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ABSTRACT
Background  ADAR1, the major enzyme for RNA editing, 
has emerged as a tumor-intrinsic key determinant for 
cancer immunotherapy efficacy through modulating 
interferon-mediated innate immunity. However, the role 
of ADAR1 in innate immune cells such as macrophages 
remains unknown.
Methods  We first analyzed publicly accessible patient-
derived single-cell RNA-sequencing and perturbed RNA 
sequencing data to elucidate the ADAR1 expression and 
function in macrophages. Subsequently, we evaluated 
the combined effects of ADAR1 conditional knockout in 
macrophages and interferon (IFN)-γ treatment on tumor 
growth in three distinct disease mouse models: LLC for 
lung cancer, B16-F10 for melanoma, and MC38 for colon 
cancer. To gain the mechanistic insights, we performed 
human cytokine arrays to identify differentially secreted 
cytokines in response to ADAR1 perturbations in THP-1 
cells. Furthermore, we examined the effects of ADAR1 
loss and IFN-γ treatment on vessel formation through 
immunohistochemical staining of mouse tumor sections 
and tube-forming experiments using HUVEC and SVEC4-10 
cells. We also assessed the effects on CD8+ T cells using 
immunofluorescent and immunohistochemical staining 
and flow cytometry. To explore the translational potential, 
we examined the consequences of injecting ADAR1-
deficient macrophages alongside IFN-γ treatment on tumor 
growth in LLC-tumor-bearing mice.
Results  Our analysis on public data suggests that ADAR1 
loss in macrophages promotes antitumor immunity as 
in cancer cells. Indeed, ADAR1 loss in macrophages 
combined with IFN-γ treatment results in tumor regression 
in diverse disease mouse models. Mechanistically, the 
loss of ADAR1 in macrophages leads to the differential 
secretion of key cytokines: it inhibits the translation of 
CCL20, GDF15, IL-18BP, and TIM-3 by activating PKR/
EIF2α signaling but increases the secretion of IFN-γ 
through transcriptional upregulation and interleukin (IL)-18 
due to the 5'UTR uORF. Consequently, decreased CCL20 
and GDF15 and increased IFN-γ suppress angiogenesis, 
while decreased IL-18BP and TIM-3 and increased IL-18 
induce antitumor immunity by enhancing cytotoxicity of 
CD8+ T cells. We further demonstrate that combination 
therapy of injecting ADAR1-deficient macrophages and 
IFN-γ effectively suppresses tumors in vivo.

Conclusion  This study provides a comprehensive 
elucidation of how ADAR1 loss within macrophages 
contributes to the establishment of an antitumor 
microenvironment, suggesting the therapeutic potential of 
targeting ADAR1 beyond the scope of cancer cells.

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ ADAR1 stands out as the primary adenosine deam-
inases acting on RNA enzyme responsible for the 
majority of A-to-I RNA editing occurrences in human 
cells.

	⇒ Recently, ADAR1 has emerged as a pivotal factor 
influencing the outcomes of immune checkpoint 
blockade therapies by suppressing the sensing 
of interferon (IFN)-inducible double-stranded 
RNAs.

WHAT THIS STUDY ADDS
	⇒ When ADAR1 loss is coupled with IFN-γ treatment 
in macrophages, it manifests as tumor regression 
across diverse mouse models.

	⇒ The synergy between ADAR1 loss in macro-
phages and IFN-γ administration orchestrates 
distinct regulation of pivotal cytokines, accom-
plished through the heightened activation of 
PKR/EIF2α signaling.

	⇒ Concomitant ADAR1 loss in macrophages and IFN-γ 
treatment elicits a reduction in angiogenesis.

	⇒ Through the combination of ADAR1 loss in mac-
rophages and IFN-γ treatment, a CD8+T cell-
dependent antitumor immunity is induced.

	⇒ The injection of ADAR1-deficient macrophages 
alongside IFN-γ treatment effectively inhibits tumor 
growth in vivo.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study provides a comprehensive elucida-
tion of how ADAR1 loss within macrophages 
contributes to the establishment of an antitumor 
microenvironment.

	⇒ Our findings underscore the promising therapeutic 
prospects of targeting ADAR1 beyond the scope of 
cancer cells.

C
onsortia. P

rotected by copyright.
 on N

ovem
ber 12, 2023 at M

.D
. A

nderson C
ancer C

enter
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2023-007402 on 7 N

ovem
ber 2023. D

ow
nloaded from

 

http://bmjopen.bmj.com/
http://orcid.org/0000-0001-7633-286X
http://dx.doi.org/10.1136/jitc-2023-007402
http://dx.doi.org/10.1136/jitc-2023-007402
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2023-007402&domain=pdf&date_stamp=2023-10-07
http://jitc.bmj.com/


2 Lin W, et al. J Immunother Cancer 2023;11:e007402. doi:10.1136/jitc-2023-007402

Open access�

INTRODUCTION
Adenosine deaminases acting on RNA (ADARs) are 
a group of enzymes that bind double-stranded RNAs 
(dsRNAs) and catalyze the deamination of adenosine (A) 
to inosine (I), thereby inducing widespread A-to-I RNA 
modifications in the transcriptome.1 In humans, ADAR1 
(gene symbol: ADAR) is the major ADAR enzyme respon-
sible for most RNA editing events; and previous studies 
of ours and others2–4 show that some ADAR1-mediated 
RNA editing events can induce critical amino acid 
changes in cancer cells, and like “driver mutations”, they 
contribute to tumorigenesis and affect drug responses. 
More recently, ADAR1 has emerged as a key determi-
nant of response to immune checkpoint blockade (ICB) 
therapies by suppressing the sensing of interferon (IFN)-
inducible dsRNAs. When ADAR1 is lost or inhibited in 
tumor cells, A-form dsRNA sensors such as MDA-5 and 
PKR are activated and result in an IFN-dependent anti-
tumor immune response, thereby enhancing respon-
siveness to ICBs.5–7 Depletion of ADAR1 can also 
activate Z-form dsRNA sensor ZBP1 and inflammatory 
cell death.8 9 These studies collectively provide a strong 
rationale for increasing the immune responsiveness of 
ICB-resistant tumors by targeting tumor-intrinsic ADAR1. 
Currently, ADAR1 inhibitors are under intensive preclin-
ical and clinical investigations.5 6

Although nominated as an innate immune checkpoint 
through tumor-intrinsic functions, the role of ADAR1 in 
innate immune cells remains largely unknown. Within 
the tumor microenvironment, tumor-associated macro-
phages (TAM) wield a more prominent influence than 
any other innate immune population.10 Macrophages 
not only affect angiogenesis,11 12 a hallmark for cancer 
development13 but also influence the function of T cells, 
essential players in cancer immunotherapy, by secreting 
cytokines and other ways.14 15 This motivated us to inves-
tigate the possibility and potential pathophysiological 
impact of macrophage-specific ADAR1 dysfunction in 
human cancers.

RESULTS
ADAR1 loss in macrophages potentially promotes antitumor 
immunity, as in cancer cells
To investigate a potential link between macrophage 
ADAR1 loss and antitumor immunity, we first interro-
gated its expression dynamics in normal and cancer-
specific macrophages. We analyzed multiple single-cell 
RNA-sequencing (scRNA-seq) data sets of patients with 
human cancer to gage the alteration of ADAR expression 
between TAMs and normal tissue-resident macrophages. 
Across four cancer types (ie, kidney,16 esophageal,17 
gastric,18 and lung cancer),19 we observed a significant 
elevation of ADAR expression in TAMs (figure  1A–D). 
Expanding on this finding, we found that ADAR was ubiq-
uitously expressed in monocytes and macrophages across 
almost all surveyed cancer types, according to a large-scale 
catalog, Tumor-Immune Single-Cell Hub 2 (TISCH 2)20 

(figure 1E). This finding is reminiscent of the reported 
amplification and overexpression of ADAR in numerous 
cancer types compared with normal tissues,2 21 suggesting 
that ADAR1 hyperactivation is employed as an immuno-
suppressive mechanism not only by cancer cells but by 
macrophages as well.

If this hypothesis holds, a therapeutic implication 
would be to inhibit ADAR1 activity in macrophages to 
reshape the tumor microenvironment towards a less 
immunosuppressive state. As demonstrated by Ishizuka 
et al in melanoma5 and by Mehdipour et al in colorectal 
cancer,6 the shared underlying mechanism of ADAR1-
loss-mediated immune activation was the elevation of IFN 
signaling in cancer cells. We thus questioned whether 
suppressing TAM-specific ADAR1 would lead to the same 
IFN response. Using an RNA-seq data set derived from 
ADAR1-perturbed THP-1, a macrophage cell line, we 
examined the extent of IFN signaling boost based on a 
set of IFN response signature genes22 and found signifi-
cant upregulation of many such genes (figure 1F). Thus, 
this result suggested that the monocyte/macrophage 
lineage possesses a robust ADAR1-IFN negative-feedback 
loop similar to cancer cells which when inhibited, could 
potentially promote antitumor immunity.

ADAR1 loss in macrophages combined with IFN-γ treatment 
results in tumor regression
To directly evaluate the effects of macrophage-specific 
ADAR1 loss on tumor growth, we first constructed Adarfl/fl 
C57BL/6 mice, from which we then generated mice with 
a conditional knockout of the Adar gene in macrophages 
(Adarfl/flLyz2cre) (online supplemental figure S1A). We 
confirmed the macrophage-specific Adar loss by agarose 
gel electrophoresis analysis on the mouse genomic DNA 
(online supplemental figure S1B) and flow cytometry 
and western blot analysis on bone marrow-derived macro-
phages (BMDMs) (online supplemental figure S1C,D). 
To characterize the ADAR1-loss effects in different tumor 
contexts, we chose three major cancer types as disease 
models (ie, LLC for lung cancer, B16-F10 for melanoma, 
and MC38 for colon cancer). Given the critical role of 
IFN in triggering ADAR1-mediated immune response, 
we performed two sets of parallel experiments: compare 
the tumor growth between the two kinds of C57BL/6 
mice (Adarfl/fl vs Adarfl/flLyz2cre) with and without IFN-γ 
treatment after subcutaneous tumor cell inoculation 
(figure  2A). Strikingly, without IFN-γ treatment, there 
were no significant differences in tumor weight or size 
between the two groups; whereas with IFN-γ treatment, 
the size and weight of the tumors in the Adar knockout 
group were remarkably reduced (figure  2B–J, online 
supplemental figure S2). Notably, the IFN-γ treatment 
alone only weakly alleviated tumor growth in the control 
group. The consistent results across different experi-
ments and disease models indicate that the combination 
of ADAR1 loss in macrophages and IFN-γ treatment can 
markedly inhibit tumor growth in diverse tumor contexts.
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ADAR1 loss in macrophages combined with IFN-γ leads to 
differentiated regulation of key cytokines via upregulation of 
PKR/EIF2α signaling
To elucidate the molecular mechanisms underlying the 
striking effects of the combination of ADAR1 loss in 
macrophages and IFN-γ treatment in vivo, we focused 

on THP-1 as a representative cell model to study 
macrophage-related functions and mechanisms. We 
performed human cytokine arrays to detect differen-
tially secreted cytokines, chemokines, and growth factors 
between the control and ADAR1-knockdown THP-1 
cells (transfected with scrambled shRNA or shADAR1#1, 

Figure 1  Functional effects of ADAR1 loss and ADAR1 expression in cancer cells and macrophages. (A) Violin plots showing 
the expression levels of ADAR in macrophages across six patients of clear cell renal cell carcinoma (ccRCC) with paired tumor 
versus normal samples from Krishna et al. (B) Density plots showing ADAR expression levels in TAMs and TRMs of 64 patients 
with esophageal cancer (ESCC) from Zhang et al. Box plots inside show sample-level average macrophage-specific ADAR 
expression levels between tumor and normal samples. (C) Violin plots showing sample-level average ADAR expression levels in 
macrophages across 14 patients with gastric cancer (STAD) with tumor versus normal samples from Sun et al. (D) Violin plots 
showing sample-level average ADAR expression levels in macrophages across 45 patients with lung adenocarcinoma (LUAD) 
with metastatic tumor, primary tumor, and normal samples from Maynard et al. (E) Heatmap showing the average cell-type-
specific ADAR expression levels across cancer types based on single-cell RNA-sequencing data collected by Tumor-Immune 
Single-Cell Hub 2. (F) Volcano plot showing the differentially expressed genes in ADAR-deficient THP-1 cells. Highlighted and 
marked genes are members of the interferon signaling pathway. ADAR, adenosine deaminases acting on RNA; IFN, interferon; 
KO, knockout; TAMs, tumor-associated macrophages; TRM, tissue-resident macrophage; WT, wild type.
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Figure 2  Effects of ADAR1 loss in macrophages with and without IFN-γ treatment on tumor growth. (A) Schematic diagram 
of the mouse models of three cancer types (lung, melanoma, and colon cancer) without and with IFN-γ treatment. (B, E, H) The 
images of tumors on the 14th-18th day without (top) and with IFN-γ treatment (bottom) in lung cancer (B) melanoma (E) and 
colon cancer (H). (C, F, I) Box plots showing the tumor weights without (top) and with IFN-γ treatment (bottom) in lung cancer 
(C) melanoma (F) and colon cancer (I). N=5 per group. Data are shown as mean±SEM, and p values are based on unpaired 
Student’s t-test. (D, G, J) Tumor volume curves of the mouse models of lung cancer (D) melanoma (G) and colon cancer (J) with 
IFN-γ treatment. Tumor sizes were measured using calipers. Data are shown as mean±SEM, and p values are based on a two-
way analysis of variance. ADAR, adenosine deaminases acting on RNA; IFN, interferon.
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respectively, online supplemental figure 3A) treated with 
IFN-γ. We found that the secretion of CCL7, CCL20, 
CXCL11, GDF15, IL-18BP, PLAUR, and TIM-3 was signifi-
cantly reduced in the ADAR1-knockdown cells, while 
IFN-γ secretion was increased (figure 3A,B). In parallel, 
we assessed differential cytokine secretion by THP-1 cells 
overexpressing ADAR1 (online supplemental figure 
S3B). When co-cultured with A549 cells, the secretion of 
CCL3/CCL4, CCL20, GDF15, PLAUR, and TIM-3 signifi-
cantly increased on ADAR1 overexpression in THP-1 
cells (figure  3C,D). Integrating the ADAR1 knockdown 
and overexpression analyses, we identified a set of key 
cytokines that were affected by ADAR1 in macrophages 
(figure 3E). Among them, CCL20 and GDF15 have been 
reported to promote vascular tube formation, while IFN-γ 
has an inhibitory effect11 23; TIM-3 is a well-established 
immunosuppressive molecule,24–26 and interleukin (IL)-
18BP acts as a secreted immune checkpoint to limit IL-18 
immunotherapy efficacy in the tumor microenviron-
ment.27 These results suggest that macrophage ADAR1 
loss and IFN-γ treatment may inhibit tumor growth by 
two mechanisms mediated by these key cytokines (1) 
suppress vessel formation by decreasing the secretion of 
CCL20 and GDF15 and increasing IFN-γ secretion, and 
(2) promote the abundance/function of CD8+ T cells by 
reducing the secretion of TIM-3 and IL-18BP.

To further investigate how these key cytokines are 
regulated by ADAR1 loss in macrophages, we first exam-
ined whether the differential cytokine secretion is due 
to the corresponding changes at the transcriptional 
level. We assessed the messenger RNA (mRNA) levels of 
CCL20, GDF15, IFN-G, IL-18BP, and HAVCR2 (TIM-3) in 
different THP-1 cells (transfected with scrambled shRNA, 
shADAR1#1, or shADAR1#2, respectively) treated with 
IFN-γ. Intriguingly, we found that after knocking down 
ADAR1, the mRNA level of IFN-G exhibited a dramatic 
increase (>100-fold); however, the mRNA levels of 
CCL20, GDF15, and HAVCR2 (in the shRNA#2 group) 
were also significantly increased, and the IL-18BP mRNA 
level showed limited variation (figure  3F). In parallel, 
we confirmed the same mRNA expression patterns of 
these four cytokines in BMDMs extracted from different 
groups of C57BL/6 mice (Adarfl/fl vs Adarfl/flLyz2cre) with 
IFN-γ treatment (figure  3G). These results suggest that 
on ADAR1 loss, increased secretion of IFN-γ is largely 
due to the dramatic transcriptional upregulation, but the 
reduced secretion of CCL20, GDF15, IL-18BP, and TIM-3 
do not result from the reduced mRNA levels. We, there-
fore, speculated whether the downregulation of these 
cytokines was at the translational level.

Since ADAR1 is a dsRNA-binding protein that can 
reduce free dsRNA,28 29 a high level of dsRNAs resulting 
from ADAR1 knockdown could activate the expression of 
phosphorylated PKR, a global protein synthesis inhibitor 
and also a kinase of EIF2α, thereby leading to the phos-
phorylation of EIF2α and a shutdown of cellular and viral 
protein synthesis.30–33 We hypothesized that the reduced 
secretion of the above four key cytokines induced by 

ADAR1 knockdown and IFN-γ treatment was due to 
the translational inhibition mediated by PKR/EIF2α 
signaling. To test this hypothesis, we examined dsRNA 
amounts in different THP-1 cells (transfected with scram-
bled shRNA, shADAR1#1, or shADAR1#2, respectively) 
treated with IFN-γ using immunofluorescence. We found 
that the expression of dsRNA was significantly increased in 
the ADAR1 knockdown group, and as a negative control, 
the addition of RNase III34 could specifically degrade the 
dsRNAs (figure  3H). We then used the dsRNA analog 
poly I:C7 for additional validation and observed upreg-
ulated protein expression of both p-PKRThr446/Thr451 and 
p-EIF2αSer51 after poly I:C treatment (figure  3I). After 
establishing a link between dsRNAs and phosphorylated 
PKR/EIF2α, we next asked whether macrophage ADAR1 
loss and IFN-γ treatment could cause the translational 
inhibition of CCL20, GDF15, IL-18BP, and TIM-3 through 
this mechanism. We measured the protein expression 
of p-PKRThr446/Thr451, PKR, p-EIF2αSer51, and EIF2α in 
different THP-1 cells (transfected with scrambled shRNA, 
shADAR1#1, and shADAR1#2, respectively) treated with 
IFN-γ. Indeed, the protein expression of p-PKRThr446/Thr451 
and p-EIF2αSer51 was significantly increased with ADAR1 
knockdown (figure  3J). We then used an inhibitor of 
phosphorylated PKR, 2-aminopurine (2-AP),35–37 which 
inhibited the protein expression of phosphorylated 
PKR at Thr446 and Thr451, to the different THP-1 cells 
after IFN-γ treatment, and observed a reduced protein 
expression of p-EIF2αSer51 accordingly (figure  3K). To 
further confirm the effects on our targeted cytokines, 
using ELISA, we verified the reduced secretion of CCL20, 
GDF15, IL-18BP, and TIM-3 in the conditioned medium 
of macrophages from C57BL/6 mice (Adarfl/flLyz2cre) 
treated with IFN-γ (figure  3L). Furthermore, the secre-
tion of these cytokines could be significantly prompted 
by the addition of 2-AP (figure  3L). After IFN-γ treat-
ment, ADAR1-knockout THP-1 cells showed a dramatic 
increase in IFN-G mRNA, but the magnitude of IFN-γ 
secretion increase was much lower (figure  3B,F). IFN-γ 
secretion increased more after PKR activity was inhibited 
by 2-AP (online supplemental figure S3C), indicating 
that activated PKR still inhibited IFN-γ translation to 
some extent. Thus, although activated PKR inhibits IFN-γ 
translation, ADAR1-deficient macrophages stimulated by 
IFN-γ produce a much larger amount of IFN-G mRNA to 
compensate for this effect. As a result, the net IFN-γ secre-
tion was still increased.

Recent studies have shown that IL-18 is an activator of 
cytotoxic T lymphocytes (CTLs) and enhances antitumor 
immunity,27 38 and in the tumor microenvironment, 
IL-18BP acts as an immune checkpoint for IL-18 immu-
notherapy efficacy.27 Given the relationship between 
IL-18BP and IL-18, we also examined the level of IL-18 in 
the above experiments. Intriguingly, unlike CCL20 and 
GDF15, IL-18 showed an increase at the mRNA, protein, 
and secretion levels on ADAR1 loss (figure 3F, G and L, 
online supplemental figure S4A). We, therefore, sought 
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Figure 3  ADAR1 loss in macrophage with IFN-γ treatment affects the secretion of key cytokines through PKR/EIF2α signaling. 
(A, C) Human XL cytokine arrays for detecting differential factors between THP-1 cells with scrambled shRNA and shADAR1#1 
under the treatment of IFN-γ (A) and between THP-1 cells with empty vector and WT ADAR, co-cultured with A549 (C). (B, 
D) Bar plots showing the expression levels of differential factors on ADAR1 knockdown (B) and ADAR1 overexpression 
(D). (E) Venn gram showing key cytokines identified by ADAR1 knockdown and overexpression experiments and their potential 
effects on the tumor microenvironment. (F) RT-qPCR-based mRNA expression levels of ADAR, CCL20, GDF15, IFN-G, IL-18, 
IL-18BP, and HAVCR2 in different THP-1 cells (transfected with scrambled shRNA, shADAR1#1 or shADAR1#2) with IFN-γ 
treatment. β-actin was used as an internal control. (G) RT-qPCR-based mRNA expression levels of Ccl20, Gdf15, Il-18, Il-18bp, 
and Havcr2 in BMDMs from C57BL/6 mice (Adarfl/fl and Adarfl/flLyz2Cre) treated with IFN-γ. Gapdh was used as an internal 
control. (H) Immunofluorescent staining for anti-dsRNA (J2) in THP-1 cells treated with IFN-γ. RNase III treatment was used as 
the negative control for the dsRNA signal. Scale bars, 10 µm. (I) Western blot showing the protein expression of p-PKRThr446/

Thr451, PKR, p-EIF2αSer51, and EIF2α protein expression in THP-1 cells transfected with scrambled shRNAs and treated with poly 
I:C (1 µg/mL). (J) Western blot showing the protein expression of p-PKRThr446/Thr451, PKR, p-EIF2αSer51, and EIF2α expression 
in THP-1 cells (transfected with scrambled, shADAR1#1, or shADAR1#2) with IFN-γ treatment. (K) Western blot showing the 
protein expression levels of p-PKRThr446/Thr451, PKR, p-EIF2αSer51, and EIF2α protein expression in THP-1(shADAR1#1) cells with 
IFN-γ after pretreatment with or without 2-AP. (L) ELISA quantitative measurement of Ccl20, Gdf15, Il-18, Il-18bp, and Tim-3 
from conditioned media of different BMDMs (Adarfl/fl, Adarfl/flLyz2Cre, and Adarfl/flLyz2Cre with 2-AP) treated with IFN-γ. (M) Dual 
luciferase reporter assays for the 5'UTR activities of CCL20, HAVCR2, IL-18, and IL-18-Mutant. Data are normalized to renilla 
luciferase. (B, D, F, G, L, and M) Data are shown as mean±SD, and p values are based on unpaired Student’s t-test. (I, J and 
K) β-actin was used as the loading control. ADAR, adenosine deaminases acting on RNA; BMDMs, bone marrow-derived 
macrophages; dsRNAs, double-stranded RNAs; IFN, interferon; IL, interleukin; mRNA, messenger RNA; RT-qPCR, reverse 
transcription-quantitative polymerase chain reaction; WT, wild type; 2-AP, 2-aminopurine.
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to elucidate how the IL-18 secretion was not affected by 
PKR/EIF2α-mediated translational inhibition. Under 
cellular stress, p-EIF2α suppresses the global translation, 
but a few genes can escape this effect due to the pres-
ence of upstream ORFs (uORFs) in their 5'UTRs region, 
such as ATF4.39 Indeed, we found that IL-18 contains a 
uORF in the 5'UTR but not CCL20 or HAVCR2. To test 
our hypothesis that IL-18 was allowed to be translated by 
p-EIF2α due to the uORF, we constructed 5'UTR dual-
luciferase reporter plasmids for CCL20, HAVCR2, and IL-
18 and examined their activities in different THP-1 cells. 
We found that the 5'UTR activity of CCL20 and HAVCR2 
in THP-1 cells with ADAR1 knockdown after IFN-γ treat-
ment was significantly lower than that in the control 
cells, whereas the 5'UTR activity of IL-18 was significantly 
increased (figure  3M). To further confirm our hypoth-
esis, we introduced a mutation to the uORF to destroy its 
uORF motif. We found that the luciferase reporter activity 
diminished significantly in the ADAR1-knockdown THP-1 
cells with the IL-18 uORF point mutation (figure  3M). 
To explore the underlying mechanisms, we performed 
a Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis of differentially expressed genes identi-
fied from the RNA-seq data from THP-1 cells treated with 
IFN-γ (scrambled vs shADAR1#1) and observed an acti-
vation of the nuclear factor kappa-B (NF-ĸB) pathway on 
ADAR1 loss (online supplemental figure S4B). Addition-
ally, we found an increased mRNA expression of STAT4 
(online supplemental figure S4C). Thus, the transcrip-
tional upregulation induced by IFN-γ may be due to the 
increase in IL-18 secretion, as well as downstream tran-
scriptional regulation mediated by NF-ĸB and STAT4.

Taken together, our results indicate that with IFN-γ 
treatment, ADAR1-deficient macrophages accumulate 
free dsRNA that activates PKR/EIF2α signaling and 
results in the translational inhibition of CCL20, GDF15, 
TIM-3, and IL-18BP, whereas IFN-γ secretion increases 
due to its extremely high mRNA upregulation and IL-18 
secretion is also increased because its 5'UTR uORF allows 
escaping from global protein translational inhibition.

ADAR1 loss in macrophages combined with IFN-γ treatment 
decreases angiogenesis
Given the established role of CCL20 and GDF15 in 
promoting vessel formation and the opposite role of 
IFN-γ (figure  3E), we questioned whether macrophage 
ADAR1 deletion and IFN-γ treatment could inhibit 
tumor growth in vivo by affecting vessel formation. We 
first performed immunohistochemical staining on tumor 
sections of LLC from different groups of mice (Adarfl/fl vs 
Adarfl/flLyz2cre) and measured CD31, a vascular hallmark. 
Without IFN-γ treatment, there were no significant differ-
ences in blood vessels of varied sizes between the ADAR 
knockout and control groups (figure 4A,B). In contrast, 
with IFN-γ treatment, the Adar knockout group showed 
much fewer large blood vessels (figure  4C,D), indi-
cating that ADAR1 knockout in macrophages combined 
with IFN-γ treatment inhibits the formation of tumor 

blood vessels. Next, we extracted macrophages from 
mice (Adarfl/fl vs Adarfl/flLyz2cre), collected conditioned 
media after IFN-γ treatment, and used them for tube-
forming experiments in mouse lymphoid endothelial 
cell line SVEC4-10. We found that Adar-knockout macro-
phages under IFN-γ treatment significantly inhibited 
tube formation in SVEC4-10 cells in terms of vessel area, 
the total number of junctions, and total vessel length 
(figure  4E,F). In parallel, we collected three groups of 
conditioned media from THP-1 cells (transfected with 
scrambled shRNA, shADAR1#1, or shADAR1#2, respec-
tively) treated with IFN-γ for tube formation experiments 
in human umbilical vein endothelial cell line HUVEC. 
Consistently, we observed that ADAR1-knockdown THP-1 
cells significantly inhibited tube formation in HUVEC 
cells (figure 4G,H). In addition, we tested the effects of 
conditioned media from three THP-1 cells (with vector, 
ADAR1-WT or ADAR1-E912A) on the tube-forming ability 
of HUVEC cells. We observed that exogenous overexpres-
sion of ADAR1-WT in THP-1 cells significantly promoted 
tube formation. ADAR1-E912A (the mutant with an abol-
ished RNA editing activity) also showed a similar capacity 
to promote tube formation (figure 4I,J), suggesting that 
ADAR1 improves vascular tube formation independent of 
its RNA-editing activity.

To confirm that CCL20, GDF15, and IFN-γ were the key 
downstream effectors of ADAR1, we performed a tube 
formation experiment in SVEC4-10 cells treated with condi-
tioned media from Adarfl/fl versus Adarfl/flLyz2cre BMDMs 
and CCL20, GDF15, or IFN-γ (figure 5A). We observed that 
IFN-γ significantly inhibited tube formation, while both 
CCL20 and GDF15 significantly promoted tube forma-
tion (figure 5B,C). Moreover, when we pretreated super-
natants from mouse macrophages (Adarfl/flLyz2cre) with 
2-AP and then added IFN-γ, the decreased tube-forming 
ability of SVEC4-10 cells was restored (figure  5D,E). In 
a similar experiment using supernatants of THP-1 cells, 
2-AP also recovered the reduced tube-forming ability of 
HUVEC cells (figure  5F,G). Collectively, these results 
indicate that IFN-γ-treated ADAR1-deficient macro-
phages inhibit angiogenesis through decreased CCL20 
and GDF15 secretion and increased IFN-γ secretion.

ADAR1 loss in macrophages combined with IFN-γ treatment 
induces CD8+ T cell-dependent antitumor immunity
Given that TIM-3 and IL-18BP are established immu-
nosuppressive molecules (figure  3E), we next aimed to 
understand how IFN-γ treatment of ADAR1-deficient 
macrophages affects CD8+ T-cell function. We first 
performed immunofluorescent and immunohistochem-
ical staining of CD8a in mouse tumor tissues to assess the 
amount of CTLs. We found no significant difference in 
the tumor tissues between different mouse groups (Adarfl/

fl vs Adarfl/flLyz2cre) with and without IFN-γ treatment 
(figure 6A,B, online supplemental figure S5A). The flow 
cytometry analysis on extracted CD8+ T cells from tumor 
tissues of LLC C57BL/6 mice also showed no difference 
in CD8+ T-cell numbers between the two mouse groups 
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Figure 4  The effect of macrophage ADAR1 loss and IFN-γ treatment on angiogenesis. (A, C) Representative images of 
the paraffin-embedded LLC tumor tissue sections immunohistochemically stained with CD31 without (A) and with (C) IFN-γ 
treatment. Scale bar, 200 µm. (B, D) The blood vessel numbers of different sizes in the two mouse models (Adarfl/fl, Adarfl/

flLyz2Cre) without (B) and with IFN-γ treatment (D). Data are shown as mean±SEM. (E) Tube formation of SVEC4-10 cells treated 
with different conditioned media from BMDMs (Adarfl/fl, Adarfl/flLyz2Cre) and IFN-γ. Scale bar, 500 µm. (F) Bar plots showing 
relative vessel area, the total number of junctions, and the vessel length for SVEC4-10 cell tube formation. (G, I) Tube formation 
of HUVEC cells treated with different conditioned media from THP-1 cells (transfected with scrambled shRNA, shADAR1#1, and 
shADAR1#2) and IFN-γ (G) and with ADAR (empty vector, ADAR-WT, and ADAR-E912A) (I). Scale bar, 200 µm. (H, J) Bar plots 
showing relative vessel area, the total number of junctions, and the vessel length for HUVEC cells with different treatments of 
G (H) and I (J). (F, H, and J) Data are shown as mean±SD. (B, D, F, H, and J) P values are based on unpaired Student’s t-test. 
ADAR, adenosine deaminases acting on RNA; BMDMs, bone marrow-derived macrophages; IFN, interferon; WT, wild type.
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Figure 5  The effect of ADAR1 loss and key cytokines on tube formation. (A) Schematic diagram of tube formation experiment 
of SVEC4-10 cells. (B) Tube formation of SVEC4-10 cells treated with conditioned media from BMDMs (Adarfl/fl vs Adarfl/flLyz2Cre) 
and CCL20, GDF15, or IFN-γ. Scale bar, 500 µm. (C) Bar plots showing relative vessel area, the total number of junctions, and 
the vessel length for SVEC4-10 tube formation. (D) Tube formation of SVEC4-10 cells treated with conditioned media from 
BMDMs (Adarfl/flLyz2Cre) and IFN-γ after pretreatment with or without 2-AP (5 mM). Scale bar, 500 µm. (E) Bar plots showing 
relative vessel area, the total number of junctions, and vessel length for SVEC4-10 tube formation. (F) Tube formation of 
HUVEC cells treated with conditioned media from THP-1 cells (transfected with shADAR1#1) and IFN-γ after pretreatment with 
or without 2-AP (5 mM). Scale bar, 200 µm. (G) Bar plots showing relative vessel area, the total number of junctions, and the 
vessel length for HUVEC tube formation. (C, E, and G) P values are based on unpaired Student’s t-test. Data are presented as 
mean±SD. ADAR, adenosine deaminases acting on RNA; BMDMs, bone marrow-derived macrophages; IFN, interferon; 2-AP, 
2-aminopurine.
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Figure 6  The combination effect of macrophage ADAR1 loss and IFN-γ treatment on CD8+ T cells. (A) Immunofluorescence 
staining with CD8a antibody of the LLC xenograft tumors from C57BL/6 mice, representative cases are shown. Scale bar, 
20 µm. (B) Plot showing the distribution of the number of CTLs quantified by immunofluorescence staining. (C) Plot showing 
the number of CD8+ T cells in tumors from different mouse groups, quantified by flow cytometry. (D) Flow cytometry analysis 
of the expression of granzyme B and perforin in CD8+ T cells from xenograft tumors of different mouse groups. N=3. Plots 
showing the percentage of granzyme B+ or perforin+ CD8+ T cells in tumors from different mouse groups. (E) Schematic diagram 
of the conditioned medium culture of CD8+ T cells. (F) Flow cytometry analysis of the expression of granzyme B and perforin 
in CD8+ T cells treated with conditioned media from different BMDMs (Adarfl/fl and Adarfl/flLyz2Cre) and 2-AP, TIM-3, or IL-18BP. 
(B–D) Data are shown as mean±SEM. P values are based on unpaired Student’s t-test. ADAR, adenosine deaminases acting 
on RNA; APC, allophycocyanin; BFA, brefeldin A; BMDM, bone marrow-derived macrophage; CTLs, cytotoxic T lymphocytes; 
DAPI, 4’6-diamidino-2-phenylindole; IFN, interferon; IL, interleukin; PMA, Phorbol 12-myristate 13-acetate; UT, untreated; 2-AP, 
2-aminopurine.
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(figure  6C, online supplemental figure S5B). We next 
assessed the cytotoxic activity of CD8+ T cells using gran-
zyme B and perforin and found that infiltrating CD8+ T 
cells in Adar-knockout mice had significantly higher cyto-
toxic activity (figure 6D, online supplemental figure S5B).

To confirm the effect of macrophage ADAR1 loss on the 
cytotoxic activity of CD8+ T cells, we collected macrophage-
conditioned media from different mouse groups (Adarfl/

fl vs Adarfl/flLyz2cre) treated with IFN-γ and examined 
granzyme B and perforin levels using flow cytometry 
(figure 6E). Consistently, we found that the conditioned 
media from Adarfl/flLyz2cre macrophages significantly 
increased the cytotoxic activity of CD8+ T cells, and this 
was reversed by adding 2-AP, TIM-3, or IL-18BP (figure 6F, 
online supplemental figures S6 and S7). In addition, we 
found that macrophage Adar-knockout did not affect the 
chemotactic ability of CD8+ T cells (online supplemental 
figure S6C–F). Overall, these results demonstrate that 

ADAR1 loss in macrophages combined with IFN-γ treat-
ment promotes the cytotoxic function of CD8+ T cells 
by increasing the release of granzyme B and perforin, 
thereby contributing to a tumor microenvironment that 
can kill tumor cells more efficiently.

The combination of ADAR1-deficient macrophages and IFN-γ 
treatment is a potential therapeutic approach
Finally, to explore the translational potential of our find-
ings, given the recent interest in engineered macrophages 
for cancer immunotherapy, we sought to test whether 
ADAR1-deficient macrophages could be used as cancer 
therapeutics. We extracted BMDMs from mice (Adarfl/fl 
vs Adarfl/flLyz2cre) and injected ADAR1-deficient macro-
phages into the LLC-tumor-bearing mice through the tail 
vein. Next, we treated these mice with IFN-γ at different 
time points (figure 7A). Strikingly, injection of knockout-
ADAR1 macrophages combined with IFN-γ remarkably 

Figure 7  The combination effect of ADAR1-deficiency macrophages and IFN-γ treatment on tumor growth. (A) Schematic 
diagram of the LLC xenograft mouse models treated with engineered ADAR1-deficient macrophages. BMDMs from C57BL/6 
mice (Adarfl/fl and Adarfl/flLyz2Cre) were injected into the tail vein, combined with IFN-γ. Necropsies were performed 23 days after 
the injection of the LLC cells. (B) The images of tumors on the 23rd day (C) plot showing the weight of tumors. N=5. P value 
is based on unpaired Student’s t-test. (D) The tumor volume curves during the treatment course. P value is based on a two-
way analysis of variance with Sidak’s multiple comparison test. Tumor sizes were measured using calipers. N=5. (C, D) Data 
are shown as mean±SEM. ADAR, adenosine deaminases acting on RNA; BMDM, bone marrow-derived macrophage; IFN, 
interferon.
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inhibited tumor growth and led to tumor regression 
(figure 7B–D). Importantly, we did not observe obvious 
side effects in the mouse model. These results highlight 
the potential of engineered ADAR1-deficient macro-
phages and IFN-γ as an effective combination therapy to 
treat tumors.

DISCUSSION
Here we show that ADAR1 loss in macrophages combined 
with IFN-γ treatment provides a stimulus that reprograms 
the tumor microenvironment and inhibits the growth 
of diverse tumors. Since no significant antitumor effect 
was detected when macrophages were only subjected 
to ADAR1 loss, the phenomenon we report is a syner-
gistic effect, rather than a simple additive effect. We 
further demonstrate that ADAR1-deficient macrophages 
can serve as a therapeutic in combination with IFN-γ to 
inhibit tumors effectively. Mechanistically, the combina-
tion of ADAR1 loss in macrophages and IFN-γ leads to the 
differential secretion of key cytokines: decreased CCL20, 
GDF15, IL-18BP, and TIM-3 through PKR/EIF2α-medi-
ated translational inhibition; and increased IFN-γ due 
to strong transcriptional upregulation and increased 
IL-18 due to the presence of a uORF in the 5'UTR of its 
gene. Consequently, suppression of CCL20 and GDF15, 
as well as increased IFN-γ reduce tumor vascularization, 
while the reduction of IL-18BP and TIM-3 and increase 
in IL-18 promote the cytotoxic function of CD8+ T cells. 
These effects collectively reprogram the tumor microen-
vironment, turning a “cold tumor” into a “hot tumor” 
(figure  8). Our study provides a more comprehensive 
view of how ADAR1-mediated signaling can affect the 
whole tumor ecosystem beyond cancer cells.

Our study also provides novel insights into an emerging 
immunotherapy target, TIM-3. A growing body of liter-
ature suggests that high expression of TIM-3 on CD8+ 
T cells is the main marker of T-cell exhaustion, and the 
therapeutic blockade of TIM-3 is being investigated in 
multiple human malignancies.38 As a receptor, TIM-3 is 
not only expressed on the surface of CD8+ T cells, which 
functions as an immunosuppressive checkpoint,40 but also 
on various types of immune cells, such as macrophages 
and dendritic cells.24 38 A recent study reports that the 
loss of TIM-3 on the surface of dendritic cells promotes 
antitumor immunity.38 Besides being a surface receptor, 
TIM-3 also has a soluble form in plasma.41 42 Although 
the expression of the plasmid encoding soluble TIM-3 in 
vivo significantly promotes tumor growth by damaging 
the antitumor immunity mediated by T cells,43 the func-
tion of secreted TIM-3 in the tumor microenvironment 
is not clear. Here we demonstrate that reduced secretory 
TIM-3 can promote the cytotoxic function of CD8+ T 
cells. Thus, our study suggests a conceptually novel role of 
TIM-3, contributing to a deeper understanding of TIM-3 
as an immunosuppressive checkpoint, similar to secreted 
IL-18BP.27 Thus, secretory TIM-3 may be a biomarker to 
assess antitumor immunity.

The most exciting part of our study is the synergetic 
effect of ADAR1-deficient macrophages and IFN-γ in 
tumor elimination. IFN-γ exerts antitumor immunity by 
enhancing the function of tumor-infiltrating immune 
cells such as TH1 cells, CTLs, and macrophages, inhib-
iting the function of regulatory T cells (Tregs) and regu-
lating the function of stromal cells.44 IFN-γ treatment has 
been approved by the US Food and Drug Administration 
to cure chronic granuloma and osteoporosis.45 46 With 
ADAR1-deficient macrophages, IFN-γ treatment cannot 
only slow tumor growth but even lead to tumor shrinkage. 
As an initial attempt to test the translational potential of 
our findings, we injected ADAR1-knockout macrophages 
into mice combined with IFN-γ and observed remark-
able tumor-killing effects. Importantly, there were no 
serious side effects in the mice, suggesting a viable treat-
ment strategy. Several therapeutic strategies have been 
proposed based on targeting ADAR1 in tumor cells in 
combination with other therapies such as radiotherapy, 
chemotherapy, and epigenetic therapy.5 6 However, due 
to tumor heterogeneity and severe side effects, it would 
be quite challenging to implement such strategies for the 
majority of patients. Our approach is based on ADAR1-
deficient macrophages, representing a fundamentally 
distinct strategy for targeting ADAR1. Since cancer devel-
opment is usually accompanied by a large amount of 
infiltrated macrophages47 that reshape the tumor micro-
environment to support tumor progression, our approach 
may have some unique advantages.

Given that our study serves as an initial endeavor, it 
is imperative to undertake further endeavors to thor-
oughly assess the viability of this strategy. This entails the 
following endeavors: (1) Expanding our investigations to 
encompass a broader range of tumor types and incorpo-
rating spontaneous tumor models, along with embracing 
a diverse spectrum of animal models such as canines and 
primates. (2) Fine-tuning the dosages of IFN-γ, as well as 
meticulously optimizing the parameters related to the 
source, quantity, and injection frequency of macrophages. 
(3) Exploring alternative therapeutic avenues by delving 
into the realm of other pivotal cytokines, thereby broad-
ening our understanding and options for treatment. This 
multifaceted approach will be crucial in advancing our 
comprehension and clinical application of this strategy.

Online methods scRNA-seq data analysis
We analyzed data from four human patient cohorts 
where tumor samples and paired or unpaired normal 
tissues were collected for single-cell gene expression 
profiling. For Krishna et al,16 we downloaded a Seurat 
object that contains raw Unique Molecular Identifiers 
(UMI) counts and cell type annotations from Sequence 
Read Archive (SRA, https://www.ncbi.nlm.nih.gov/​
sra) under accession number SRZ190804. For Zhang et 
al,17 we obtained a myeloid-specific UMI count matrix 
from the Gene Expression Omnibus (GEO, https://
www.ncbi.nlm.nih.gov/geo/) under accession number 
GSE160269. For Sun et al, 2020,18 we downloaded 
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log2-transformed normalized UMI counts from the 
Open Archive for Miscellaneous Data (OMIX, https://​
ngdc.cncb.ac.cn/omix/) under accession number 
OMIX001073. For Maynard et al,19 a Seurat object of 
immune cells was downloaded from GitHub (https://​

github.com/czbiohub/scell_lung_adenocarcinoma). 
Myeloid cells were subsequently extracted for expres-
sion analyses. No preprocessing or quality control was 
further applied beyond what was already conducted 
by the original studies. To ensure fair comparisons 

Figure 8  Schematic summary of this study. ADAR1-deficient macrophages combined with IFN-γ treatment reprogram the 
tumor microenvironment by two mechanisms: (1) inhibit angiogenesis by decreased secretion of GDF15 and CCL20 and 
increased secretion of IFN-γ, and (2) activate CD8+ T cells by decreased secretion of TIM-3 and IL-18BP and increased 
secretion of IL-18. These effects collectively convert a “cold tumor” into a “hot tumor.” Combined treatment with ADAR1-
deficient macrophages and IFN-γ may represent an effective therapeutic approach. dsRNA, double-stranded RNA; IFN, 
interferon; IL, interleukin; uORF, upstream Open Reading Frame.
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and robust testing of differential ADAR expressions, 
we focused on sample-level pseudo-bulk comparisons, 
except for Krishna et al, 2021 where all six patients had 
paired tumor and normal samples, so the comparison 
was limited within each patient. For a comprehensive 
survey of ADAR expressions across cell types in cancer 
tissues, we queried its expression in TISCH 2 (https://​
tisch.comp-genomics.org/),20 respectively, two data-
bases that host the most complete catalogs of scRNA-seq 
profiles to our knowledge.

Bulk RNA-seq data analysis
We analyzed an RNA-seq data set of a human leukemia 
monocytic cell line THP-1 with CRISPR/cas9-based 
knockout of ADAR. Gene count matrices were downloaded 
from GEO under the accession number GSE176012. The 
differential gene expression analysis was conducted using 
DESeq2 (V.1.34.0)48 with log2-fold changes and adjusted 
p values as output.

Cell culture
THP-1, LLC, HEK-293, A549, MC38, and B16-F10 cells 
were obtained from the National Collection of Authen-
ticated Cell Cultures and Cell Bank, Chinese Academy of 
Sciences (Shanghai, China), and American Type Culture 
Collection (ATCC). HUVEC and SVEC4-10 cells were 
obtained from Procell Life Science&Technology. All 
cell lines were confirmed by short tandem repeat anal-
yses and were Mycoplasma negative. LLC, B16-F10, A549, 
MC38, and SVEC4-10 cells were maintained in Roswell 
Park Memorial Institute (RPMI) 1640 (HyClone, USA) 
supplemented with 10% fetal bovine serum (FBS) Clarks, 
Uruguay) and 1% Penicillin–Streptomycin solution 
(P/S) (Procell, PB180120). THP-1 cells were maintained 
in RPMI 1640 (HyClone, USA) supplemented with 10% 
FBS, 0.05 mM β-mercaptoethanol (AMRESCO, 0482), 
and 1% P/S. HUVEC and HEK-293 cells were cultured 
in high glucose Dulbecco’s Modified Eagle Medium 
(DMEM) (HyClone, USA) supplemented with 10% FBS 
and 1% P/S. All cells were cultured in a humidified atmo-
sphere at 37°C with 5% CO2.

Cell transfection
Viruses were produced by transfection of HEK-293 cells 
with the pHAGE-puromycin control vector and pHAGE-
V5-puromycin expression vectors (carrying ADAR-WT or 
ADAR-E912A). ADAR1-E912A contains an E-to-A amino 
acid change that abolishes ADAR1 editase activity. Trans-
fections were carried out using pLVX-shRNA1 negative 
control scrambled vectors, pLVX-ADAR1 shRNA#1 or 
pLVX-ADAR1 shRNA#2, and the lentiviral packaging plas-
mids psPAX2 and pMD2G. THP-1 cells were transduced 
by the virus and then selected using puromycin (3 µg/
mL). After 2 weeks of antibiotic selection, the expression 
of the constructs was verified by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) and 
western blots.

Reagents and antibodies
2-AP (GlpBio, GC61906), Phorbol 12-myristate 13-acetate 
(PMA) (MedChemExpress, HY-18739), Recombinant 
Human IFN-γ (Novoprotein, C014), Recombinant Mouse 
IL-2 (Novoprotein, P04351), Recombinant M-CSF (Novo-
protein, CB34), Recombinant Mouse IFN-γ (Novopro-
tein, C746), Recombinant Mouse TIM-3 (Novoprotein, 
CM54), Recombinant Mouse CCL20 (PeproTech, 250–2), 
Recombinant Mouse GDF15 (R&D Systems, 8944-GD-
025), Recombinant Mouse IL-18 Binding Protein Isoform 
d (Novoprotein, CM45), ShortCut RNase III (NEB, 
M0245S), poly (I:C) (GlpBio, GC14710).

Anti-ADAR1 antibody (Santa Cruz, sc-73408), anti-
ADAR1 antibody (Santa Cruz, sc-271854), anti-V5 anti-
body (Invitrogen, R960-251), anti-β-actin antibody 
(EnoGene, E12-041-1), anti-CD31 antibody (Abcam, 
ab28364), anti-PKR (phospho T446) antibody (Abcam, 
ab32036), anti-PKR (phospho T451) antibody (Abcam, 
ab81303), anti-PKR antibody (ProteinTech, 18 244–1-
AP), anti-CD8a antibody (Invitrogen, 14-0081-85), anti-
EIF2α antibody (ProteinTech, 11 170–1-AP), anti-EIF2α 
(phospho Ser51) antibody (Abmart, TA3087S), anti-J2 
antibody (SCICONS, 10010200), anti-CD8a antibody 
(Cell Signaling Technology, 98941), anti-CD28 antibody 
(Abmart, TA0014S), anti-CD3 antibody (Invitrogen, 
14-0032-82), PE anti-mouse CD8a antibody (Elab-
science, E-AB-F1104D), APC anti-mouse Perforin Anti-
body (BioLegend, S16009B), APC Rat IgG2a, κ Isotype 
Control (Elabscience, E-AB-F09832E), APC anti-human/
mouse Granzyme B Recombinant Antibody (BioLegend, 
372204), APC mouse IgG1, κ Isotype Control (Elab-
science, E-AB-F09792E), APC anti-mouse/human CD11b 
antibody (BioLegend, 101212), FITC anti-mouse F4/80 
antibody (BioLegend, 123108), Alexa Fluor 488 Affin-
iPure Donkey Anti-Rat IgG (H+L) (Jackson, 712-545-
150), Alexa Fluor 594 AffiniPure Donkey Anti-Rabbit IgG 
(H+L) (Jackson, 711-585-152).

Experimental animals
Adar knockout in C57BL/6 mouse macrophages was 
done using TurboKnockout gene knockout technology, 
and exons four to six of the Adar gene were used as condi-
tional knockout regions. Mouse models including Adarfl/

fl versus Adarfl/flLyz2cre were purchased from Cyagen 
Biosciences.

Mouse genotyping
We used the One Step Mouse Genotyping Kit (Vazyme, 
PD101-01) to identify mouse types: Adarfl/fl versus Adarfl/

flLyz2cre. The primers used were Adar (Forward, 5'- CAT 
CTA ATG AGC TGA GAG GCT GAA −3'; Reverse, 5'-GTG 
ACT TCT TAC TAA TGT TCT CTG AGC −3') and Lyz2cre 
(Forward, 5'- CCC AGA AAT GCC AGA TTA CG −3'; 
Reverse, 5'-CTT GGG CTG CCA GAA TTT CTC −3'). The 
PCR products were identified using 1% agarose gel elec-
trophoresis. Tanon 5200 Multi automatic chemilumines-
cence/fluorescence image analysis system was used for 
luminescence detection.
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Mouse macrophage extraction, culture, and identification
Mice were killed under anesthesia, and the femur and tibia 
were collected. HBSS (Procell, PB180323) containing 
5% FBS was used to flush out the bone marrow, and 
single-cell suspensions were made. Cell suspensions were 
centrifuged at 314 g for 5 min at 4°C, the supernatant was 
discarded, and red cells were lysed using a red blood cell 
lysis buffer (Beyotime, C3702). Cells were washed using 
HBSS containing 5% FBS and resuspended in RPMI 
1640 supplemented with 10% FBS, 1% P/S, and 20 ng/
mL macrophage colony-stimulating factor (M-CSF) for 
culture. The purity of BMDMs was assessed using flow 
cytometry.

Western blot
Protein lysates were extracted in RIPA buffer (Beyo-
time, P0013B) containing protease inhibitors (MedChe-
mExpress, HY-K0010) and phosphatase inhibitors 
(MedChemExpress, HY-K0021). Protein lysates were 
quantified, separated by SDS-PAGE gel, transferred onto 
polyvinylidene difluoride membranes (Millipore, Bill-
erica, Massachusetts, USA), and detected with specific 
primary antibodies and horse radish peroxidase (HRP)-
conjugated secondary antibodies in combination with 
enhanced chemiluminescence (Vazyme, E411-04). Lumi-
nescence detection was performed using a Tanon 5200 
Multi automatic chemiluminescence/fluorescence image 
analysis system.

Tumor xenograft
We used 12–16 weeks old C57BL/6 mice (Adarfl/fl vs 
Adarfl/flLyz2cre) for mouse experiments. Each mouse was 
injected subcutaneously with 2×106 or 1.5×106 LLC, B16-
F10, or MC38 cells. IFN-γ (2.5 µg/mouse) was injected 
every 3 days after tumor formation. Tumor sizes were 
measured every 3 days. At the end of the experiments, 
the mice were killed by anesthesia and photographed for 
tumor measurement, and the growth of the tumors was 
measured.

Human cytokine array
Human XL Cytokine Array Kit (R&D Systems, ARY022B) 
was used to detect 105 soluble human proteins, including 
cytokines, chemokines, and growth factors in the 
macrophage-conditioned media. Chemiluminescence 
was detected on a Tanon 5200 Multi automatic chemi-
luminescence/fluorescence image analysis system, and 
ImageJ was used for grayscale analysis.

RT-qPCR
Total RNA was isolated using the MiniBEST Universal 
RNA Extraction Kit (TAKARA, 9767) according to the 
manufacturer’s instructions. RNAs were transcribed into 
complementary DNAs using the PrimeScript RT reagent 
Kit with a gDNA eraser (TAKARA, RR047A). TB Green 
Premix Ex Taq II (TAKARA, RR820A) was used to perform 
RT-PCR on an Applied Biosystems StepOne Real-Time 
PCR system (Applied Biosystems, Darmstadt, Germany). 
The primers were as follows: human ADAR (Forward, 

5'- CTG AGA CCA AAA GAA ACG CAG A −3'; Reverse, 
5'- GCC ATT GTA ATG AAC AGG TGG TT-3'); human 
β-actin (Forward, 5'- ATT GGC AAT GAG CGG TTC CG 
−3'; Reverse, 5'- CGT GGA TGC CAC AGG ACT CC −3'); 
human CCL20 (Forward, 5'- AAG TTG TCT GTG TGC 
GCA AAT CC −3'; Reverse, 5'- CCA TTC CAG AAA AGC 
CAC AGT TTT −3'); human GDF15 (Forward, 5'- CAA 
CCA GAG CTG GGA AGA TTC G −3'; Reverse, 5'- CCC 
GAG AGA TAC GCA GGT GCA −3'); human HAVCR2 
(Forward, 5'- GAC TCT AGC AGA CAG TGG GAT C 
−3'Reverse, 5'- GGT GGT AAG CAT CCT TGG AAA GG 
−3'); human IFN-G (Forward, 5'- GAG TGT GGA GAC 
CAT CAA GGA G −3'; Reverse, 5'- TGC TTT GCG TTG 
GAC ATT CAA GTC −3'); human IL-18 (Forward, 5'- GAT 
AGC CAG CCT AGA GGT ATG G −3'; Reverse, 5'-CCT 
TGA TGT TAT CAG GAG GAT TCA −3'); human IL-18BP 
(Forward, 5'- GTG TCC AGC ATT GGA AGT GAC C −3'; 
Reverse, 5'-GGA GGT GCT CAA TGA AGG AAC C −3'); 
mouse Ccl20 (Forward, 5'- GTG GGT TTC ACA AGA CAG 
ATG GC −3'; Reverse, 5'- CCA GTT CTG CTT TGG ATC 
AGC G −3'); mouse Gdf15 (Forward, 5'- AGC CGA GAG 
GAC TCG AAC TCA G −3'; Reverse, 5'-GGT TGA CGC 
GGA GTA GCA GCT −3'); mouse Il-18 (Forward, 5'- GAC 
AGC CTG TGT TCG AGG ATA TG −3'; Reverse, 5'- TGT 
TCT TAC AGG AGA GGG TAG AC −3'); mouse Il-18bp 
(Forward, 5'- TCT CCA GCA GTC CCA ACT AAG C −3'; 
Reverse, 5'- AGG CAG TAC AGG ACA AGG TCA G −3'); 
mouse Havcr2 (Forward, 5'- ACA GAC ACT GGT GAC 
CCT CCA T −3'; Reverse, 5'- CAG CAG AGA CTC CCA 
CTC CAA T −3'); mouse Gapdh (Forward, 5'- CAT CAC 
TGC CAC CCA GAA GAC TG −3'; Reverse, 5'- ATG CCA 
GTG AGC TTC CCG TTC AG −3').

Immunofluorescence
Mouse tissue sections or fixed cells were incubated 
with specific antibodies overnight at 4°C, followed by 
fluorescently-labeled secondary antibodies for 90 min at 
room temperature. After 4',6-diamidino-2-phenylindole 
(DAPI) counterstaining, images were taken using an 
Olympus LEXT OLS4500 confocal laser scanning 
microscope.

ELISA
The cytokines of interest were detected in macrophage-
conditioned media according to the kit instructions. The 
following kits were used: Mouse MIP-3α (Macrophage 
Inflammatory Protein 3 Alpha) ELISA Kit (Elabscience, 
E-EL-M0013c). Mouse GDF15 (Growth Differentiation 
Factor 15) ELISA Kit (Elabscience, E-EL-M0604c). Human 
IFN-γ ELISA Kit (Elabscience, E-EL-H0108c). Mouse 
TIM-3 ELISA Kit (Camilo, No. 2M-KMLJM219388m). 
Mouse IL-18 ELISA Kit (Elabscience, E-EL-M0730c). 
Mouse IL-18 BP ELISA Kit (Elabscience, E-EL-M0739c). 
A Thermo Scientific Multiskan Sky Spectrum instrument 
was used for luminescence detection.

5'UTR activity assay
The 5'UTR sequences of CCL20, HAVCR2, IL-18, and IL-
18 mutant were cloned into the pGL3-Control vector. 
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The fusion plasmids were purchased from GeneCreate 
Company (Wuhan, China). THP-1 cells were co-trans-
fected with the fusion plasmids and pRL-TK and were 
then treated with IFN-γ (100 ng/mL) for 24 hours. 
Cells were collected, and the luminescence intensity of 
the firefly and Renilla luciferase was measured using a 
TECAN Infinite 200 PRO microplate reader according to 
the Dual Luciferase Reporter Assay Kit (Vazyme, DL101-
01). The sequences of 5'UTR: CCL20 (5'UTR: AGA ATA 
TAA CAG CAC TCC CAA AGA ACT GGG TAC TCA ACA 
CTG AGC AGA TCT GTT CTT TGA GCT AAA AAC C); 
HAVCR2 (5'UTR: ATT TGG AGA GTT AAA ACT GTG 
CCT AAC AGA GGT GTC CTC TGA CTT TTC TTC TGC 
AAG CTC C); IL-18 (5'UTR: CCT TTG CTC CCC TGG 
CGA CTG CCT GGA CAG TCA GCA AGG AAT TGT CTC 
CCA GTG CAT TTT GCC CTC CTG GCT GCC AAC TCT 
GGC TGC TAA AGC GGC TGC CAC CTG CTG CAG 
TCT ACA CAG CTT CGG GAA GAG GAA AGG AAC CTC 
AGA CCT TCC AGA TCG CTT CCT CTC GCA ACA AAC 
TAT TTG TCG CAG ATG GCT CTT TGC TTT CAT TAG 
(uORF) GAA TAA AG); IL-18-Mutant (5'UTR: CCT TTG 
CTC CCC TGG CGA CTG CCT GGA CAG TCA GCA 
AGG AAT TGT CTC CCA GTG CAT TTT GCC CTC CTG 
GCT GCC AAC TCT GGC TGC TAA AGC GGC TGC CAC 
CTG CTG CAG TCT ACA CAG CTT CGG GAA GAG GAA 
AGG AAC CTC AGA CCT TCC AGA TCG CTT CCT CTC 
GCA ACA AAC TAT TTG TCG CAG AGG GCT CTT TGC 
TTT CAT TAG GAA TAA AG).

Immunohistochemistry
Mouse specimens were fixed in 4% paraformaldehyde 
and paraffin-embedded. For immunohistochemistry 
(IHC) staining, the antibodies against CD31 or CD8a 
were used. Endogenous stained slides were visualized 
using a microscope (Nikon 90i) with 10× and 40× objec-
tive lens magnification.

Tube formation assay
HUVEC (6×104/well) or SVEC4-10 (6×104/well) cells 
were suspended in macrophage-conditioned media with 
or without IFN-γ, CCL20, or GDF15 and then seeded onto 
Matrigel (BD, 356230) precoated wells of a 96-well plate. 
After 2–6 hours of incubation, HUVEC or SVEC4-10 
cells were stained with 5 nM eBioscience Calcein AM 
Viability Dye (Invitrogen, USA) for 15 min, and detected 
at 495 nm by fluorescent microscopy. Tube formation was 
assessed by estimating the vessel area, the total number of 
junctions, and the total vessel length using the AngioTool 
software.

Mouse tumor cell isolation
Mouse tumors were washed in precooled HBSS containing 
5% FBS and cut into 1–2 mm pieces. Tumor pieces were 
digested in 1 mg/mL collagenase I (GlpBio, GC19589) 
and 5 U/mL DNase I (Beyotime, D7073) for ~1 hour in 
a 37℃ water bath. Digestion was completed when no 
obvious tissue pieces remained. The cells were filtered 
using a 70 µm filter and centrifuged at 600 g for 5 min 

at 4℃. The red blood cells were lysed using a red blood 
cell lysis buffer for 5 min at room temperature. Cells were 
washed twice in HBSS containing 5% FBS, resuspended 
in an FBS-containing staining buffer, and counted.

CD8+ T cells extraction and culture
Mice were killed under anesthesia, spleens were collected 
and ground, and the suspension was filtered using a 
70 µm cell filter (Solarbio, F8210). Red blood cells were 
lysed and cells were resuspended in autoMACS Rinsing 
Solution (Miltenyi, 130-091-222-1) containing 0.5% FBS. 
Cells were stained with mouse CD8a (Ly-2) MicroBeads 
(Miltenyi, 130-117-044) for 10 min at 4°C. Using LS Sepa-
ration Columns (Miltenyi, 130-042-401), MACS Multi-
Stand (Miltenyi, 130-042-303), and MidiMACS Separator 
(Miltenyi, 130-042-302), CD8+ T cells were collected. 
Finally, CD8+ T cells were seeded into 96-well plates 
(Corning, 3799) precoated with anti-CD3 antibody (5 µg/
mL). Recombinant mouse IL-2 (20 ng/mL) and anti-
CD28 antibody (2 µg/mL) were added to the cells and 
incubated for 48 hours.

Flow cytometry
The extracted CD8+ T cells were cultured for 48 hours, 
collected, centrifuged, and plated in a 96-well plate 
containing macrophage-conditioned media. CD8+ T cells 
were treated with 1×PMA/Ionomycin (MultiSciences, 
70-CS1001) and 1×Brefeldin A (BFA)/Monensin (Multi-
Sciences, 70-CS1002) for 5 hours. The CD8+T cells were 
resuspended in staining buffer (BD, 554656) and incu-
bated with PE anti-mouse CD8a antibody for 30 min in 
the dark at 4°C. Cells were fixed and permeabilized using 
a Fixation/Permeabilization Kit (BD, 554714) and then 
stained for intracellular targets using specific antibodies. 
Stained cells were acquired using a BD Accuri C6 Plus 
Flow Cytometer, and FlowJo was used to analyze data.

CD8+ T cells chemotactic assay
We added 600 µL RPMI 1640 containing 10% FBS or 
macrophage-conditioned media to the lower chamber of 
24-well plates and then placed Boyden chambers (5 µm) 
(Corning USA 3421) into the wells. CD8+ T cells (1×105) 
resuspended in 100 µL RPMI 1640 containing 0.2% FBS 
were added to the upper chamber, and the cells were 
cultured for 12 hours. After removing the upper chamber, 
CD8+ T cells were stained by 5 nM eBioscience Calcein AM 
Viability Dye (Invitrogen, USA) for 15 min and detected 
at 495 nm by fluorescent microscopy.

Reinfusion of mouse macrophages
We used 12–16 weeks old C57BL/6 mice (Adarfl/fl) for 
experiments. Each mouse was injected subcutaneously 
with 1.5×106 LLC cells. Starting from the fifth day of LLC 
cells injection, 3.0×105 macrophages from Adarfl/fl and 
Adarfl/flLyz2cre were injected into the tail vein every 3 days. 
After 11 days of LLC cells injection, IFN-γ (2.5 µg/mouse) 
was injected intraperitoneally every 3 days. Tumor sizes 
were measured every 3 days. At the end of the experiment, 
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mice were killed under anesthesia and photographed for 
tumor growth, and tumor sizes were measured.
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