FCS
(In vitro TechnologiesTM, Noble Park, Victoria), 100uM 2-
Mercaptoethanol (Thermofisher Scientific) and 0.01%
Penicillin/Streptomycin (Thermofisher Scientific) and
humanized mice DCs were resuspended in RPMI containing
10% FCS, 10 mM HEPES, 1mM sodium pyruvate, penicillin,
streptomycin, 2 mM L glutamine, NEAA and 50 uM B-
mercaptoethanol and were plated at a concentration of
0.5x10°/mL in 96-well round bottom plates. They were
stimulated with 0.5 or 10 pM cytosine-phosphate guanosine
(CpG) oligonucleotides 2216 or 1668 (Geneworks, Thebarton,
South Australia; Miltenyi Biotech, Bergisch Gladbach,
Germany), 10-100 pug/mL high molecular weight polyinosinic:
polycytidylic acid (poly I:C) (In vivoGen) or 10 nmol transfected
3’3 cGAMP (c[G(3’,5)pA(3’,5)p]), 2’3’ cGAMP (c[G(2’,5’)pA
(3’,5))p]), c-di-AMP, c-di-GMP (In vivoGen) or their respective
linearized control ligands 3’5’-pGpA, 2°5-GpAp, 5-pApA and
5-pGpG (In vivoGen) at 37°C, 10% CO, for 18 hrs unless
indicated otherwise. The following reagents were included in
some experimental cultures as indicated in the figure legends:
0.2ng/mL recombinant mouse GM-CSF (Peprotech, East
Windsor, New Jersey), 5uM Q-VD-Oph (Selleck Chemicals,
Houston, Texas), 30ng/mL recombinant human IL-29 (R&D
Systems, Minneapolis, Minnesota), 5ig/mL anti-human IL-29
(neutralising Clone MAB15981, R&D systems).

CDN Transfection
Cyclic dinucleotides (CDNs) were incubated with Lyovec (In
vivoGen) at RT for 15min before being used for stimulations.

Flow Cytometry

Single cell suspensions were incubated with Fc Block (FcyRIII/II,
2.4G2) for 10 min before labelling with the following anti-mouse
fluorophore-conjugated mAbs (BD, eBiosciences, BioLegend,
TONBO, in house): CD11c (N418), CD11b (M1/70), CD317
(120.G8 or 927), CD8 (53-6.7), CCR9 (CW-1.2), CD3-¢ (17A2),
CD49b (DX5), CD86 (GL1), CD80 (16-10A1) and MHCII (M5/
114.15.2) or anti-human fluorophore-conjugated mAbs (BD,
eBiosciences, BioLegend, Miltenyi, in house): CD1c (L161),
CD3-e (BC3), CD11c (B-ly6), CD14 (FMC17), CD16 (3GS8),
CD19 (FMC63), CD20 (B1), CD34 (AC133), CD57 (HNK1.1),
CD69 (FN50), CD86 (IT2.2), CDI123 (7G3), CD141 (AD5-
14H12), Glycophorin A (10F7MN) and HLA-DR (REA332).
Sorted humanised mouse DCs were labelled with FITC-
conjugated CD80 (BioLegend). Dead cells were excluded using
propidium iodide (Merck Millipore, Darmstadt, Germany) or
LIVE/DEAD Fixable Aqua (Thermofisher Scientific) dyes and
samples were acquired on either Fortessa or LSRII flow
cytometer (BD). Sphero or TruCOUNT beads (BD) were used
to determine cell counts for human DCs. Analysis was conducted
using Flow]Jo software (Tree Star, Ashland, Oregon).
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IFN ELISAs

Murine IFN-A and IFN-o. in supernatants were assayed using
sandwich ELISA mAbs from RnD Systems, Minneapolis,
Minnesota (IFN-A) or In vivoGen (IFN-¢). Immunosorbent
plates (Thermofisher Scientific) were coated with 1 pg/mL rat
IgG2b anti-mouse IL-28a/b or 2 pg/mL anti-mouse IFN-o
capture mAbs at 4°C overnight in a humidified box. Plates
were washed between each step using 0.05% Tween (Sigma-
Aldrich, St Louis, Missouri)/PBS and 1% bovine serum albumin
(Sigma-Aldrich)/PBS was used for blocking at RT for 1 hr.
Supernatants were added to plates and incubated at 4°C
overnight. Recombinant mouse IL-28a/b (Cat No: 1789-ML-
025) or IFN-o, (Cat No: re-mifna) were used as standards. 0.25
pg/mL rat IgG2b anti-mouse IL-28a/b or 30 ng/mL anti-mouse
IFN-o. biotinylated detection mAbs were added to plates and
incubated for 2 hr at room temperature. Streptavidin-
horseradish peroxidase (GE Healthcare, Chicago, Illinois) was
used to develop ELISA substrate containing 0.1 M citric acid, 548
ug/mL 2,2'-azino-bis(3-ethylbenz-thiazoline-6- sulfonic acid
(ABTS), Sigma-Aldrich) and H,0,. ELISA results were read at
405-490 nm wavelength reduction.

Cytokine Analysis

All cytokines and chemokines, except for murine IFN-A and
IFN-0, in supernatants were analysed using flow cytometric
bead-based assay LEGENDplex' " kit (BioLegend) according to
manufacturer’s instructions and software.

RNA-Sequencing and Bioinformatics
Analysis

RNA from sorted mouse splenic DC subsets was isolated using
an RNeasy Mini Kit (Qiagen) and residual genomic DNA
removed using RNase-free DNase (Qiagen). Sample libraries
were constructed using Illumina TruSeq Stranded mRNA kit
according to manufacturer’s instructions. Libraries were
quantitated using Qubit DNA HS kit (Thermofisher Scientific)
and checked for adaptor contamination using Bioanalyzer 2100
(Agilent Technologies, Santa Clara, California). Sample libraries
were then sequenced by Micromon on NextSeq500 using High-
Output SBS chemistry (Illumina, San Diego, California) at 1.8pM
library concentration and 1x75b read length. RNA-seq data
analysis was performed in Degust (http://degust.erc.monash.
edu/; version 4.1.1) by the Monash Bioinformatics Platform
personnel, D.R Powell and A. Barugahare.

Quantitative RT-PCR

Total RNA was extracted from sorted DC subsets and cDNA
synthesized using SuperScript® IV First-Strand Synthesis System
(Thermofisher Scientific) according to the manufacturer’s
protocol. The expression of genes was determined using
quantitative real-time PCR. STING (TMEM173) and cGAS
(MB21DI1) qPCR Primers were purchased from QIAGEN.
Each ¢cDNA sample was amplified using SYBR Green Master
Mix (Rox) (Thermofisher Scientific) on the Real-time PCR Viaa
7 system using cycles conditions as: 95°C for 10 min, 45-50
cycles at 95°C for 15 sec, and 60°C for 60 sec. Reactions were run

in triplicates for four independent experiments. The Ct (cycle
threshold) values were normalized to the geometric mean of
GAPDH as the housekeeping gene to control the variability in
expression levels and were analyzed using the 2 “4¢T
method (87).

Western Blotting

Western blotting of sorted DC lysates was performed according
to a recently published protocol (13). The primary and secondary
antibodies used in this assay were: Rabbit monoclonal anti-
STING (D2P2F) (Cell Signaling Technology, Danvers,
Massachusetts; Cat#13647), rabbit monoclonal anti-P-STING
Ser’®> (D8F4W) antibody (Cell Signaling Technology,
Cat#72971), rabbit polyclonal anti-TBK1 antibody (Cell
Signaling Technology, Cat#3013), rabbit monoclonal anti-
TBK1 Ser'”? (D52C2) antibody (Cell Signaling Technology,
Cat#5483), rabbit monoclonal anti-IRF3 (D83B9) antibody
(Cell Signaling Technology, Cat#4302), rabbit monoclonal
anti-P-IRF3 Ser’”® (4D4G) (Cell Signaling Technology,
Cat#4947), rabbit monoclonal anti-NF-kappa-B p65 (C22B4)
antibody (Cell Signaling Technology, Cat#4764), rabbit
monoclonal anti-NF-kappa-B P-p65 Ser’>° (93H1) antibody
(Cell Signaling Technology, Cat#3033), rabbit polyclonal anti-
cleaved caspase 3 (Asp175) antibody (Cell Signaling Technology,
Cat#9661), mouse monoclonal anti-beta ACTIN, HRP (AC-15)
(Abcam, Cambridge, Massachusetts; Cat#Ab49900) and
Peroxidase-AffiniPure Goat Anti-Rabbit IgG (H+L) secondary
antibody (Jackson ImmunoResearch Labs, West Grove,
Pennsylvania, Cat#111-035-003).

Caspase3/7 Detection Assay
Caspase3/7 activity was measured using Caspase—Glo®3/7 Assay
(Promega, Madison, WI) according to manufacturer’s instructions.

Statistical Analysis

Paired and unpaired two-tailed Student’s ¢ tests, one- or two-way
ANOVA was performed using Prism 7.0 (GraphPad software)
where *P < 0.05, **P < 0.01, **P < 0.001 and ***P < 0.0001.
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Supplementary Figure 1 | Mouse DCs are potently activated by CDNs and
produce IFN-A that is STING-dependent. (A) Bulk splenic mouse DCs were
stimulated with 1 or 10nmol 2’3’ cGAMP, 3’3’ cGAMP, c-di-AMP or c-di-GMP
complexed with lyovec, their respective linearized control ligands (Ctrl) complexed
with lyovec, lyovec alone, 0.5 pM CpG2216 or 100 pg/mL pl:C for 18h. MHCII
expression on DC subsets was determined using flow cytometry. Bar graphs

represent the mean difference between geometric mean fluorescence intensities
(gMFI) of stained samples and fluorescence minus one (FMO) controls + SEM from
3 biological replicates (pool of 2 mice per replicate). (B) Bulk splenic mouse DCs
from C57BL/6 or Tmem173-/- were stimulated with 10nmol 3’3’ cGAMP
complexed with lyovec, lyovec alone or 0.5 uM CpG2216 for 18h. IFN-A production
in cell culture supernatants were analysed by ELISA. Bar graphs represent mean +
SEM from 3 individual mice per genotype. Statistical analyses were performed using
two-tailed Paired Student’s t test where *P < 0.05, ** P < 0.01and ns, not significant.

Supplementary Figure 2 | Mouse DCs upregulate activation markers CD86 and
MHCII after CDN stimulation. Bulk splenic mouse DCs were stimulated with 1 or
10nmol 2’8’ cGAMP, 3’3’ cGAMP, c-di-AMP or c-di-GMP complexed with lyovec,
their respective linearized control ligands (iInGAMP Ctrl) complexed with lyovec,
lyovec alone, 0.5 uM CpG2216 or 100 pg/mL pl:C for 18h. Histograms show CD86
and MHCII expression on DC determined using flow cytometry. Dotted lines
represent fluorescence minus one (FMO) control and filled in lines represent Ab
stain. Grey lines represent lINGAMP Ctrl and red lines represent cGAMP samples.
Histograms represent 1 of 3 biological replicates (pool of 2 mice per replicate).

Supplementary Figure 3 | STING transcripts in mouse and human DCs.

(A) Tmem173 transcript expression (counts per million) from RNA-sequencing
analysis of steady state sorted mouse splenic DCs. Bar graphs represent mean +
SEM from 3 independent samples of 10-14 mice pooled per sample. (B) Publicly
available microarray data sets [www.stemformatics.org] represent expression levels
of STING in human immune cells isolated from different organs (Heidkamp, 2016).
(C) Microarray data demonstrating the changes in gene expression levels of STING
in human cDCs when treated with polyl:C (TLR3 agonist), R848 (TLR7/8 agonist)
and the combo (polyl:C+R848) (Minoda, 2017). (D, E) Quantitative PCR analysis
was performed on immune cell subsets isolated from humanised mouse bone
marrow to determine the pattern of STING expression in the steady state (D) as well
as the expression levels after activation (E) in each DC subset. Gene expression
levels were normalised to GAPDH. Each experiment was performed for 4
independent samples (n = 4) and the error bars represent mean + SEM.

Supplementary Figure 4 | Gating strategies for mouse and human DC subsets.
(A) Bulk splenic DCs pooled from 1517 C57BL/6 mice were labelled with the
following fluorophore*conjugated mAbs: CD11c (N418), CD45RA (14.8), CD8
(63%6.7), CD11b (M1/70), CD49b (DX5). They were then sorted by first removing NK
cells using junk gate and sorted into pDC (CD11¢™CD317"CD11bY), cDCA
(CD11c"CD317'°CD8*CD11b7) and cDC2 (CD11c"CD317°CD8"CD11b)
subsets. (B) Purified human blood DCs were labelled with the following
fluorophore*conjugated mAbs: CD1c (L161), CD3e (BC3), CD11c (B*ly6), CD14
(FMC17), CD16 (3G8), CD19 (FMC83), CD20 (B1), CD34 (AC133), CD57 (HNK1.1),
CDB9 (FN50), CD86 (IT2.2), CD123 (7G3), CD141 (AD5"14H12), Glycophorin A
(10F7MN) and HLA*DR (REA332). DCs were first gated on HLA'DR*Lin™ cells
followed by separation into cDC1 (CD11¢*CD141"CD1¢'CD1237), cDC2
(CD11c*CD1c*) and pDC (CD11c'CD123%).

Supplementary Figure 5 | Sorted mouse DCs upregulate CD80 and CD86
expression after cGAMP stimulation. Sorted splenic mouse cDC1, cDC2 and pDCs
from a pool of 15-17 mice were stimulated with 10 nmol 3’3’ cGAMP or its linearized
control ligand (inGAMP Ctrl) complexed with lyovec, lyovec alone, 0.5 uM
CpG2216 or 100 pg/mL pl:C for 18h. CD80 and CD86 expression on DC subsets
was determined using flow cytometry. (A) Bar graphs represent the mean difference
between geometric mean fluorescence intensities (QMFI) of stained samples and
fluorescence minus one (FMO) controls + SEM from 3 independent experiments.
(B) Representative histograms showing CD80 and CD86 expression on all sorted
DC subsets after stimulations. Grey unfilled lines represent FMO control and red
filled lines represent Ab stain. Histograms represent 1 of 3 independent
experiments. Statistical analyses were performed using two-tailed Paired Student’s
t test where *P < 0.05 and ns, not significant.

Supplementary Figure 6 | Type | and Il IFNs are differentially produced by DC
subsets after cCGAMP stimulation. Sorted splenic mouse cDC1, cDC2 and pDCs
from a pool of 15-17 mice were stimulated with 10 nmol 3’3’ cGAMP or its linearized
control ligand (inGAMP Citrl) complexed with lyovec, lyovec alone, 0.5 uM
CpG2216 or 100 pug/mL pl:C for 18 hrs. IFN production in cell culture supernatants
was analysed by ELISA (IFN-o.and IFN-A) or flow cytometric bead assay (IFN-f). Bar
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graphs represent mean + SEM from 3 independent experiments. Statistical
analyses were performed using two-tailed Paired Student’s t test where *P < 0.05
and ns, not significant.

Supplementary Figure 7 | cDC subsets after cGAMP stimulation. FACS plots
showing bulk mouse splenic cDC1 (CD11¢"CD317°CD8*CD11b'%) and cDC2
(CD11c"'CD317'°CD8 CD11b™) subsets stimulated for 18 h with 10 nmol 3’3’
cGAMP complexed with lyovec, or lyovec alone.

Supplementary Figure 8 | cDC2 are partially killed after CDN stimulation. Bulk
splenic DCs were stimulated with 1 or 10 nmol 2’3’ cGAMP, 3’3’ cGAMP, c-di-AMP
or c-di-GMP complexed with lyovec, their respective linearized control ligands (Ctrl)
complexed with lyovec, lyovec alone or 0.5 uM CpG2216 for 18h. Bar graphs
represent the mean relative survival of cDC subsets + SEM from 3 biological
replicates (pool of 2 mice per replicate). Statistical analyses were performed using
two-tailed Paired Student’s t test where *P < 0.05 and **P < 0.01 and ns, not
significant.

Supplementary Figure 9 | Caspase 3 is involved in cGAMP-mediated pDC
death. (A, B) Bulk splenic DCs from BM chimeras generated using Ly5.2 WT or
Vav-Cre Bax-/-/Bak-/- mice were stimulated with 10 nmol 3’3’ cGAMP or its
linearized control ligand (iInGAMP Ctrl) complexed with lyovec, lyovec alone or 0.5
uM CpG2216 for 18h. (A) Cytokine production in cell supernatants was analysed by
ELISA (IFN-A and IFN-o) or flow cytometric bead assay (TNF-o). Dotted lines
represent upper limit of detection. Bar graphs show mean + SEM from 2-3
individual mice per genotype. (B) Activation markers CD86 and CD69 were
determined by flow cytometry. (i) Histograms show CD86 expression on pDCs.
Dotted unfilled lines represent fluorescence minus one (FMO) control and solid filled
lines represent Ab stain. Black and red lines represent WT and Vav-Cre Bax-/-/
Bak-/- BM chimeric mice respectively. (i) Bar graphs show the mean difference
between geometric mean fluorescence intensities (QMFI) of stained samples and
FMO controls + SEM from 2-3 individual mice per genotype. (C) Bulk splenic DCs
from a pool of 8-14 mice per replicate were treated with or without 5 uM pan-
caspase inhibitor Q-VD-OPh for 1h before stimulations with 10 nmol 3'3’ cGAMP or
its linearized control ligand (inGAMP Ctrl) complexed with lyovec or media alone for
4h. pDC numbers were enumerated using flow cytometry and bar graphs show

REFERENCES

1. Ishikawa H, Barber GN. STING is an Endoplasmic Reticulum Adaptor That
Facilitates Innate Immune Signalling. Nature (2008) 455:674. doi: 10.1038/
nature07317

2. Zhong B, Yang Y, Li S, Wang Y-Y, Li Y, Diao F, et al. The Adaptor Protein MITA
Links Virus-Sensing Receptors to IRF3 Transcription Factor Activation. Immunity
(2008) 29(4):538-50. doi: 10.1016/j.immuni.2008.09.003

3. Sun W, Li Y, Chen L, Chen H, You F, Zhou X, et al. ERIS, an Endoplasmic
Reticulum IFN Stimulator, Activates Innate Immune Signaling Through
Dimerization. Proc Natl Acad Sci (2009) 106(21):8653. doi: 10.1073/
pnas.0900850106

4. Burdette DL, Monroe KM, Sotelo-Troha K, Iwig JS, Eckert B, Hyodo M, et al.
STING is a Direct Innate Immune Sensor of Cyclic Di-GMP. Nature (2011)
478:515. doi: 10.1038/nature10429

5. Ablasser A, Goldeck M, Cavlar T, Deimling T, Witte G, Rohl I, et al. cGAS
Produces a 2’-5'-Linked Cyclic Dinucleotide Second Messenger That
Activates STING. Nature (2013) 498:380. doi: 10.1038/nature12306

6. Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP Synthase Is a
Cytosolic DNA Sensor That Activates the Type I Interferon Pathway. Science
(2013) 339(6121):786. doi: 10.1126/science.1232458

7. Abe T, Barber GN. Cytosolic-DNA-Mediated, STING-Dependent
Proinflammatory Gene Induction Necessitates Canonical NF-xb Activation
Through TBKI. ] Virol (2014) 88(10):5328. doi: 10.1128/JVL.00037-14

8. Balka KR, De Nardo D. Molecular and Spatial Mechanisms Governing
STING Signalling. FEBS ] (2021) 288(19):5504-29. doi: 10.1111/febs.15640.
pub ahead of print Nov 25.

9. Jin L, Hill KK, Filak H, Mogan J, Knowles H, Zhang B, et al. MPYS Is Required
for IFN Response Factor 3 Activation and Type I IFN Production in the
Response of Cultured Phagocytes to Bacterial Second Messengers Cyclic-Di-

mean relative survival (compared to media alone) + SEM compiled from 3
independent experiments. (D) Sorted splenic mouse cDC1, cDC2 and pDCs (see
Supplementary Figure 4A for sorting strategy) from a pool of 11-12 mice per
replicate were stimulated with 10 nmol 3’3’ cGAMP or its linearized control ligand
(inGAMP Ctrl) complexed with lyovec for 1.5 h. Cells were then lysed and blotted
using antibodies specific for cleaved caspase 3 and actin. (i) Immunoblot shown
represents 1 of 3 independent experiments. (i) Densitometric analysis of cleaved
caspase 3 relative to actin compiled from the immunoblots of 3 independent
experiments. Bar graphs show mean + SEM. (E) Sorted splenic mouse pDCs from
a pool of 7-14 mice per replicate were stimulated with 10 nmol 3'3’ cGAMP or its
linearized control ligand (iInGAMP Ctrl) complexed with lyovec for 1.5 h. Caspase 3/
7 activity was determined using Caspase-Glo 3/7° Assay according to
manufacturer’s instructions. Bar graphs show mean relative caspase 3/7 activity
(compared to INGAMP Ctrl) + SEM compiled from 2-3 independent experiments.
Statistical analyses were performed using two-tailed Paired Student’s t test where
*P < 0.05 and ns, not significant.

Supplementary Figure 10 | Humanised mice DC are activated, but not killed,
after cGAMP stimulation. Enriched, unsorted humanised mice DCs from BM were
stimulated with 25 pg/mL pl:C, 10 uM CpG2216, 10 nmol 2’3" cGAMP or its
linearized control ligand complexed (iInGAMP Ctrl) with lyovec for 18h. (A) Bar
graphs represent the average change in CD80 gMFI values in stimulated samples
compared to media only samples + SEM from 3 independent experiments. (B) Bar
graphs represent the mean relative survival (compared to media alone) + SEM
compiled from 3 independent experiments. (C, D) Human blood DC from 4
independent donors were stimulated with 5 nmol 2’3" cGAMP or its linearized
control ligand (inGAMP Ctrl) complexed with lyovec in the presence or absence of 5
ug/mL neutralising anti-IFN-A1 antibody (anti-IL-29, MAB15981, R&D Systems) or
antibody control for 18 h. (C) pDC numbers were enumerated using flow cytometry.
Bar graphs show mean + SEM and each dot represents individual human blood
donors (n=4). (D) CDB9 expression on pDC were determined using flow cytometry.
Bar graphs shown mean difference between geometric mean fluorescence
intensities (QMFI) of stained samples and FMO controls + SEM and each dot
represents individual human blood donors (n=4). Statistical analyses were
performed using two-tailed Paired Student’s t test where *P < 0.05, **P < 0.01 and
ns, not significant.

AMP and Cyclic-Di-GMP. ] Immunol (2011) 187(5):2595. doi: 10.4049/
jimmunol.1100088

Saitoh T, Fujita N, Hayashi T, Takahara K, Satoh T, Lee H, et al. Atg9a
Controls dsDNA-Driven Dynamic Translocation of STING and the Innate
Immune Response. Proc Natl Acad Sci (2009) 106(49):20842. doi: 10.1073/
pnas.0911267106

. Tanaka Y, Chen Z]. STING Specifies IRF3 Phosphorylation by TBK1 in the
Cytosolic DNA Signaling Pathway. Sci Signaling (2012) 5(214):ra20-0. doi:
10.1126/scisignal.2002521

Zhang X, Shi H, Wu J, Zhang X, Sun L, Chen C, et al. Cyclic GMP-AMP
Containing Mixed Phosphodiester Linkages Is An Endogenous High-Affinity
Ligand for STING. Mol Cell (2013) 51(2):226-35. doi: 10.1016/j.molcel.2013.05.022
Balka KR, Louis C, Saunders TL, Smith AM, Calleja DJ, D’Silva DB, et al.
TBK1 and Ikke Act Redundantly to Mediate STING-Induced NF-kb
Responses in Myeloid Cells. Cell Rep (2020) 31(1):107492. doi: 10.1016/
j.celrep.2020.03.056

Ishikawa H, Ma Z, Barber GN. STING Regulates Intracellular DNA-Mediated,
Type I Interferon-Dependent Innate Immunity. Nature (2009) 461
(7265):788-92. doi: 10.1038/nature08476

Woo S-R, Fuertes Mercedes B, Corrales L, Spranger S, Furdyna Michael J,
Leung Michael YK, et al. STING-Dependent Cytosolic DNA Sensing Mediates
Innate Immune Recognition of Immunogenic Tumors. Immunity (2014) 41
(5):830-42. doi: 10.1016/j.immuni.2014.10.017

Liu Y, Jesus AA, Marrero B, Yang D, Ramsey SE, Montealegre Sanchez GA,
et al. Activated STING in a Vascular and Pulmonary Syndrome. N Engl ] Med
(2014) 371(6):507-18. doi: 10.1056/NEJMoal312625

Gliick S, Ablasser A. Innate Immunosensing of DNA in Cellular Senescence.
Curr Opin Immunol (2019) 56:31-6. doi: 10.1016/j.c0i.2018.09.013

Barber GN. STING: Infection, Inflammation and Cancer. Nat Rev Immunol
(2015) 15:760. doi: 10.1038/nri3921

10.

12.

13.

14.

15.

16.

17.

18.

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 794776


https://doi.org/10.1038/nature07317
https://doi.org/10.1038/nature07317
https://doi.org/10.1016/j.immuni.2008.09.003
https://doi.org/10.1073/pnas.0900850106
https://doi.org/10.1073/pnas.0900850106
https://doi.org/10.1038/nature10429
https://doi.org/10.1038/nature12306
https://doi.org/10.1126/science.1232458
https://doi.org/10.1128/JVI.00037-14
https://doi.org/10.1111/febs.15640
https://doi.org/10.4049/jimmunol.1100088
https://doi.org/10.4049/jimmunol.1100088
https://doi.org/10.1073/pnas.0911267106
https://doi.org/10.1073/pnas.0911267106
https://doi.org/10.1126/scisignal.2002521
https://doi.org/10.1016/j.molcel.2013.05.022
https://doi.org/10.1016/j.celrep.2020.03.056
https://doi.org/10.1016/j.celrep.2020.03.056
https://doi.org/10.1038/nature08476
https://doi.org/10.1016/j.immuni.2014.10.017
https://doi.org/10.1056/NEJMoa1312625
https://doi.org/10.1016/j.coi.2018.09.013
https://doi.org/10.1038/nri3921
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Pang et al.

STING Responses in Dendritic Cells

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Deng L, Liang H, Xu M, Yang X, Burnette B, Arina A, et al. STING-Dependent
Cytosolic DNA Sensing Promotes Radiation-Induced Type I Interferon-
Dependent Antitumor Immunity in Immunogenic Tumors. Immunity
(2014) 41(5):843-52. doi: 10.1016/j.immuni.2014.10.019

Li T, Cheng H, Yuan H, Xu Q, Shu C, Zhang Y, et al. Antitumor Activity of
cGAMP via Stimulation of cGAS-cGAMP-STING-IRF3 Mediated Innate
Immune Response. Sci Rep (2016) 6:19049-9. doi: 10.1038/srep19049

Wang H, Hu S, Chen X, Shi H, Chen C, Sun L, et al. cGAS is Essential for the
Antitumor Effect of Immune Checkpoint Blockade. Proc Natl Acad Sci USA
(2017) 114(7):1637-42. doi: 10.1073/pnas.1621363114

Le Naour J, Zitvogel L, Galluzzi L, Vacchelli E, Kroemer G. Trial Watch:
STING Agonists in Cancer Therapy. Oncoimmunology (2020) 9(1):1777624.
doi: 10.1080/2162402X.2020.1777624

Sheridan C. Drug Developers Switch Gears to Inhibit STING. Nat Biotechnol
(2019) 37(3):199-201. doi: 10.1038/541587-019-0060-z

Chen Q, Sun L, Chen ZJ. Regulation and Function of the cGAS-STING
Pathway of Cytosolic DNA Sensing. Nat Immunol (2016) 17:1142. doi:
10.1038/ni.3558

Macri C, Pang ES, Patton T, O’Keeffe M. Dendritic Cell Subsets. Semin Cell
Dev Biol (2018) 84:11-21. doi: 10.1016/j.semcdb.2017.12.009

Lauterbach H, Bathke B, Gilles S, Traidl-Hoftmann C, Luber CA, Fejer G, et al.
Mouse Cd8a&Lt;Sup<+&Lt;/Sup< DCs and Human BDCA3&lt;sup<+&lt;/
sup< DCs are Major Producers of IFN-A in Response to Poly IC. ] Exp Med
(2010) 207(12):2703. doi: 10.1084/jem.20092720

Deb P, Dai J, Singh S, Kalyoussef E, Fitzgerald-Bocarsly P. Triggering of the
cGAS-STING Pathway in Human Plasmacytoid Dendritic Cells Inhibits
TLR9-Mediated IFN Production. J Immunol (2020) 205(1):223-36. doi:
10.4049/jimmunol. 1800933

Prokunina-Olsson L. Genetics of the Human Interferon Lambda Region.
J Interferon Cytokine Res (2019) 39(10):599-608. doi: 10.1089/jir.2019.0043
Fang MZ, Jackson SS, O’'Brien TR. IFNL4: Notable Variants and Associated
Phenotypes. Gene (2020) 730:144289. doi: 10.1016/j.gene.2019.144289
Hamming OJ, Terczynska-Dyla E, Vieyres G, Dijkman R, Jorgensen SE, Akhtar
H, et al. Interferon Lambda 4 Signals via the IfnA Receptor to Regulate Antiviral
Activity Against HCV and Coronaviruses. EMBO ] (2013) 32(23):3055. doi:
10.1038/emboj.2013.232

Donnelly RP, Kotenko SV. Interferon-Lambda: A New Addition to an Old
Family. ] Interferon Cytokine Res (2010) 30(8):555-64. doi: 10.1089/jir.
2010.0078

Ye L, Schnepf D, Staeheli P. Interferon-Lambda Orchestrates Innate and
Adaptive Mucosal Immune Responses. Nat Rev Immunol (2019) 19(10):614—
25. doi: 10.1038/s41577-019-0182-z

Diegelmann J, Beigel F, Zitzmann K, Kaul A, Goke B, Auernhammer CJ, et al.
Comparative Analysis of the Lambda-Interferons IL-28A and IL-29 Regarding
Their Transcriptome and Their Antiviral Properties Against Hepatitis C
Virus. PloS One (2010) 5(12):¢15200. doi: 10.1371/journal.pone.0015200
Wack A, Terczynska-Dyla E, Hartmann R. Guarding the Frontiers: The
Biology of Type III Interferons. Nat Immunol (2015) 16:802+. doi: 10.1038/
ni.3212

Tang W, Wallace TA, Yi M, Magi-Galluzzi C, Dorsey TH, Onabajo OO, et al.
&LtEm<IFNL4&It;/em<-Ag Allele Is Associated With an Interferon Signature
in Tumors and Survival of African-American Men With Prostate Cancer. Clin
Cancer Res (2018) 24(21):5471. doi: 10.1158/1078-0432

Luo M, Wang H, Wang Z, Cai H, Lu Z, Li Y, et al. A STING-Activating
Nanovaccine for Cancer Immunotherapy. Nat Nanotechnol (2017) 12(7):648-
54. doi: 10.1038/nnano.2017.52

Chen Q, Sun L, Chen ZJ. Regulation and Function of the cGAS-STING
Pathway of Cytosolic DNA Sensing. Nat Immunol (2016) 17(10):1142-9. doi:
10.1038/ni.3558

Vremec D, O’Keeffe M, Wilson A, Ferrero I, Koch U, Radtke F, et al. Factors
Determining the Spontaneous Activation of Splenic Dendritic Cells in
Culture. Innate Immun (2011) 17(3):338-52. doi: 10.1177/1753425910371396
Sun F, Liu Z, Yang Z, Liu S, Guan W. The Emerging Role of STING-
Dependent Signaling on Cell Death. Immunol Res (2019) 67(2):290-6. doi:
10.1007/s12026-019-09073-z

Gao P, Ascano M, Zillinger T, Wang W, Dai P, Serganov Artem A, et al.
Structure-Function Analysis of STING Activation by C[G(2’,5")pA(3',5)p]

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

and Targeting by Antiviral DMXAA. Cell (2013) 154(4):748-62. doi: 10.1016/
j.cell.2013.07.023

Green DR, Llambi F. Cell Death Signaling. Cold Spring Harbor Perspect Biol
(2015) 7(12):1-24. doi: 10.1101/cshperspect.a006080

Payvandi F, Amrute S, Fitzgerald-Bocarsly P. Exogenous and Endogenous
IL-10 Regulate IFN-o. Production by Peripheral Blood Mononuclear Cells in
Response to Viral Stimulation. J Immunol (1998) 160(12):5861.

Ahn ], Son S, Oliveira SC, Barber GN. STING-Dependent Signaling Underlies
IL-10 Controlled Inflammatory Colitis. Cell Rep (2017) 21(13):3873-84. doi:
10.1016/j.celrep.2017.11.101

Rocamora-Reverte L, Reichardt HM, Villunger A, Wiegers G. T-Cell
Autonomous Death Induced by Regeneration of Inert Glucocorticoid
Metabolites. Cell Death Dis (2017) 8:¢2948. doi: 10.1038/cddis.2017.344

Li L, Yin Q, Kuss P, Maliga Z, Millan JL, Wu H, et al. Hydrolysis of 2'3'-
c¢GAMP by ENPP1 and Design of Nonhydrolyzable Analogs. Nat Chem Biol
(2014) 10:1043. doi: 10.1038/nchembio.1661

Sagulenko V, Vitak N, Vajjhala PR, Vince JE, Stacey KJ. Caspase-1 Is an
Apical Caspase Leading to Caspase-3 Cleavage in the AIM2 Inflammasome
Response, Independent of Caspase-8. ] Mol Biol (2018) 430(2):238-47. doi:
10.1016/j.jmb.2017.10.028

Murthy AMV, Robinson N, Kumar S. Crosstalk Between cGAS-STING
Signaling and Cell Death. Cell Death Differ (2020) 27(11):2989-3003. doi:
10.1038/s41418-020-00624-8

Newton K, Wickliffe KE, Dugger DL, Maltzman A, Roose-Girma M, Dohse M,
et al. Cleavage of RIPK1 by Caspase-8 is Crucial for Limiting Apoptosis and
Necroptosis. Nature (2019) 574(7778):428-31. doi: 10.1038/s41586-019-
1548-x

O’Keefte M, Grumont RJ, Hochrein H, Fuchsberger M, Gugasyan R, Vremec
D, et al. Distinct Roles for the NF-kb1 and C-Rel Transcription Factors in the
Differentiation and Survival of Plasmacytoid and Conventional Dendritic
Cells Activated by TLR-9 Signals. Blood (2005) 106(10):3457. doi: 10.1182/
blood-2004-12-4965

Carrington EM, Zhang J-G, Sutherland RM, Vikstrom IB, Brady JL, Soo P,
et al. Prosurvival Bcl-2 Family Members Reveal a Distinct Apoptotic Identity
Between Conventional and Plasmacytoid Dendritic Cells. Proc Natl Acad Sci
(2015) 112(13):4044. doi: 10.1073/pnas.1417620112

Birkinshaw RW, Czabotar PE. The BCL-2 Family of Proteins and
Mitochondrial Outer Membrane Permeabilisation. Semin Cell Dev Biol
(2017) 72:152-62. doi: 10.1016/j.semcdb.2017.04.001

Flores-Romero H, Ros U, Garcia-Saez AJ. Pore Formation in Regulated Cell
Death. EMBO ] (2020) 39(23):e105753. doi: 10.15252/emb;j.2020105753
Vince JE, De Nardo D, Gao W, Vince AJ, Hall C, McArthur K, et al. The
Mitochondrial Apoptotic Effectors BAX/BAK Activate Caspase-3 and -7 to
Trigger NLRP3 Inflammasome and Caspase-8 Driven IL-1lbeta Activation.
Cell Rep (2018) 25(9):2339-53:e2334. doi: 10.1016/j.celrep.2018.10.103
Chappaz S, McArthur K, Kealy L, Law CW, Tailler M, Lane RM, et al.
Homeostatic Apoptosis Prevents Competition-Induced Atrophy in Follicular
B Cells. Cell Rep (2021) 36(3):109430. doi: 10.1016/j.celrep.2021.109430
Caserta TM, Smith AN, Gultice AD, Reedy MA, Brown TL. Q-VD-OPh, a
Broad Spectrum Caspase Inhibitor With Potent Antiapoptotic Properties.
Apoptosis (2003) 8(4):345-52. doi: 10.1023/A:1024116916932

Kranzusch Philip J, Wilson Stephen C, Lee Amy SY, Berger James M, Doudna
Jennifer A, Vance Russell E. Ancient Origin of cGAS-STING Reveals
Mechanism of Universal 2',3" ¢cGAMP Signaling. Mol Cell (2015) 59
(6):891-903. doi: 10.1016/j.molcel.2015.07.022

Minoda Y, Virshup I, Leal Rojas I, Haigh O, Wong Y, Miles JJ, et al. Human
CD141+ Dendritic Cell and CD1c+ Dendritic Cell Undergo Concordant Early
Genetic Programming After Activation in Humanized Mice In Vivo. Front
Immunol (2017) 8:1419. doi: 10.3389/fimmu.2017.01419

Chiang M-C, Tullett KM, Lee YS, Idris A, Ding Y, McDonald KJ, et al.
Differential Uptake and Cross-Presentation of Soluble and Necrotic Cell
Antigen by Human DC Subsets. Eur ] Immunol (2016) 46(2):329-39. doi:
10.1002/€ji.201546023

Ding Y, Wilkinson A, Idris A, Fancke B, O’Keeffe M, Khalil D, et al. FLT3-
Ligand Treatment of Humanized Mice Results in the Generation of Large
Numbers of CD141" and CD1c" Dendritic Cells In Vivo. ] Immunol (2014)
192(4):1982. doi: 10.4049/jimmunol.1302391

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 794776


https://doi.org/10.1016/j.immuni.2014.10.019
https://doi.org/10.1038/srep19049
https://doi.org/10.1073/pnas.1621363114
https://doi.org/10.1080/2162402X.2020.1777624
https://doi.org/10.1038/s41587-019-0060-z
https://doi.org/10.1038/ni.3558
https://doi.org/10.1016/j.semcdb.2017.12.009
https://doi.org/10.1084/jem.20092720
https://doi.org/10.4049/jimmunol.1800933
https://doi.org/10.1089/jir.2019.0043
https://doi.org/10.1016/j.gene.2019.144289
https://doi.org/10.1038/emboj.2013.232
https://doi.org/10.1089/jir.2010.0078
https://doi.org/10.1089/jir.2010.0078
https://doi.org/10.1038/s41577-019-0182-z
https://doi.org/10.1371/journal.pone.0015200
https://doi.org/10.1038/ni.3212
https://doi.org/10.1038/ni.3212
https://doi.org/10.1158/1078-0432
https://doi.org/10.1038/nnano.2017.52
https://doi.org/10.1038/ni.3558
https://doi.org/10.1177/1753425910371396
https://doi.org/10.1007/s12026-019-09073-z
https://doi.org/10.1016/j.cell.2013.07.023
https://doi.org/10.1016/j.cell.2013.07.023
https://doi.org/10.1101/cshperspect.a006080
https://doi.org/10.1016/j.celrep.2017.11.101
https://doi.org/10.1038/cddis.2017.344
https://doi.org/10.1038/nchembio.1661
https://doi.org/10.1016/j.jmb.2017.10.028
https://doi.org/10.1038/s41418-020-00624-8
https://doi.org/10.1038/s41586-019-1548-x
https://doi.org/10.1038/s41586-019-1548-x
https://doi.org/10.1182/blood-2004-12-4965
https://doi.org/10.1182/blood-2004-12-4965
https://doi.org/10.1073/pnas.1417620112
https://doi.org/10.1016/j.semcdb.2017.04.001
https://doi.org/10.15252/embj.2020105753
https://doi.org/10.1016/j.celrep.2018.10.103
https://doi.org/10.1016/j.celrep.2021.109430
https://doi.org/10.1023/A:1024116916932
https://doi.org/10.1016/j.molcel.2015.07.022
https://doi.org/10.3389/fimmu.2017.01419
https://doi.org/10.1002/eji.201546023
https://doi.org/10.4049/jimmunol.1302391
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Pang et al.

STING Responses in Dendritic Cells

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Pearson FE, Tullett KM, Leal-Rojas IM, Haigh OL, Masterman KA, Walpole
C, et al. Human CLEC9A Antibodies Deliver Wilms’ Tumor 1 (WT1) Antigen
to CD141(+) Dendritic Cells to Activate Naive and Memory WT1-Specific
CD8(+) T Cells. Clin Transl Immunol (2020) 9(6):e1141. doi: 10.1002/
cti2.1141

Tullett KM, Leal Rojas IM, Minoda Y, Tan PS, Zhang J-G, Smith C, et al.
Targeting CLEC9A Delivers Antigen to Human CD141(+) DC for CD4(+)
and CD8(+)T Cell Recognition. JCI Insight (2016) 1(7):87102-2. doi:
10.1172/jci.insight.87102

Luber CA, Cox J, Lauterbach H, Fancke B, Selbach M, Tschopp ], et al.
Quantitative Proteomics Reveals Subset-Specific Viral Recognition in
Dendritic Cells. Immunity (2010) 32(2):279-89. doi: 10.1016/
j-immuni.2010.01.013

Hubert M, Gobbini E, Couillault C, Manh TV, Doffin AC, Berthet J, et al. IFN-
III is Selectively Produced by Cdcl and Predicts Good Clinical Outcome in
Breast Cancer. Sci Immunol (2020) 5(46):1-14. doi: 10.1126/sciimmunol.
aav3942

Fuertes MB, Kacha AK, Kline J, Woo S-R, Kranz DM, Murphy KM, et al. Host
Type I IFN Signals are Required for Antitumor CD8+ T Cell Responses
Through CD8o+ Dendritic Cells. J Exp Med (2011) 208(10):2005. doi:
10.1084/jem.20101159

Syedbasha M, Egli A. Interferon Lambda: Modulating Immunity in Infectious
Diseases. Front Immunol (2017) 8:119. doi: 10.3389/fimmu.2017.00119

Yan Y, Wang L, He ], Liu P, Lv X, Zhang Y, et al. Synergy With Interferon-
Lambda 3 and Sorafenib Suppresses Hepatocellular Carcinoma Proliferation.
Biomed Pharmacother = Biomed Pharmacother (2017) 88:395-402. doi:
10.1016/j.biopha.2017.01.077

Hausmann LD, de Almeida BS, de Souza IR, Drehmer MN, Fernandes BL,
Wilkens RS, et al. Association of TNFRSF1A and IFNLRI1 Gene
Polymorphisms With the Risk of Developing Breast Cancer and Clinical
Pathologic Features. Biochem Genet (2021) 59(5):1233-46. doi: 10.1007/
§10528-021-10060-z. e-pub ahead of print 2021/03/22.

Huschka H, Mihm S. Interferon-Lambda (IFNL) Germline Variations and
Their Significance for HCC and PDAC Progression: An Analysis of The
Cancer Genome Atlas (TCGA) Data. BMC Cancer (2020) 20(1):1131-1. doi:
10.1186/s12885-020-07589-4

Lemos H, Mohamed E, Huang L, Ou R, Pacholczyk G, Arbab AS, et al. STING
Promotes the Growth of Tumors Characterized by Low Antigenicity via IDO
Activation. Cancer Res (2016) 76(8):2076-81. doi: 10.1158/0008-5472.CAN-
15-1456

Liang D, Xiao-Feng H, Guan-Jun D, Er-Ling H, Sheng C, Ting-Ting W, et al.
Activated STING Enhances Tregs Infiltration in the HPV-Related
Carcinogenesis of Tongue Squamous Cells via the C-Jun/CCL22 Signal.
Biochim Biophys Acta (2015) 1852(11):2494-503. doi: 10.1016/j.bbadis.
2015.08.011

Tang C-HA, Zundell JA, Ranatunga S, Lin C, Nefedova Y, Del Valle JR,
et al. Agonist-Mediated Activation of STING Induces Apoptosis in
Malignant B Cells. Cancer Res (2016) 76(8):2137. doi: 10.1158/0008-
5472.CAN-15-1885

Larkin B, Ilyukha V, Sorokin M, Buzdin A, Vannier E, Poltorak A. Cutting
Edge: Activation of STING in T Cells Induces Type I IFN Responses and Cell
Death. J Immunol (2017) 199(2):397. doi: 10.4049/jimmunol.1601999

Gulen MF, Koch U, Haag SM, Schuler F, Apetoh L, Villunger A, et al.
Signalling Strength Determines Proapoptotic Functions of STING. Nat
Commun (2017) 8(1):427. doi: 10.1038/s41467-017-00573-w

Sarhan J, Liu BC, Muendlein HI, Weindel CG, Smirnova I, Tang AY, et al.
Constitutive Interferon Signaling Maintains Critical Threshold of MLKL
Expression to License Necroptosis. Cell Death Different (2019) 26(2):332-
47. doi: 10.1038/s41418-018-0122-7

Brault M, Olsen TM, Martinez J, Stetson DB, Oberst A. Intracellular Nucleic
Acid Sensing Triggers Necroptosis Through Synergistic Type I IFN and TNF
Signaling. J Immunol (2018) 200(8):2748. doi: 10.4049/jimmunol.1701492
Swanson KV, Junkins RD, Kurkjian CJ, Holley-Guthrie E, Pendse AA, El
Morabiti R, et al. A Noncanonical Function of cGAMP in Inflammasome

Priming and Activation. J Exp Med (2017) 214(12):3611. doi: 10.1084/
jem.20171749

Gaidt MM, Ebert TS, Chauhan D, Ramshorn K, Pinci F, Zuber S, et al. The
DNA Inflammasome in Human Myeloid Cells Is Initiated by a STING-Cell
Death Program Upstream of NLRP3. Cell (2017) 171(5):1110-1124.e1118.
doi: 10.1016/j.cell.2017.09.039

Conrad C, Gregorio J, Wang YH, Ito T, Meller S, Hanabuchi S, et al.
Plasmacytoid Dendritic Cells Promote Immunosuppression in Ovarian
Cancer via ICOS Costimulation of Foxp3(+) T-Regulatory Cells. Cancer Res
(2012) 72(20):5240-9. doi: 10.1158/0008-5472.CAN-12-2271

Mitchell D, Chintala S, Dey M. Plasmacytoid Dendritic Cell in Immunity and
Cancer. ] Neuroimmunol (2018) 322:63-73. doi: 10.1016/j.jneuroim.2018.
06.012

Sisirak V, Faget J, Gobert M, Goutagny N, Vey N, Treilleux I, et al. Impaired
IFN-o. Production by Plasmacytoid Dendritic Cells Favors Regulatory T-Cell
Expansion That May Contribute to Breast Cancer Progression. Cancer Res
(2012) 72(20):5188. doi: 10.1158/0008-5472.CAN-11-3468

Treilleux I, Blay J-Y, Bendriss-Vermare N, Ray-Coquard I, Bachelot T,
Guastalla J-P, et al. Dendritic Cell Infiltration and Prognosis of Early Stage
Breast Cancer. Clin Cancer Res (2004) 10(22):7466. doi: 10.1158/1078-
0432.CCR-04-0684

Ogilvy S, Metcalf D, Print CG, Bath ML, Harris AW, Adams JM. Constitutive
Bcl-2 Expression Throughout the Hematopoietic Compartment Affects
Multiple Lineages and Enhances Progenitor Cell Survival. Proc Natl Acad
Sci U.S.A. (1999) 96(26):14943-8. doi: 10.1073/pnas.96.26.14943

Rickard JA, O’Donnell JA, Evans JM, Lalaoui N, Poh AR, Rogers T, et al.
RIPK1 Regulates RIPK3-MLKL-Driven Systemic Inflammation and
Emergency Hematopoiesis. Cell (2014) 157(5):1175-88. doi: 10.1016/
j.cell.2014.04.019

Takeuchi O, Fisher ], Suh H, Harada H, Malynn BA, Korsmeyer SJ. Essential
Role of BAX,BAK in B Cell Homeostasis and Prevention of Autoimmune
Disease. Proc Natl Acad Sci U.S.A. (2005) 102(32):11272-7. doi: 10.1073/
pnas.0504783102

Kuida K, Lippke JA, Ku G, Harding MW, Livingston DJ, Su MS, et al. Altered
Cytokine Export and Apoptosis in Mice Deficient in Interleukin-1 Beta
Converting Enzyme. Science (1995) 267(5206):2000-3. doi: 10.1126/
science.7535475

Vremec D, Pooley J, Hochrein H, Wu L, Shortman K. CD4 and CD8
Expression by Dendritic Cell Subtypes in Mouse Thymus and Spleen.
J Immunol (2000) 164(6):2978. doi: 10.4049/jimmunol.164.6.2978

Livak KJ, Schmittgen TD. Analysis of Relative Gene Expression Data Using
Real-Time Quantitative PCR and the 2-AAct Method. Methods (2001) 25
(4):402-8. doi: 10.1006/meth.2001.1262

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Conlflict of Interest: HH is an employee of Bavarian Nordic GmbH.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Pang, Daraj, Balka, De Nardo, Macri, Hochrein, Masterman, Tan,
Shoppee, Magill, Jahan, Bafit, Zhan, Kile, Lawlor, Radford, Wright and O’Keeffe. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 794776


https://doi.org/10.1002/cti2.1141
https://doi.org/10.1002/cti2.1141
https://doi.org/10.1172/jci.insight.87102
https://doi.org/10.1016/j.immuni.2010.01.013
https://doi.org/10.1016/j.immuni.2010.01.013
https://doi.org/10.1126/sciimmunol.aav3942
https://doi.org/10.1126/sciimmunol.aav3942
https://doi.org/10.1084/jem.20101159
https://doi.org/10.3389/fimmu.2017.00119
https://doi.org/10.1016/j.biopha.2017.01.077
https://doi.org/10.1007/s10528-021-10060-z
https://doi.org/10.1007/s10528-021-10060-z
https://doi.org/10.1186/s12885-020-07589-4
https://doi.org/10.1158/0008-5472.CAN-15-1456
https://doi.org/10.1158/0008-5472.CAN-15-1456
https://doi.org/10.1016/j.bbadis.2015.08.011
https://doi.org/10.1016/j.bbadis.2015.08.011
https://doi.org/10.1158/0008-5472.CAN-15-1885
https://doi.org/10.1158/0008-5472.CAN-15-1885
https://doi.org/10.4049/jimmunol.1601999
https://doi.org/10.1038/s41467-017-00573-w
https://doi.org/10.1038/s41418-018-0122-7
https://doi.org/10.4049/jimmunol.1701492
https://doi.org/10.1084/jem.20171749
https://doi.org/10.1084/jem.20171749
https://doi.org/10.1016/j.cell.2017.09.039
https://doi.org/10.1158/0008-5472.CAN-12-2271
https://doi.org/10.1016/j.jneuroim.2018.06.012
https://doi.org/10.1016/j.jneuroim.2018.06.012
https://doi.org/10.1158/0008-5472.CAN-11-3468
https://doi.org/10.1158/1078-0432.CCR-04-0684
https://doi.org/10.1158/1078-0432.CCR-04-0684
https://doi.org/10.1073/pnas.96.26.14943
https://doi.org/10.1016/j.cell.2014.04.019
https://doi.org/10.1016/j.cell.2014.04.019
https://doi.org/10.1073/pnas.0504783102
https://doi.org/10.1073/pnas.0504783102
https://doi.org/10.1126/science.7535475
https://doi.org/10.1126/science.7535475
https://doi.org/10.4049/jimmunol.164.6.2978
https://doi.org/10.1006/meth.2001.1262
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Discordance in STING-Induced Activation and Cell Death Between Mouse and Human Dendritic Cell Populations
	Introduction
	Results
	DC Subsets Reveal Differential Signaling Upon STING Activation but IFN-&lambda; Is Produced From All Mouse DC Subsets
	STING-Dependent Activation Occurs Co-Incident With Potent Killing of Mouse pDCs
	Soluble Mediators Induced by STING Activation Are Not Responsible for Mouse pDC Death
	Intrinsic Apoptosis Is Indispensable or cDC Death but Only Partly Required for pDC Death Induced Upon STING Activation
	Human DCs Display Divergent Responses to STING Activation
	Human pDCs Are Resistant to STING-Induced Cell Death

	Discussion
	Methods
	Mice
	Mouse DC Purification
	Human Blood DC Purification
	Humanized Mouse DC Purification
	In Vitro Stimulations
	CDN Transfection
	Flow Cytometry
	IFN ELISAs
	Cytokine Analysis
	RNA-Sequencing and Bioinformatics Analysis
	Quantitative RT-PCR
	Western Blotting
	Caspase3/7 Detection Assay
	Statistical Analysis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


