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Significance

Schistosomes cause widespread 
disease in vertebrates and are 
responsible for over 200 million 
human infections worldwide. 
Most schistosome-infected 
patients develop a mild form of 
the disease; however, for 5 to 
10% of the patients, the disease 
is severe and life threatening. To 
date, the molecular mechanisms 
resulting in such widely dissimilar 
pathology remain poorly 
understood. We now report that 
in low-pathology setting, cyclic 
GMP-AMP synthase/stimulator of 
interferon genes (cGAS/STING)-
dependent type I interferon 
(IFN-I) down-regulates dendritic 
cell (DC) expression of CD209a, 
with consequent dampening of 
IL-1β, IL-23, and Th17 cell 
activation, as well as increased 
Th2 cytokines, resulting in the 
amelioration of 
immunopathology. Additionally, 
Gsdmd, which is highly expressed 
in high-pathology setting, 
reduces egg-mediated IFN-I 
responses via induction of pore 
formation and enhanced 
pyroptosis.
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There is significant disease heterogeneity among mouse strains infected with the hel-
minth Schistosoma mansoni. Here, we uncover a unique balance in two critical innate 
pathways governing the severity of disease. In the low-pathology setting, parasite 
egg-stimulated dendritic cells (DCs) induce robust interferon (IFN)β production, 
which is dependent on the cyclic GMP-AMP synthase (cGAS)/stimulator of interferon 
genes (STING) cytosolic DNA sensing pathway and results in a Th2 response with 
suppression of proinflammatory cytokine production and Th17 cell activation. IFNβ 
induces signal transducer and activator of transcription (STAT)1, which suppresses 
CD209a, a C-type lectin receptor associated with severe disease. In contrast, in the 
high-pathology setting, enhanced DC expression of the pore-forming protein gasder-
min D (Gsdmd) results in reduced expression of cGAS/STING, impaired IFNβ, and 
enhanced pyroptosis. Our findings demonstrate that cGAS/STING signaling represents 
a unique mechanism inducing protective type I IFN, which is counteracted by Gsdmd.

STING | type I IFN | gasdermin D | CD209a | STAT1

Schistosomes are trematode helminths that infect more than 250 million people, of which 
120 million suffer from clinical morbidity (1). Infection with the species Schistosoma 
mansoni (S. mansoni) targets the liver and intestines, where trapped parasite eggs trigger 
a CD4 T helper (Th) cell–mediated granulomatous inflammation and fibrosis. Most 
schistosome-infected individuals develop a relatively mild form of the disease; however, 
in 5 to 10% of the patients, the disease is severe and life threatening (2). Despite the large 
disease burden, schistosomiasis remains a neglected disease with limited insights into 
disease pathogenesis and immunopathological heterogeneity.

Intriguingly, a disease dichotomy is observed in the murine model of schistosomiasis, 
where C57BL/6 (BL/6) mice develop milder pathology amidst a protective antiinflam-
matory Th2-dominated cytokine environment (2), whereas CBA mice develop severe 
hepatic egg-induced immunopathology, largely mediated by proinflammatory Th17 cells 
(3–5). Our previous studies have highlighted how disparate T cell responses in the two 
backgrounds rely on differences in key innate immune components such as 
antigen-presenting cells (APCs). Indeed, differences in the expression of key innate 
immune factors in dendritic cells (DCs) are central to shaping immunopathogenicity 
during schistosomiasis (6–8). The establishment of a net antiinflammatory milieu is there-
fore a key requisite to avert severe disease (9–12). To date, the signaling pathways resulting 
in dissimilar levels of pathology remain incompletely understood and are key to appreci-
ating how genetic differences result in dissimilar disease severity.

To ascertain key immune genes that may be the basis of disease heterogeneity, we per-
formed a gene array and identified C-type lectin receptor (CLR), dendritic cell-specific 
ICAM-3-grabbing nonintegrin (DC-SIGN, CD209), as a key determinant of schistosome 
immunopathology (6, 13). DC-SIGN/CD209 plays a crucial role in the recognition of 
pathogens such as HIV, Ebola virus, mycobacteria, opportunistic fungi, and schistosomes 
(14–17). CD209a (SIGNR5) is the closest murine homolog to human DC-SIGN and its 
expression is strikingly elevated in DCs from high-pathology CBA mice vs. low-pathology 
BL/6 mice. Our previous studies highlight a decisive role for CD209a in shaping subsequent 
T cell skewing and immunopathology, as schistosome-infected CBA CD209a−/− mice dis-
play markedly reduced Th17 cell responses and hepatic granulomatous lesions (6). 
Mechanistically, CD209a synergizes with Dectin-2 and Mincle to facilitate IL-1β and IL-23 
production by egg-stimulated DCs necessary for pathogenic Th17 cell activation (6).

Schistosome eggs have been reported to stimulate DCs to produce type I IFN (IFN-I), 
a large family of cytokines including 14 IFNα in mice (13 in humans) and IFNβ. IFN-I 
subsequently induces a proresolving Th2 response by signaling through the heterodimeric 
IFN-I receptor (IFNAR) (18, 19). Yet, multiple aspects of the IFN-I relationship to 
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schistosomiasis remain unknown, including which pathways reg-
ulate the induction of IFN-I during disease and how IFNAR 
signaling impacts disease severity.

Innate detection of aberrantly localized DNA is a predominant 
trigger for IFN-I production and a vital component of host 
defense. Cytosolic DNA is sensed by cyclic guanosine monophos-
phate adenosine monophosphate synthase (cGAS), which gener-
ates a small, heterodimeric, endogenous secondary messenger 
cyclic GMP-AMP (cGAMP) from cytosolic pools of Adenosine 
triphosphate (ATP) and Guanosine-5'-triphosphate (GTP). 
cGAMP in turn binds to the C-terminal domain of the endoplas-
mic reticulum (ER)-resident signaling adaptor, stimulator of IFN 
genes (STING) (gene: Tmem173) (20, 21), leading to the tran-
scription of IFN-I (reviewed in refs. 21 and 22). Recent studies 
have revealed an outsized role for innate pathways that sense cyto-
solically localized microbial DNA in host defense against various 
pathogens such as Plasmodium (23), HIV (24), and Mycobacterium 
tuberculosis (25). Both IFN-I and cGAS/STING pathways play key 
roles in controlling disease pathogenesis by either limiting or 
enhancing inflammation, depending on the disease setting (26–29). 
Surprisingly, a role for the cGAS/STING pathway in helminth 
infections remains entirely unexplored.

In order to explore the cellular and molecular origin of IFN-I 
during schistosomiasis and pinpointing its role in disease severity, 
we investigated the contribution of cGAS/STING during schisto-
somiasis. Here, we report that stimulation of low-pathology BL/6 
DCs with live schistosome eggs induces robust IFNβ production 
in a cGAS/STING/IFNAR-dependent manner. The absence of 
cGAS/STING signaling resulted in heightened expression of proin-
flammatory IL-1β and IL-23 responses and mobilization of Th17 
cells, simulating a high-pathology response. Consistent with these 
results, BL/6 mice lacking STING exhibited significantly enhanced 
hepatic granulomatous inflammation associated with increased 
Th17 and diminished Th2 cell responses. Mechanistically, we show 
that cGAS/STING-mediated Th17 suppression is a direct result 
of the downregulation of the high-pathology driving CLR, 
CD209a. Gsdmd was highly expressed in CBA DCs, leading to 
reduced expression of cGAS/STING, diminished IFNβ, and 
heightened pyroptosis, when stimulated with eggs. These findings 
unravel unique mechanisms by which cGAS/STING-dependent 
signals restrain immunopathology. They also provide insights into 
an unrecognized role of Gsdmd in modulating the protective IFN-I 
pathway in schistosomiasis.

Results

Egg-Induced DC IFNβ Production Depends on cGAS/STING/
IFNAR, Correlates with Reduced Proinflammatory Cytokines, 
and Skews Toward an Enhanced IL-4 Response. Previous gene 
profiling from our laboratory revealed an IFN-I signature in bone 
marrow derived dendritic cells (BMDCs) from low-pathology 
BL/6 mice in the form of elevated interferon-stimulated gene 
(ISG) expression such as Ccl5, Stat4, Slamf7, and Ccl22, whereas 
proinflammatory gene expression was elevated in BMDCs from 
high-pathology CBA mice (7). To investigate whether the low 
pathology is linked to a protective IFN-I response, we measured 
IFNβ in livers from uninfected and infected CBA and BL/6 mice. 
Indeed, there was a marked increase of IFNβ in BL/6 livers and 
spleens, suggesting a role for this cytokine in controlling disease 
severity (Fig. 1A).

IFN-I production can result from the activation of four distinct 
pathways: cGAS/STING as well as retinoic acid-inducible gene I 
(RIG-I)/mitochondrial antiviral-signaling protein (MAVS) are 
cytosolic pathogen recognition receptors (PRRs) that recognize 

DNA and RNA, respectively (30), whereas myeloid differentiation 
primary response 88 (MyD88) (31) and TIR-domain-containing 
adapter-inducing interferon β (TRIF) (32) are adaptor proteins 
triggered by Toll-like receptors. We investigated the role of these 
pathways in IFN-I production in the setting of the schistosome 
infection using egg-stimulated BMDCs from BL/6 and CBA mice. 
STING expression was strikingly higher in BL/6 BMDCs, while 
no differences were observed in the expression of MAVS and 
MyD88 (Fig. 1 B, Left). Moreover, there was no significant differ-
ence in IFNβ production between egg-stimulated Trif−/− BMDCs 
and BL/6 wild-type (WT) controls (Fig. 1 B, Right), all suggesting 
that cytosolic cGAS/STING-dependent DNA sensing is a critical 
trigger of IFN-I production in BL/6 mice.

Stimulation with schistosome eggs (Fig. 1 C, Left) as well as trans-
fection with S. mansoni genomic DNA (Sm gDNA) (Fig. 1 C, Right) 
induced IFNβ production in BL/6 but not in STING−/− BMDCs 
in vitro, with poly (dAdT) serving as a positive control. Similarly, 
BMDCs lacking cGAS, whether stimulated with eggs or Sm gDNA 
(Fig. 1D) or IFNAR1 (Fig. 1E), produced significantly less IFNβ, 
suggesting that, together with STING, cGAS and IFNAR1 are mem-
bers of the same signaling pathway activated by gDNA. Consistent 
with these results, cGAMP levels were significantly diminished in 
egg-stimulated cGAS−/− BMDCs (SI Appendix, Fig. S1A). We next 
assessed how STING-, cGAS-, and IFNAR1-dependent signaling 
affects cytokines regulating inflammation in schistosomiasis. Egg 
stimulation of STING−/− BMDCs resulted in a significant increase 
in IL-1β (Fig. 1 F, Left) and IL-23 (Fig. 1 I, Left), or in enhanced 
IL-17 production by BMDC-T cell cocultures (Fig.1 L, Left). IL-1β 
(SI Appendix, Fig. S1 B, Left) and IL-23 (SI Appendix, Fig. S1 B, 
Right) were also increased in cGAS−/− BMDCs transfected with Sm 
gDNA. The absence of cGAS and IFNAR1 similarly resulted in 
increases in IL-1β (Fig. 1 G and H), IL-23 (Fig. 1 J and K), and 
IL-17 (Fig. 1 M and N). In contrast, the Th2 cytokine IL-4 pro-
duced by STING−/− (Fig. 1O), cGAS−/− (Fig. 1P), and IFNAR1−/− 
(Fig. 1Q) BMDC-T cell cocultures was significantly lower than that 
in WT controls. These results build upon a recent report suggesting 
a role for IFN-I in initiating DC-dependent Th2 responses to schis-
tosome eggs (18). Additionally, we showed that IL-4 was produced 
by CD4 T cells and not BMDCs (SI Appendix, Fig. S1C). Lastly, 
the loss of STING (SI Appendix, Fig. S1 D, Left), cGAS (SI Appendix, 
Fig. S1 D, Center), or IFNAR1 (SI Appendix, Fig. S1 D, Right) had 
no effect on TNFα production, suggesting that alternate pathways 
regulate this cytokine.

To further define the role of STING in suppressing proinflam-
matory cytokine responses, we transduced STING−/− BMDCs with 
STING retroviruses. This approach resulted in a full restitution 
of STING expression (SI Appendix, Fig. S1E), as well as 
STING-mediated suppression of IL-1β (Fig. 1 F, Center) and 
IL-23 (Fig. 1 I, Center) production. To further test whether the 
STING-dependent suppression of proinflammatory cytokines 
operated via IFN-I, we added IFNβ to STING−/− BMDCs. The 
exogenous IFNβ induced significant inhibition of IL-1β (Fig. 1 F, 
Right) and IL-23 (Fig. 1 I, Right) production by egg-stimulated 
STING−/− BMDCs, and of IL-17 (Fig. 1 L, Right) in BMDC-T 
cell cocultures, but had no effect on TNFα (SI Appendix, Fig. S1F). 
Lastly, to verify the inhibitory effect of IFN-I in the natural setting 
of low IFN-I (Fig. 1A), we added IFNβ to egg-stimulated CBA 
BMDCs. This resulted in a significant inhibition of IL-1β 
(SI Appendix, Fig. S1 G, Left) and IL-23 (SI Appendix, Fig. S1 G, 
Center), but had no effect on TNFα (SI Appendix, Fig. S1 G, 
Right). Taken together, these results suggest that cGAS/STING/
IFNAR1 pathway-dependent IFN-I production suppresses proin-
flammatory Th1 and Th17 responses while promoting Th2 polar-
ization during schistosome infection.
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STING Deficiency Results in Marked Increase in Egg-Induced 
Granulomatous Inflammation. To investigate the role of STING 
in the development of egg-induced hepatic immunopathology, 
STING−/− and BL/6 mice were infected with S. mansoni. After a 
7-wk infection, livers, spleens, and mesenteric lymph nodes (MLNs) 
were all significantly larger (Fig.  2A) and heavier (Fig.  2B) in 
STING−/− vs. BL/6 controls. The livers of STING−/− mice exhibited 
a yellowish, granular surface denoting granulomatous lesions, which 
were more prominent than those seen in BL/6 controls (Fig. 2A). 
Upon histological analysis, the granulomas were composed of 
mono- and polynuclear inflammatory cells surrounding central 
eggs. In STING−/− mice, they were significantly larger and had 

less defined borders with more cells spilling into the surrounding 
hepatic parenchyma (Fig. 2C). Morphometric analysis of single-
egg granulomas confirmed that the average granuloma size in 
STING−/− mice was significantly larger than that in BL/6 mice 
(Fig. 2D); however, the number of eggs present in the livers did not 
significantly differ between the mouse groups, indicating that the 
parasite load did not correlate with the extent of inflicted pathology 
(Fig. 2E).

STING Deficiency Leads to Enhanced Th17/Th1 and Diminished 
Th2 Cytokine Responses In  Vivo and Ex  Vivo. To further 
assess the impact of STING during in vivo infection, cytokine 
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Fig. 1. IFNβ production is diminished while proinflammatory cytokine production is enhanced in the absence of STING, cGAS, and IFNAR1. (A) Liver and spleen 
from uninfected and infected CBA and BL/6 mice were homogenized, and IFNβ levels were assessed by ELISA. (B) Immunoblot analysis of 2 × 106 CBA and BL/6 
BMDCs plated in six-well plates and stimulated with 1,000 live eggs per well for 24 h. Cell lysates were used for western blot analysis using Abs against STING, 
MAVS, MyD88, and GAPDH (Left). Given the lack of TRIF western blot Abs, TRIF’s impact on IFNβ production was assessed by culturing BL/6 and Trif−/− BMDCs 
with 100 live eggs and measuring IFNβ in 24 h supernatants by ELISA (Right). BL/6 and STING−/− BMDCs were cultured with 100 live eggs, and cytokines IFNβ  
(C, Left), IL-1β (F, Left), IL-23 (I, Left), IL-17 (L, Left), and IL-4 (O) in the supernatants were measured by ELISA. In C, Left, BMDCs were also transfected with 1.5 mg/
mL poly (dAdT) and in C, Right, with the indicated amounts of Sm gDNA using Lipofectamine 2000. In F, Center, and I, Center, BMDCs were transduced with empty 
vector (EV) or STING before egg stimulation, and in F, Right, I, Right, and L, Right, they were pretreated with rIFNβ for 1 h followed by egg stimulation. BL/6 and 
cGAS−/− BMDCs were cultured with 100 live eggs, and cytokines IFNβ (D), IL-1β (G), IL-23 (J), IL-17 (M), and IL-4 (P) in the supernatants were measured by ELISA. In 
(D) BMDCs were also transfected with indicated amounts of Sm gDNA using Lipofectamine 2000. BL/6 and IFNAR1−/− BMDCs were cultured with 100 live eggs, 
and cytokines IFNβ (E), IL-1β (H), IL-23 (K), IL-17 (N), and IL-4 (Q) in the supernatants were measured by ELISA. For this and all figures, in order to measure IFNβ, 
IL-1β, and IL-23, cultures proceeded for 24 h, and for IL-17 and IL-4, cultures also included CD4 T cells and proceeded for 72 h. Bars represent the mean ± SD 
cytokine levels of three biological replicates from one representative experiment of three with similar results. *P ≤ 0.05, **P ≤ 0.005, ns: not significant.
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responses were measured in liver and spleen homogenates from 
7 wk-infected STING−/− and BL/6 mice. In agreement with the 
in vitro findings, the lack of STING resulted in a marked drop 
of IFNβ in both organs. There were also significant increases 
in IL-1β, IL-23, IL-17, and IFNγ, while IL-4, IL-5, and IL-13  
were significantly lower (Fig.  3A). Ex  vivo restimulation of 
splenic and MLN cells (MLNCs) with live eggs led to a similar 
shift in cytokine responses in the absence of STING (Fig. 3B). 
However, the loss of STING had no significant effect on liver 
and spleen TNFα production in vivo (SI Appendix, Fig. S2A) or 
following restimulation with eggs of splenic or MLNCs ex vivo 
(SI Appendix, Fig. S2B). Taken together, these results suggest that 
STING restrains proinflammatory cytokines while promoting Th2 
cytokines during schistosome infection.

STING Suppresses CD209a Expression and Function via 
IFN-I Signaling. Stimulation via the CLR CD209a activates 
pathogenic Th17 cell responses associated with severe egg-
induced immunopathology (6). To determine whether STING 
ameliorates pathology by regulating CD209a, we measured 
CD209a expression in liver samples and in BMDCs from 
STING−/− and BL/6 mice. In liver samples obtained from both 
infected and uninfected mice (Fig. 4A), as well as in egg-stimulated 
or -unstimulated BMDC (Fig. 4B), CD209a was higher in the 
absence of STING. Transducing STING−/− BMDCs with STING 
retroviruses effectively reduced CD209a to levels observed in BL/6 
BMDCs, thus demonstrating the ability of STING to suppress 

CD209a (Fig.  4C). Importantly, we found increased baseline 
CD209a expression in uninfected livers and unstimulated 
BMDCs from STING−/− mice (Fig. 4 A–C), suggesting a role for 
constitutive IFN signaling which has been previously reported to 
be dependent on the STING pathway (33). STING specifically 
targeted CD209a as Dectin-2 expression was unaffected by the 
presence or absence of STING (SI Appendix, Fig. S3A).

To document the ability of CD209a to promote proinflamma-
tory cytokine production, we effectively silenced CD209a in BL/6 
and STING−/− BMDCs using specific lentivirally encoded small 
hairpin RNAs (shRNAs) (SI Appendix, Fig. S3B). The CD209a 
knockdown resulted in a striking reduction of IL-1β (Fig. 4 D, 
Left), IL-23 (SI Appendix, Fig. S3C), and IL-17 (Fig. 4 D, Right) 
in BMDCs with no impact on the control vector-enhanced green 
fluorescent protein (EGFP).

IFNα has been shown to negatively regulate CD209 (DC-SIGN) 
expression in human monocytes at mRNA and protein levels (34) 
although the mechanism of this suppression was not examined. To 
directly address the basis of the STING-regulated CD209a expres-
sion, we added rIFNβ to egg-stimulated BL/6 and STING−/− BMDCs. 
We observed that exogenous IFNβ effectively lowered CD209a in 
egg-stimulated and -unstimulated STING−/− BMDCs to BL/6 WT 
levels (Fig. 4E), demonstrating that IFNβ can directly regulate 
CD209a expression. We also evaluated cGAS and IFNAR1 for their 
ability to modulate CD209a independently, given their impact on 
BMDC cytokine production (Fig. 1). We found that the absence 
of either cGAS (Fig. 4F) or IFNAR1 (Fig. 4G) resulted in a marked 
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Fig. 2. STING−/− mice exhibit enhanced egg-induced granulomatous inflammation. (A) Representative images of livers, spleens, and MLNs from BL/6 and STING−/− 
mice infected with S. mansoni and killed at 7 wk post infection. (B) Weights of livers, spleens, and MLNs from infected BL/6 and STING−/− mice. (C) Representative 
histopathology of liver granuloma of BL/6 and STING−/− mice (magnification, 100×) (D) Granuloma size determined by computer-assisted morphometric analysis. 
Each dot represents average granuloma size of 10 to 20 granulomas in two sections from individual mice. (E) Number of eggs per 2.4 mm2 field assessed 
on H&E-stained liver sections at 100× magnification. An average of 16 fields per liver section was assessed. Images are representative of three independent 
experiments. Data in B, D, and E represent pooled results from two or three independent experiments with 3 to 5 mice per group. *P ≤ 0.05, **P ≤ 0.005,  
***P ≤ 0.0005, ns: not significant.
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increase of CD209a in BMDCs, whether stimulated with eggs or 
not. Taken together, our findings suggest that sequential activation 
of the cGAS, STING, and IFNAR1 signaling pathway profoundly 
down-regulates CD209a expression.

IFN-I Suppresses CD209a Promoter Activity via STAT1 Activation. 
The suppression of CD209a gene transcription by IFN-I signaling 
prompted us to investigate the involvement of the IFN-I-mediated 
transcription factor STAT1. IFN-I binds to IFNAR1, which 
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activates Janus kinases (JAK1/Tyk2) and signal transducers and 
activators of transcription (STAT1/2) leading to the dimerization, 
nuclear translocation, and binding to IRF9, thereby forming the 
ISG factor 3 (ISGF3) complex. This complex then binds to IFN-
stimulated response elements (ISRE), leading to the transcription 
of a myriad ISGs (28). STAT1 has been reported to have dual 
functions, activating, or repressing transcription, depending on 
the context of promoters by recruiting coactivators or corepressors 
(35, 36). Previous studies showed that schistosome eggs are 
potent inducers of STAT1 phosphorylation in BL/6 DCs (19) 
but revealed no consequences to this activation. Our studies using 
STAT1 inhibitor fludarabine suggest that STAT1 is activated and 
required for egg-mediated IFNβ production in BL/6 BMDCs 
(SI Appendix, Fig. S4A). To investigate whether STAT1 activation 
by egg-mediated IFN-I was able to trigger the suppression of 
CD209a transcription, we used an EGFP reporter assay. By 
treating CD209a promoter-EGFP transduced BL/6 BMDCs 
with increasing concentrations of STAT1 inhibitor, we determined 
that STAT1 triggers the suppression of CD209a promoter activity 
(SI Appendix, Fig. S4B). While the exogenous IFNβ efficiently 
induced significant inhibition of CD209a promoter activity, 
STAT1 inhibition followed by the addition of IFNβ failed to do 
so (Fig. 5 A, Left), suggesting that STAT1 activation by IFN-I is 
necessary to inhibit CD209a transcription. Consistent with our 
pharmacological results, STAT1−/− BMDCs exhibited enhanced 
CD209a promoter activity (Fig.  5  A, Right). The addition of 
exogenous IFNβ failed to repress CD209a promoter activity in 
the absence of STAT1 while it efficiently inhibited the CD209a 
promoter activity in STING−/− cells, further demonstrating that 
STAT1 is required to suppress CD209a transcription (Fig. 5 A, 
Right). Pharmacological inhibition of STAT1 led to a significant 
increase in IL-1β (SI  Appendix, Fig.  S4  C, Left) and IL-17 

(SI Appendix, Fig. S4 C, Center) secretion in BL/6 BMDCs but did 
not affect TNFα production in these cells (SI Appendix, Fig. S4 C, 
Right). In line with these data and similar to STING−/− BMDCs 
(Fig. 1 F and L, Left), IL-1β (Fig. 5 B, Left) and IL-17 (Fig. 5 B, 
Right) levels were enhanced in STAT1−/− cells. To understand 
whether STAT1-mediated suppression of CD209a can affect 
cytokine production, we silenced CD209a expression in BL/6 and 
STAT1−/− BMDCs (SI Appendix, Fig. S4D), which significantly 
reduced IL-1β (Fig. 5 B, Left) and IL-17 (Fig. 5 B, Right) expression 
in response to schistosome eggs. Overall, these data demonstrate 
that by directly suppressing CD209a expression, the STING–
IFNβ–STAT1 axis limits proinflammatory and Th17 cytokine 
responses and downstream pathology.

Gsdmd Is Highly Expressed in CBA BMDCs and Suppresses 
Protective Egg-Mediated IFN-I by Reducing cGAS/STING 
Expression and Inducing Pyroptosis. We and others have 
previously shown that caspase-1 is required for egg-mediated 
IL-1β production (6, 37). Gsdmd has been recently discovered as 
a substrate for inflammatory caspases such as caspase-1 (38–40). 
Caspase-mediated cleavage of Gsdmd liberates the N-terminal 
fragment, which forms pores in the cell membrane, serving to 
facilitate the release of IL-1β and IL-18 upon inflammasome 
activation and also promote pyroptosis (41–44). Our previous 
gene array data suggested that Gsdmd mRNA levels are 
elevated in egg-stimulated and -unstimulated CBA BMDCs as 
compared to their BL/6 counterparts (7). As previously noted, 
pyroptosis is a feature of egg-induced IL-1β production (45, 46) 
and now we show that levels of uncleaved and cleaved (active 
N-terminal fragment) Gsdmd are increased in egg-stimulated 
CBA BMDCs (SI  Appendix, Fig.  S5A). To better understand 
how Gsdmd impacts egg-induced cGAS/STING-dependent 
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IFN-I production, we treated CBA BMDCs with the Gsdmd 
inhibitor dimethyl fumarate (47). The loss of Gsdmd markedly 
enhanced egg-dependent cGAS and STING expression (Fig. 6 A, 
Left), as well as IFNβ (Fig.  6  A, Center), while repressing  
IL-1β production (Fig. 6 A, Right). This suggests that Gsdmd 
exerts an inhibitory effect on IFN-I production by suppressing 
cGAS/STING expression. In support of this notion, retroviral 
overexpression of Gsdmd in BL/6 BMDCs reduced cGAS and 
STING expression (Fig.  6  B, Left), induced IFNβ (Fig.  6  B, 
Center), and suppressed IL-1β (Fig. 6 B, Right) production. To 
test whether Gsdmd expression or activity is required for this 
suppressive effect, we leveraged a Gsdmd mutant containing 
an isoleucine to asparagine mutation at position 105 (I105N) 
that abrogates the capacity of Gsdmd to oligomerize, form 
pores, and induce pyroptosis (41). In contrast to the effect of 
ectopic overexpression of Gsdmd, I105N Gsdmd-expressing cells 
displayed unchanged cGAS/STING (Fig. 6 B, Left) and IFNβ 
(Fig.  6  B, Center) expression with no enhancement of IL-1β 
(Fig. 6 B, Right) over controls. These findings suggest that the 
activity of Gsdmd, potentially in porulating cell membranes, is 
critical for suppressing the IFN-I pathway. We confirmed this 
using Gsdmd−/− BMDCs, which, in agreement with the Gsdmd 
inhibitor (Fig.  6A), enhanced cGAS and STING expression 
(Fig. 6 C, Left) and egg-induced IFNβ production (Fig. 6 C, 
Center Left), while reducing IL-1β (Fig. 6 C, Center Right) and 
IL-17 (Fig.  6  C, Right). Consistent with these findings, the 
enzymatic activity of cGAS was also enhanced in Gsdmd−/− 
BMDCs in response to eggs, as the intracellular levels of cGAMP 
in egg-stimulated Gsdmd−/− cells were significantly higher than 

their WT counterparts (Fig.  6D). Additionally, STING is 
highly phosphorylated in egg-stimulated Gsdmd−/− BMDCs 
(SI Appendix, Fig. S5B). Given the critical impact of the I105N 
mutation, we surmised that Gsdmd suppresses cGAS/STING 
function by inducing egg-mediated pyroptosis. To directly test 
this, we compared cell survival in egg-stimulated CBA and BL/6 
BMDCs as assessed by the vital probe calcein AM. As expected, 
in BL/6 BMDCs, there was significantly less cell death, which 
was largely dependent on Gsdmd since in Gsdmd−/− cells it was 
absent (Fig. 6E). More relevantly, the cell survival of cGAS−/− and 
STING−/− BMDCs was comparable to that of CBA BMDCs 
(Fig. 6E), suggesting that cGAS and STING negatively regulate 
Gsdmd-mediated pyroptosis.

Discussion

Our study elucidates the basis of disease heterogeneity in schisto-
some infection. We implicate the cGAS/STING intracellular 
DNA-sensing pathway in averting severe disease in murine schis-
tosomiasis by regulating IL-1β and pathogenic Th17 responses. 
The absence of STING resulted in exacerbated egg-induced 
hepatic granulomatous inflammation, amidst an enhanced Th17/
Th1, and diminished Th2 cytokine milieu. Similar shifts in 
cytokine production were also observed in an in vitro model, using 
egg-stimulated STING−/− BMDC- T cell cocultures. Consistent 
with several previous studies describing its antiinflammatory or 
homeostatic role (48–52), our results reveal a unique application 
of STING signaling as a key regulator of schistosome egg-induced 
immunopathology. We now show that cGAS/STING-dependent 
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IFN-I-mediated STAT1 signaling down-regulates DC expression 
of CD209a, with consequent dampening of IL-1β, IL-23, and 
Th17 cell activation, as well as increased Th2 cytokines, resulting 
in the amelioration of immunopathology. A role of IFN-I in Th2 
cell induction by DCs in response to schistosome eggs has been 
previously reported (18), although its broader impact on the 
in vivo infection and disease severity was not explored.

We demonstrate that Gsdmd, which is highly expressed in CBA 
BMDCs, restricts egg-mediated IFN-I responses via induction of 
pore formation and enhanced pyroptosis. These findings uncovered 
a unique interferon regulatory element in the context of a parasitic 
disease. A recent study shows that Gsdmd targets cGAS activation 
by disrupting ionic homeostasis (53), suggesting that Gsdmd- 
mediated inhibition of IFN-I pathway is exerted by various mech-
anisms depending on the stimulus/pathogen and/or cell type. 
Many studies have established the pathogenic role of inflammas-
omes in schistosome infection (37, 54–56). We now propose a 
model integrating the findings of this study with the previous ones 
in the context of downstream pathological impact: Eggs can acti-
vate both the cGAS/STING/IFNAR1/STAT1 and inflammasome 
pathways. In the low-pathology setting, cGAS/STING-dependent 
IFN-I is preferentially engaged by DNA released from eggs, pre-
sumably due to the high expression of these molecules in this 
genetic background. In the high-pathology setting, inflammasome 
and Gsdmd activation leads to predominantly pyroptotic and 
IL-1β-driven immune responses, and is accompanied by a further 
reduction in the expression of the immunoprotective cGAS/
STING and IFN-I. These findings represent a significant concep-
tual advance in our understanding of the crosstalk between two 
major cytosolic immune surveillance pathways and its direct appli-
cation in explaining schistosome egg-induced variability in 
immunopathology.

IFN-I-mediated immunosuppression can be employed by dis-
similar mechanisms depending on the disease setting (57–60). 
Suppression of proinflammatory cytokines and Th17 responses in 
our system occurs at the level of Cd209a transcription. This inhi-
bition requires STAT1 and thus this inhibitory effect can be a con-
sequence of binding of STAT1 dimers or ISGF3 to the Cd209a 
promoter. STAT1-mediated activation of a transcriptional repressor 
might be an alternative mechanism by which STAT1 exerts its anti-
inflammatory function. Most importantly, CD209a promoter pol-
ymorphisms have been associated with responsiveness to IFN 
treatment (61) as well as increased susceptibility to a number of 
diseases (14, 61–63). The observed STING-dependent downregu-
lation of CD209a was a specific phenomenon and not a global effect 
on all CLRs as Dectin-2 expression was not affected by the presence 
or absence of STING. Of note, IFN-I-mediated STAT1 activation 
has been shown to directly curb inflammation by inhibiting NLRP3 
and IL-1β release (64). This could also be true in the context of 
schistosome infection, since NLRP3 inflammasome activation by 
schistosome eggs is well established (37, 65, 66). Although we pres-
ent a previously unrecognized role of the cGAS/STING/IFNAR1/
STAT1 axis in suppressing CD209a expression and attenuation of 
disease severity, we do not rule out the possible contribution of 
other pathway(s) by which IFN-I exerts its antiinflammatory func-
tion. A preponderance of evidence suggests that STING induces 
autophagy (67, 68) which in turn negatively regulates inflammas-
ome activation by targeting individual inflammasome components 
as substrates for autophagic degradation (69–72). This represents 
another modality by which STING activation could prevent exces-
sive inflammation in schistosome immunopathology.

We observed increased baseline CD209a expression in livers 
obtained from STING−/− mice and BMDCs, suggesting a role for 
constitutive (tonic) IFN signaling. Constitutive IFN-I has been 

shown to be dependent upon the STING pathway (33) and 
known to sustain steady-state levels of key players in the IFN 
signaling pathway, equipping the host cells to induce a rapid 
immune response at the time of schistosome infection (73, 74). 
We interpret these results as evidence that protective antiinflam-
matory mechanisms and predisposition to hyporeactivity exist in 
WT BL/6 but not STING−/− or CBA uninfected mice. Although 
CD209a levels were higher in both uninfected and infected 
STING−/− mice, Th17/Th1 cytokines have been detected in vivo 
and in vitro, respectively, in infected STING−/− mice and 
egg-stimulated STING−/− BMDCs. Thus, the heightened Th17/
Th1 responses may result from interactions between schistosome 
eggs and a host deficient in STING. Indeed, a homeostatic role 
for STING has been previously proposed (30, 50, 75, 76). These 
results indicate that CD209a must be transcriptionally modulated 
by STING-dependent tonic IFN-I levels, making it a unique tar-
get downstream of STING/IFN-I signaling.

Although it has previously been suggested that IFN-I is pro-
duced by DCs stimulated with egg Ags, a possible role for cyto-
solic DNA sensing has not been investigated. Webb et al. reported 
that the IFNα3 response to soluble egg Ag (SEA) by 
in vitro-generated Flt3-L BMDCs is dependent on the adaptor 
molecule TRIF (18) and is negatively regulated by MyD88 but 
they did not address the impact of TRIF or MyD88 deficiency 
on Th polarization nor whether these molecules have a role in the 
immunopathology. On the one hand, TRIF deficiency in con-
ventional DCs (cDCs) did not alter IFNβ production in response 
to eggs. On the other hand, IFN-I production by plasmocytoid 
DCs (pDCs) was shown to be MyD88 dependent (28). 
Additionally, various IFN-I subtypes have distinct biological activ-
ities (77). Therefore, different DC subsets, Ags, and IFN-I sub-
types might explain the observed disparities.

An unresolved question in our current study and a major gap 
in the field is by what mechanisms DNA gains access to the 
cytosol of DCs in vivo. Candidate molecules responsible for DNA 
transfer are the peptide LL37 (78), CLEC9A receptor (79), and 
high-mobility group box 1 (HMGB1) (80), which act by various 
mechanisms to take up DNA from extracellular sources. The 
specific contribution of these factors remains to be defined. We 
do not rule out the contribution of host cell death as a potential 
source of DNA, however at the doses used in our studies, schis-
tosome eggs did not significantly impact cell viability (6).

Activation of the STING pathway with consequent IFN-I pro-
duction is critical for host defense against pathogens (81); however, 
its excessive activation may lead to the development of autoim-
mune diseases such as systemic lupus erythematosus (62) and 
Aicardi–Goutieres syndrome (82). Our results suggest that acti-
vation of STING with S. mansoni DNA leads to the production 
of IFN-I that suppresses proinflammatory cytokine production. 
Based on these results, it would be highly likely that pharmaco-
logical activation of STING with STING agonists or cyclic dinu-
cleotides (CDN) could ameliorate egg-induced immunopathology. 
Such an approach has proven to be successful in the attenuation 
of antigen-induced arthritis (AIA) and Experimental autoimmune 
encephalomyelitis (EAE) (48, 83). Furthermore, our results indi-
cating that stimulation with rIFN-I leads to a decrease in CD209a 
expression and proinflammatory cytokine production suggest the 
possible beneficial effect of IFN-based therapy in vivo.

Materials and Methods

Mice, Parasites, and Infection. Five- to six-week-old female CBA/J, C57BL/6, 
TRIF−/−, IFNAR1−/−, STAT1−/−, and GSDMD−/− mice were purchased from 
The Jackson Laboratory and Swiss Webster mice from Taconic Biosciences. 
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cGAS−/− mice were from Katherine Fitzgerald and STING−/− mice were from 
Alexander Poltorak. Breeding colonies were established for STING−/−, IFNAR1−/−, 
and cGAS−/− mice. All mice were maintained at the Tufts University School of 
Medicine Animal Facility in accordance with the Association for Assessment 
and Accreditation of Laboratory Animal Care guidelines. The mice were infected 
by i.p. injection with 85 cercariae of S. mansoni (Puerto Rico strain) shed from 
infected Biomphalaria glabrata snails. The snails were provided by the NIAID 
Schistosomiasis Resource Center of the Biomedical Research Institute (Rockville, 
MD) through NIH-NIAID Contract HHSN272201000005I for distribution through 
BEI Resources. Live schistosome eggs were isolated from livers of infected Swiss 
Webster mice under sterile conditions by a series of blending and straining tech-
niques, as previously described (84).

Reagents. RPMI 1640 medium was from Lonza, FBS was from Atlanta 
Biologicals, glutamine and penicillin-streptomycin were from Gibco, and 
recombinant murine GM-CSF was from PeproTech. Murine recombinant (r) 
IFNβ was from Pbl Assay Science. Dimethyl fumarate, Poly (dAdT), Red Blood 
Cell Lysing Buffer, fludarabine phosphate, and 2-mercaptoethanol were from 
Sigma. LPS was from Invivogen. Calcein AM was from Invitrogen. GeneJuice 
was from Novagen. S.mansoni genomic DNA was from the Schistosomiasis 
Resource Center (NIH).

Cells, Cell Cultures, and Cell Stimulations.Restimulation of bulk lymphoid 
cells. Spleen cells and MLNs from 7 wk-infected BL/6 and STING−/− mice were 
prepared as previously described (85). 2 × 105 cells were plated and stimulated 
with 100 live eggs for 72 h.

DC cultures. BMDCs were generated as described previously (6). 2 × 105 BMDCs 
were plated and stimulated with 100 live eggs. Some cells were stimulated with 
LPS (100 ng/mL) for 24 h followed by nigericin (10 μM) for 1 h.

DC-T cell cocultures. CD4+ T cells were prepared from normal BL/6 spleens 
using a CD4+ T Cell Isolation Kit II for mouse (Miltenyi Biotec, Cambridge, 
MA) in accordance with the manufacturer’s instructions. Purified CD4+ T cells 
(2 × 105) were cultured with 105 syngeneic BMDCs and stimulated with 100 
live eggs plus 8 × 104 anti-CD3/CD28-coated beads (Gibco Dynal Dynabeads) 
for 72 h.

ELISA and Quantitative RT-PCR. Cytokine protein measurements were per-
formed in culture supernatants and tissue homogenates for IL-1β, IL-23, IL-17A, 
IFNγ, TNFα, IL-4, IL-5, IL-13, and IFNβ using ELISA kits from R&D Systems in accord-
ance with the manufacturer’s instructions. cGAMP was measured in BMDCs lysed 
with RIPA buffer using 2′3′-cGAMP ELISA kit (Arbor Assays) in accordance with 
the manufacturer’s instructions. Spleens and livers from 7-wk-infected mice were 
homogenized, and total protein concentrations were determined using a BCA 
protein assay kit (Thermo Scientific). RNA was obtained from cultured cells and 
spleen and liver homogenates using TRIzol Reagent (Ambion) or PureLink RNA 
kit (Ambion) and measured for CD209a mRNA levels. cDNA was synthesized with 
a HighCapacity cDNA RT Kit (Applied Biosystems) and TaqMan probes for cd209a 
and Gapdh in combination with TaqMan Gene Expression Master Mix (all from 
Applied Biosystems).

Liver Pathology and Immunofluorescence Studies. Liver samples obtained 
from the infected mice were fixed in 10% buffered formalin, processed and sec-
tioned by routine histopathologic technique, stained with H&E, and examined by 
light microscopy. Blinded morphometric analysis was performed using Image-
Pro Plus software as described previously described (85) to measure the size of 
individual hepatic granulomas with visible central eggs.

Retro/Lentiviral Production and Retro/Lentiviral Transduction. Full-length 
murine STING was cloned into the pRetro-Zeocin (pRZ) vector and tagged with 
HA and citrine. Retroviral vectors were packaged using the retroviral packaging 
vectors and vesicular stomatitis virus-glycoprotein (VSV-G) pseudotyping vector. 
Viral particles were produced in HEK293T cells using GeneJuice Transfection 
Reagent (Novagen). Retroviruses expressing STING or the EV were used to infect 
BMDCs, as previously described (86). Overexpression of STING was verified by 
western blot analysis.

HEK293T cells were transfected with pMSCV-puro encoding 2xFLAG-HA-
Gsdmd, or MSCV-puro encoding 2xFLAG-HA-I105N Gsdmd mutant and retroviral 
packaging plasmids and VSV-G pseudotyping vector. Viral particles were produced 
as explained above. Retroviruses expressing EV, Gsdmd, or mutant Gsdmd were 
used to infect BMDCs, as previously described (86). Overexpression of Gsdmd 
was verified by western blot and qPCR analysis.

CD209a-promoter was cloned into the pEZX-LvPF02 vector with eGFP reporter 
gene (GeneCopoeia). Lentiviral vectors were packaged using the packaging vec-
tor psPAX2 and the VSV-G pseudotyping vector pMD2 as previously described 
(6). Viral particles were produced in HEK293T cells using GeneJuice Transfection 
Reagent (Novagen). Lentiviruses expressing EV or CD209a-promoter were used 
to infect BMDCs, as previously described (7).

RNA Interference. BMDCs were transduced with lentiviruses containing lenti-
viral TRC shRNA expression plasmids targeting CD209a (Dharmacon). TRC EGFP 
shRNA was designed against the enhanced GFP reporter (Dharmacon). The pro-
duction of viral particles and transduction of BMDCs were conducted as described 
previously (6).

Western Blotting. BMDCs were washed, lysed, and prepared with Laemmli 
Buffer (Boston BioProducts). Samples were run on an SDS-PAGE gel and trans-
ferred to a nitrocellulose membrane (BioRad), which was blocked in 5% BSA. 
Protein expression was detected with Abs specific for MyD88 (AF3109, R&D 
Systems), MAVS (4983, Cell Signaling), STING (24683, Novus Biologicals), 
CD209a (95634, Abcam), cGAS (31659, Cell Signaling), gasdermin D (209845, 
Abcam), Dectin-2 (BAF1525, R&D Systems), phospho-STING (Ser 365) (72971, 
Cell Signaling), and GAPDH (2118; Cell Signaling).

Statistics. Student’s t test was used for statistical analysis of differences between 
groups. Pvalues ≤0.05 were considered significant.

Study Approval. All animal experiments in this study were approved by the 
Institutional Animal Care and Use Committee at Tufts and Pennsylvania State 
University.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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