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A B S T R A C T

Cyclic dinucleotides (CDNs) are critical adjuvants in antiviral vaccines and cancer immunotherapy, primarily 
through the activation of the cGAS-STING signaling pathway. Evaluating the immune responses triggered by 
CDNs is essential for the development of effective adjuvants. In this study, we performed a comparative tran-
scriptome analysis to characterize the immune responses elicited by the recently identified nuclease-resistant 
Drosophila and bacterial CDN, 3’2’-cGAMP, in mammalian immune cells. We detected a robust induction of 
innate immune gene signature following 3’2’-cGAMP stimulation in digitonin-permeabilized mouse primary 
macrophages, comparable to the response observed with the canonical mammalian CDN, 2’3’-cGAMP. STING 
deficiency remarkably reduced 3’2’-cGAMP-induced phosphorylation of TBK1 and IRF3 and the induction of 
IFN-β, indicating that 3’2’-cGAMP signaling-mediated immune responses were mainly STING dependent. In 
comparison to 2’3’-cGAMP signaling, 3’2’-cGAMP signaling preferentially elicited many STING-dependent genes 
involved in transcription and nucleosome positioning and assembly in the nucleus, which are likely associated 
with several enriched pathways, including cellular senescence, HDACs deacetylate histones, and epigenetic 
regulation of gene expression. The integrative analysis further revealed that 3’2’-cGAMP signaling preferentially 
induced genes were associated with autoimmune disease-related processes, suggesting a potential side effect that 
requires monitoring when used as an adjuvant. In conclusion, this study provides the first transcriptional 
landscape of 3’2’-cGAMP signaling in mammals and reveals the immune response characteristics and potential 
side effects mediated by 3’2’-cGAMP signaling. These findings may aid in the development of 3’2’-cGAMP-based 
adjuvants for antiviral vaccines and cancer immunotherapy.

1. Introduction

The cGAS-STING pathway is an evolutionarily conserved immune 
signaling pathway [1,2]. Among the agonists of the cGAS-STING 
pathway, cyclic dinucleotides (CDNs) are the most important natural 
agonists for activating the cGAS-STING pathway[3,4]. Well-known 
bacterial CDNs include c-di-AMP, c-di-GMP, and 3’3’-cGAMP [5]. In 
mammals, the most prominent CDN is 2’3’-cGAMP. All these CDNs can 
activate the cGAS-STING pathway in mammals by binding and acti-
vating the endoplasmic reticulum-associated transmembrane protein 

STING (stimulator of IFN gene)[4]. Activated STING phosphorylates 
TBK1 kinase to trigger IRF3-dependent innate immune responses, 
including IFN-β induction and the activation of interferon-stimulated 
genes (ISGs) [2,6], along with many IRF3-independent effectors, 
which vary based on cellular context and signaling duration [7–10].

The cGAS-STING pathway was first identified as crucial for antiviral 
immunity and antimicrobial defense [1,2]. Recently, growing evidence 
has highlighted the critical role of the cGAS-STING pathway in antiviral 
vaccines and cancer immunotherapy [3,11,12]. The type I IFN signature 
of the cGAS-STING pathway is essential for enhancing antigen-specific T 
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cell responses and natural killer cell responses, which together drive 
cell-mediated immunity. In specific cellular contexts, the cGAS-STING 
pathway can induce several forms of programmed cell death, 
including apoptosis, necroptosis, and lysosomal cell death. The versa-
tility of the cGAS-STING pathway enables immune responses that can 
ultimately clear virus and tumor cells. Given its importance in 
enhancing immune responses, recent research has focused on CDNs or 
their mimics as adjuvants in antiviral vaccines and cancer immuno-
therapy. CDN-adjuvanted protein subunit vaccines protect mice from 
respiratory bacterial and viral infections such as Mycobacterium tuber-
culosis, Influenza, anthrax, Acinetobacter baumannii, Klebsiella pneumoniae 
and Streptococcus pneumoniae, and methicillin-resistant Staphylococcus 
aureus[12–18]. CDNs have also exhibited promising therapeutic effects 
in cancer immunotherapy in mice. For instance, intraperitoneal injec-
tion of bacterial c-di-GMP overcomes immune suppression and improves 
vaccine efficacy against metastatic breast cancer in the 4T1 murine 
model [19]. Treatment of the bacterial c-di-GMP inhibits both basal and 
growth factor (acetylcholine and epidermal growth factor)-induced cell 
proliferation of human colon cancer (H508) cells [20]. Intertumoral 
vaccination with mammalian 2’3’-cGAMP remodels the tumor immune 
microenvironment by repolarizing M2-like tumor-associated macro-
phages into antitumor M1-type macrophages in HSC-2 squamous cell 
carcinomas, CT26 murine colon cancer, and B16F10 murine melanoma 
[21]. These observations indicate significant potential for CDNs as 
STING agonists in antiviral vaccines and tumor immunotherapy, despite 
most CDNs being bacterial in origin and not naturally occurring in 
humans. However, known natural CDNs are susceptible to nuclease 
degradation and often exhibit unwanted toxicities. Thus, there is a great 
need to evaluate newly identified CDNs for their potential as adjuvants.

3’2’-cGAMP is a recently identified CDN in Drosophila and bacteria 
that plays a role in immune responses[22–24]. 3’2’-cGAMP is synthe-
sized by cGLR (cGAS-like receptors), which is crucial for the protection 
from viral infection in Drosophila melanogaster [22]. Additionally, 
3’2’-cGAMP is resistant to nucleases that degrade 2’3’-cGAMP, thereby 
preserving STING-dependent immunity [22]. Intriguingly, over-
expression of cGLR with poly (I:C) stimulation led to STING activation in 
human HEK cells [22], suggesting the potential of 3’2’-cGAMP as a 
STING agonist in mammalian species. However, no systematic analysis 
of 3’2’-cGAMP-mediated immune responses has yet been performed in 
mammals. To evaluate the potential of 3’2’-cGAMP as an adjuvant, 
initial studies are needed to determine whether 3’2’-cGAMP can induce 
immune responses in mouse immune cells and to characterize these 
responses. Characterizing 3’2’-cGAMP-mediated immune responses in 
mouse cells through comparative transcriptome analysis with canonical 
2’3’-cGAMP would aid in evaluating 3’2’cGAMP as an adjuvant in 
antiviral vaccines and cancer immunotherapy.

In this study, we conducted a comparative transcriptome analysis to 
examine the potential immune responses induced by the 3’2’-cGAMP 
signaling activation in mouse primary macrophages. RNA-Seq analysis 
revealed strong activation of innate immune-related genes at 3 h and 9 h 
post 3’2’-cGAMP signaling activation, similar to responses triggered by 
the canonical mammalian CDN 2’3’-cGAMP. STING ablation notably 
reduced 3’2’-cGAMP-induced phosphorylation of TBK1 and IRF3, as 
well as IFN-β expression, indicating that 3’2’-cGAMP-mediated immune 
responses in mice are strongly STING-dependent. Compared to 2’3’- 
cGAMP signaling, 3’2’-cGAMP preferentially prompted the activation of 
many genes associated with transcription and nucleosome positioning 
and assembly in the nucleus, in a STING-dependent manner. We also 
found that 3’2’-cGAMP signaling preferentially induced genes signifi-
cantly linked to the autoimmune disease SLE, suggesting potential 
adverse effects of 3’2’-cGAMP as an adjuvant. In summary, our study 
presents the first transcriptional profile of 3’2’-cGAMP signaling in 
mouse macrophages, revealing immune response characteristics and 
potential adverse effects that could inform the development of 3’2’- 
cGAMP-based adjuvants for antiviral vaccines and cancer 
immunotherapy.

2. Materials and methods

2.1. Mice and ethics statement

Sting-/- (Sting-deficient) mice of C57BL/6 J background were kindly 
provided by Dr. Zhengfan Jiang (Peking University) and genotyped 
using the following primers: Forward TGCTGTAGGATGCTATGTGC; 
Reverse CAGTCCAGGTAACCCTCTGT. The wild-type mice of C57BL/6 J 
background were purchased from the Model Animal Research Center of 
Nanjing University. All mice were maintained under the specific 
pathogen-free (SPF) conditions at the Center for New Drug Safety 
Evaluation and Research, China Pharmaceutical University. All mice 
experiments were performed in accordance with the National Institutes 
of Health Guide for the Care and Use of Laboratory Animals, with the 
approval of the Center for New Drug Safety Evaluation and Research, 
China Pharmaceutical University (Approval Number 2022–04–002). A 
total of fifteen wild-type male mice and Fifteen Sting-/- male mice, aged 8 
to 12 weeks, were used in our experiments, including six wild-type male 
mice and six Sting-/- male mice used for RNA-Seq experiments, and nine 
wild-type male mice and nine Sting-/- male mice used for Real-time PCR, 
ELISA, and Western blot experiments.

2.2. Cell culture

To obtain bone marrow-derived macrophages (BMDMs) of mice, 
femurs were aseptically harvested from wild-type and Sting-/- mice. Bone 
marrow cells were then flushed from the bones and then cultured in the 
RPMI 1640 media (20 % FBS, 50 μM 2-mercaptoethanol, 2 mM L- 
glutamine) with 40 ng/mL macrophage colony-stimulating factor (M- 
CSF). The medium was refreshed every two days, and the cells were 
differentiated to BMDMs within week. BMDMs were kept individually 
for each mouse and maintained in a humidified 5 % CO2 incubator at 
37 ◦C.

2.3. Experiments of 3’2’-cGAMP and 2’3’-cGAMP stimulation

For the RNA-Seq profiling, the stimulation experiments were con-
ducted in biological replicates with 2’3’-cGAMP or 3’2’-cGAMP stimu-
lation, as shown in Fig. 1A. Briefly, based on individually kept BMDMs 
isolated from six wild-type mice, we firstly permeabilized them for 30 
min with digitonin buffer (10 μg/mL digitonin, 50 mM HEPES-KOH pH 
7.5, 100 mM KCl, 3 mM MgCl2, 0.1 mM DTT, 85 mM sucrose, 0.2 % BSA, 
1 mM ATP, and 0.1 mM GTP). Next, two of these BMDMs were treated 
with 3’2’-cGAMP for 3 h and 9 h, and another two with 2’3’-cGAMP for 
3 h and 9 h. The remaining two digitonin permeabilized BMDMs, 
without 3’2’-cGAMP or 2’3’-cGAMP treatment, served as mock controls. 
For each stimulation, 1 μg/mL of synthesized 3’2’-cGAMP or 2’3’- 
cGAMP was delivered into the cultured BMDMs via digitonin per-
meabilization as previously described [25]. The same procedure was 
applied to individually kept BMDMs isolated from six Sting-/- mice. This 
experimental design yielded 24 BMDM samples for RNA-Seq experi-
ment. For the Real-time PCR, ELISA, and Western blot experiments, 
stimulation experiments were conducted in three biological replicates 
with 2’3’-cGAMP or 3’2’-cGAMP stimulation, based on individually 
kept BMDMs isolated from nine wild-type male mice and nine Sting-/- 

male mice.

2.4. RNA-Seq experiment

We conducted the RNA-Seq experiment based on 24 BMDM samples 
in biological replicates from 3’2’-cGAMP and 2’3’-cGAMP stimulation 
experiments, yielding 24 RNA-Seq datasets. The RNA-Seq experiment 
was conducted as previously described [25–27]. In brief, total RNA was 
extracted using the TRIzol reagent (Invitrogen) from the 
digitonin-permeabilized BMDM cells, followed by polyA RNA enrich-
ment with the TruSeq RNA Library Preparation Kit v2 (Illumina). The 
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enriched RNA was then converted into cDNA libraries according to 
Illumina’s traditional RNA-Seq protocol. Prior to library construction, 
RNA integrity was assessed using the RIN (RNA Integrity Number) value 
with an Agilent 2100 system, and only samples with a RIN of at least 
nine were selected for library preparation. The cDNA libraries were then 
sequenced on an Illumina HiSeq2500 platform using the 2 × 150 nt 
paired-end configuration.

2.5. RNA-Seq data analysis

Based on 24 RNA-Seq data in biological replicates, the RNA-Seq data 
analysis was followed as previously described [25–28]. Specifically, raw 
sequencing data from the 24 RNA-Seq samples were preprocessed using 
Trimmomatic [29] to remove potential adaptor contamination and 
low-quality reads. The obtained reads over 75 nt were further processed 

using FastQC to inspect overall read quality regarding read sequencing 
base quality, read G+C content, and adaptor contamination. MultiQC 
[30] was used to visualize read G+C content and the read sequencing 
quality in the format of the average Phred score of each base. The 
high-quality reads were aligned to the mouse genome (mm10) using 
HISAT2 [31] with default parameters for gene expression quantification. 
Only uniquely mapped reads were retained to estimate gene expression 
abundance at the count level using featureCounts [32]. The mouse 
genome was downloaded from the FTP of the Ensembl database (ftp://f 
tp.ensembl.org/pub). The mouse reference gene annotation in GTF 
format was downloaded from the FTP of the Ensembl database (ftp://f 
tp.ensembl.org/pub). The gene body coverage of mapped reads was 
estimated based on the script ‘geneBody_coverage.py’ of the RSeQC 
package [33], using the transcripts of all annotated protein-coding genes 
as the template. We applied TMM (Trimmed Mean of M-values) 

Fig. 1. Overall experimental design and RNA-Seq data quality assessment. (A) Schematic of experimental design and sample collection for RNA-Seq, showing 
activation of 3’2’-cGAMP and 2’3’-cGAMP signaling in biological replicates at 3 and 9 h. Isolated BMDMs were kept individually for each mouse and were digitonin 
permeabilized before stimulation with 3’2’-cGAMP, 2’3’-cGAMP, or mock treatment. The stimulation experiments were conducted in biological replicates, denoted 
as “X 2” in the schematic (See Methods). (B) Read coverage distribution along the transcript body of annotated protein-coding genes in each RNA-Seq sample. (C) 
G+C content per RNA-Seq sample. (D) Barplot of the number of mapped paired-end reads per RNA-Seq sample. (E) Barplot of the number of quantified paired-end 
reads per RNA-Seq sample. (F) Scatter density plot of expression abundance for protein-coding genes between replicates in WT BMDMs. (G) PCA plot showing RNA- 
Seq sample clustering in WT BMDMs.
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normalization method to adjust for differences in RNA sequencing li-
brary size and RNA composition between RNA-Seq samples. The TMM 
normalization method, implemented in edgeR [34], calculates scaling 
factors based on a weighted trimmed mean of the log-expression ratios, 
which is robust against differences in RNA sequencing library size and 
RNA composition between samples. Differentially expressed (DE) genes 
in response to 3’2’-cGAMP stimulation at 3 h were identified using 
edgeR, comparing two 3’2’-cGAMP samples with two mock controls 
under a false discovery rate (FDR) threshold of 0.05. The same pro-
cedure was applied to obtain DE genes for the conditions of 3’2’-cGAMP 
stimulation at 9 h, 2’3’-cGAMP stimulation at 3 h, and 2’3’-cGAMP 
stimulation at 9 h.

2.6. Enrichment analysis

The gene ontology (GO) and pathway enrichment analysis were 
performed using David Bioinformatics (https://david.ncifcrf.gov/). The 
significantly enriched items were obtained based on the FDR cutoff of 
less than 0.1. All expressed genes were used as the background set.

2.7. Chromosome location enrichment analysis

Chromosomal location enrichment analysis was performed using 
Fisher’s exact test. Specifically, for a given gene set, the number of genes 
on each chromosome was counted, and enrichment on each chromo-
some was assessed by comparing this count to the gene count on all 
other chromosomes using Fisher’s exact test. The resulting p-values 
were adjusted using the Benjamini-Hochberg (BH) procedure, with a 
BH-adjusted p-value < 0.05 considered significant.

2.8. Transcriptome analysis after estrogen treatment based on public data

We downloaded the public gene expression microarray data from 
mouse macrophage cell line (raw264.7 cells) before and after estrogen 
treatment to examine the gene expression changes of 3’2’-cGAMP 
signaling preferentially induced genes following estrogen exposure. This 
experiment, conducted by Zhang et al. [35], involved treating raw 264.7 
cells with and without 1 μg/mL estrogen overnight before microarray 
profiling [35]. The dataset was obtained from NCBI’s GEO (accession 
number GSE52649) and quantified into a gene expression matrix using 
the RMA package [36]. This analysis was conducted for two reasons: (1) 
we identified an association between 3’2’-cGAMP signaling-induced 
genes and the autoimmune disease SLE, and (2) estrogen is a known 
risk factor for SLE pathogenesis [37].

2.9. Blood transcriptome analysis of SLE cohorts based on public data

To investigate changes in the expression of genes induced and pref-
erentially induced by 3’2-cGAMP signaling in the blood of SLE patients, 
we analyzed gene expression profiles from three independent SLE co-
horts. These cohorts included: SLE cohort-1 with 20 SLE patients and 6 
healthy donors (GSE122459, RNA-Seq data), SLE cohort-2 with 127 SLE 
patients and 20 healthy donors (GSE49454, microarray data), and SLE 
cohort-3 with 924 SLE patients and 48 healthy donors (GSE65391, 
microarray data).

2.10. Transcriptome analysis after 2’3’-cGAMP stimulation using public 
data

We examined the expression changes of 3’2-cGAMP signaling pref-
erentially induced genes before and after 2’3’-cGAMP stimulation using 
public data from GSE142735.

2.11. Catalog of interferon-stimulated genes (ISGs)

We collected known human and mouse interferon-stimulated genes 

(ISGs) from [38]. Mouse orthologs of human ISGs were identified using 
Ensembl Compara via the BioMart database [39]. The ISG catalog used 
in this study comprised a merged list of known mouse ISGs and mouse 
orthologs of human ISGs.

2.12. Simulation analysis

To determine whether the correlation of expression changes in 
differentially expressed genes between WT and Sting-deficient BMDMs 
after 3’2-cGAMP stimulation differed from that of all expressed genes, 
we randomly selected a set of genes from all expressed genes, matching 
the number of differentially expressed genes. We then calculated the 
correlation of expression changes between WT and Sting-deficient 
BMDMs following 3’2-cGAMP stimulation. This procedure was repeated 
1000 times, and the resulting correlation distribution was used as the 
null distribution to assess the significance of the correlation in the 
differentially expressed genes.

2.13. Real-time PCR

Total RNA was isolated using TRIzol reagent according to the man-
ufacturer’s instructions, and then subjected to reverse transcription 
using oligo (dT) primers. The quantification of gene transcripts was 
performed by real-time PCR with ChamQ SYBR qPCR Master Mix using 
QuantStudio 3 Real-Time PCR System. The induction of interferon- 
stimulated genes (ISGs) is a hallmark of the activation of innate im-
munity[26], and therefore we selected three well-known ISGs (Mx1, 
Isg15, and Ifit3) for Real-time PCR quantification. The Real-time PCR 
was conducted in three biological replicates. Gapdh served as an internal 
control for gene expression analysis. PCR primers and corresponding 
melting temperatures were shown as follows:

Gapdh, Forward: GAAGGGCTCATGACCACAGT (63.9 ºC).
Reverse: GGATGCAGGGATGATGTTCT (61.8 ºC).
Mx1, Forward: CCTCCCACATCTGTAAATCACTG (62.5 ºC).
Reverse: CGGTTTCCTGTGCTTGTATCA (62.6 ºC).
Isg15, Forward: GGAACGAAAGGGGCCACAGCA (63 ºC).
Reverse: CCTCCATGGGCCTTCCCTCGA (63.4 ºC).
Ifit3, Forward: CCTACATAAAGCACCTAGATGGC (62.4 ºC).
Reverse: ATGTGATAGTAGATCCAGGCGT (62.7 ºC).

2.14. Enzyme-linked immunosorbent assay for interferon-β

BMDMs were seeded into 12-well plates at a density of 2 × 105 cells 
per well. After 3’2’-cGAMP or 2’3’-cGAMP stimulation, the secreted 
interferon-β (IFN-β) in the culture medium was analyzed with the 
enzyme-linked immunosorbent assay (ELISA) kit (4 A Biotech, 
#CME0116) according to the manufacturer’s instruction.

2.15. Western blot

The western blot experiment was performed according to [27,40]. In 
brief, BMDMs from 6-well plates were lysed in RIPA buffer supple-
mented with a complete protease inhibitor cocktail (Sigma). A total of 
protein of 20–30 μg was loaded on SDS-PAGE gels and separated using 
electrophoresis. The separated proteins were then electrically trans-
ferred to a PVDF membrane. Immunoblot was probed with the indicated 
antibodies. The protein bands were visualized using a SuperSignal West 
Pico chemiluminescence ECL kit (Pierce) with the Bio-Rad chemiDoc 
system.

2.16. Antibodies

The antibodies used for western blot were as follows: anti-STING 
(#50494), anti-IRF3 (#4302S), anti-Phospho-IRF3(#4947), anti-Phos-
pho-TBK1(#5483S) from Cell Signaling Technology, and anti-TBK1 
(#ab40676) from Abcam.
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2.17. Figure plotting

We used Perl (v5.18.4), R (v4.3.2), and GraphPad Prisim software for 
Figure plotting.

2.18. Data Records

All original RNA-Seq data have been deposited in the GEO database 
with accession number: GSE240884.

Fig. 2. 3’2’-cGAMP signaling induced strong immune responses in mouse BMDMs. (A-B) Volcano plots showing differentially expressed genes (FDR < 0.05, in red) 
after 3’2’-cGAMP stimulation at 3 h (A) and 9 h (B). Known ISGs among the top 50 upregulated genes are labeled. (C) Heatmap of differentially expressed interferon- 
stimulated genes (ISGs) after 3’2’-cGAMP stimulation at 3 h (top) and 9 h (bottom). (D) Heatmap of differentially expressed ISGs after 2’3’-cGAMP stimulation at 3 h 
(top) and 9 h (bottom). (E-F) Enriched GO biological processes (E) and Reactome pathways (F) of upregulated genes after 3’2’-cGAMP stimulation at 3 h. (G) IFN-β 
levels in digitonin-permeabilized BMDMs with or without 3’2’-cGAMP stimulation at 6 and 12 h, measured by ELISA. (H) qPCR analysis of known ISGs, including 
Mx1, Isg15, and Ifit3, in digitonin-permeabilized BMDMs with or without 3’2’-cGAMP stimulation at 3 and 9 h. (I) IFN-β levels in digitonin-permeabilized BMDMs 
with or without 2’3’-cGAMP stimulation at 6 and 12 h, measured by ELISA. (J) qPCR analysis of known ISGs, including Mx1, Isg15, and Ifit3, in digitonin- 
permeabilized BMDMs with or without 2’3’-cGAMP stimulation at 3 and 9 h.
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3. Results

3.1. Overview of experimental design and RNA-Seq profiling

To investigate potential immune responses mediated by 3’2’-cGAMP 
signaling in mammals, we collected primary macrophage cells (bone 
marrow-derived macrophages, BMDMs) from mice and performed RNA- 
Seq experiments after treating digitonin permeabilized BMDMs with or 
without 3’2’-cGAMP or canonical 2’3’-cGAMP at 3 h (3 h) and 9 h (9 h) 
(Fig. 1A, Materials and Methods). In parallel, we collected BMDMs from 
Sting-deficient mice and performed the same experimental procedure to 
investigate the dependency of 3’2’-cGAMP signaling on STING (Fig. 1A). 
To measure the transcriptome changes more precisely, we performed the 
experiments in biological replicates for each treatment, resulting in a 
total of twenty-four RNA-Seq samples (Fig. 1A). The RNA-Seq data were 
of high quality, as demonstrated by uniformly distributed reads without 
3’ bias across the gene body of annotated genes (Fig. 1B) and highly 
similar distributions of read G+C content across all samples (Fig. 1C). 
We obtained approximately 20.2 million mapped reads per sample 
(Fig. 1D) and reliably quantified more than 14,000 protein-coding genes 
per sample on average (Fig. 1E), which were quite similar across samples 
of 3’2’-cGAMP or 2’3’-cGAMP stimulated WT and Sting-deficient 
BMDMs (Supplementary Tables S1, 2), enabling largely unbiased com-
parison between 3’2’-cGAMP signaling and 2’3’-cGAMP signaling. 
Notably, the gene expression abundance between biological replicates 
was highly correlated (Fig. 1F, Supplementary Fig. S1A), demonstrating 
the experiments’ validity. The principal component analysis (PCA) 
showed that the first two principal components (PC) explained up to 
83.8 % of total expression variance in 3’2’-cGAMP and 2’3’-cGAMP 
stimulated WT BMDMs (Fig. 1B). The digitonin permeabilized BMDMs 
without 3’2’-cGAMP or 2’3’-cGAMP stimulation (mock control) were 
well separated from 3’2’-cGAMP or 2’3’-cGAMP stimulated samples by 
the second PC (PC2) in WT BMDMs (Fig. 1B), but this separation was not 
observed in Sting-deficient BMDMs (Supplementary Fig. S1B). Addi-
tionally, PCA analysis indicated comparable effects of 3’2’-cGAMP and 
2’3’-cGAMP stimulation on the transcriptome changes (Fig. 1B). 
Together, these results demonstrated the high quality of the RNA-Seq 
data and indicated a marked effect of 3’2’-cGAMP signaling activation 
on the gene expression changes in mouse immune cells.

3.2. 3’2’-cGAMP signaling induces strong immune responses in mouse 
BMDMs

We further analyzed the transcriptome data to investigate whether 
3’2’-cGAMP signaling induces immune responses in BMDMs. Consistent 
with PCA analysis results, the activation of 3’2’-cGAMP signaling led to 
substantial alternations of gene expression in WT BMDMs, with 5877 
and 6385 differentially expressed genes identified after 3’2’-cGAMP 
stimulation compared with corresponding mock control at 3 h and 9 h, 
respectively (Fig. 2A-B, Supplementary Tables S3,4). Of the top 50 
differentially upregulated genes, over 46 % were known interferon- 
stimulated genes (ISGs), including Cxcl10, Ifit3, Mx1, and Isg15 
(Fig. 2A-B). Consistently, more than 76 % of differentially expressed 
ISGs were upregulated at 3 h or 9 h after 3’2’-cGAMP signaling activa-
tion (Fig. 2 C), closely resembling the response to 2’3’-cGAMP signaling 
activation (Fig. 2D, Supplementary Fig. S2). Additionally, gene ontology 
and Reactome pathway enrichment analysis showed that upregulated 
genes were significantly enriched in the innate immune-related biolog-
ical processes and pathways, such as innate immune response, defense 
response to virus, cellular response to interferon-beta, innate immune 
system, cytokine signaling in immune system, and interferon signaling 
(Fig. 2D-E, Supplementary Fig. S3, Supplementary Table S7). Further-
more, more than 81 % of upregulated genes following 3’2’-cGAMP 
stimulation at 3 h were also significantly increased following 2’3’- 
cGAMP stimulation at 3 h. At 9 h, this overlap increased to 93 % 
(Supplementary Tables S3–6). These results indicate that the activation 

of 3’2’-cGAMP signaling induces a robust innate immune gene signature 
in mouse macrophages, comparable to that induced by canonical CDN 
2’3’-cGAMP stimulation. To further confirm these results, we measured 
the abundance of IFN-β and traditional ISGs in digitonin permeabilized 
BMDMs with and without 3’2’-cGAMP stimulation using ELISA and q- 
PCR. The results showed that IFN-β was significantly induced by 3’2’- 
cGAMP signaling activation at 6 h and 12 h (Fig. 2 G). Moreover, typical 
ISGs, including Mx1, Isg15, and Ifit3, were also strongly upregulated at 
3 h and 9 h (Fig. 2H), comparable to that following 2’3-cGAMP 
signaling activation (Fig. 2I-J). Together, these results demonstrate that 
3’2’-cGAMP signaling induces robust immune responses in mouse im-
mune cells.

3.3. 3’2’-cGAMP signaling mediated immune responses are mostly STING 
dependent

The 3’2’-cGAMP exerts antiviral effects by activating the STING 
homolog in Drosophila [22]. We then investigated the dependency be-
tween 3’2’-cGAMP signaling and STING in mice. The PCA results in 
digitonin permeabilized BMDMs of Sting-deficient mice showed that 
3’2’-cGAMP stimulated samples clustered with digitonin-permeabilized 
mock controls (Supplementary Fig. S1B), indicating that STING has a 
strong effect on 3’2’-cGAMP-mediated immune responses. Consistently, 
the differentially upregulated genes identified after 3’2’-cGAMP 
signaling activation identified in WT BMDMs (3’2’-cGAMP induced 
genes) displayed a similar distribution of expression alteration 
compared to all expressed genes in Sting-deficient BMDMs after 
3’2’-cGAMP stimulation at 3 h and 9 h (Fig. 3 A, B). Furthermore, no 
significant correlation of expression changes of the 3’2’-cGAMP 
signaling-induced genes was observed between WT and Sting-deficient 
BMDMs at 3 h and 9 h post 3’2’-cGAMP signaling activation (Fig. 3 C, 
D), which was further confirmed based on 1000 simulation analyses 
(Supplementary Fig. S4). These results indicate that 3’2’-cGAMP-me-
diated immune responses are strongly dependent on STING. In line with 
this finding, STING deficiency abolished the induction of IFN-β 
following 3’2’-cGAMP stimulation, as measured by ELISA (Fig. 3E). 
Western blot experiments consistently showed that the ablation of 
STING reduced the 3’2’-cGAMP signaling activation-induced phos-
phorylation of TBK1 and IRF3, similar to effects observed after 
2’3’-cGAMP stimulation (Fig. 3 F). Together, the above results demon-
strated that 3’2’-cGAMP signaling mediated immune responses in mice 
were largely STING dependent.

3.4. 3’2’-cGAMP signaling elicits several distinct cellular programs 
compared with 2’3’-cGAMP signaling

After establishing the role of 3’2’-cGAMP signaling in STING- 
dependent immune responses, we then performed a comparative tran-
scriptome analysis to investigate the differences between 3’2’-cGAMP 
signaling and 2’3’-cGAMP signaling mediated immune responses. We 
identified 219 differentially expressed (DE) genes between 3’2’-cGAMP 
signaling and 2’3’-cGAMP signaling by directly comparing their stimu-
lated transcriptomes (Supplementary Table S8). Notably, compared to 
2’3’-cGAMP signaling, most DE genes (200 out of 219, 91 %) were 
upregulated at 3 h post 3’2’-cGAMP signaling activation. We then 
examined whether these 200 upregulated DE genes were due to subtle 
differences in activation timing between 3’2’-cGAMP signaling and 2’3’- 
cGAMP signaling. The result showed that 113 out of the 200 upregulated 
DE genes were also significantly induced following 2’3-cGAMP signaling 
activation at 9 h compared to mock control, indicating that the activa-
tion timing difference may explain 56.5 % of these 200 upregulated DE 
genes. The remaining 87 DE genes were upregulated explicitly following 
3’2-cGAMP signaling activation compared to both 2’3-cGAMP signaling 
activation and mock control. Moreover, analysis of public RNA-Seq data 
confirmed that none of these 87 upregulated DE genes were significantly 
induced by 2’3’-cGAMP stimulation. We designated these 87 
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upregulated DE genes as “3’2’-cGAMP signaling preferentially induced 
genes” (Supplementary Table S9). After ranking 3’2’-cGAMP signaling 
preferentially induced genes based on differential expression fold 
changes, we found that 13 out of the top 20 upregulated DE genes were 
nucleosome-related genes (Fig. 4 A). Consistently, gene ontology 
enrichment analysis showed that 3’2’-cGAMP signaling preferentially 
induced genes were highly enriched in nucleosome-related functions, 
particularly nucleosome positioning and assembly (Fig. 4B, C, Supple-
mentary Table S10). Notably, 3’2’-cGAMP signaling preferentially 
induced genes were not randomly distributed but enriched on chromo-
some 13 (Fig. 4D). Intriguingly, 10 out of 15 upregulated DE genes on 
chromosome 13 were nucleosome-related, mostly located within a large 

histone gene cluster (Fig. 4E, Supplementary Table S10). In addition to 
nucleosome genes, we found significant enrichment of genes involved in 
transcriptional regulation, particularly transcription factors, among the 
3’2’-cGAMP signaling preferentially induced genes (Fig. 4A-C). These 
transcription factors belong to several transcription factor complexes, 
such as the AP-1 complex, which includes Fos, Jun, and Jund genes. 
Protein-protein interaction (PPI) analysis further indicated that these 
transcription factors from different transcription factor families formed 
a dense transcription factors network with significantly more PPI than 
expected by chance (Fig. 4 F, observed edges: 88, expected edges: 26, 
p < 1.0e-15). These results indicate that 3’2’-cGAMP signaling specif-
ically induces many genes functioning in the nucleus for chromatin and 

Fig. 3. 3’2’-cGAMP signaling mediated immune responses were predominantly STING dependent. (A-B) Box plots showing expression fold-changes in log2 scale 
(LFC) for genes induced by 3’2’-cGAMP signaling in WT (left) and STING-deficient (right) BMDMs at 3 h (A) and 9 h (B). (C-D) Correlation of expression changes in 
log2 scale (LFC) for genes induced by 3’2’-cGAMP signaling between WT and Sting-deficient BMDMs at 3 h (C) and 9 h (D). (E) IFN-β protein levels in STING-deficient 
BMDMs after 3’2’-cGAMP or 2’3’-cGAMP stimulation at 6 and 12 h, measured by ELISA. (F) Western blot analysis of STING, TBK1, IRF3, phosphorylated STING (p- 
STING), phosphorylated TBK1 (p-TBK1), and phosphorylated IRF3 (p-IRF3) in WT and Sting-deficient BMDMs after 3’2’-cGAMP or 2’3’-cGAMP stimulation at 3 h.
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transcriptional regulation, potentially affecting diverse biological pro-
cesses. Consistently, we found that 3’2’-cGAMP preferentially induced 
DE genes were significantly enriched in several fundamental pathways, 
such as epigenetic regulation of gene expression and cellular senescence 
(Fig. 4 G). Notably, the comparison of gene expression profiling between 
WT and Sting-deficient digitonin-permeabilized BMDMs before and after 
3’2’-cGAMP stimulation showed that most of these 3’2’-cGAMP 

preferentially induced DE genes were STING-dependent (Fig. 4H). 
Together, the above results indicate that 3’2’-cGAMP signaling prefer-
entially elicited many STING-dependent genes involved in transcription 
and nucleosome positioning and assembly in the nucleus, eliciting 
several distinct cellular programs compared with 2’3’-cGAMP signaling.

Fig. 4. 3’2’-cGAMP signaling triggers several distinct cellular programs compared with 2’3’-cGAMP signaling. (A) List of genes specifically induced by 3’2’-cGAMP 
signaling, ranked by log2-fold changes (LFC) between 3’2’-cGAMP and 2’3’-cGAMP stimulation. Nucleosome-related genes are labeled in red, and transcription- 
related genes in blue. (B-C) Top 10 enriched GO terms for Cellular Components (B) and Biological Processes (C) among genes specifically induced by 3’2’- 
cGAMP signaling. (D) Chromosome loci enrichment analysis of 3’2’-cGAMP-induced genes, compared to all expressed genes. (E) Venn diagram illustrating overlaps 
between genes specifically induced by 3’2’-cGAMP signaling in the chr13-A3.1 region, nucleosome-related genes, and genes located on chr13. (F) Protein-protein 
interaction (PPI) network of transcription factors specifically induced by 3’2’-cGAMP signaling. Transcription factors are color-coded by family identity. (G) Top 
20 enriched Reactome pathways for genes specifically induced by 3’2’-cGAMP signaling. (H) Heatmap showing the expression abundance of 3’2’-cGAMP-specific 
genes in WT and STING-deficient BMDMs before and after 3’2’-cGAMP stimulation.
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3.5. Potential adverse effects of 3’2’-cGAMP signaling activation

The use of adjuvant increases the risk of developing autoimmune or 
autoinflammatory syndromes, such as SLE[41–43]. To investigate 

whether 3’2’-cGAMP signaling activation might be associated with 
adjuvant-induced autoimmune or autoinflammatory side effects, we 
analyzed blood transcriptome data from three independent SLE cohorts, 
measuring expression changes of 3’2’-cGAMP signaling-induced genes 

Fig. 5. The association between 3’2’-cGAMP signaling and SLE. (A) Boxplot showing fold-change expression (log2-scale, LFC) of 3’2’-cGAMP signaling-induced 
genes in SLE patients compared to healthy donors, based on RNA-Seq data from three SLE cohorts (SLE cohort-1, SLE cohort-2, SLE cohort-3). (B) Boxplot 
showing fold-change expression (log2-scale, LFC) of genes specifically induced by 3’2’-cGAMP signaling in SLE patients versus healthy donors, based on RNA-Seq 
data from the three SLE cohorts. (C) Top 10 enriched KEGG pathways for genes specifically induced by 3’2’-cGAMP signaling. (D-E) Venn diagrams showing overlaps 
between genes specifically induced by 3’2’-cGAMP signaling in systemic lupus erythematosus pathways (SLE genes), genes in the Chr13-A3.1 region (Chr13-A3.1 
genes), and genes in the estrogen-dependent gene expression Reactome pathway (Estrogen-dependent genes). (F) Protein-protein interaction (PPI) network of the 
union genes from the SLE, Chr13-A3.1, and estrogen-dependent gene groups. Genes are color-coded based on their overlap status. (G) Heatmap showing expression 
levels of union genes from the SLE, Chr13-A3.1, and estrogen-dependent gene groups in estrogen-treated versus mock control conditions in the mouse raw 264.7 
macrophage cell line.
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in SLE patients. The result showed that 3’2’-cGAMP signaling-induced 
genes were significantly upregulated compared to all expressed genes 
in all three independent SLE cohorts (Wilcoxon rank sum test, adjusted 
p < 0.05, Fig. 5A). The upregulation magnitude in SLE patients was 
more pronounced for 3’2’-cGAMP signaling preferentially induced 
genes than for total 3’2’-cGAMP signaling induced genes (Fig. 5A, B). 
KEGG pathway enrichment analysis showed that 3’2’-cGAMP signaling 
preferentially induced genes were significantly enriched in the SLE 
pathway (Fig. 5C, Supplementary Tables S10). Additionally, neutrophil 
extracellular trap formation, which plays a critical role in the patho-
genesis of SLE [44], was also enriched (Fig. 5C). We further investigated 
these 3’2’-cGAMP signaling preferentially induced genes that partici-
pated in the SLE pathway in more detail. Intriguingly, we found that 
more than half of the annotated SLE genes in the 3’2’-cGAMP signaling 
preferentially induced gene list were located on chromosome 13, all of 
which were nucleosome-related. Moreover, these overlapping 
nucleosome-related genes were primarily regulated by estrogen 
(Fig. 5D), a steroid hormone associated with female reproductive organs 
[45,46]. Estrogen is generally thought to enhance immune response and 
accelerate SLE development and pathogenesis [45,46]. Importantly, we 
found the SLE pathway genes, nucleosome genes on chromosome 13, 
and estrogen-dependent genes in the 3’2’-cGAMP signaling preferen-
tially induced gene list were strongly interconnected (Fig. 5E, observed 
edges:87, expected edges:14, p < 1.0e-16), the majority of which were 
significantly responsive to estrogen treatment in mouse macrophage cell 
lines (Fig. 5F). Together, these results indicate an association between 
3’2’-cGAMP signaling activation and autoimmune disease SLE, sug-
gesting potential adverse effects of using 3’2’-cGAMP as an adjuvant 
that should be monitored.

4. Discussion

The cGAS-STING pathway is a promising target for antiviral vaccines 
and cancer immunotherapy [3,11,12]. Bacterial CDNs, such as c-di-GMP 
and c-di-AMP, along with the mammalian CDN 2’3’-cGAMP, show 
strong potential as immune adjuvants in anticancer and antiviral vac-
cine therapies [12–21]. However, the known natural CDNs are generally 
susceptible to nuclease degradation [47]. Thus, there is a strong need to 
evaluate newly identified CDNs for their potential as adjuvants. 
3’2’-cGAMP is a recently identified, nuclease-resistant CDN in 
Drosophila and bacteria that protects against viral infection in Drosophila 
melanogaster [22]. In this study, we conducted a comparative tran-
scriptome study to characterize the potential immune responses trig-
gered by 3’2’-cGAMP in mammalian immune cells. The experimental 
design and RNA-Seq profiling in this study provided comprehensive 
insights into the immune responses mediated by 3’2’-cGAMP signaling 
in mouse primary macrophage cells. The data analysis showed that 
3’2’-cGAMP signaling activation significantly impacted gene expression 
in mouse immune cells, especially by inducing robust innate immune 
responses, including IFN-β induction and upregulation of ISGs such as 
Isg15, Mx1, and Ifit3 [10]. The transcriptome comparison between 
3’2’-cGAMP and canonical mammalian 2’3’-cGAMP signaling high-
lighted the potency of 3’2’-cGAMP in inducing immune responses 
comparable to 2’3’-cGAMP. This finding demonstrates 3’2’-cGAMP’s 
effectiveness in eliciting immune signatures, suggesting its potential as 
an alternative or complementary immune-stimulating agent in antiviral 
vaccines and cancer immunotherapy. STING is an essential adaptor 
protein in the cGAS-STING pathway, regulating DNA-mediated, type I 
interferon-dependent innate immunity [6]. The dependency of 
3’2’-cGAMP signaling on STING was a key finding, affirming the crucial 
role of STING in mediating the immune responses triggered by 
3’2’-cGAMP in mammals. The association between 3’2’-cGAMP 
signaling and STING, shown through gene expression changes and loss 
of immune response in Sting-deficient macrophages, underscores 
STING’s significance in orchestrating 3’2’-cGAMP-mediated immune 
cascades.

Although we found that immune responses triggered by both 3’2’- 
cGAMP and 2’3’-cGAMP signaling were primarily STING-dependent, 
comparative transcriptome analysis revealed distinctive cellular pro-
grams initiated by 3’2’-cGAMP signaling. While both 3’2’-cGAMP and 
2’3’-cGAMP signaling activated strong type I interferon-dependent 
innate immunity, 3’2’-cGAMP signaling activation launched a unique 
landscape of gene regulation in the nucleus compared to 2’3’-cGAMP 
signaling, particularly in nucleosome-related genes and transcriptional 
regulation factors. This divergence highlights specific functions and 
pathways influenced by 3’2’-cGAMP, suggesting novel mechanisms for 
immune regulation and cellular homeostasis. In this study, we found 
that 3’2’-cGAMP signaling specifically activated many STING- 
dependent genes involved in transcriptional regulation, including 
those forming the AP-1 complex, which comprises Fos, Jun, and Jund. As 
broadly expressed pioneer factors [48,49], AP-1 complex members 
respond to diverse stimuli and are linked to age-related pathologies and 
phenotypes [50,51]. A more recent study found that AP-1-linked chro-
matin opening drives organismal maturation by disrupting cell identity 
TFBS-rich cis-regulatory elements, thereby reprogramming tran-
scriptome and cell function, a mechanism hijacked in aging through 
ongoing chromatin opening in mice [52]. AP-1 is also chronically active 
in a subset of glial cells in aging Drosophila brains, contributing to a 
senescent phenotype [53]. Notably, the STING pathway plays a critical 
role in mediating cellular senescence in human tissues [54]. These ob-
servations suggest that 3’2’-cGAMP signaling activation mediated AP-1 
complex induction may participate in cellular senescence. Thus, future 
studies should pay attention to the process of cellular senescence in the 
development of 3’2’-cGAMP-based adjuvants.

While adjuvants are beneficial for antiviral vaccines and cancer 
immunotherapy, their potential side effects must be closely monitored. 
Indeed, adjuvants increase the risk of developing autoimmune syn-
dromes, including systemic lupus erythematosus (SLE) [41–43]. Our 
transcriptome analysis offers an unbiased investigation of the potential 
side effects of using 3’2’-cGAMP as an adjuvant. We detected an asso-
ciation between 3’2’-cGAMP signaling and autoimmune disease SLE by 
analyzing transcriptome data from several independent SLE cohorts. 
Notably, this association was primarily driven by nucleosome-related 
genes clustered on chromosome 13. Nucleosomes are major auto-
antigens in systemic lupus erythematosus, circulating as complexes in 
patients’ sera, and appear to play a key role in disease development [55, 
56]. These results suggest that the use of 3’2’-cGAMP as an adjuvant 
may have potential side effects, which should be monitored, possibly by 
assessing the abundance of nucleosome-related genes on chromosome 
13 in the blood.

The 3’2’-cGAMP has been identified in both Drosophila and bacteria, 
but its presence in mammalian species has not been thoroughly inves-
tigated. The upregulation of 3’2’-cGAMP signaling-induced genes in SLE 
cohorts, particularly those associated with nucleosome-related genes 
and estrogen-responsive genes, suggests a potential link between 3’2’- 
cGAMP signaling, nucleosome regulation, estrogen, and the pathogen-
esis of SLE. Both nucleosome and estrogen have been linked to SLE 
pathogenesis [37,55]. If 3’2’-cGAMP is found to exist in mammalian 
species, our findings could open new avenues for investigating its role in 
autoimmune diseases, particularly those involving type I interferon 
pathways.

This study has several limitations: (1) Gender-based research high-
lights sex differences in biological processes, clinical disorders and 
pharmacological interventions [57–59]. Previous studies have shown 
that gender affects immune responses [60,61]. Our study only included 
male mice, so it remains unclear whether sex-specific differences influ-
ence immune responses following 3’2’-cGAMP signaling activation. (2) 
Although we observed significant gene expression differences induced 
by 3’2’-cGAMP signaling compared to 2’3’-cGAMP signaling, the un-
derlying mechanism requires further investigation, possibly by 
comparing the crystal structures of the STING-3’2’-cGAMP and 
STING-2’3’-cGAMP complexes.
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5. Conclusion

In conclusion, our results demonstrated the significant impact of 
3’2’-cGAMP signaling on immune responses in mammalian immune 
cells, highlighting its STING-dependent effects, immune characteristics, 
and potential adverse effects. These findings may aid in the development 
of 3’2’-cGAMP-based adjuvants for antiviral vaccines and cancer 
immunotherapy.
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