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Abstract

Inflammation is a well-known driver of lung tumorigenesis. Tumor cells escape tight homeostatic 

control by decreasing the expression of the potent anti-inflammatory protein TNFAIP3, also 

known as A20. Tumor cell intrinsic loss of A20 dramatically enhances lung tumorigenesis and 

prevents CD8+ T cell mediated immune surveillance in patients and mice. This is completely 

dependent on increased cellular sensibility to interferon signaling via hyperactivation of TANK­

binding kinase 1 (TBK1) and increased expression and activation of STAT1, resulting in elevated 

PD-L1 expression. Accordingly, immune checkpoint blockade (ICB) is highly efficient in mice 

harboring A20 deficient lung tumors. Altogether, we have identified A20 as a master immune 

checkpoint regulating the TBK1-STAT1-PD-L1 axis that may be exploited to improve ICB therapy 

in lung adenocarcinoma.
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Introduction

Cancer cells express immune regulatory factors that remodel the tumor microenvironment 

(TME) and promote tumor immune escape, a hallmark of cancer progression. Accordingly, 

TME targeting therapies to break tumor-induced immune tolerance are heavily pursued. 

The development of immune checkpoint inhibitors blocking negative effectors of T cell 

function was a major advance, especially in malignancies with poor prognosis. In lung 

cancer, which is the leading cause of cancer related deaths, the approval of immune 

checkpoint blockade (ICB) raised high hopes and fundamentally changed therapies (1, 2). 
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Nevertheless, only around 20% of unselected patients suffering from non-small cell lung 

cancer (NSCLC) respond to monotherapies targeting Programmed Cell Death Protein 1 

(PD-1)/Programmed Death Ligand 1 (PD-L1), and predicting the response of individual 

patients remains challenging (3–5). A better understanding of factors altering the TME is 

needed in order to avoid exposing non-responders to the unnecessary toxicity of costly ICB 

therapeutic regimen.

A number of factors may influence the response to ICB, including mutational burden, the 

presence of tumor neoantigens, PD-L1 expression in tumor and/or stromal cells and the 

proportion of tumor-infiltrating immune cells (6–8). Notably, genetic mutations initiating 

and driving tumor evolution can differently modulate the constitution of the TME (9). This 

influences the success of ICB treatment and NSCLC patients harboring EGFR mutations or 

ALK rearrangements notoriously fail immunotherapy (4, 10). Pro-inflammatory, oncogenic 

K-RAS eventually cooperates with other oncogenes or tumor suppressors to evade tumor 

immune surveillance. For instance, co-activation of Myc results in the exclusion of cytotoxic 

T and NK cells with increased infiltration of macrophages (11), while some p53 mutations 

serve as tumor neoantigens triggering intratumoral T cell responses (12). Loss of STK11/

LKB1, a commonly inactivated tumor suppressor in K-RAS driven lung adenocarcinomas 

(LUAD), results in reduced expression of interferon regulated genes such as T cell 

chemotactants and PD-L1, which correlate with resistance to ICB (13, 14).

A20, also known as tumor necrosis factor alpha induced protein 3 (TNFAIP3), is a 

potent anti-inflammatory enzyme and a crucial gatekeeper of inflammation homeostasis 

(15). Biochemically, A20 exhibits ubiquitin-editing activities, with its N-terminal ovarian 

tumor (OTU) domain promoting protein de-ubiquitination and the zinc finger motifs at the 

C-terminus harboring an E3 ligase activity. These properties allow A20 to remove stabilizing 

K63 linked poly-ubiquitin chains of key NF-κB signaling components and in turn promote 

K48 linked ubiquitination, which targets these proteins for proteasomal degradation (15). In 

addition, A20 interacts with NF-κB essential modulator (NEMO) and Receptor Interacting 

Serine/Threonine Kinase 1 (RIP1) through mutual binding to poly-ubiquitin chains in a 

non-enzymatic manner, thereby inhibiting the phosphorylation of IKKβ, which is essential 

for canonical NF-κB activation (16, 17). Remarkably, A20 also targets interferon signaling 

(18, 19), TGFβ-induced activation of SMADs (20), and inhibits apoptosis and autophagy, at 

least in certain cell types (21).

Highlighting the physiological role of A20, various polymorphisms of the A20/TNFAIP3 

gene resulting in reduced expression of functional gene product are linked to inflammatory 

and autoimmune diseases (22, 23). With respect to cancers, A20’s role remains 

controversial, i.e. oncogenic or tumor suppressive depending on the tissue of origin (24–

29). In this work, we discovered a novel function for A20 in NSCLC. Our data show that 

tumor intrinsic downregulation or loss of A20 promotes the growth of LUAD by facilitating 

tumor immune evasion in a TBK1-STAT1-PD-L1 dependent manner. Thus, A20 is a potent 

immune checkpoint and its tumor intrinsic expression levels may influence the outcome of 

anti-PD-L1 based therapies in LUAD.

Breitenecker et al. Page 3

Sci Transl Med. Author manuscript; available in PMC 2022 January 07.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Results

A20 is a tumor suppressor in K-RAS driven lung tumorigenesis

Analysis of LUAD patient data derived from the Cancer Genome Atlas (TCGA) revealed 

two patients harboring K-RAS driver mutation and concomitant deep deletion of the 

TNFAIP3 gene, encoding for A20. 55.40% of K-RAS driven LUAD exhibited shallow/

heterozygous deletion of the TNFAIP3 gene, suggesting that tumors aim to escape the 

A20 mediated negative feedback loop of NF-κB activation (Fig. 1A&B). Indeed, when we 

compared gene expression of LUAD with patient-matched adjacent, non-malignant lung 

tissues (GSE75037), we noticed downregulation of A20 mRNA in tumor tissues, irrespective 

of K-RAS or EGFR mutations (Fig. 1C). Meta-analysis of different LUAD studies further 

confirmed downregulation of A20 in tumor tissue (Fig. S1A). A20 expression in K-RAS 

mutant, EGFR mutant and K-RAS/EGFR wildtype (wt) tumors was similar (Fig S1B). 

Remarkably, very low A20 expression in unselected LUAD tumors patients resulted in 

worse prognosis (Fig. 1D) (30).

To test potential tumor-intrinsic suppressive properties of A20 expression experimentally, 

we crossed K-rasG12D mice (K) (31) with A20 floxed/floxed mice (hereafter KA mice) 

(32, 33). Recombination in lung epithelial cells was achieved following intranasal inhalation 

with Cre expressing adenovirus, which resulted in concomitant K-rasG12D activation and 

A20 deletion in expanding tumor cell populations in K-rasG12D:A20ΔLep/ΔLep mice (ΔLep: 

deletion in lung epithelial cells). Mice harboring A20 deficient tumors, as well as A20 

heterozygous tumors, exhibited dramatically reduced survival as compared to mice with 

A20 proficient tumors (Fig. 1E). Since A20 may affect p53 expression (34), we crossed 

K and KA mice with p53 floxed/floxed mice, yielding KP and KPA mice respectively. 

P53 restrains tumor progression, hence KP mice develop advanced adenocarcinomas more 

closely recapitulating advanced human LUAD as compared to tumors in K mice (35). Our 

data indicate that A20 knockout still enhanced tumorigenesis to further reduce mice survival 

in KPA vs. KP mice (Fig. 1F). Of note, we did not see gender-related effects on survival 

(Fig S1C). Histologically, KA and KPA mice suffer from increased tumor burden compared 

to controls when analyzed 10 weeks post tumor induction (Fig. 1G & S1D). Indeed, tumor 

intrinsic loss of A20 resulted in increased lung to body weight ratio, tumor to lung area ratio, 

tumor numbers per analyzed section and increased average tumor size (Fig. 1H & Fig. S1E). 

Furthermore, advanced grade II/III tumors were more abundant in KA mice as compared 

to K mice (Fig. 1I). As in humans, mouse lung tumors displayed a downregulation of A20 

expression in comparison to healthy wt lungs (Fig. 1J&K, Fig. S1F). Taken together, these 

data identify a potent tumor suppressive role of A20 in the development of K-RAS driven 

LUAD.

Loss of A20 alters tumor immune cell infiltration

Next, we performed IHC analysis for the proliferation marker Ki67 in lungs 10 weeks post 

tumor initiation. Intriguingly, in both K and KP mice deletion of A20 resulted in rather 

decreased proliferation, even reaching significance in KP mice (Fig. 2A&B). However, 

stainings for Cleaved Caspase 3 (CC3) revealed substantial reduction of apoptotic cells 

in A20 knockout tumors. In vitro, isolated cells from KP, KPA and KPA (HET) tumors 
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proliferated at the same pace (Fig. S2A). Reduced A20 expression in KPA (HET) cells, 

which are heterozygous for A20, and complete recombination of the floxed A20 allele was 

confirmed by Western blot and PCR (Fig. S2B). Also the K-RAS mutated mouse LUAD cell 

line (368T1) and human A549 cells did not show alterations in proliferation or apoptosis 

assays in vitro upon CRISPR-Cas9 mediated A20 knockout (Fig. S2C-D). Moreover, we did 

not observe a difference in tumor growth of these cells when subcutaneously transplanted 

into NOD scid gamma (NSG) mice (Fig. 2C&S2F), although control cells still expressed 

detectable levels of A20 in the immunodeficient recipients (Fig. S2G). Hence, we reasoned 

that tumor infiltrating immune cells contribute to the tumor suppressive properties of A20. 

Analysis of immune cell composition in autochthonous tumor bearing KP and KPA-derived 

lungs by flow cytometry revealed no difference in CD45+ cell numbers upon tumor specific 

A20 knock-out. However, the composition of these immune cells was totally shifted towards 

a pro-tumorigenic phenotype in A20 knock-out compared to A20 expressing LUAD. 

Indeed, we noticed an increase of neutrophilic myeloid derived suppressor cells (MDSC, 

CD11b+Ly6G+LyGC-) in KPA tumor bearing lungs concomitant with decreased levels of 

cytotoxic CD8+ T cells and NK cells (Fig. 2D & Fig. S2H).

A20 expression positively correlates with cytotoxic T cell infiltration in LUAD patients

Having shown that loss of A20 in K-ras driven mouse LUAD tumors results in an 

immunosuppressive TME, we questioned whether these results translate to human patients. 

Therefore, we subjected gene expression data of 83 LUAD samples (GSE75037 cohort) 

to CIBERSORT analysis (36, 37), and correlated results with respective A20 expression. 

Interestingly, high A20 expression associated with a bona fide tumor suppressive immune 

phenotype, characterized by higher abundance of CD8+ T cells, M1 macrophages and NK 

cells, but lower levels of M2 macrophages and regulatory T cells (Fig. 3A & Fig. S3A). 

Notably, this A20 – immune cell correlation was restricted to tumor tissues. In the adjacent 

healthy lung parenchyma, A20 only positively correlated with M1 macrophages, and, in 

contrast to the tumor tissue, inversely correlated with NK cells (Fig. S3B). Given the 

increased CD8+ T cell abundance in LUAD biopsies with elevated A20 expression, we 

checked the immune cytolytic activity as defined by the mean expression of perforin-1 

(PRF-1) and granzyme A (GZMA) mRNA (38). Again, we noticed a strong positive 

correlation with A20 expression in LUAD biopsies but not in the healthy lung parenchyma 

(Fig. 3B). However, the analysis of bulk gene expression data does not allow distinction 

between tumor cell- or stromal-derived A20 expression. Therefore, we analyzed 76 human 

unselected LUAD biopsies spotted on tissue microarrays by IHC for A20 and CD8 

expression/infiltration. Unbiased grading by two double blinded pathologists (JM&KD) 

revealed lower CD8+ T cell abundance when tumors exhibited low A20 expression 

compared to tumors with higher A20 expression (Fig. 3C&D). Notably, A20 expression 

in immune cells did not affect the abundance of CD8+ T cells in these LUAD biopsies 

(Fig. S3C). A20 protein in the tumor cells also positively correlated with the expression 

of PD-L1 (39), a potential surrogate marker for the infiltration of cytotoxic T cells (Fig. 

3E). Indeed, mRNA expression analysis of K-RAS mutant LUAD biopsies showed a strong 

positive correlation between CD8A and PD-L1 as well as with its main regulator IFNγ (Fig 

S3D), and the expression of all three genes correlated positively with A20 (Fig. S3E).
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Nevertheless, based on these patient derived data, we cannot yet conclude that low A20 

expression results in low T cell based immune surveillance. A20 may also be expressed 

in tumor cells in response to infiltrating T cells, being low A20 levels a consequence of 

weak infiltration of cytotoxic cells, rather than the cause. To address this question, we 

analyzed the genetic status of A20 and its correlation with CD8+ tumor infiltrating cells in 

the TCGA LUAD data-set using gene set enrichment analysis (GSEA). We discriminated 

between K-RAS mutant patients with somatic shallow TNFAIP3/A20 deletions (“HET”, 

n=79) characterized by impaired A20 expression in the tumors, and K-RAS mutant patients 

without genetic aberrations in the TNFAIP3 gene (“WT”, n=61). Strikingly, a gene signature 

including the 100 most significantly genes correlating with high CD8+ abundance in LUAD 

samples (37) was enriched in “WT” patients, and vice versa, genes correlating with low 

CD8+ T cell abundance were enriched in “HET” patients (Fig. 3F, and suppl. table 1&2). 

Taken together, these data indicate that impaired A20 expression facilitates the tumor to 

escape T cell mediated immune surveillance.

Increased tumorigenicity of A20 knockout LUAD depends on evasion of CD8+ T cells

Given the correlation between tumor cell intrinsic A20 expression and T cell infiltration 

in human LUAD, we questioned whether decreased tumor immune surveillance contributes 

to enhanced tumor growth in our mouse models. First, we confirmed decreased CD3+ 

T cell infiltration upon knock out of A20 in the lung tumors of mice 10 weeks post 

activation of oncogenic K-ras (Fig. 4A). Although loss of p53 eventually modulates myeloid 

cells within the tumor immune microenvironment (TIME), as well as regulatory T cells 

(40), it was shown for the K-rasG12D LUAD mouse model that p53 deficiency does not 

significantly influence the composition of the TIME (9). Thus, KPA displayed decreased 

T cell infiltration compared to KP tumors, similar as in KA versus K mice (Fig. 4B). In 

accordance, we noticed decreased CD8+ abundance in KPA versus KP tumors, concomitant 

with a decrease of the cytotoxic immune mediators Gzma, Gzmb and Prf-1 (Fig. 4C&D). 

Next, we performed orthotopic transplants of KP and KPA cells into immunodeficient NSG 

mice, as well as into immunocompetent, syngeneic C57Bl/6 mice. As in the subcutaneous 

grafts, we did not observe an effect of A20 knockout in NSG mice, but noticed a striking 

difference in the survival of immunocompetent mice (Fig. 4E). Consistently, in the latter 

model increased growth of KPA tumors was accompanied by the exclusion of CD8+ T cells, 

starting two weeks after transplantation (Fig. S4). Therefore, we depleted CD8+ T cells 

in C57Bl/6 recipients of KP and KPA cells 1 week following transplantation. While this 

treatment did not affect the survival of mice engrafted with KPA cells, it decreased the life of 

KP recipients to a similar extend as tumor cell intrinsic A20 knockout (Fig. 4F). In line, in 

autochthonous LUAD induced by Ad.Spc-Cre, KP mice exhibited a tumor load (lung/body 

weight ratio and tumor number) comparable to KPA mice upon CD8+ T cell depletion (10 

weeks treated) but increased in comparison to isotype treated KP mice, whereas this had no 

obvious effects in KPA mice (Fig 4G&H).

Autocrine IFN signaling enables aberrant growth of A20 knockout LUAD

Next, we aimed to understand the molecular mechanisms mediating intratumoral A20 

downregulation and tumor immune evasion. We used an inflammatory antibody array and 

analyzed protein lysates of macroscopically dissected KP and KPA tumors. However, we 
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could not detect differences in the expression of any of the 40 cytokines spotted on the 

array (Fig. S5A). Therefore, we performed RNAseq and subsequent gene set enrichment 

analysis (GSEA) for hallmark gene sets and found only two sets enriched in KPA versus 

KP lungs, namely the gene sets for IFNγ and IFNα response (Fig. 5A and Fig. S5B&C). 

Importantly, while the expression of different type I Ifn was below detection limit in the 

tumors, Ifnγ mRNA remained unchanged in KP versus KPA tumors at this time point 

(Fig. S5D), suggesting that A20 deficient LUAD cells are more sensitive to Ifnγ. We and 

others previously reported A20-mediated regulation of STAT1 expression and downstream 

response to IFN signaling in different cellular contexts (19, 33). In line with these, KPA 

LUAD cells also exhibited elevated Stat1 expression at baseline and activated Stat1 upon 

Ifnγ stimulation resulting in increased expression of the IFNγ target genes Pd-l1 and Ido 

following 4 hours of Ifnγ stimulation (Fig 5B&S5E). The expression of these STAT1 

regulated genes was independent of p65 expression, since p65 deficient KPA cells also 

exhibited higher Stat1, Pd-l1 and Ido expression as compared to p65 knock-out KP cells 

(Fig. 5B & S5F). Increased activation of Stat1 in KPA versus KP and KPAΔp65 versus 

KPΔp65 was confirmed on protein level (Fig. 5C). Notably, Pd-l1 is a member of the IFNγ 
response hallmark gene set, and its expression was induced in autochthonous KPA tumors 

10 weeks after tumor induction, when Ifnγ levels were comparable between KP and KPA 

tumors, and in orthotopically transplanted KPA cells two weeks post engraftment (Fig. S5C, 

D, G-I). However, at a later time point when orthotopically transplanted KPA tumors were 

already devoid of CD8+ T cells, Pd-l1 expression in KPA tumor cells decreased as compared 

to KP cells (Fig S4 & S5I).

We previously reported for vascular cells that A20 controlled TBK1 activity, which is 

upstream of an autocrine IFNβ/IFNAR loop transcriptionally regulating STAT1 expression 

(Fig. 5D) (19, 41). Indeed, Tbk1 phosphorylation at S172 was elevated in KPA cells, 

independent of p65 expression, compared to KP cells (Fig. 5E). Moreover, blocking Tbk1 

activation using the TBK1/IKK-ε specific inhibitor amlexanox in KPA cells prevented 

increased Stat1 expression and phosphorylation, as well as the elevated downstream 

expression of Pd-l1 (Fig 5F & Fig S5J) (42). Thus, it appeared that knockout of A20 primed 

LUAD cells to IFNγ in a TBK1-dependent but NF-κB-independent manner.

To investigate whether this mechanism contributes to the evasion of KPA tumors from 

CD8+ T cell infiltration, we generated KP and KPA cells deficient for the IFN type I 

receptor Ifnar, thereby abrogating autocrine Ifnβ signaling (Fig S5K). Hence, these cells 

fail priming for strong Ifnγ mediated responses (43), indicated by reduced Stat1 expression 

in KPAΔIfnar versus KPA cells (Fig. 5G). When transplanting KPΔIfnar and KP cells into 

immunocompetent mice, we noticed that blocking baseline type I Ifn signaling in the 

tumor cells did not modify the composition of the TIME, as analyzed two weeks following 

engraftment by flow cytometry. However, Ifnar deletion in KPA cells restored CD8+ T 

cell infiltration, suggesting that increased activation of type I Ifn is responsible for the 

exclusion of cytotoxic T cells in KPA tumors (Fig. 5H & S5L). Furthermore, we crossed 

Ifnar floxed/floxed mice (44) with K mice to generate Ifnar-deficient, K-ras-driven tumors 

following Ad.Spc-Cre inhalation. Kaplan Meier analysis and lung sections prepared 10 

weeks post tumor initiation revealed no impact of Ifnar deletion in K-ras lung tumorigenesis 

and progression (Fig. 5I&S5M). However, when we crossed KA mice with Ifnar floxed 
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mice, we observed better survival along with decreased lung/body weight ratios and tumor 

burden, and increased infiltration of CD3+ cells upon Ifnar ablation in KA tumor cells (Fig. 

5J-M). These results further demonstrate that alterations in IFN signaling are critical for the 

tumor suppressor function of A20, regardless of the p53 status.

A20 deficiency sensitizes LUAD to anti-PD-L1 therapy

Enhanced IFN signaling in the tumor tissue was associated with a better response of 

NSCLC patients to PD-1/PD-L1 targeting ICB (45, 46). Data from melanoma patients 

also suggested an essential role of tumor cell intrinsic IFN signaling in the response to 

immunotherapy (47–50). Based on the RNAseq results we created an A20 Loss of Function 

(LOF) signature including the genes significantly up- and downregulated in KPA versus 

KP lungs 10 weeks post tumor initiation. Intriguingly, melanoma patients with higher A20 

LOF signature responded better to PD-1 blockade, as illustrated by overall survival, as 

well as progression free survival (Fig. 6A) (51). To check whether KPA LUAD respond 

to ICB, we generated KP and KPA cell lines deficient of Pd-l1 (Fig. S6A). Subsequent 

orthotopic transplantation of KPAΔPd-l1 in syngeneic C57Bl/6 mice resulted in increased 

survival compared to recipients of KPA cells and similar survival compared to recipients of 

KP cells (Fig. 6B). Notably, Pd-l1 deletion in KP cells did not extend the life of recipients 

in this model. However, in agreement with our previous analysis of the TIME upon Ifnar 

or Stat1 deletion (Fig. 5H, S5L & S6B), Pd-l1 deletion restored the infiltration of CD8+ 

T cells in KPA tumors (Fig. 6C). Surprisingly, we did not find any alteration in the TIME 

of KP cells upon Pd-l1 or Stat1 deletion, and the application of α-Pd-l1 antibodies yielded 

similar results (Fig. 6D & S6C, D). Furthermore, we treated KP and KPA mice bearing 

autochthonous tumors for a 10 week period with the α-Pd-l1 antibody. As in the transplant 

model, we observed no beneficial effect in KP mice, but α-Pd-l1 treatment reduced lung 

to body weight ratios, tumor number and burden in KPA mice, as compared to mice 

treated with isotype antibody (Fig. 6E&F). Additionally, α-Pd-l1 treatment restored T cell 

infiltration in KPA mice as confirmed by IHC using CD3 marker (Fig. 6G&H).

Altogether, our data suggest that A20 is a prominent regulator of the TBK1/STAT1 axis and 

thereby prevents tumor immune evasion. However, low A20 expression in tumors results in 

an increased IFNγ expression gene signature that renders these tumors more vulnerable to 

ICB therapy.

Discussion

Our results uncovered a tumor suppressor function of A20 in LUAD. In humans, tumors 

show reduced levels of A20 compared to healthy parenchyma regions, indicating that 

downregulation of A20 promotes tumor progression. Importantly, reduced A20 expression 

levels correlated with worse patient prognosis. In agreement, deletion of A20 in mouse 

models of K-ras driven LUAD enhanced tumorigenesis, independently of p53 expression. 

Since inflammation is generally considered as a major oncogenic factor (52), it is tempting 

to speculate that loss of anti-inflammatory A20 may drive carcinogenesis in other (lung-) 

tumors as well. However, this needs to be verified experimentally and our analysis can only 

conclude for LUAD.
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In previous studies, genetic deletion of the p65 subunit, expression of inhibitor kappa B 

(IκB) super repressor gene and chemical inhibition of IκB kinase (IKK) activity inhibited 

lung tumorigenesis in the K and in the more aggressive KP mice, underscoring the 

importance of tumor intrinsic NF-κB signaling in these models (53–56). However, despite 

being a potent suppressor of NF-κB activation (15), A20 knockout did not induce changes 

in proliferation and apoptosis of cell lines. On the other hand, in vivo deletion of A20 

in LUAD shaped the TIME towards a more immunosuppressive phenotype, resulting in 

lower CD8+ T tumor infiltrating cell proportions and reduced tumor cell apoptosis levels, 

providing an explanation for the observed tumor suppressor function of A20. These results 

were confirmed in human LUAD biopsies, where low A20 expression levels and loss of A20 

heterozygosity correlated with reduced CD8+ T cell numbers and immune-cytolytic activity.

More than 50% of K-RAS mutant tumors included in the TCGA cohort exhibited shallow 

deletions of A20, which are defined as “possibly a heterozygous deletion”. In contrast, 

homozygous deletions were rare. This may be explained by the importance of surrounding 

genes of A20 at its localization on chromosome 6. (57) Notably, IFNGR1 is located in close 

proximity, hence deep deletion of this chromosomal locus may also abrogate IFN signaling, 

thereby counteracting the impact of A20 downregulation. Indeed, in our models we found 

type I and type II IFN target genes being enriched in A20 knockout tumors compared to A20 

proficient LUAD, despite equal IFN levels in both groups. Tonic type I IFN signaling primes 

cells for strong IFNγ responses via regulation of STAT1 expression (41, 58), and STAT1 is 

increasingly expressed and activated upon A20 knockout, independent of canonical NF-κB, 

but dependent on TBK1 activation, as previously observed in vascular cells (19). Increased 

cellular sensitization to IFNγ will impact the immune cell composition within the TME and 

can contribute to tumor immune evasion. Indeed, we observed alteration of MDSC, NK and 

T cells upon A20 deficiency in our autochthonous LUAD mouse models. These changes 

were restricted to the decreased infiltration of CD8+ T cells observed upon orthotopic 

transplantation of KPA cells, which may be related to the fast progression of tumors in this 

model. Consistently with these results, disruption of the TBK1/IFN/STAT1 axis via deletion 

of IFNAR or STAT1 restored tumor immune surveillance in A20-deficient LUAD.

Although the activation of TBK1 in A20 knockout cells is intriguing, more experiments 

are needed to clarify the exact mechanisms in LUAD cells. One possibility would be the 

lack of A20 mediated disruption of the TRAF3-TBK1 complex, a prerequisite for TBK1 

phosphorylation, as described in mouse embryonic fibroblasts (18). It is also possible that 

loss of A20 stabilizes TBK1 upstream activators such as STING or other components of the 

Toll-like receptors signaling pathway (59).

IFNs have a complex role in tumorigenesis. It is well accepted that IFNγ, primarily 

produced by activated T cells, NK and NKT cells can be anti-tumorigenic thanks to its 

anti-proliferative and pro-apoptotic properties. In addition, IFNγ may facilitate anticancer 

immunity through its immunomodulatory actions and the upregulation of cytotoxic enzymes 

(60). However, IFNγ also induces the tumor cell intrinsic expression of PD-L1 in a STAT1­

dependent manner, favoring the immune escape of these cells. The balance between pro- 

and anti-tumorigenic effects of IFNγ/STAT1 signaling are context-dependent and may be 

governed by threshold levels, by the immune composition of the TME and/or by temporal 
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events during tumorigenesis (61). The strong expression of IFNγ regulated genes PD-L1, 

IDO and others immune suppressive molecules may contribute to the positive selection 

of low A20 expressing lung tumor cells and to abrogate the antitumor immune response 

during tumorigenesis. However, this elevated IFNγ sensitivity also renders the tumors more 

susceptible to ICB. Indeed, previous reports have identified an IFNγ induced gene signature 

as predictor to responses to ICB (45, 46, 49) and analysis of our experimental models 

revealed that A20 deletion in tumor cells also enhances PD-L1 expression in a STAT1 

dependent manner. Thus, we reasoned that the effect of A20 loss may be counteracted 

by ICB treatment. Indeed, genetic deletion of PD-L1 in K-ras mutated LUAD cells and 

pharmacological blocking of PD-L1 rescued the A20 tumor suppressor function by re­

establishing T cell infiltration and reducing tumorigenesis in syngeneic orthotopic mouse 

models and in K-ras mutated A20 knockout animals harboring autochthonous tumors. 

Notably, targeting Pd-l1 in KPA tumors yielded results comparable to A20 expressing KP 

tumors. Intriguingly, we could not observe any effect of targeting Pd-l1 in A20 expressing 

tumors. This may be explained by the low mutational burden and lack of strong neoantigens, 

hence the minor role of regulatory T cells in these models (62, 63), or by different 

experimental conditions.(64)

In our experimental models, loss of A20 sensitize the tumors to anti PD-L1 treatment. In this 

line, an A20 LOF signature derived from A20 knockout lung tumors predicts response to 

ICB in melanoma patients. On the other hand, we also noticed a positive correlation between 

A20 and PD-L1 expression in human tumors. We speculate that most of the low A20 

expressing tumors already escaped immune surveillance and are devoid of IFNγ producing 

CD8+ cells, therefore expressing low levels of PD-L1. This would suggest that patients 

with K-RAS mutated and low A20 expressing cold tumors may not response to anti-PD-L1 

treatment as monotherapy, but could require immunogenic chemotherapies in addition to 

ICB to re-activate infiltration of cytotoxic T cells (65–67) and for maximal therapeutic 

benefit.

The lack of clinical data derived from LUAD patients undergoing ICB therapy limits this 

study. Our findings that A20 LOF signature predict ICB response in melanoma patients 

are encouraging, but may not be translated into LUAD patients. Future studies analyzing 

the implications of A20, and its downstream targets TBK1 and STAT1, in LUAD patients 

treated with ICB alone or combined with chemotherapy will help elucidating whether A20 

expression in tumor cells can be exploited as marker to identify LUAD patients that benefit 

from ICB therapy.

Materials And Methods

Study design

The rational of the study was to investigate the impact of anti-inflammatory A20 

in lung tumorigenesis. We used publically available patient datasets and patient 

biopsies for the acquisition of human data. Experimental data was acquired from 

mouse models and in vitro models based on the knock-out of A20 in lung tumor 

cells. For all animal experiments, required samples sizes were determined by using 

web-based tools (http://www.cct.cuhk.edu.hk/stat/survival/Rubinstein1981.htm and http://
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www.quantitativeskills.com/sisa/calculations/samsize.htm). Calculated sample numbers 

were adjusted according to the availability of mice and in accordance with the 3 Rs. For 

antibody mediated depletion studies and anti-Pd-l1 treatment, mice were randomly assigned 

mice to the different treatment groups. Tissue was harvested and processed in a random and 

blinded order. Generally, all replicates were included in our data analysis, but data points 

less than Q1 – 1.5×IQR or greater than Q3 + 1.5×IQR were considered as outliers and from 

statistical analysis.

Statistical analysis

We used GraphPad Prism 5.0 for statistical analysis. Unless stated otherwise in the figure 

legends, all values are given as means ± SD. Comparisons between two groups were made 

by Student’s t test, except for Kaplan-Meier analysis, where the log rank test was used. To 

compare more than two groups, we used Oneway ANOVA with subsequent Tukey’s multiple 

comparison. To measure significant correlations between two variables, we determined the 

Pearson correlation coefficient. P values <0.05 were considered as significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

A20 represents an immune checkpoint in lung adenocarcinomas, and its loss is 

compensated by targeting the TBK1-STAT1-PD-L1 axis.
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Figure 1. A20 is a tumor suppressor in K-RAS driven lung tumorigenesis.
(A) Oncoprint of LUAD depicting patients harboring K-RAS mutations, as well as 

mutations and deletions of TNFAIP3 and (B) quantitation of patients harboring alterations 

in these genes. Data were derived from the TCGA PanCancer Atlas. (C) Relative A20 

mRNA expression in K-RAS mutant, EGFR mutant and K-RAS wildtype/EGFR wildtype 

LUAD biopsies compared to adjacent healthy lung tissue of the same individuals. Data 

was retrieved from the Gene Expression Omnibus (GSE75037) and analyzed using 

student’s t test, Box plot with min to max whiskers, n=35 for K-RASmut, 20 for 
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EGFRmut and 21 for K-RASwt/EGFRwt. AU, arbitrary units. (D) Kaplan Meier plot 

showing overall survival of patients with LUAD stratified by high (n=258) and low 

(n=462) A20 expression. Univariate cox regression test was used for statistical analysis. 

(E) Survival analysis of K-rasG12D (K, n=42), K-rasG12D:A20ΔLep/ΔLep (KA, n=28) and 

K-rasG12D:A20ΔLep/+ [KA (het) n=48] mice and (F) of K-rasG12D:p53ΔLep/ΔLep (KP, 

n=24) versus K-rasG12D:p53ΔLep/ΔLep:A20ΔLep/ΔLep (KPA, n=16) mice following intranasal 

inhalation with Ad.CMV-Cre. Statistical analysis was performed using the Log rank test. 

(G) Representative pictures of H&E stained sections from tumor bearing lungs 10 weeks 

following Ad.CMV-Cre inhalation of K and KA mice, including higher magnification of 

indicated areas, Scale bars, 1 mm (top) and 250 μm (bottom). (H) Graphs depict lung to 

body weight rations, tumor area versus healthy lung area and tumor number per analyzed 

section in K and KA mice (n=8 per group), as well as the area of all tumors found 

in analyzed sections (n=227 for K and n=292 for KA mice). Data was analyzed using 

student’s t test. (I) Graph indicates the percentage of stage I, stage II and stage III tumors, 

respectively, in K versus KA mice (n=4 sections per group). (J) A20 mRNA expression 

in tumor free wildtype lungs (wt) compared to tumor bearing lungs of K and KA mice, 

10 weeks post Ad.CMV-Cre inhalation. Data was analyzed by Oneway ANOVA, n=4 per 

group. (K) Representative images of stainings for A20 in the healthy parenchyma and in the 

tumors of lungs of KP mice and KPA mice. *p<0.05, **p<0.01, ***p<0.001. Graphs in (H) 
& (J) depict means ± SD.
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Figure 2. Loss of A20 alters tumor immune cell infiltration.
(A) Representative images of immunohistochemical stainings for Ki67 and cleaved Caspase 

3 (CC3) in lung tumors of K-rasG12D (K) and K-rasG12D:A20ΔLep/ΔLep (KA) mice and of 

(B) K-rasG12D:p53ΔLep/ΔLep (KP) and K-rasG12D:p53ΔLep/ΔLep:A20ΔLep/ΔLep (KPA) mice. 

Percentage of positively stained cells in at least eight individual tumors per mouse was 

evaluated using TissueGnostics software, n= 5 to 7 mice per group, scale bars, 50 μm.(C) 
Volumes as measured with a caliper of engrafted tumor-derived from A20-expressing versus 

A20-deficient 368T1 cells in NSG mice, monitored over 4 weeks. The graph at the right 

depicts the weight of the individual tumors after 4 weeks (n=16 per group). (D) Flow 

cytometric analysis of cell suspensions derived from tumor bearing lungs of KP versus KPA 

mice (n= 4 per group). Statistical analysis was performed using the student’s t test. Graphs 

represent means ± SD. *p<0.05, **p<0.01, ***p<0.001.
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Figure 3. A20 expression positively correlates with cytotoxic T cell infiltration in LUAD patients.
(A) The abundance of indicated immune cell-types in LUAD biopsies was evaluated by 

CIBERSORT and correlated with respective A20 mRNA expression values. Data was 

derived from GSE75037. The graph depicts the Pearson correlation coefficient for different 

cell-types, dotted lines indicate significance levels < 0.05 (*) and < 0.001 (***), respectively. 

(B) Graphs depict mRNA expression values for A20 versus immune cytolytic activity as 

calculated by the mean of GZMA and PRF1 expression, in healthy lung parenchyma (left 

panel) and in LUAD biopsies of the same cohort (right panel). Data were derived from 
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GSE75037. (C) Images from LUAD biopsies spotted on a tissue micro array and following 

immunohistochemical staining for A20 (brown color) and CD8 (red color). The displayed 

pictures are representative for samples with high versus low A20 expression. Scale bars: 

1 mm (left panel) and 200 μm (right panel). n=84. (D) Graph depicts scoring for CD8+ T 

cell infiltrates in LUAD biopsies exhibiting an A20 Hirsch score (percentage of positive 

tumor cells x staining intensity) equal and above to 200 (n=57) versus below 200 (n=27). 

Box plot with min to max whiskers, and data was analyzed using the student’s t test. 

*p<0.05 (E) Scoring of PD-L1 expression of tumor cells in LUAD biopsies stratified by 

A20 Hirsch score. *p<0.05 (F) Gene set enrichment analysis of expression data derived from 

TCGA PanCancer Atlas and for LUAD patients harboring K-RAS mutations, discriminating 

between patients with no alterations in the TNFAIP3/A20 gene (WT; n=61) versus patients 

with shallow deletions of TNFAIP3 (HET, n=79). Gene sets were generated using the top 

100 genes positively (CD8_high_100) or negatively (CD8_low_100) correlating with CD8 

abundance in LUAD samples as evaluated by CIBERSORT analysis of GSE75037 dataset.
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Figure 4. Increased tumorigenicity of A20 knockout LUAD depends on evasion of CD8+ T cells.
(A) Representative images and quantitation of immunohistochemical stainings for 

CD3 in tumors of K-rasG12D (K) versus K-rasG12D:A20ΔLep/ΔLep (KA) and (B) K­

rasG12D:p53ΔLep/ΔLep (KP) versus K-rasG12D:p53ΔLep/ΔLep:A20ΔLep/ΔLep (KPA) mice (right 

panels). Data was analyzed using student’s t test and bars indicate means ± SD. *p<0.05, 

***p<0.001. (C) Representative images of CD8 and granzyme B stainings (Gzmb) in lung 

tumors of KP and KPA mice, 10 weeks post tumor initiation. Graph depicts percentage 

of positive cells within the tumor for respective stainings, and more than 10 tumors were 
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analyzed per lung (n=4 mice per group). Scale bars, 50 μm. (D) Quantitation of normalized 

mRNA expression levels for indicated genes from lysates of tumor bearing lungs of K­

rasG12D:p53ΔLep/ΔLep (KP) and K-rasG12D:p53ΔLep/ΔLep:A20ΔLep/ΔLep (KPA) mice. n=4 per 

group. (E) Survival analysis of NSG mice (left panel, n=15 per group) and C57Bl/6 mice 

(right panel, n=9 per group) following orthotopic transplantation of KP and KPA tumor 

cells. Log rank test was used for statistical analysis. (F) Survival analysis of C57Bl/6 mice 

after orthotopic transplantation with KP and KPA cells, and antibody mediated CD8+ T 

cell depletion started one week post tumor cell engraftment. Isotype antibody was used as 

control. Data was analyzed by Log rank test. (n=6-8 mice per group). (G) Images of lungs 

from KP and KPA mice 10 weeks post Ad.SPC-Cre inhalation and following treatment with 

CD8 depleting antibodies versus isotype controls. Lower panel shows higher magnification 

of indicated sections, scale bar, 2 mm and 500 μm. (H) Graphs depict lung to body weight 

ratios, tumor numbers per analyzed sections and the percentage of tumor area to total lung 

area. n=5 per group. (A), (B), (C) & (H) Bars indicate means ± SD, and data was analyzed 

using student’s t test. *p<0.05, ***p<0.001.
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Figure 5. Autocrine IFN signaling enables aberrant growth of A20 knockout LUAD.
(A) Graph depicts the nominal p-value of all hallmark gene sets enriched in KPA 

tumors with a normalized enrichment score > 1 as compared to KP tumors. RNAseq 

data of macroscopically dissected lung tumors in K-rasG12D:p53ΔLep/ΔLep (KP) versus K­

rasG12D:p53ΔLep/ΔLep:A20ΔLep/ΔLep (KPA) mice 10 weeks post Ad.Cre administration was 

used for the hallmark gene set enrichment analysis. (B) Stat1 mRNA expression in untreated 

wildtype (wt) and p65 deficient K-rasG12D:p53Δ/Δ (KP) and K-rasG12D:p53Δ/Δ:A20Δ/Δ 

(KPA) cells, and Pd-l1 and Ido mRNA fold increase upon 4 hours treatment with Ifnγ 
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in KP and KPA cells, with and without p65 and Stat1 knockout. 28S expression was used 

for normalization, and fold levels were calculated to expression in untreated KP cells. 

(C) Western blots for indicated (phospho-) proteins using cell lysates of p65 expressing 

and deficient KP and KPA cells, respectively. Cells were stimulated with Ifnγ for 10 

minutes. (D) Scheme illustrating the feed forward loop involving TBK1 activation, IFNβ 
expression and autocrine signaling via the IFNα receptor resulting in STAT1 expression for 

IFNγ mediated responses. (E) Western blot probing for indicated proteins in cell lysates 

of untreated KP and KPA cells, with and without p65 knockout, and (F) in amlexanox 

treated (48 hours) KP and KPA cells following 10 minutes Ifnγ treatment. (G) Relative 

Stat1 mRNA expression in wt and Ifnar1 deficient KP and KPA cells. (H) Quantitation by 

flow cytometry of indicated immune cells in lungs of C57Bl/6 mice, two weeks following 

orthotopic transplantation of KP and KPA cells, with and without Ifnar1 deletion (n=5-8 

mice per group). (I) Kaplan Maier analysis of Ad.SPC-Cre inhaled K mice versus K mice 

with additional Ifnar deletion in tumor cells (K:IfnarΔLep/ΔLep) and (J) KA mice versus 

KA:IfnarΔLep/ΔLep,. n=13-19 mice per group. Log rank test was performed for statistical 

analysis. (K) H&E stained sections of lungs in KA and KA:IfnarΔLep/ΔLep mice, 10 weeks 

post Ad.SPC-Cre inhalation. Lower panel shows a higher magnification of indicated lung 

areas. (L) Graph depicts means ± SD of lung to body weight and tumor area to total 

lung area ratios, and tumor numbers per analyzed section, n≥5. (M) Representative CD3 

immunohistochemical stainings and quantitation (means ± SD) for T cell infiltration in 

tumors of KA and KA:IfnarΔLep/ΔLep mice, 10 weeks after tumor initiation with Ad.SPC-Cre 

inhalation. (B), (G) & (L) were analyzed using student’s t test, (H) by One way ANOVA, 

bars indicate means ± SD.*p<0.05, **p<0.01, ***p<0.001.
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Figure 6. A20 deficiency sensitizes LUAD to anti-PD-L1 therapy.
(A) Overall survival (OS) and progression free survival (PFS) of melanoma patients treated 

with anti-PD-1 monotherapy stratified according to the A20 LOF signature score (high 

n=13, intermediate n=14, low n=14). Data was analyzed by Log rank test. (B) Kaplan Meier 

analysis of C57Bl/6 mice following orthotopic transplantation with indicated cell lines. Log 

rank test was performed for statistical analysis. (C) Quantitation of indicated immune cells 

in lungs of syngeneic recipients from orthotopic transplants of KP and KPA cells, with and 

without Pd-l1 knock-out, (D) or treated with anti-Pd-l1 antibody or isotype controls. Lungs 
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were harvested two weeks post transplantation. (n=4-5 mice per group). Data was analyzed 

by One-way ANOVA. (E) H&E stained lung sections of KP and KPA mice treated with 

indicated antibodies over the experimental period of 10 weeks and (F) quantification of 

lung to body weight ratios, tumor numbers per section and tumor area to total lung area of 

these mice. Data was analyzed using One-way ANOVA. Experiment was performed together 

with the antibody mediated CD8 depletion in Fig. 4G–H, hence isotype control group is 

the same. (G) Representative CD3 immunohistochemical stainings and (H) quantification 

for infiltrating CD3 positive T cells in tumors of KP and KPA mice, 10 weeks after tumor 

initiation and treatment with anti-PD-L1 antibody or isotype controls. (B), (C), (D), (F) & 

(H) Graphs show means ± SD. *p<0.05, **p<0.01, ***p<0.001.
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