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Targeting TBK1 to overcome resistance to 
cancer immunotherapy
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Despite the success of PD-1 blockade in melanoma and other cancers, effective 
treatment strategies to overcome resistance to cancer immunotherapy are lacking1,2. 
Here we identify the innate immune kinase TANK-binding kinase 1 (TBK1)3 as a 
candidate immune-evasion gene in a pooled genetic screen4. Using a suite of genetic 
and pharmacological tools across multiple experimental model systems, we confirm 
a role for TBK1 as an immune-evasion gene. Targeting TBK1 enhances responses  
to PD-1 blockade by decreasing the cytotoxicity threshold to effector cytokines  
(TNF and IFNγ). TBK1 inhibition in combination with PD-1 blockade also demonstrated 
efficacy using patient-derived tumour models, with concordant findings in matched 
patient-derived organotypic tumour spheroids and matched patient-derived 
organoids. Tumour cells lacking TBK1 are primed to undergo RIPK- and caspase- 
dependent cell death in response to TNF and IFNγ in a JAK–STAT-dependent manner. 
Taken together, our results demonstrate that targeting TBK1 is an effective strategy 
to overcome resistance to cancer immunotherapy.

Cancer imm unotherapy with immune checkpoint blockade (ICB) has 
transformed the treatment of advanced melanoma and other cancers,  
although overcoming resistance remains a central challenge1,2. There 
are currently no approved therapies for patients with innate or acquired 
resistance to ICB. Clinical trials evaluating new immune modulatory 
agents in combination with anti-PD-1 and anti-PD-L1 therapies to 
overcome primary resistance are already underway5. Recently, the 
results of two phase III, placebo-controlled, randomized clinical trials 
comparing promising combination strategies were reported, neither 
showing a survival benefit compared with single-agent PD-1 blockade6,7, 

prompting renewed focus on the preclinical and early-phase clinical 
development of combination strategies.

Approaches to unbiased target identification include loss-of-function 
genetic screens using CRISPR–Cas9 genome editing, which have success-
fully nominated targets to enhance anti-tumour immune responses4,8. 
Pooled in vivo and in vitro CRISPR–Cas9-based screening have nominated 
several tumour-intrinsic drivers of resistance to immunotherapy4,8–11,  
but therapeutic applications of these findings remain limited.

TANK-binding kinase 1 (TBK1) is a multifunctional serine/threonine 
kinase with an established role coordinating innate immune responses 
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to viruses and other invading pathogens12. TBK1 integrates upstream 
signals from pattern-recognition receptors and cytosolic nucleic acid 
sensors to regulate the activation of interferon regulatory factor 3 (IRF3) 
and consequent induction of type I interferons (IFNα and IFNβ) and 
interferon-stimulated genes (ISGs) that are critical to the host immune 
response3. Activation of cytosolic nucleic-acid-sensing pathways has 
emerged as a promising strategy to stimulate innate anti-tumour immune 
responses to inflame immunologically ‘cold’ tumours13; it is therefore 
surprising that TBK1 has been nominated as a candidate immune-evasion 
gene4,9–11 and that disrupting TBK1 signalling has shown early promise 
enhancing the response to ICB in mouse tumour models14,15. Given these 
seemingly contradictory findings, the precise role of TBK1 in influencing 
sensitivity to cancer immunotherapy remains unclear.

Here we show that genetic deletion of TBK1 sensitizes tumours 
to immune attack and demonstrate that pharmacological inhibi-
tion of TBK1 can overcome resistance to PD-1 blockade using estab-
lished mouse tumour models and patient-derived tumour models. 
Targeting TBK1 lowers the cytotoxicity threshold after exposure to 
immune-cell-derived effector cytokines, thereby sensitizing resistant 
tumours to ICB.

TBK1 loss sensitizes tumours to ICB
In a previous in vivo CRISPR screen4, Tbk1-targeting single-guide RNAs 
(sgRNAs) were significantly depleted from B16 melanoma tumours in 
immunocompetent mice after PD-1 blockade (Fig. 1a), suggesting more 
effective tumour control of cells lacking TBK1. By contrast, the sgRNAs 
targeting the homologous innate immune signalling kinase IKKε (Ikbke) 
were not enriched (Extended Data Fig. 1a), suggesting specificity for 
TBK1. To determine whether the deletion of Tbk1 enhanced the response 
to PD-1 blockade, we generated B16 mouse melanoma cells lacking Tbk1 
by CRISPR–Cas9 knockout using two different sgRNAs and confirmed 
the loss of TBK1 protein expression (Extended Data Fig. 1b). Tbk1-null 
and control sgRNA B16 cells grew at comparable rates in culture and 
when implanted into immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/
SzJ (NSG) mice (Fig. 1b and Extended Data Fig. 1c,d). Tumour growth and 
survival was comparable in immunocompetent wild-type (WT) mice 
bearing control and Tbk1-null B16 tumours, whereas anti-PD-1 treat-
ment resulted in improved tumour shrinkage and increased survival 
in mice bearing Tbk1-null B16 tumours compared with mice bearing 
control sgRNA B16 tumours (Fig. 1c and Extended Data Fig. 1e). These 
results confirm that Tbk1-null B16 tumours demonstrate normal growth 
compared with control sgRNA B16 tumours and are more sensitive to 
cancer immunotherapy with PD-1 blockade in vivo.

TBK1 inhibition enhances ICB response
TBK1 has an important role in innate immune sensing3 and TBK1 inhibi-
tors are being evaluated in the treatment of autoimmune and inflam-
matory diseases16. This raises the possibility that systemic inhibition of 
TBK1 may dampen inflammation and fail to recapitulate the sensitization 
mediated by tumour-specific TBK1 loss. Thus, we sought to determine 
whether pharmacological inhibition of TBK1 phenocopied the obser-
vations in TBK1-null B16 tumours. To this end, WT mice bearing B16 
tumours expressing the model antigen ovalbumin (B16-ova) were treated 
with IgG or anti-PD-1 antibodies with or without a previously described 
small-molecule TBK1 inhibitor (TBK1i)14. Improved tumour control was 
observed in mice that were treated with anti-PD-1 plus TBK1i compared 
with mice that were treated with a single agent or the control mice (Fig. 1d 
and Extended Data Fig. 1f,g), and was well tolerated without evidence 
of toxicity or diminished body weight (Extended Data Fig. 1h). Ex vivo 
profiling using mouse-derived organotypic tumour spheroids (MDOTS)14 
derived from untreated mice bearing B16-ova tumours confirmed the 
enhanced response to anti-PD-1 plus TBK1i (Fig. 1e). Using CT26 MDOTS 
(partially responsive to PD-1 blockade with or without TBK1i)14 with or 

without anti-CD8α treatment, we demonstrated that CD8 T cell activ-
ity was required for the combinatorial effect of anti-PD-1 plus TBK1i, 
but not single-agent TBK1i (Extended Data Fig. 1i). Ex vivo profiling of 
MDOTS derived from anti-PD-1-resistant D4M.3A (Braf-mutant/Pten-null) 
tumours17 showed that TBK1i could overcome primary (intrinsic) resist-
ance using a separate autochthonous mouse melanoma model (Fig. 1f). 
A similar sensitizing effect of TBKi was observed in B16-ova MDOTS pre-
pared from mice that developed acquired (secondary) resistance to PD-1 
blockade in vivo (Fig. 1g). We also observed improved in vivo tumour con-
trol with combined TBK1i plus PD-L1 blockade in MC38 (responsive) and 
MB49 (partially responsive) syngeneic mouse tumour models (Extended 
Data Fig. 1j,k). These findings demonstrate activity of TBK1i + anti-PD-1 in 
mouse tumour models of primary (intrinsic) and secondary (acquired) 
resistance to PD-1 blockade.

TBK1i enhances ICB response in PDOTS
To examine TBK1 inhibition as a strategy to overcome intrinsic or 
acquired resistance to ICB in human cancer, we performed ex vivo 
profiling of patient-derived organotypic tumour spheroids (PDOTS)14,18 
from explanted human tumours (Fig. 2a). PDOTS established from 
patients with melanoma and other cancers were cultured ex vivo with 
TBK1i (1 μM) with or without anti-PD-1. Analysis of PDOTS (n = 30) from 
patients with cutaneous melanoma (n = 15), non-cutaneous melanoma 
(n = 2) and other cancer types (n = 13) revealed reduced tumour growth 
in response to TBK1i (30% response) and TBK1i plus PD-1 blockade 
(40% response) compared with single-agent PD-1 blockade (16.6% 
response) (Fig. 2b, Extended Data Fig. 2a and Supplementary Table 1). 
We did not observe an effect of IgG4 antibody control (Extended Data 
Fig. 2b), consistent with previous reports14,19. PDOTS from patients with 
immunotherapy-resistant metastatic cutaneous melanoma were sensi-
tive to combined TBK1i + anti-PD-1 treatment and were unresponsive 
to ex vivo anti-PD-1 with or without anti-CTLA-4 treatment (Fig. 2c,d). 
An exceptional ex vivo response to TBK1i + PD-1 blockade was also 
observed in other cancer types, especially colorectal carcinoma with 
evidence of microsatellite instability (MSI) (Fig. 2e,f). These data dem-
onstrate the efficacy of a TBK1 inhibitor in combination with PD-1 block-
ade using patient-derived tumour models, including models derived 
from patients with clinical ICB resistance.

TBK1i and the tumour immune landscape
TBK1 and IKKε (encoded by IKBKE) are widely expressed across 
lymphoid and myeloid cells in human melanoma20 (Extended Data 
Fig. 3a,b). Recent studies have demonstrated critical roles for TBK1 
and/or IKKε in regulating the activity of numerous immune cell types, 
including T cells21, B cells22,23, dendritic cells24 and macrophages25,26. To 
examine the effect of TBK1 inhibition on the tumour immune microenvi-
ronment, we performed single-cell RNA-sequencing (scRNA-seq) analy-
sis of CD45+ cells (n = 53,637) from B16-ova tumours from mice treated 
with anti-PD-1, TBK1i or anti-PD-1 plus TBK1i, compared with treatment 
with the isotype control (IgG) (Fig. 3a). We aggregated data from each 
treatment condition to perform clustering to create a stable set of 
clusters across conditions and then quantified changes in the relative 
abundance of populations between conditions (Fig. 3b and Extended 
Data Fig. 3b). As expected, treatment with anti-PD-1 expanded the popu-
lations of T and natural killer (NK) cells relative to the other treatment 
conditions (Fig. 3b and Extended Data Fig. 3c,d) with an increase in the 
proportion of terminal exhausted/effector CD8+ T cells (Extended Data 
Fig. 3e–g). By contrast, tumours from mice treated with TBK1i with 
or without anti-PD-1 demonstrated enrichment in early exhausted/
effector CD8+ T cells with a concomitant reduction in the abundance 
of terminal exhausted/effector CD8+ T cells (Extended Data Fig. 3f,g). 
In vitro treatment of T lymphocytes derived from mouse spleens with 
TBK1i enhanced the production of cytokines and tumour necrosis 
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factor (TNF), interleukin-2 (IL-2) and interferon-γ (IFNγ) (Extended Data 
Fig. 3h–j), consistent with an enhanced effector function.

A marked expansion of myeloid cells was observed in tumours from 
mice treated with TBKi with or without anti-PD-1 (Fig. 3b). Subclustering 
of tumour-infiltrating myeloid cells revealed a marked increase in the 
abundance of several pro-inflammatory macrophage populations (such 
as M1 macrophages) with a decreased abundance of certain immune 
suppressive myeloid populations, including myeloid-derived suppres-
sor cells (MDSCs) (Fig. 3c–e). To gain additional insights into the effect 

of TBK1i with or without anti-PD-1 treatment on immune cell function, 
gene set enrichment analysis was performed. TBK1i with or without 
anti-PD-1 treatment was associated with enrichment for numerous 
gene sets associated with TNF–NF-кB signalling and inflammation 
(Fig. 3f,g). TNF (Tnf ) and IL-1α (Il1a) expression was largely observed 
in myeloid cell clusters, and this was further enhanced in tumours 
from mice treated with TBK1i with or without anti-PD-1 (Fig. 3h,i). 
Pretreatment with TBK1i enhanced the expression of Tnf and Il1a in 
bone-marrow-derived macrophages in response to challenge with 
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Fig. 1 | TBK1 loss sensitizes tumours to PD-1 blockade. a, Relative depletion 
of Tbk1 sgRNAs from a pool of sgRNAs targeting 2,368 genes expressed by 
Cas9-expressing B16 melanoma cells. n = 4 independent guides targeting each 
gene. False-discovery rate (FDR)-adjusted P values were calculated using the 
STARS algorithm v.1.3, as previously described6,7. b, The viability of Tbk1-null 
and control B16 tumour cells after 3 days of in vitro culture. Mean values (bars) 
and individual values (open circles) are shown. n = 9 biological replicates, across 
3 independent experiments. Statistical analysis was performed using one-way 
analysis of variance (ANOVA) with Tukey’s multiple-comparison test. c, Tumour 
volume and survival analysis of control (grey) and Tbk1-null (light red) B16 
tumours in WT and WT anti-PD-1-treated C57BL/6 mice with overlapping survival 
curves for granulocyte–macrophage colony-stimulating factor (GM-CSF)- 
secreting, irradiated tumour cell vaccine (GVAX)-treated WT mice. Data in  
c represent two independent experiments with n = 5 mice per guide with two 

separate guides for the control group and two separate guides for each 
Tbk1-null group. Data are mean (solid circles) ± s.e.m. (shaded region) tumour 
volumes. d, Tumour volume analysis of mice bearing B16-ova tumours treated 
with TBK1i (compound 1, 40 mg per kg daily by oral gavage), anti-PD-1 (200 mg 
i.p. three times per week; × 6 doses) or a combination of both compared with 
the control (IgG + vehicle); n = 10 mice per treatment group. Data are mean 
(solid circles) ± s.e.m. (shaded region) tumour volumes. Statistical analysis  
was performed using two-way ANOVA with Tukey’s multiple-comparison test 
compared with the control group; ***P < 0.001. e–g, Viability assessment of 
treatment-naive B16-ova MDOTS (n = 3 per treatment group) (e), treatment- 
naive Braf/Pten (D4M.3A) MDOTS (n = 9 per treatment group) (f) and anti- 
PD-1-resistant B16-ova MDOTS (n = 3 per treatment group) (g). Statistical analysis 
was performed using one-way ANOVA with Dunn’s multiple-comparison test. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; NS, not significant.
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lipopolysaccharide (LPS) and IFNγ (Fig. 3j), confirming a direct effect 
of TBK1 inhibition on myeloid cell inflammatory responses. These 
findings demonstrate a tumour-extrinsic effect of TBK1i with marked 
remodelling of the myeloid compartment in response to TBK1i with 
or without anti-PD-1 treatment and confirm that TBK1i is sufficient to 
enhance the expression of inflammatory cytokines (such as IFNγ and 
TNF) in the tumour microenvironment.

We next sought to determine whether tumour-specific loss of TBK1 
influenced the tumour immune microenvironment. Flow cytometry 
analysis of tumour-infiltrating immune cells from control and Tbk1-null 
B16 tumours implanted into WT mice and treated with anti-PD-1 
treatment revealed no significant differences in CD8+ or CD4+ T cells, 
granzyme B+CD8+ T cells, FOXP3+ regulatory T cells, NK cells or F4/80+ 
myeloid cells (Extended Data Fig. 4a). We next performed scRNA-seq 
analysis of CD45+ cells (n = 31,810) from control and Tbk1-null B16 
tumours after anti-PD-1 treatment and identified distinct lymphoid and 
myeloid cell clusters, as well as contaminating tumour cells (Extended 

Data Fig. 4b). Evaluation of the immune cell states using scRNA-seq 
revealed limited immune remodelling in Tbk1-null B16 tumours with 
modest increases in CD8+ T cells and M1-like macrophages (Extended 
Data Fig. 4c,d). We confirmed the expression of Tbk1 and Ikbke across 
lymphoid and myeloid cell types or states, with the highest expression 
in macrophages, MDSCs and CD8+ T cells (Extended Data Fig. 4e,f).  
As expected, we observed a loss of Tbk1 expression in tumour cells 
from Tbk1-null B16 tumours with intact expression of Ikbke (Extended 
Data Fig. 4f). These findings confirm that the enhanced efficacy of 
anti-PD-1 therapy in mice bearing Tbk1-null tumours is not dependent 
on significant remodelling of the immune compartment, consistent 
with a tumour-intrinsic role for TBK1 as an immune evasion gene.

Loss of TBK1 enhances sensitivity to TNF and IFNγ
IFNγ and TNF are key effector cytokines that contribute to anti-tumour 
immune responses9,11,27–30, and genes associated with IFN and TNF 
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Fig. 2 | TBK1 inhibition enhances sensitivity to PD-1 blockade using PDOTS. 
a, Schematic of PDOTS preparation. The diagram was created using BioRender. 
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treatments. Mean values (bars) and individual values (open circles) are shown. 
n = 3, biological replicates. Statistical analysis was performed using one-way 
ANOVA with Dunn’s multiple-comparison test.
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signalling pathways contribute to immune evasion4,9,29. In a cohort of 
203 patients with metastatic melanoma, elevated circulating levels of 
TNF and IFNγ were observed in both responsive and non-responsive 
patients 6 weeks after initiating ICB treatment, although the levels 

remained elevated at 6 months in non-responsive patients (Fig. 4a,b). 
scRNA-seq data from patients with melanoma treated with ICB20 con-
firmed higher expression of IFNG and TNF in non-responsive versus 
responsive tumours (Fig. 4c). Expression of IFNG was largely restricted 
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to the lymphoid compartment (highest expression in exhausted CD8 
T cells), whereas TNF expression was enriched in macrophages and 
monocytes (Fig. 4d), consistent with the findings in B16 tumours 
(Extended Data Fig. 5a). Importantly, levels of Tnf and Ifng were simi-
lar across immune, stromal and tumour cell populations from con-
trol and Tbk1-null B16 tumours (Extended Data Fig. 5b). These results 
confirm the upregulation of TNF and IFNγ after ICB and demonstrate 
persistent cytokine elaboration in patients who are not responding to  
therapy.

Given the limited remodelling of the immune compartment 
in Tbk1-null B16 tumours and comparable expression of effector 
cytokines, we reasoned that B16 cells lacking TBK1 exhibited increased 
sensitivity to TNF and IFNγ. In a whole-genome in vitro pooled CRISPR 
screen, Tbk1 was among the top depleted sgRNAs in cells challenged 
with the combination of TNF and IFNγ (hereafter, TNF/IFNγ) (Fig. 4e 
and Extended Data Fig. 6a), consistent with in vivo CRISPR screen-
ing findings in B16 melanoma tumours6 (Fig. 1a). In vitro essentiality 
analysis confirmed that Tbk1 is not an essential gene (Extended Data 
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performed using one-way ANOVA with Dunn’s multiple-comparison test.
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Fig. 6b), consistent with our initial findings on the in vitro (Fig. 1b and 
Extended Data Fig. 1b) and in vivo (Fig. 1c and Extended Data Fig. 1c) 
growth characteristics of Tbk1-null B16 melanoma cells. Tbk1-null B16 
cells exhibited marked sensitivity to combined TNF/IFNγ treatment, 
but not with either cytokine alone (Fig. 4f). Using single-cell clones, 
we demonstrate that the response to TNF/IFNγ was influenced by the 
extent of Tbk1 deletion, with a considerable reduction in cell viability 
in clones 3 and 4 (complete loss of TBK1 expression), whereas no effect 
was observed in clone 2 (intact TBK1 expression) and a partial response 
was observed in clone 1 (with or without TBK1 expression) (Extended 
Data Fig. 6c,d). Normalized growth rate inhibition (GR) analysis31 across 
a range of both IFNγ and TNF concentrations revealed partial growth 
inhibition with TNF/IFNγ treatment in control B16 cells, whereas a 
marked cytotoxic response was observed exclusively in Tbk1-null B16 
cells above threshold concentrations of TNF and IFNγ (Fig. 4g).

TBK1i promotes TNF/IFNγ cytotoxicity
To determine the effect of pharmacological TBK1 inhibition on cell 
viability, parental B16 cells were treated with increasing concentrations 
of TBK1i with or without TNF/IFNγ. TBK1i alone had no effect on the cell 
viability at the doses evaluated (up to 1.0 μM), whereas TBK1i in combi-
nation with TNF/IFNγ reduced cell viability in a dose-dependent manner 
in B16 cells (Fig. 4h). TBK1i also prevented B16 colony formation in the 
presence of TNF/IFNγ and, to a lesser extent, with TNF alone (Fig. 4i). 
The activity of TBK1i in the presence of TNF/IFNγ was confirmed using 
B16-ova cells (Extended Data Fig. 6a) and parental B16 tumour spheroids 
in 3D culture (Extended Data Fig. 6b). Comparable findings in B16 cells 
were observed using two additional TBK1 inhibitors—MRT6730732 and 
GSK861233 (Extended Data Fig. 6g,h) and the TBK1-targeted proteolysis 
targeting chimera (TBK1 PROTAC 3i)34 (Extended Data Fig. 6i).

GR analysis confirmed a dose-dependent effect of TBK1i in paren-
tal B16 melanoma cells at concentrations of TNF and IFNγ required 
to induce cytotoxicity in Tbk1-null B16 cells (Fig. 4j). Dose–response 
studies demonstrated that TBK1i (up to 1.0 μM) with or without IFNγ 
or TNF alone did not affect growth or viability of control or Tbk1-null 
B16 cells, whereas TBK1i induced a dose-dependent cytotoxic response 
in cells that were cotreated with combined TNF/IFNγ, mirroring the 
cytotoxic response observed in Tbk1-null B16 cells treated with TNF/
IFNγ (Extended Data Fig. 7a). Further GR analysis of B16 cells confirmed 
enhanced TBK1i potency (half-maximal effect (GEC50)) and overall 
efficacy (area over the GR curve (GRAOC)) in cells treated with TNF/IFNγ 
(Extended Data Fig. 7b,c).

To confirm these findings in other model systems, we examined 
tumour-cell-intrinsic sensitivity to TNF/IFNγ using human melanoma 
cell lines, PDOTS and patient-derived organoids (PDOs). Similar to B16 
cells, TBK1i sensitized A375 human melanoma cells to TNF/IFNγ in a 
time- and dose-dependent manner (Extended Data Fig. 7d). Notably, 
A375 cells with acquired resistance to combined BRAF and MEK inhibition 
exhibited increased sensitivity to TBK1i compared with parental A375 
cells (Extended Data Fig. 7e). Evaluation of PDOTS, including anti-PD-1 
refractory cutaneous melanoma (Fig. 4k) and ocular melanoma (Fig. 4l), 
demonstrated that tumours that are poorly responsive to ICB could 
be sensitized to exogenous TNF/IFNγ by co-administration of TBK1i. 
Finally, matched PDOs from exceptional ex vivo responders to combined 
TBK1i + anti-PD-1 treatment (PDOTS-04 and PDOTS-07; Fig. 2e,f and 
Extended Data Fig. 2) demonstrated notable sensitivity to TBK1i + TNF/
IFNγ (Fig. 4m,n). These results show in human and mouse melanoma cells 
lines, as well as in patient-derived tumour models including PDOTS and 
PDOs, that TBK1i treatment lowers the cytotoxic threshold to TNF/IFNγ.

TBK1 restrains necroptosis
TBK1 restrains cell death signalling downstream of the TNF receptor 
(TNFR)35,36 by phosphorylating receptor-interacting protein kinase  

1 (RIPK1). Loss of TBK1 reduces this inhibitory phosphorylation, thereby 
promoting RIPK1 activation leading to enhanced TNFR complex II  
formation and subsequent caspase 8 cleavage and activation35.  
To determine the effect of TBK1 loss on RIPK1 activation and caspase 
cleavage, we performed an immunoblot analysis of cell lysates from 
control and Tbk1-null B16 cells treated with TNF/IFNγ. Increased levels 
of phosphorylated RIPK1 (p-RIPK1, Ser166/Thr189) were observed in 
Tbk1-null B16 cells within 3 h of TNF/IFNγ treatment, which preceded 
cleavage of caspase 8, caspase 3 and PARP, and c-FLIP degradation 
(Fig. 5a). To assess the requirement for RIPK and caspase signalling in 
response to TNF/IFNγ, control and Tbk1-null B16 cells were pretreated 
with Nec-1s (RIPK1 inhibitor) and/or zDEVD-fmk (caspase 3 inhibitor). 
Nec-1s and zDEVD-fmk each partially prevented the loss of cell viability 
in Tbk1-null B16 cells after TNF/IFNγ challenge, whereas combined 
RIPK1 and caspase 3 inhibitor was necessary to completely prevent 
cell death (Fig. 5b). Similar findings were observed using pan-caspase 
inhibitors (Q-VD-OPh and zVAD-fmk), and a caspase-8-selective inhibi-
tor (z-IETD-fmk) (Extended Data Fig. 8a–c).

Necroptosis is a form of death that is regulated by RIPK1 involving 
downstream activation of RIPK3 and the pseudokinase mixed-lineage 
domain-like (MLKL)37. Consistent with our findings with RIPK1, treat-
ment with small-molecule inhibitors of RIPK3 (HS-1371)38 or MLKL 
(GW806742X)39 rescued Tbk1-null B16 cells from TNF/IFNγ-induced 
cell death when combined with caspase inhibition (Extended Data 
Fig. 8d,e). Inhibition of RIPK1, RIPK3 or MLKL also rescued parental 
B16 cells from cell death after treatment with TBK1i plus TNF/IFNγ in 
a clonogenic assay (Extended Data Fig. 8f–h). Transcriptional upregu-
lation of MLKL was observed in response to IFNγ with or without TNF 
(Extended Data Fig. 8i), consistent with previous reports40. Upregula-
tion of MLKL expression was also more pronounced in Tbk1-null B16 
cells after TNF/IFNγ (Extended Data Fig. 8j). In addition to pRIPK1 and 
cleavage of caspase 8 and caspase 3, increased phosphorylated (Ser358) 
and total MLKL was also observed in Tbk1-null B16 cells after TNF/IFNγ 
treatment (Extended Data Fig. 8k), which was reversed with RIPK1 with 
or without caspase inhibition.

Consistent with a primary role for TBK1 in regulating necroptosis 
after TNF/IFNγ treatment, Tbk1-null B16 cells did not exhibit baseline 
or induced differences in apoptotic priming, compared with control 
sgRNA B16 cells. BCL2-homology domain (BH3) profiling41 demon-
strated that cytochrome c release after mitochondrial exposure to 
pro-apoptotic BH3-only peptides (such as BIM BH3 and PUMA BH3) 
was similar in control and Tbk1-null B16 cells (Extended Data Fig. 9a). 
After TNF/IFNγ treatment, the effect of TBK1 loss on apoptotic priming 
was also modest, with the most marked shifts driven by the differential 
response to TNF/IFNγ treatment in Tbk1-null B16 cells (Extended Data 
Fig. 9b). Consistent with these findings, control and Tbk1-null B16 cells 
exhibited identical sensitivity to the apoptosis-inducing pan-kinase 
inhibitor staurosporine in 2D and 3D culture (Extended Data Fig. 9c,d). 
In summary, loss of TBK1 did not fundamentally alter apoptotic prim-
ing or sensitivity to cytotoxic agents, whereas melanoma cells lacking 
TBK1 were more sensitive to RIPK- and caspase-dependent cell death 
after TNF/IFNγ challenge.

STING is dispensable for necroptosis
TBK1 has a central role in coordinating the innate immune response 
in response to cytosolic nucleic acids (for example, the CGAS–STING–
TBK1–IRF3–IFN type I pathway)3, and enhanced sensitivity to TNF has 
been shown to drive the CGAS–STING-dependent interferon response 
and effect cell viability42. To evaluate the role of the STING–TBK1–IRF3 
axis, we generated B16 cells in which Sting1 (also known as Tmem173) 
and Irf3 were deleted with or without Tbk1 deletion (Extended Data 
Fig. 9e,f). B16 cells lacking Tmem173 and Irf3 did not exhibit enhanced 
sensitivity to combined TNF/IFNγ challenge (Extended Data Fig. 9g), 
and co-deletion of Tmem173 or Irf3 with Tbk1 did not alter sensitivity to 
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TNF/IFNγ (Fig. 5c). Finally, treatment of melanoma PDOTS with a STING 
agonist (ADU-S10043,44) had no effect on PDOTS viability, in contrast to 
TNF/IFNγ with or without TBK1i (Extended Data Fig. 9h). To confirm 
activity of the STING agonist in PDOTS, we performed multiplexed 
analysis of secreted cytokines and observed upregulation of several 
inflammatory cytokines and chemokines (for example, CXCL10) after 
treatment with ADU-S100 (Extended Data Fig. 9i). Together with the 
observation of aberrant RIPK1 activation in cells lacking TBK1, these 

findings indicate the TNF/IFNγ-driven death of Tbk1-null cells occurs 
independently of cytosolic nucleic acid sensing pathways (that is, the 
STING–TBK1–IRF3 axis).

Requirement for intact IFNγ sensing
To uncover genes and/or pathways that are required for sensitivity of 
Tbk1-null cells to TNF/IFNγ, we performed a whole-genome pooled 
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using two-way ANOVA with Dunnett’s multiple-comparison test. c, Viability 
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(open circles) are shown. n = 8 biological replicates, 2 independent experiments. 
Statistical analysis was performed using two-way ANOVA with Tukey’s multiple- 
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comparison test. f, Western blot analysis of the indicated proteins in control 
sgRNA and Tbk1-null B16 cells that were pretreated with vehicle or ruxolitinib 
(0.5 μM) followed by TNF/IFNγ or PBS (control) for 8 h. g, Mean GR values 
(n = 3 biological replicates) for Tbk1-null B16 cells treated with increasing 
concentrations of TNF and IFNγ for 24 and 48 h with 0, 0.1 and 0.5 μM ruxolitinib. 
h, Viability assessment of melanoma PDOTS with the indicated treatments. 
Mean values (bars) and individual values (open circles) are shown. n = 9 biological  
replicates, 3 independent specimens. Statistical analysis was performed using 
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driven RIPK1- and caspase-dependent cell death in cells lacking TBK1. The 
diagram was created using BioRender.
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in vitro CRISPR screen using both control sgRNA and Tbk1 sgRNA B16 
cells. sgRNAs targeting genes involved in IFNγ sensing (Ifngr1, Ifgnr2, 
Jak1, Jak2 and Stat1) were enriched in control and Tbk1-null cells (Fig. 5d 
and Extended Data Fig. 10a), consistent with previous in vivo and in vitro 
screens4,29. By contrast, sgRNAs targeting key components of the TNFR 
and necroptosis signalling pathways (for example, Ripk1, Ripk3, Birc2, 
Birc3 and Casp8) were not significantly enriched (or depleted) in either 
control sgRNA or Tbk1-null B16 cells (Extended Data Fig. 10b), possibly 
reflecting the greater complexity of cell death signalling downstream of 
the TNF receptor. Notably, no differences were observed in the activa-
tion of IFN-sensing pathways (for example, JAK1–JAK2–STAT1), NF-кB 
(p65) or IRF3 between control and Tbk1-null B16 cells (Extended Data 
Fig. 10c). Pretreatment with ruxolitinib ( JAK1 and JAK2 inhibitor) com-
pletely rescued Tbk1-null B16 cells and TBK1i-treated parental B16 cells 
from TNF/IFNγ-mediated cell death (Fig. 5e and Extended Data Fig. 10d). 
In addition to completely blocking STAT1 phosphorylation (Tyr701) in 
both control and Tbk1-null B16 cells, ruxolitinib pretreatment abol-
ished RIPK1 phosphorylation (Ser166/Thr169), caspase 8 cleavage 
and caspase 3 cleavage in Tbk1-null B16 cells (Fig. 5f and Extended Data 
Fig. 10e). GR analysis confirmed that ruxolitinib restored the viability 
of Tbk1-null B16 cells by converting the cytotoxic response into a cyto-
static response, mirroring the response characteristics of parental and 
control sgRNA B16 cells (Fig. 5g and Extended Data Fig. 10f). Finally, 
we observed that JAK1 and JAK2 inhibition rescued melanoma PDOTS 
treated with anti-PD-1 plus TBK1i (Fig. 5h). These data confirm that 
enhanced sensitivity to TNF/IFNγ in B16 cells lacking TBK1 requires IFN 
sensing and provide a link between IFNγ-induced JAK–STAT signalling 
and TNF-mediated RIPK1 activation (Fig. 5i).

Discussion
Here we show that TBK1 is an immune-evasion gene and that target-
ing TBK1 can enhance the response to PD-1 blockade by sensitizing 
tumour cells to effector-cytokine-induced cell death. Using syngeneic 
mouse tumour models and patient-derived ex vivo models, we demon-
strate that targeting TBK1 sensitizes tumours to immune challenge. In 
contrast to other recently characterized immune-evasion genes4,8,45, 
tumour-specific loss of TBK1 did not result in substantial remodelling 
of the immune compartment. Rather, TBK1 loss sensitized tumour cells 
to immune-cell-derived effector cytokines (TNF and IFNγ), a finding 
confirmed in an independent, whole-genome in vitro CRISPR screen 
and subsequent validation studies. Whereas a key role for TNF signal-
ling has been demonstrated in immunotherapy-resistant melanoma 
cell lines devoid of IFNγ signalling11, our findings demonstrate critical 
interplay between TNF and IFNγ signalling that can be taken advantage 
of therapeutically to sensitize tumour cells to immune attack.

Despite multiple loss-of-function CRISPR screens (in vivo and in vitro) 
identifying TBK1 as a potential immune-evasion gene4,9–11, the finding 
that TBK1 inhibition can enhance the response to cancer immuno-
therapy is surprising. Intact TBK1 signalling is required for response 
to STING agonists, innate immune stimulatory molecules that mimic 
response to cytosolic DNA, which have been shown to limit tumour 
growth alone or in combination with cancer immunotherapy46–48. 
However, TBK1 has an emerging role in regulating death receptor sig-
nalling distinct from its role in innate immune response and viral sens-
ing35,36,49. Here we demonstrate that the loss of TBK1 leads to RIPK- and 
caspase-dependent cell death after challenge with TNF and IFNγ, and 
confirm that STING and IRF3 are dispensable for this tumour-intrinsic 
cell death phenotype.

Although the loss of TBK1 signalling did not affect tumour growth 
in immunodeficient mice or in isolated cancer cell lines, moderate 
anti-tumour activity was observed after pharmacological inhibition of 
TBK1 in models containing tumour cells and autologous immune cells, 
suggesting a tumour-extrinsic effect of TBK1 inhibition. Consistent with 
these observations, treatment with TBK1i increased the proportion of 

early exhausted/effector CD8 T cells and M1 macrophages in the tumour 
immune microenvironment, and enhanced the expression or pro-
duction of effector cytokines in vitro using isolated CD8 T cells and 
macrophages. Thus, TBK1i treatment not only lowered the cytotoxic 
threshold of tumour cells to TNF and IFNγ, but also promoted elabora-
tion of TNF and IFNγ from tumour-infiltrating immune cells. Although 
marked systemic upregulation of TNF and IFNγ can promote tissue 
damage50, observations from patients with inherited TBK1 deficiency 
suggests that the loss of TBK1 signalling is associated with a milder 
TNF-driven autoinflammatory syndrome, but not sepsis or increased 
incidence or severity of viral illnesses49. Importantly, treatment of mice 
with TBK1i with or without anti-PD-1 did not result in weight loss or other 
signs of systemic toxicity. Future studies will be required to further 
deconvolute the roles of TBK1 in distinct immune cell populations and 
determine the therapeutic potential of disrupting TBK1 signalling in 
patients with melanoma that is resistant to immunotherapy.

Two central challenges in the field of cancer immunotherapy are 
(1) the need for preclinical models that translate to human immunity 
and (2) strategies to effectively and efficiently assess cancer immu-
notherapy combinations51. With over 1,000 cancer immunotherapy 
combination trials under evaluation5, new approaches are needed to 
deprioritize ineffective treatment strategies and to better understand 
mechanisms of response and resistance to new therapeutic strategies. 
Mouse models are amenable to in vivo, ex vivo and in vitro manipulation 
and iterative experimentation, but lack the heterogeneity observed in 
human cancer. Patient-derived models are inherently heterogeneous 
and more complex but offer greater clinical relevance and enable the 
evaluation of the distribution of treatment response across multiple 
patients using clinically relevant biospecimens. Our results not only 
support further evaluation and development of TBK1-directed thera-
peutic strategies, but also provide a framework to evaluate potential 
immune evasion targets across multiple model systems using a com-
bination of genetic and pharmacological tools.
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Methods

Generation of CRISPR-edited tumour cell lines
For in vivo and in vitro validation experiments, confirmatory epistasis 
experiments, Tbk1 was deleted in B16 cells using transient transfection 
of a Cas9-sgRNA plasmid (pX459, Addgene) with Lipofectamine 3000 
(Thermo Fisher Scientific, L3000015) followed by puromycin selection. 
For epistasis experiments, Cas9 was expressed using the pLX311 back-
bone, transient transfection was used to introduce the first guide(s), 
and the final epistasis guides were expressed using the pXPR_BRD024 
lentiviral expression system. Cell lines were tested every 3–6 months 
for mycoplasma contamination.

Animal treatment and tumour challenges
The designs of animal studies and procedures were approved by the 
Broad Institute, Massachusetts General Hospital and Charles River 
Laboratories IACUC committees. Ethical compliance with IACUC pro-
tocols and institute standards was maintained. Specific-pathogen-free 
facilities at the Broad Institute were used for the storage and care of 
all mice. Mouse pathogen testing and mycoplasma testing was per-
formed before tumour inoculations. WT female C57BL/6J mice (aged 
7 weeks) were obtained from Jackson Laboratories. A colony of NOD.
Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were bred on site at the Broad 
Institute. Mice were age-matched to be 6–12 weeks old at the time of 
tumour inoculation. For tumour challenges, 2.0 × 106 B16 tumour cells 
were resuspended in Hanks balanced salt solution (Gibco), mixed 1:1 
by volume with Matrigel (Corning) and subcutaneously injected into 
the right flank on day 0. Each tumour injected contained only a single 
sgRNA targeting each indicated gene or control sgRNA. Vaccination 
on days 1 and 4 with 1.0 × 106 previously irradiated GM-CSF-secreting 
B16 (GVAX) cells (provided by G. Dranoff) was performed where indi-
cated. For validation experiments, mice were treated with 200 μg 
of rat monoclonal anti-PD1 antibodies (BP0273, BioXCell, 29F.1A12) 
through intraperitoneal injection on days 6, 9 and 12. Beginning on 
day 6 after challenge, tumour volumes were estimated using long-
est dimension (length) and the longest perpendicular dimension 
(width), using the formula (L × W2)/2. Tumour volumes were assessed 
every 3–4 days until either the survival end point was reached, or no 
palpable tumour remained. Prespecified end points for tumour size 
were adhered to as defined by IACUC protocols, including 2.0 cm in 
maximum dimension for validation studies and 2.5 cm in maximum 
dimension for screens with daily monitoring. CO2 inhalation was used 
to euthanize mice. Statistical methods were not used to predetermine 
sample size. At least five mice were included in each group for all of 
the experiments. Mice were randomized before treatment. No blind-
ing was performed.

TBK1i in vivo studies were performed by Charles River Laboratories. 
For TBK1i in vivo treatment studies, WT female C57BL/6J mice (aged 
7–8 weeks) were obtained from Charles River Laboratories. A total of 
1.0 × 106 B16-ova cells (provided by D. Sen) were resuspended in sterile 
Ca- and Mg-free PBS (Gibco), mixed 1:1 by volume with Matrigel (Corn-
ing) and subcutaneously injected into the flank on day 0. The mice 
were randomized into four groups of ten using the stratified method 
in the Studylog program on the basis of tumour size. Randomization 
and treatment initiated on day 1; the mean tumour volume at the start 
of dosing was 110.05 mm3. Vehicle (0.5% hydroxypropyl methylcellu-
lose K100LV, 0.4% Tween-80, 99.1% 0.05 N hydrochloric acid) or TBK1i 
(compound 1, Gilead Sciences; 40 mg per kg)14 was administered by 
oral gavage daily (days 1–18) and isotype control IgG (BE0089, 2A3, 
BioXCell) or anti–PD-1 (BP0273, BioXCell, 29F.1A12) (10 mg per kg) was 
administered three times weekly for a total of six doses. Investigators 
were not blinded to treatment groups. Combination studies using the 
MC38 and MB49 models were performed by vivoPharm. MB49 cells 
(used for in vivo studies only) were licensed from K. Esuvaranathan by 
vivoPharm in collaboration with Gilead Sciences. All of the procedures 

used in the performance of these studies were performed in accordance 
with vivoPharm’s standard operating procedures, with particular refer-
ence to US_SOPvP_EF0314 ‘General Procedures for Efficacy Studies’. 
Vehicle and TBK1i (40 mg per kg) were administered by oral gavage 
daily for 26 days and isotype control or a reverse chimera anti-PD-L1 
cloned from literature reports and placed into a mouse IgG1 framework 
(10 mg per kg)52 was administered every 5 days for a total of six doses. 
Investigators were not blinded to the treatment groups.

For the MDOTS studies, mice were euthanized 8–14 days after inocu-
lation and tumours were collected. B16 and B16-ova MDOTS were pre-
pared from tumours using WT female C57BL/6J mice (aged 6 weeks, 
Jackson Labs). D4M.3A (Braf/Pten) MDOTS were generated using WT 
male C57BL/6J mice (aged 6 weeks, Jackson Labs). CT26 MDOTS were 
prepared using WT female BALB/c mice (aged 6–8 weeks, Jackson Labs).

Isolation and culture of primary mouse T cells
Spleens collected from C57BL/6J mice were mechanically dissociated, 
filtered through a 70-μm filter and incubated in 1 ml ACK lysing buffer 
per spleen for 1 min. Cells were quenched in 10× the lysis buffer vol-
ume with a PBS + 2% FBS + 5 mM EDTA solution. T cells were isolated 
using the mouse CD8a+ T Cell Isolation Kit (Miltenyi Biotec) according 
to the manufacturer’s instructions. T cells were cultured on a plate 
coated with purified NA/LE hamster anti-mouse CD3e antibodies and 
in T/NK cell medium supplemented with 1 μg ml−1 purified NA/LE ham-
ster anti-mouse CD28 antibodies, 100 U ml−1 rhIL-2, and either 1 μM 
TBK1i (compound 1) or an equal volume of DMSO. After incubation 
for 24 h, T cells were centrifuged out of their medium to remove the 
CD3e and CD28 antibodies and transferred to ultralow-attachment 
plates. Cells were cultured in T/NK medium supplemented with rhIL-2 
and either 1 μM TBK1i (compound 1) or an equal volume of DMSO for 
an additional 96 h with a 50% medium volume refresh every 48 h. On 
the sixth day after isolation, T cells were pooled by TBK1i treatment 
status, replated at a final concentration of 2 × 106 cells per ml and stimu-
lated with ionomycin (0.5 μg ml−1, Millipore Sigma, I0634) and PMA 
(5 ng ml−1, Millipore Sigma, P8139). After stimulation for 2 h, brefeldin 
A (1×, Invitrogen/eBioscience) was added to the culture medium. Cells 
were incubated for an additional 2 h before collection for analysis 
using flow cytometry.

Analysis of primary mouse T cells using flow cytometry
Cells were stained with conjugated fluorescent monoclonal antibod-
ies against CD69 (104527, H1.2F3, BioLegend) and CD25 (102024, 
PC61, BioLegend). After washing, cells were fixed and permeabilized 
using the BD Cytofix/Cytoperm Fixation/Permeabilization kit (BD 
Biosciences) according to the manufacturer’s instructions. Cells were 
stained with conjugated fluorescent monoclonal antibodies against 
IFNγ (505807, XMG1.2, BioLegend), TNF (506303, MP6-XT22, BioLeg-
end) and IL-2 (503821, JES6-5H4, BioLegend). All of the samples were 
acquired on the Beckman Coulter Cytoflex LX flow cytometry system 
using single-colour compensation controls to set gate margins and 
analysed with FlowJo software (FlowJo).

Isolation, culture and stimulation of bone-marrow-derived 
macrophages
Mouse bone-marrow-derived macrophages (BMDMs) were generated 
by flushing bone marrow from the bones of the hind legs (day 0) and 
differentiated to macrophages by culturing for 7 days in 12-well plates 
(2 × 106 cells per well) in DMEM with 10% FCS plus M-CSF (20 ng ml−1, 
vendor details) with medium exchange and fresh M-CSF added on day 
4 and day 6. On day 8, the medium was exchanged with fresh M-CSF 
with TBK1i (1 μM) or DMSO (0.1%) for 24 h. On day 9, LPS (20 ng ml−1, 
Sigma-Aldrich, L4391) and IFNγ (20 ng ml−1, PeproTech, 315-05) or vehi-
cle control (PBS) were added. After 2 h, medium was aspirated from 
dishes and cells were collected in RNAlater for subsequent RT–qPCR 
analysis.



Analysis of tumour-infiltrating immune cells using flow cytometry
Tbk1-null (sgRNA-1) or control sgRNA-1 B16 tumour cells (2 × 106) 
were implanted in Matrigel into abdominal subcutaneous tissue of 
C57BL/6 female mice. On day 13, tumours were dissected from the 
surrounding fascia, mechanically minced and dissociated using  
the mouse Tumor Dissociation Kit (Miltenyi Biotec) according to the 
manufacturer’s instructions. After filtering through a 70-μm filter, 
live cells were isolated using a gradient with Lympholyte-M separation 
medium (Thermo Fisher Scientific) according to the manufacturer’s 
instructions. Tumour-infiltrating lymphocytes were enriched by CD45+ 
MACS positive selection (Miltenyi Biotec). Cells were then stained 
with conjugated fluorescent monoclonal antibodies against CD45 
(103139, 30-F11, BioLegend), F4/80 (157306, QA17A29, BioLegend), 
CD8α (100749, 53-6.7, BioLegend), CD4 (100538, RM4-5, BioLegend), 
NK1.1 (404-5941-82, PK136, Invitrogen) and TCRβ (109220, H57-597, 
BioLegend). After washing, cells were fixed and permeabilized using 
the FoxP3/Transcription Factor Staining Buffer Set (eBiosciences) 
according to the manufacturer’s instructions. Cells were stained with 
conjugated fluorescent monoclonal antibodies against FOXP3 (12-5773-
82, FJK-16s, Invitrogen) and granzyme B (515403, GB11, BioLegend). 
All of the samples were acquired using the Beckman Coulter Cytoflex 
instrument and analysed using FlowJo (FlowJo).

Analysis of tumour-infiltrating immune cells by scRNA-seq
For TBK1i ± anti-PD-1 studies, subcutaneous B16-ova tumours were 
implanted into C57BL/6J mice and treated with control IgG or anti-PD-1 
therapy in the presence of either vehicle or TBK1i as described above. 
Tumours were dissected on day 14 after inoculation and disassociated 
using the Miltenyi Mouse Tumor Dissociation Kit and gentleMACS 
Octo-Dissociator (Miltenyi) using the m-TKD-1 program. After filtering 
through a 70-μm filter, live cells were isolated using a density gradient 
with Lympholyte-M separation medium (Cedarlane Labs) according to 
the manufacturer’s specifications. CD45+ tumour-infiltrating immune 
cells were enriched by positive selection with MicroBeads (Miltenyi) 
and a magnetic separator (Miltenyi). Four representative samples 
from each of the control (vehicle/IgG-treated), anti-PD-1 (vehicle/
anti-PD-1-treated), TBK1i (TBK1i/IgG-treated) and anti-PD-1 + TBK1i 
groups were selected and droplet-based isolation of single cells was 
performed using the Chromium Controller (10x Genomics) accord-
ing to the manufacturer’s specifications. Subsequent generation of 
3′ sequencing libraries was performed according to the manufac-
turer’s instructions (10x Genomics). Libraries were prepared using 
the Chromium Next GEM Single Cell Reagent Kits 3′ v2 chemistry (10x 
Genomics). Characterization of the sequencing library was performed 
using the TapeStation (Agilent) and Qubit (Thermo Fisher Scientific) 
instruments.

Pooled equimolar 3′ 10x output libraries were sequenced using two 
Illumina SP flow cells and two paired-end 150 bp cycle kits. Downstream 
preprocessing steps were performed using CellRanger (v.5.0.1). Indi-
vidual replicate quality was evaluated on the basis of the number of 
cells recovered, mean reads per cell and median genes per cell. Before 
preprocessing, filtering or sample exclusion, 106,949 cells were recov-
ered across all conditions. Early quality-control metrics determined 
that a single sample from the control (vehicle/IgG-treated) arm should 
be excluded on the basis of a low capture rate of CD45+ cells. Additional 
cell and gene filtering was performed using Scanpy (v.1.7.2)53. Cells with 
greater than 10% mitochondrial gene content were excluded. Cells 
with more than 2,500 genes were excluded as suspected doublets, 
whereas cells that had less than 500 genes were excluded owing to 
poor gene capture. Moreover, genes that were not recovered in any 
cell were also excluded from the downstream analysis. Downstream 
analysis revealed unequal capture of contaminating B16OVA tumour 
cells (Ptprc-, Mlana+, Mitf + and Dcn+) across treatment conditions so sus-
pected tumour cells were also excluded. Gene counts were library-size 

normalized to 100,000 and log-transformed with a pseudocount of 
1. Principal component analysis and nearest neighbour graphs were 
calculated to visualize on a UMAP plot. Harmony batch correction was 
then used to correct principal component analysis (PCA) embeddings 
for technical batch effects between experiments54. Cells were then 
grouped into 26 distinct clusters using the Leiden algorithm. Clusters 
driven by a high doublet score or markers of low cell viability, such as 
long non-coding RNAs, were excluded. After this additional filtering, 
53,637 immune (Ptprc+) cells were left for downstream analysis. Cells 
were reclustered and classified on the basis of the built-in scanpy func-
tion one-versus-rest differential expression and immune-related gene 
signatures. To gain more granularity between the myeloid cell subtypes 
and T and NK cell subtypes, subclustering was performed on cells in 
specific clusters with specific marker gene expression profiles (clusters 
of cells expressing Itgam, Itgax and Itgae transcripts or on clusters of 
cells expressing Cd8a, Cd4 and Ncr1 transcripts, respectively). New 
PCA embeddings, nearest neighbourhood graphs and harmony batch 
corrections were calculated for this subgroup on a set of 10,000 highly 
variable genes. Differentially expressed genes between treatment con-
ditions were calculated using a logistic regression model55. Ranked lists 
of differential genes were created using signed P values calculated by 
the logistic regression model and passed to GSEA Prerank to search 
for enriched gene sets by treatment56.

For tumour-specific TBK1 CRISPR studies, Tbk1-null (sgRNA 2) or 
control sgRNA-1 B16 tumour cells (2 × 106) were implanted in Matrigel 
into the stomach of C57BL/6 female mice. On day 13, tumours were 
dissected from the surrounding fascia, mechanically minced and dis-
sociated using the Mouse Tumor Dissociation Kit (Miltenyi Biotec) 
according to the manufacturer’s instructions. After filtering through a 
70-μm filter, live cells were isolated using a gradient with Lympholyte-M 
separation medium (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. Tumour-infiltrating immune cells were enriched 
by CD45+ MACS positive selection (Miltenyi Biotec). Four representa-
tive samples each of Tbk1-null (sgRNA-1) or control sgRNA-1 samples 
were selected, counted and loaded onto the Chromium Controller 
(10x Genomics). Subsequent generation of 3′ sequencing libraries was 
performed according to the manufacturer’s instructions (10x Genom-
ics). Characterization of the sequencing library was performed using 
the TapeStation (Agilent) and Qubit (Thermo Fisher Scientific) instru-
ments. Pooled equimolar 3′ 10x libraries were sequenced using the 
Illumina NextSeq 500 instrument with paired-end 50 bp reads. Sample 
demultiplexing, barcode processing and alignment was performed 
using the CellRanger analysis pipeline (v.3.0). Downstream analysis 
was performed using Scanpy (v.1.4.5post3). For each cell, two quality 
control metrics were calculated: (1) the total number of genes detected 
and (2) the proportion of unique molecular identifiers contributed by 
mitochondrially encoded transcripts. Cells in which fewer than 200 or 
greater than 2,500 genes were detected, or in which mitochondrially 
encoded transcripts constituted more than 10% of the total library, 
were excluded from downstream analysis. Tumour replicates were con-
catenated, and batch effect correction was performed using ComBat, 
implemented in Scanpy. The resulting expression matrix consisted of 
34,223 cells by 31,053 genes. PCA dimensionality reduction was applied, 
and the first 50 principal components were used for UMAP projection 
into two-dimensional space. The Leiden algorithm was used to perform 
unsupervised clustering, and clusters were labelled by expression 
of canonical marker genes. For differential expression, between-cell 
normalization was calculated using scran (v.1.14.6), and the expres-
sion matrix was subset to genes expressed in at least 0.1% of cells, a 
total of 19,780 genes. Differential expression was then performed by 
logistic regression.

Patient samples
Tumour samples were collected and analysed according to Dana-Farber/
Harvard Cancer Center IRB-approved protocols. Informed consent was 
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obtained from all individuals. A cohort of patients (Supplementary 
Table 1) treated at Massachusetts General Hospital and the Dana-Farber 
Cancer Institute was assembled for PDOTS profiling. These studies were 
conducted according to the Declaration of Helsinki and approved by 
the DF/HCC IRB. Response to treatment was determined radiographi-
cally, as previously described14.

Organotypic tumour spheroid preparation and microfluidic 
culture
MDOTS and PDOTS were prepared and cultured as previously 
described14. In brief, fresh tumour samples received in medium (DMEM 
or RPMI) on ice were minced in a standard 10 cm dish using sterile for-
ceps and scalpel. Minced tumours were resuspended in high-glucose 
DMEM (RPMI for CT26) supplemented with 10% FBS + 1% penicillin–
streptomycin and 100 U ml−1 type IV collagenase and 15 mM HEPES (Life 
Technologies). After 15–30 min, equal volumes of medium were added 
to minced tumour samples. Cell suspensions were then pelleted and 
resuspended in fresh medium and passed over 100-mm and 40-mm 
filters sequentially to obtain the S1 (>100 μm), S2 (40–100 μm) and S3 
(<40 μm) spheroid fractions, which were subsequently transferred to 
ultralow-attachment tissue culture plates. The S2 fraction was pelleted 
and resuspended in type I rat tail collagen (Corning) at a concentra-
tion of 2.5 mg ml−1 after the addition of 10× PBS with phenol red with 
pH adjusted using NaOH. PANPEHA Whatman paper (Sigma-Aldrich) 
was used to confirm pH 7.0–7.5. The spheroid–collagen mixture was 
injected into the centre gel region of the AIM Dax-01 (AIM Biotech, Sin-
gapore) 3D microfluidic culture device (10 μl per device). After incuba-
tion for 30 min at 37 °C in sterile humidity chambers, collagen hydrogels 
containing MDOTS/PDOTS were hydrated with medium with or without 
the indicated treatments: untreated control, anti-PD-1 (250 μg ml−1 
pembrolizumab), TBK1i (1 μM) or combined anti-PD-1 + TBK1i. Control 
human IgG4 (Invivogen, anti-β-gal-hIgG4 (bgal-mab114), 100 μg ml−1) 
was used for the indicated experiments

Viability assessment of MDOTS/PDOTS
Dual-label fluorescence live/dead staining was using acridine orange/
propidium iodide (AO/PI) staining solution (Nexcelom, CS2-0106) 
or Hoechst/propidium iodide (Ho/PI) staining solution (Nexcelom, 
CSK-V0005) as previously described14,18. After incubation with AO/PI 
(20 min, room temperature, protected from light) or Ho/PI (45 min, 
37 °C, 5% CO2), images were obtained. Image capture and analysis 
are performed using a Nikon Eclipse NiE fluorescence microscope 
equipped with Z-stack (Prior), motorized stage (ProScan) and ZYLA5.5 
sCMOS Camera (Andor) and NIS-Elements AR software package. Live 
and dead cell quantification was performed by measuring the total cell 
area of each dye. The percentage change and L2FC data were generated 
using raw fluorescence data (live) for given treatments relative to the 
control conditions.

In vitro CRISPR screen
B16 cells (control and Tbk1-null) expressing Cas9 (pLoxp311 cas9) were 
transduced with a library of lentiviral vectors encoding 78,637 sgRNAs 
targeting 19,674 genes in the mouse genome (Brie pXPR003, CP0044)57 
at >100× coverage per sgRNA. Cells were selected and passaged in vitro 
for 8 days to allow sufficient time for gene editing. Subsequently, cells 
were stimulated with mouse TNF and IFNγ (10 ng ml−1, each) or vehicle 
control (PBS) for 12 days. Subsequently, cell pellets were lysed in ATL 
buffer (QIAGEN) with proteinase K (QIAGEN) before genomic DNA 
extraction (QIAGEN Blood Maxi kit). DNA (120 μg per sample condition) 
was PCR-amplified and sequenced using the Illumina HiSeq system. Sig-
nificantly depleted or enriched sgRNAs were identified using the STARS 
algorithm, as previously described4,58. Gene essentiality analysis was 
conducted by calculating the log-transformed fold changes between 
sgRNAs at day 12 and day 0 for both the TBK1-knockout condition and 
the control condition.

In vitro cytokine stimulations and growth inhibition assays
Parental and CRISPR-edited B16.F10 tumour cells were plated in DMEM 
+ 10% FBS containing the indicated combinations of cytokines. For cell 
growth and viability assays, 8,000 cells were plated in 96-well plates and 
viable cells were enumerated after 24 or 48 h using Cell Titer-Glo (Pro-
mega, G7570) after treatment mouse IFNγ (40 ng ml−1, R&D Systems), 
mouse TNF (160 ng ml−1, R&D Systems). For inhibitor studies, B16 cells 
were pretreated for 2 h with the indicated doses of TBK1i (compound 1, 
Gilead Sciences)14, MRT67307 (MedChemExpress, HY-13018), GSK8612 
(MedChemExpress, HY-111941), TBK1 PROTAC 3i (Bio-techchne/TOC-
RIS, 7259), Nec-1s (MedChemExpress, HY-15760), HS-1371 (Medchem-
Express, HY-114349), GW806742X (MedchemExpress, HY-112292A), 
Z-DEVD-fmk (R&D Systems, 2163/1), zVAD-FMK (R&D Systems, 2166/1), 
Q-VD-OPh (MedChemExpress, HY-12305), zIETD-FMK (R&D Systems, 
FMK007), staurosporine (APExBIO, A8192), birinapant (APExBIO, 
A4219), ADU-S100 (MedchemExpress, CT-ADUS100) and ruxolitinib 
(MedChemExpress, HY-50856). All of the compounds were dissolved 
in DMSO (0.1% final concentration), except for ADU-S100, which was 
dissolved in sterile water. The plates were read on a Cytation 5 plate 
reader and analysis was performed using Prism9 (GraphPad Software). 
All of the conditions were tested in triplicate. The values represent the 
average of three replicates and a representative experiment from at 
least two independent experiments.

Normalized growth rate inhibition measurements
Cell lines, maintained in their recommended growth conditions were 
seeded depending on cell line and growth rate, in 384-well CellCar-
rier plates (Perkin Elmer) using a Multidrop Combi Reagent Dispenser 
(Thermo Fisher Scientific) and allowed to adhere to for 24 h before 
drug treatment. B16 cells were plated at 750 cells per well for the 24- 
and 48-h time points; and A375 (ATCC) and BRAFi/MEKi-resistant A375 
cells (provided by G. Zhang)59 were plated at 1,000 cells per well for the 
24-, 48- and 72-h time points. Cells were treated with a half-log dilution 
series of TNF (R&D Systems, 0.005–500 ng ml−1) and IFNγ (R&D Systems 
0.001–125 ng ml−1) in combination by HP D300e Digital Dispenser (HP). 
Cytokines were prepared in PBS containing 0.05% Tween-20 (neces-
sary for dispensing aqueous solutions), which was diluted to a final 
concentration of <0.0008% Tween-20 after addition to the wells. In 
conditions that included TBK1i, cells were pretreated for 2 h with the 
TBK1i (compound 1, Gilead Sciences14) at various concentrations before 
the addition of cytokines, which were all dispensed by the HP D300e 
Digital Dispenser. Cells were stained and fixed for analysis at the time of 
drug delivery and after 24, 48 and 72 h of treatment. Cells were stained 
with LIVE/DEAD Far Red Dead Cell Stain (LDR, 1:5,000) (Thermo Fisher 
Scientific) and 1 μg ml−1 Hoechst 33342 (Sigma-Aldrich). Cells were 
then fixed with 4% formaldehyde (Sigma-Aldrich) for 30 min. Fixed 
cells were imaged with a ×10 objective using the ImageXpress confo-
cal microscope (Molecular Devices). MetaXpress software was used 
to segment nuclei on the basis of their Hoechst signal, and the LDR 
intensity within each nuclear mask was extracted and used to classify 
cells as live or dead. Live-cell counts were normalized to DMSO-treated 
controls on the same plates to yield normalized GR values as described 
previously24. Experiments were performed in technical duplicate or 
triplicate unless otherwise indicated. The GR values shown in the heat 
maps depict the mean across three biological replicates.

Clonogenic assay
A total of 500 B16.F10 cells were plated onto 6-well type plates, and 
then cultured in the presence of TBK1i (compound 1: 0, 0.25 or 1.0 μM), 
Nec-1s (10 μM), Q-VD-OPh (20 μM), HS-1371 (2 μM) or MLKL inhibitor 
GW806742X (2 μM) in the presence of TNF (10 ng ml−1), IFNγ (10 ng ml−1) 
or combined TNF + IFNγ for 9 days. The medium was changed every 
3 days with the indicated drugs. After 9 days of culture, cells were fixed 
with 4% paraformaldehyde, and then stained with 0.5% crystal violet 



solution (20% methanol + 0.5% crystal violet). After washing excessive 
dye, crystal violet was extracted by using 10% acetic acid for 20 min 
incubation with shaking, diluted in water as necessary and images 
captured using the LiCOR Odyssey (fluorescence at 590 nm) converted 
to grey scale with colour inversion for final visualization.

PDO generation, culture and viability assessment
Tumour specimens were minced and dissociated in S-MEM medium 
(Gibco) supplemented with Liberase (1:20, Sigma-Aldrich) on a 
heater-shaker (37 °C, 45 min), followed by resuspending and pelleting 
dissociated cells twice in DMEM/F12 supplemented with 10% FBS, 1% 
penicillin–streptomycin and 1% glutamate. Organoids were generated 
and cultured as previously described60. In brief, dissociated cells were 
seeded onto a 24-well plate in Matrigel and cultured in basal organoid 
growth medium (30% DMEM/F12 supplemented with 20% FBS, 50% 
WNT3A-conditioned medium, 20% R-spondin-conditioned medium, 
1× B27, 1× N-2, 10 mM nicotinamide (Sigma-Aldrich, N0636), 1.25 mM 
N-acetyl-l-cysteine (Sigma-Aldrich, A9165), 100 mg ml−1 primocin 
(InvivoGen, ant-pm-2), 0.5 mM A83-01 (Tocris, 2939), 10 nM gastrin 
(Sigma, G9145), 4 nM R-spondin (R&D Systems, 4645-RS-100), 4 nM 
noggin (R&D Systems, 6057-NG-100), 5 nM fibroblast growth factor 
(R&D Systems, 345-FG-250), 5 ng ml−1 epidermal growth factor (R&D 
Systems, 236-EG-200), 3 μM p38i SB202190 (Sigma-Aldrich, S7067) 
and 10 mM Rho-kinase inhibitor Y-27632 (Sigma-Aldrich, Y0503)). 
PDOs were serially passaged at confluence by mechanical disruption 
of cooled Matrigel domes (1 h, 4 °C) using Corning Cell Recovery Solu-
tion (Corning). Organoids were dissociated enzymatically with Tryple E 
(Gibco) at 37 °C for 5 min followed by brief (1–2 s) mechanical disruption 
using a 20-gauge needle. Dissociated organoids were pelleted by cen-
trifugation (200g, 5 min) in culture medium (DMEM/F12 + 10% FBS + 1% 
penicillin–streptomycin) before resuspension in Matrigel for plating or 
expansion. After Matrigel polymerization (37 °C, 15 min), basal growth 
medium with Rho-Kinase inhibitor was added. For PDO viability assays, 
organoids were seeded at a concentration of 1 × 104 cells per well in a 
96-well plate coated with Matrigel. The cells were incubated for 24 h 
before addition of TNF (10 ng ml−1) + IFNγ (10 ng ml−1), TBK1i (1 μM) or 
combination TNF/IFNγ + TBK1i in basal growth medium in 2% Matrigel 
in triplicate. Organoids were treated for 12 days in total with inhibitors/
cytokines refreshed every 4 days. On day 12, viability assessment was 
performed using the 3D CellTiter-Glo (Promega) kit according to the 
manufacturer’s protocol by adding 80 μl of CellTiter-Glo 3D Reagent 
to each well. The plate was incubated at room temperature for 30 min 
before recording the luminescence using the plate reader.

BH3 profiling
B16 cells (Tbk1 sgRNA 1 and 2 and control sgRNA 1 and 2) were isolated, 
centrifuged at 200g for 5 min and analysed using flow-cytometry-based 
BH3 profiling, as previously described61. In brief, cells were treated with 
BIM (peptide sequence, Ac-MRPEIWIAQELRRIGDEFNA-NH2) or PUMA 
(peptide sequence, Ac-EQWAREIGAQLRRMADDLNA-NH2) BH3 pep-
tides (Vivitide) for 60 min at 28 °C in MEB (10 mM HEPES (Sigma Aldrich) 
pH 7.5, 150 mM mannitol (Sigma Aldrich), 50 mM KCl (Sigma-Aldrich), 
0.02 mM EGTA (Sigma-Aldrich), 0.02 mM EDTA (Sigma-Aldrich), 0.1% 
BSA ( Jackson ImmunoResearch), 5 mM succinate (Sigma-Aldrich)) 
with 0.001% digitonin (Sigma-Aldrich)). Alamethicin (Sigma-Aldrich) 
at 0.25 μM and DMSO at 1% were used as positive and negative controls, 
respectively. After peptide exposure, cells were fixed in 2% paraform-
aldehyde for 15 min, which was then neutralized by the addition of N2 
buffer (1.7 M Tris base, 1.25 M glycine, pH 9.1). Cells were stained over-
night with DAPI (1:1,000, Abcam) and anti-cytochrome-c-AlexaFluor647 
(1:2,000, 6H2.B4, BioLegend) in a saponin-based buffer (final con-
centration, 0.1% saponin (Sigma-Aldrich), 1% BSA) and then analysed 
using flow cytometry. Cytochrome c release in response to treatment 
was measured on an Attune NxT flow cytometer (Thermo Fisher Sci-
entific) from the DAPI+ population. A greater cytochrome-c-negative 

percentage indicates a greater response to peptide treatment. To evalu-
ate the effect of TNF + IFNγ on apoptotic priming, BH3 profiling was 
performed as above at the indicated time points after treatment with 
TNF (160 ng ml−1) and IFNγ (40 ng ml−1).

Annexin V/propidium iodide viability assay
Cells were plated at 104 cells per well in 100 μl culture medium on 
flat-bottom 96-well plates (Nest Scientific) and treated with TNF 
(160 ng ml−1) and IFNγ (40 ng ml−1) alone or in combination and 
co-treated with JAK1/2i (0.5 or 1 μM ruxolitinib) or TBK1i (0.25 or 
1 μM). All combination treatments were performed with simultaneous 
administration. After 12, 18, 24 or 48 h under standard tissue culture 
conditions, the medium was collected and moved to a fresh 96-well 
V-bottom plate (Greiner Bio-One). Trypsin (25 μl, 0.0025%; Gibco) 
was added to each well on the original plate, allowed to incubate for 
5 min and trypsinized cells were then added back to the medium on the 
V-bottom plate and stained with viability markers AxV and PI using the 
following protocol. A staining solution was prepared with 10× annexin 
binding buffer (0.1 M HEPES (pH 7.4), 1.4 M NaCl and 25 mM CaCl2 
solution, sterile filtered) and AxV/PI. AlexaFluor488-conjugated AxV  
(a gift from A. Letai) and PI (Abcam) was added to solution at a dilution 
of 1:500. The staining solution was then added to the cells in solution 
at 1:10 dilution and the cells were allowed to stain for 20 min on ice in 
the dark. AxV/PI positivity was then measured on the Attune NxT flow 
cytometer equipped with an autosampler (Thermo Fisher Scientific).

Western blotting
Whole-cell lysates were prepared in RIPA Lysis Buffer (Millipore Sigma, 
20-188). Protein concentration was measured using the BCA protein 
assay kit (Pierce). Samples clarified by centrifugation and boiled at 95 °C 
in 4× fluorescence-compatible sample buffer (Invitrogen). Protein lysates 
(30–50 mg) were loaded onto 4–12% Bolt Bis-Tris Plus gels (Life Technolo-
gies) in MES buffer (Life Technologies). Protein was transferred to a PVDF 
membrane using the iBLOT2 dry transferring system (Invitrogen). Mem-
branes were blocked in Tris-buffered saline plus 0.1% Tween-20 (TBS-T) 
containing FL fluorescence blocking buffer (Thermo Fisher Scientific) 
for 1 h at room temperature followed by overnight incubation with pri-
mary antibodies at 4 °C. After washing, membranes were incubated with 
blocking buffer, and IRDye 800CW- or 680RD-conjugated secondary 
antibodies. Membranes were then visualized using the Odyssey CLx scan-
ner (LI-COR), then analysed using ImageJ and Adobe Photoshop software. 
All data shown are representative of three independent experiments.

RNA isolation and RT–qPCR
For BMDM RT–qPCR studies, cells were seeded in 12-well plates and 
cultured for 7 days. On day 8, TBK1i was added and, on day 9, LPS and 
IFNγ were added. After 2 h of LPS/IFNγ stimulation, total RNA was 
extracted from the cells using the RNeasy plus kit (Qiagen, 74034) 
according to the manufacturer’s instructions. The mRNAs were quan-
tified using the Power SYBR Green qPCR kit (Applied Biosystems, 
4389986) with the company’s protocol on the Thermo (Applied Bio-
systems) QStudio 6 FLX real-Time PCR System (105969). The following 
primers were used: Tnf, forward 5′-CCCTCACACTCAGATCATCTTCT-3′ 
and reverse 5′-GCTACGACGTGGGCTACAG-3′; Il1a, forward 5′-CGAA 
GACTACAGTTCTGCCATT-3′; and reverse 5′GACGTTTCAGAGGTTC 
TCAGAG-3′; 18s, forward 5′-GCAATTATTCCCCATGAACG-3′ and 
reverse 5′-GGCCTCACTAAACCATCCAA-3′. Levels of mRNAs of inter-
est were normalized to 18s using the formula 2Ct(18s) − Ct(mRNA X).  
The resulting normalized ratio was presented in the figures. For 
B16 RT–qPCR studies, cells were seeded into 60 mm dishes (2 × 106 
per dish) and cultured for 24 h at 37 °C. The cells were treated with 
TNF (160 ng ml−1) and IFNγ (40 ng ml−1) or PBS for 19 h. Total RNA 
was extracted from the cells using the RNAeasy micro kit (Qiagen, 
74004) according to the manufacturer’s instructions. The mRNAs 
were quantified using the Blaze Taq one-step SYBR Green RT-qPCR 
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kit (GeneCopoeia, QP070) according to the manufacturer’s proto-
col on the ROCHE Lightcycler-96 system. The following primers were 
used: Mlkl, forward 5′-TGAGGGAACTGCTGGATAGA-3′ and reverse 
5′-CCGAATGGTGTAGCCTGTATAA-3′; Ripk3, forward 5′-GCACTCC 
TCAGATTCCACATAC-3′ and reverse 5′-GTGTCTTCCATCTCCCTGATTC-3′; 
Actb, forward 5′-GAGGTATCCTGACCCTGAAGTA-3′ and reverse 
5′-CACACGCAGCTCATTGTAGA-3′. Levels of mRNAs of interest were nor-
malized to Actb using the formula 2Ct(Actb) − Ct(mRNA X). The resulting  
normalized ratio was presented in the figures.

Antibodies
For western blotting, primary antibodies against TBK1 (ab40676, 
Abcam), IKKε (3416T, Cell Signaling), p-RIPK S166/T169 (31122S, Cell 
Signaling), RIPK1 (3493S, Cell Signaling), cleaved caspase 8 (9429S, 
Cell Signaling), cleaved caspase 3 (9661T Cell Signaling), cleaved PARP 
(6544, Cell Signaling), c-FLIP (56343S, Cell Signaling), p-STAT1 Y701 
(9167S, Cell Signaling), STAT1 (14994S, Cell Signaling), STING (13647S, 
Cell Signaling), p-IRF3 (29047S, Cell Signaling), IRF3 (4302S, Cell Signal-
ing), p-JAK1 (74129T, Cell Signaling), JAK1 (3344T, Cell Signaling), p-JAK2 
(8082T, Cell Signaling), JAK2 (3230T, Cell Signaling), p-p65 (3033T, 
Cell Signaling), p65 (8242T, Cell Signaling), p-MLKL S345 (37333, Cell 
Signaling) and MLKL (37705, Cell Signaling). Primary antibodies were 
used at 1:1,000 dilution in LI-COR Blocking Buffer. IRDye secondary 
antibodies against rabbit IgG, mouse IgG or goat IgG were purchased 
from LI-COR Biosciences (Invitrogen) and used at 1:10,000. β-Actin-680 
(MA5-15739-D680, Invitrogen) was used as a loading control. Flow 
cytometry antibodies are listed above.

Plasma collection and OLINK plasma proteomics assay
Patients with metastatic melanoma at Massachusetts General Hospital 
provided written informed consent for the collection of blood samples 
(DF/HCC IRB approved protocol, 11-181). Whole blood was collected 
in BD Vacutainer CPT tubes (BD362753) before treatment (n = 179; 93 
responders, 86 non-responders) and during treatment with ICB after 6 
weeks (n = 173; 93 responders, 80 non-responders) and after 6 months 
(n = 151; 88 responders, 63 non-responders). Plasma (3 ml) was isolated 
after centrifuging CPT tubes containing whole blood for 25–30 min at 
room temperature and was subsequently stored at −80 °C. Olink Prox-
imity Extension Assay (PEA) for high-multiplex analysis of proteins was 
performed as previously described62. In brief, oligonucleotide-labelled 
monoclonal or polyclonal antibodies (PEA probes) were used to bind 
to target proteins in a pairwise manner, facilitating hybridization when 
the oligonucleotides are in close proximity, followed by an extension 
step that generates a unique sequence used for digital identification of 
the analyte using next-generation sequencing. The full library (Olink 
Explore 1536) consists of 1,472 proteins and 48 control assays, divided 
into four 384-plex panels. Four overlapping assays of IL-6, IL-8 (CXCL8) 
and TNF were included for quality-control purposes. In the immune 
reaction, 2.8 ml of the sample was mixed with PEA probes and incubated 
overnight at 4 °C. NPX is Olink’s relative protein quantification unit on a 
log2 scale and values are calculated from the number of matched counts 
on the NovaSeq run. Data generation of NPX consists of normalization 
to the extension control (known standard), log2-transformation and 
level adjustment using the plate control (plasma sample).

Secreted cytokine profiling
Multiplexed analysis of secreted cytokines was performed using the 
MILLIPLEX MAP Human Cytokine/Chemokine Magnetic Bead Panel 
(HCYTMAG-60K-PX30). Conditioned medium samples (25 μl) from 
PDOTS were assayed neat. Concentration levels (pg ml−1) of each 
protein were derived from five-parameter curve-fitting models. Fold 
changes relative to the control samples were calculated and plotted as 
the log2-transformed fold change. Lower and upper limits of quantifica-
tion (LLOQ/ULOQ) were imputed from standard curves for cytokines 
above or below detection.

CRISPR sgRNA sequences
The following target sequences for CRISPR interference were designed 
using the sgRNA designer (http://portals.broadinstitute.org/gpp/pub-
lic/analysis-tools/sgrna-design): Control sgRNA 1 ATTGTTCGACCGTC-
TACGGG; Control sgRNA 2 ACGTGTAAGGCGAACGCCTT; Tbk1 sgRNA 
1 CGGGAACAACTCAATACCGT; Tbk1 sgRNA 2 GACCGTCCACAAGAA-
GACGG; Tmem173 (Sting1) sgRNA 1 GAAGGCCAAACATCCACTG; and 
Irf3 sgRNA 1 GCATGGAAACCCCGAAACCG.

Sanger sequencing
B16 clones were collected and DNA was extracted using 50 μl QuickEx-
tract DNA Extraction Solution (Lucigen). PCR was performed on 1 μl of 
the extracted DNA solution using Herculase II Fusion DNA Polymerase 
(Agilent Technologies) according to the manufacturer’s protocol for 
targets of <1 kb. PCR primers were designed to target the region of the 
Tbk1 gene flanking the expected CRISPR–Cas9 cut site. The Tbk1 sgRNA 
1 cut site forward primer was CCTTCTGACGTCCCTCACAG. The Tbk1 
sgRNA 1 cut site reverse primer was ACTGGTGAAAGTTATGATGGA.

PCR products were purified using the QIAquick PCR Purification Kit 
(Qiagen). PCR bands were visualized using the E-Gel Power Snap Elec-
trophoresis System (Invitrogen). Sanger sequencing was performed at 
the MGH CCIB DNA Core using the ABI 3730XL DNA Analyzer (Thermo 
Fisher Scientific). Sanger sequencing results were analysed using the 
Synthego Inference of CRISPR Edits (ICE)63 and Tracking of Indels by 
DEcomposition (TIDE)64 software tools to determine insertions and 
deletions at the CRISPR cut site. Next-generation sequencing was 
subsequently performed to confirm the Sanger sequencing results.

Source data
scRNA-seq data for CD45+ cells (SMART-Seq2) from patients with mela-
noma treated with ICB were previously described23 (Gene Expression 
Omnibus (GEO): GSE120575). In each sample, the fraction of cells with 
a non-zero expression of either IFNG, TNF or both was calculated. Wil-
coxon rank-sum tests were then used to determine the significance level 
of the difference between responding and non-responding patients. 
The Broad Single Cell Viewer (https://singlecell.broadinstitute.org/
single_cell) was used for evaluation of TBK1 and IKBKE expression in 
CD45+ immune cells from human patients with melanoma. Bulk RNA-seq 
data from B16 cells treated with TNF, IFNγ or TNF/IFNγ compared with 
untreated controls were previously described (GEO: GSE99299).

Statistical methods, data analysis and software
The statistical tests used with the number of replicates and independ-
ent experiments are listed in the text and figure legends. All graphs 
with error bars report mean ± s.e.m. values except where otherwise 
indicated. t-tests were two-tailed in all cases. GraphPad/Prism (v.9.0) 
was used for basic statistical analysis and plotting (http://www.graph-
pad.com). The R language and programming environment (https://
www.r-project.org) was used for the remainder of the statistical analy-
sis. Multiple-hypothesis testing correction was applied where multiple 
hypotheses were tested and is indicated by the use of FDR. The data 
analysis software used included GraphPad/Prism (v9.0), Microsoft 
Excel (v.15), FlowJo (v.10), NIS Elements (v.5.11), CellRanger (v.3.0), 
Scanpy (v.1.4.5post3), scran (v.1.14.6) and MetaXpress (v.6.5.3.427). 
Schematics were generated using BioRender.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The datasets generated and analysed in this study are included in the 
Article and its Supplementary Information. In vivo scRNA-seq data 
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have been deposited at the GEO under the accession codes GSE217160 
(in vivo TBK1i study) and GSE217274 (in vivo TBK1 CRISPR–Cas9 study) 
and are available on request. Descriptions of the analyses are provided 
in the Methods and Reporting summary. 
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Supporting evidence that loss of TBK1 sensitizes 
tumours to cancer immunotherapy. a, Relative depletion/enrichment of 
Ikbke sgRNAs from a pool of sgRNAs targeting 2,368 genes expressed by Cas9-
expressing B16 melanoma cells (n = 4 independent guides targeting each gene; 
false discovery rate (FDR) was calculated using the STARS algorithm v1.3, as 
previously described6,7). b, TBK1 and β-actin protein levels in control and Tbk1-null 
B16 cells. Results are representative of three independent experiments.  
c, Proliferation of Tbk1-null and control B16 tumour cells following at 1-4 days  
of in vitro culture (n = 9 per condition from three independent experiments).  
d, Tumour volume of control (grey), Tbk1-null (light red) B16 tumours in NSG mice 
(n = 5 mice per group). Mean tumour volumes (solid circles) are shown +/− s.e.m. 
(shaded region). 2-way ANOVA with Sidak’s multiple comparisons test. e, Spider 
plots for tumour volume analysis for control sgRNA-1 (black), sgRNA-2 (grey), 
Tbk1 sgRNA-1 (pink), and Tbk1 sgRNA-2 (red) B16 tumours in anti-PD-1-treated 
wild-type C57BL/6 mice (see Fig. 1c). f-g, Spider plots for tumour volume analysis 
(f) and survival (g) for control (black), anti-PD-1 (grey), TBK1i (pink), and  

anti-PD-1+TBK1i (red) B16 tumours in C57BL/6 mice (see Fig. 1d). For survival 
analysis (g), pairwise testing was performed using the log-rank (Mantel-Cox) 
test for survival (g); n = 10 mice per treatment group, ***P < 0.001; ns, not 
significant, compared to control group. h, body weight of mice bearing B16-ova 
tumours on Day 14 of indicated treatment. Means (bars) and individual values 
(open circles) are shown (n = 10 mice per group, 1-way ANOVA with Tukey’s 
multiple comparisons test; ns, not significant). i, Viability assessment of CT26 
MDOTS with indicated treatments. Means (bars) and individual values (open 
circles) are shown (n = 3, biological replicates, one-way ANOVA with Tukey’s 
multiple comparisons test; *P < 0.05; **P < 0.01; ***P < 0.001; **** P < 0.0001).  
j–k, Tumour volume analyses of mice bearing MC38 ( j) and MB49 (k) tumours 
treated with TBK1i, anti-PD-L1, or combination compared to control (IgG + 
vehicle); n = 10 mice per treatment group. Mean tumour volumes (solid circles) 
are shown +/− s.e.m. (shaded region). 2-way ANOVA with Tukey’s multiple 
comparisons test ***P < 0.001; compared to control group.
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Extended Data Fig. 2 | Supporting data that TBK1 inhibition enhances 
sensitivity to PD-1 blockade using PDOTS. a, Tumour type, tissue source 
(location), clinical response data, PDOTS response data, and associated 
tumour mutation profile for specimens used for PDOTS profiling (samples 
ordered by ex vivo PDOTS response to combined anti-PD-1+TBK1i). PDOTS 
response parameters defined as follows: responder (reduction >30% compared 

to control), partial responder (<30% reduction and <20% growth compared to 
control), and non-responder (>20% growth compared to control). Red border 
around grey rectangle indicates presence of alteration in indicated gene.  
b, effect of IgG4 control monoclonal Ab on viability of PDOTS from a patient 
with melanoma. Means (bars) and individual values (open circles) are shown 
(n = 3, biological replicates, 2-sided unpaired t-test).



Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Effect of TBK1 inhibition on the tumour immune 
microenvironment. a–b, tSNE plot of 11 clusters of CD45+ cells (a) from patients 
with metastatic melanoma responsive (R) or non-responsive (NR) to immune 
checkpoint blockade (ref. Sade-Feldman et al. 2018), and t-SNE plots of RNA-
sequenced single cells with colouring of CD3E (T cells), CD14 (myeloid cells), 
and CD19 (B cells) TBK1 and IKBKE expression (b). c–d, broad cluster proportions 
(c) and percent cells per cluster across indicated treatment groups (d). e–f, UMAP 
(c) and density (d) plots of reclustered lymphoid (T/NK) cells. g, cluster proportions 
of lymphoid (T/NK) cells. Means (bars) and individual values (circles) are shown 
+/− s.e.m (error bars). Multiple unpaired t-test, *P < 0.05; **P < 0.01; ***P < 0.001; 

**** P < 0.0001; ns, not significant. h, percentage of activated (CD69+CD25+) 
mouse CD8+ splenocytes pre-treated with TBK1i (1 μM) or DMSO (0.1%) with/
without restimulation; n = 3 biologically independent samples, 2-way ANOVA, 
Sidak’s multiple comparisons test; *P < 0.05; ***P < 0.001. i–k, intracellular 
cytokine staining for TNF (i), IL-2 (j), and IFNγ (k) of mouse CD3+CD8+ splenocytes 
pre-treated with TBK1i (1 μM) or DMSO (0.1%) with/without restimulation with 
data shown as % CD69+CD25+ cells and MFI); n = 3 biologically independent 
samples, 2-way ANOVA, Sidak’s multiple comparisons test; **P < 0.01;  
**** P < 0.0001; ns, not significant.



Extended Data Fig. 4 | Effect of Tbk1 deletion on the tumour immune 
microenvironment. a, Flow cytometry of immune populations from control 
and Tbk1-null B16 tumours treated with anti-PD-1 (n = 4 per group). Means 
(bars) and individual values (open circles) are shown (n = 4 biologically 
independent samples, 2-sided unpaired t-test). b-c, UMAP (b) and density  
(c) plots of 31,810 RNA-sequenced single cells from control and Tbk1-null B16 
tumours following anti-PD-1 treatment (DC, dendritic cells; Tregs, regulatory 
T cells; MDSC, myeloid-derived suppressor cell; NK, natural killer cells; M1, M1 

macrophages; M2, M2 macrophages). d, percent of cells in each lineage- 
defined cluster. Means (bars) and individual values (open circles) are shown 
(n = 4 biologically independent samples, 2-way ANOVA, Sidak’s multiple 
comparisons test; P values shown for M1 macrophages and CD8 T cells that did 
not reach statistical significance). e, UMAP plot of RNA-sequenced single cells 
with colouring of Tbk1 and Ikbke expression with cell types referenced (b).  
f, bubble plot indicating Tbk1 and Ikbke expression across UMAP-defined cell 
clusters.
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Extended Data Fig. 5 | TNF and IFNγ expression in B16 melanoma tumours. a, UMAP plot of RNA-sequenced single cells with colouring of Ifng and Tnf expression 
with cell types referenced (right). b, log-fold change of Ifng (light red) and Tnf (light blue) expression across lineage-defined cell clusters (Tbk1-null/control).



Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Supporting data that loss/inhibition of TBK1 
sensitizes tumour cells to TNF/IFNγ. a, volcano plot depicting relative 
sgRNAs gene depletion/enrichment. Top 5 depleted sgRNAs indicated.  
b, scatter plot of gene essentiality from in vitro CRISPR screen (control and 
Tbk1-null B16 cells). c, TBK1 expression and cell viability (control vs. TNF/IFNγ;) 
for single cell clones derived from polyclonal control and Tbk1-null B16 cells. 
Western blot is representative of three independent experiments. Means 
(bars) and individual values (open circles) are shown (n = 6 across two 
independent experiments, 2-way ANOVA, Sidak’s multiple comparisons test; 
**** P < 0.0001; ns, not significant). d, TBK1 indel spectrum from control sgRNA 
and Tbk1 sgRNA B16 single cell clones. e, Viability assessment (Cell Titer Glo) of 
B16-ova cells in standard 2D culture after 24 h treatment with TNF (160 ng ml−1) 
+ IFNγ (40 ng ml−1) compared to unstimulated cells (n = 6, 2 independent 
experiments, 1-way ANOVA, Holm-Sidak’s multiple comparisons test).  
f, Viability assessment (Hoechst/propidium iodide) of B16 tumour spheroids 

(lacking immune cells) in 3D microfluidic culture after 96 h treatment with TNF 
(10 ng ml−1) + IFNγ (10 ng ml−1) compared to unstimulated cells (n = 6, 2 
independent experiments, 1-way ANOVA, Holm-Sidak’s multiple comparisons 
test). g, Cell viability assessment of B16 cells after 24 h treatment with TNF 
(200 ng ml−1) + IFNγ (40 ng ml−1) compared to unstimulated cells treated with 
increasing concentrations of MRT67307 (n = 9, 3 independent experiments 
2-way ANOVA, Sidak’s multiple comparisons test). h, Cell viability assessment 
of B16 cells in standard 2D culture after 24 h treatment with TNF (200 ng ml−1) + 
IFNγ (40 ng ml−1) compared to unstimulated cells treated with increasing 
concentrations of GSK8612 (n = 3, 1 independent experiment, 2-way ANOVA, 
Sidak’s multiple comparisons test). i, Cell viability assessment of B16 cells in 
standard 2D culture after 24 h treatment with TNF (200 ng ml−1) + IFNγ 
(40 ng ml−1) with increasing concentrations of TBK1 PROTAC 3i (n = 6, 2 
independent experiments 2-way ANOVA, Sidak’s multiple comparisons test). 
**** P < 0.0001; ns, not significant.



Extended Data Fig. 7 | Supporting data that TBK1 inhibition lowers the 
cytotoxicity threshold to TNF/IFNγ. a, GR values for 9-point inhibitor 
titration of TBK1i in parental, control sgRNA (polyclonal and monoclonal), and 
Tbk1 sgRNA (polyclonal and monoclonal) B16 cells (2 independent experiments; 
representative data from single experiment with 6 technical replicates per 
condition). Means (solid circles) are shown +/− s.e.m (error bars). b–c, evaluation 

of TBK1i potency (b; half-maximal effect, GEC50) and overall efficacy (c; area 
over the GR curve, GRAOC) d–e, Heatmap of GR values for parental (d) and BRAF/
MEK inhibitor resistant (e) A375 human melanoma cells treated with increasing 
concentrations of TNF and IFNγ for 24, 24, and 72 h with 0, 0.25, and 1.0 μM 
TBK1i (n = 3).
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Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | Supporting data that Tbk1-null cells undergo RIPK- 
and caspase-dependent cell death. a–b, Cell viability assessment (Cell Titer 
Glo) in control and Tbk1-null B16 cells pre-treated with RIPK1 inhibitor (Nec-1s, 
10 μM) and the pan-caspase inhibitor Q-VD-OPh (10 μM) +/− TNF/IFNγ (n=3, 1 
independent experiment: 2-way ANOVA, Dunnett’s multiple comparisons test). 
b, cell viability assessment (Cell Titer Glo) in control and Tbk1-null B16 cells  
pre-treated with RIPK1 inhibitor (Nec-1s, 10 μM) and the pan-caspase inhibitor 
z-VAD-fmk (20 μM) +/− TNF/IFNγ (n = 3-6, 1-2 independent experiments: 2-way 
ANOVA, Dunnett’s multiple comparisons test). c, cell viability assessment in 
Tbk1-null B16 cells pre-treated with RIPK1 inhibitor (Nec-1s, 10 μM) and the 
caspase 8 inhibitor z-IETD-fmk (2.5 μM) +/− TNF/IFNγ (n = 6, 2 independent 
experiments; 2-way ANOVA, Dunnett’s multiple comparisons test). d, cell 
viability assessment in Tbk1-null B16 cells pre-treated with RIPK3 inhibitor  
(HS-1371, 2 μM) and the pan-caspase inhibitor Q-VD-OPh (20 μM) +/− TNF/IFNγ 
(n = 6, 2 independent experiments: 2-way ANOVA, Dunnett’s multiple 
comparisons test). e, cell viability assessment in Tbk1-null B16 cells pre-treated 
with MLKL inhibitor (GW806742X, 5 μM) and the pan-caspase inhibitor Q-VD-

OPh (20 μM) +/− TNF/IFNγ (n = 6, 2 independent experiments: 2-way ANOVA, 
Dunnett’s multiple comparisons test). f-h, Clonogenic assay of B16 cells treated 
with TNF (10 ng ml−1), IFNγ (10 ng ml−1), or TNF + IFNγ with control (0.1% DMSO), 
Q-VD-OPh (20 μM) with/without the RIPK1 inhibitor Nec-1s (10 μM, f), RIPK3 
inhibitor HS-1371 (2 μM, g), and MLKL inhibitor GW806742X (2 μM, h) 
(representative images shown; n = 3). i, normalized expression of selected 
genes in B16 cells treated with TNF (10 ng ml−1), IFNγ (100 ng ml−1), or both, 
compared to control cells (source data for bulk RNA-seq – Manguso et al. 2017). 
j, normalized expression of Mlkl and Ripk3 in control and Tbk1-null B16 cells 
with/without TNF/IFNγ treatment (18 h) determined by qRT-PCR (n = 3; 2-way 
ANOVA, Sidak’s multiple comparison test). *P < 0.05; **P < 0.01; ***P < 0.001;  
**** P < 0.0001; ns, not significant. k, Western blot of indicated proteins in  
Tbk1-null B16 cell lysates following 2-hour pre-treatment with vehicle control 
(0.1%DMSO), Q-VD-OPh (20 μM), Nec-1s (10 μM), or Q-VD-OPh plus Nec-1s, or 
Q-VD-OPh plus birinapant (1 μM) followed by 10 h treatment with TNF 
(160 ng ml−1) and IFNγ (40 ng ml−1) or unstimulated (PBS) control. Data are 
representative of three independent experiments.
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Extended Data Fig. 9 | See next page for caption.



Extended Data Fig. 9 | Supporting data regarding TNF/IFNγ-induced cell 
death signalling in control and Tbk1-null cells. a, heatmap of % cytochrome 
C (cyt C) release for in vitro BH3 profiling of unstimulated control (sg1 and sg2) 
and Tbk1-null (sg1 and sg2) B16 cells. Mean values shown; n=3 biologically 
independent samples; 2-way ANOVA, Dunnett’s multiple comparisons test.  
b, heatmap of % cytochrome C (cyt C) release for in vitro BH3 profiling of 
control sgRNA and Tbk1 sgRNA B16 cells. Mean values shown; n = 3 biologically 
independent samples; 2-way ANOVA, Tukey’s multiple comparisons test. No 
statistically significant differences observed between control sgRNA and Tbk1 
sgRNA B16 cells at any time point. c, Viability assessment (Cell Titer Glo) of B16 
cells in standard 2D culture after 24 h treatment with indicated concentrations 
of staurosporine (STS) in control and Tbk1-null B16 cells. Means (bars) and 
individual values (open circles) are shown (n = 6, 2 independent experiments, 
2-way ANOVA, Sidak’s multiple comparisons test). d, Viability assessment 
(Hoechst/propidium iodide) of B16 tumour spheroids (lacking immune cells) in 
3D microfluidic culture after 48 h treatment indicated concentrations of 
staurosporine (STS) compared to unstimulated cells Means (bars) and 
individual values (open circles) are shown (n = 6, 2 independent experiments, 

1-way ANOVA, Holm-Sidak’s multiple comparisons test). e, Western blot for 
STING, IRF3, TBK1, and β-actin in B16 cells with single CRISPR cell lines with 
single-guide RNAs targeting Tmem173, Irf3, and Tbk1 compared to control 
sgRNA. Data are representative of three independent experiments. f, Western 
blot for STING, IRF3, TBK1, and β-actin in double CRISPR B16 cells with 
indicated sgRNA pairs. Data are representative of three independent 
experiments. g, Viability assessment (Cell Titer Glo) of indicated sgRNA B16 
cells after 48 h treatment with TNF (160 ng ml−1) + IFNγ (40 ng ml−1) compared 
to unstimulated cells. Means (bars) and individual values (open circles) are 
shown (n = 4 biological replicates, 2-way ANOVA, Sidak’s multiple comparisons 
test, **P < 0.01; **** P < 0.0001; ns, not significant). h, PDOTS viability 
assessment from patients (n = 2) with cutaneous melanoma with indicated 
treatments. Means (bars) and individual values (open circles) are shown (n = 6 
biological replicates, 2 independent specimens; one-way ANOVA with Dunn’s 
multiple comparisons test, **P < 0.01; **** P < 0.0001; ns, not significant).  
i, heatmap of secreted cytokine profiles (L2FC) of conditioned media from 
PDOTS in response to indicated treatments (n = 2). Mean values shown. 
**P < 0.01; **** P < 0.0001; ns, not significant.
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Extended Data Fig. 10 | See next page for caption.



Extended Data Fig. 10 | Supporting data that IFNγ sensing is essential for 
effector cytokine-induced death in TBK1-null cells. a, Frequency histograms 
of enrichment (z-score) for all sgRNAs per target in a Tbk1-null B16 cells +/− 
in vitro stimulation with TNF (10 ng ml−1) and IFNγ (10 ng ml−1). b, scatter plot 
depicting relative depletion of sgRNAs targeting 19,674 genes in a Cas9+ B16 
control and Tbk1 sgRNA cell line +/− in vitro stimulation with TNF (10 ng ml−1) 
and IFNγ (10 ng ml−1). c, Western blot of control sgRNA and Tbk1-null B16 cells 
treated with TNF (160 ng ml−1) and IFNγ (40 ng ml−1) for the indicates times. 
Data are representative of three independent experiments. d, cell viability 
assessment in parental B16 cells pre-treated with TBK1i (1 μM) +/− JAK 1/2 
inhibitor (ruxolitinib, 0.5 μM) +/− TNF/IFNγ for 48 h compared to unstimulated 
controls. Means (bars) and individual values (open circles) are shown (n=3, 1 

independent experiment; 2-way ANOVA, Dunnett’s multiple comparisons test; 
*P < 0.05; ***P < 0.001; **** P < 0.0001; ns, not significant). e, Western blot of 
indicated proteins in Tbk1-null B16 cell lysates following 2-hour pre-treatment 
with vehicle control (0.1%DMSO), ruxolitinib (1 μM), Q-VD-OPh (20 μM), Nec-1s 
(10 μM), or Q-VD-OPh plus Nec-1s followed by 10-hour treatment with TNF 
(160 ng ml−1) and IFNγ (40 ng ml−1) or unstimulated (PBS) control. Data are 
representative of three independent experiments. f, GR values for 9-point 
inhibitor titration of ruxolitinib (JAK1/2i) in parental, control sgRNA 
(monoclonal), and Tbk1 sgRNA (monoclonal) B16 cells (2 independent 
experiments; representative data from single experiment with 6 technical 
replicates per condition). Means (solid circles) are shown +/− s.e.m (error bars).
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software was used for data collection.

Data analysis GraphPad Prism (v9), Microsoft Excel(v15), FlowJo(v10), NIS Elements (v5.11), Cell Ranger (v3.0), Scanpy (v1.4.5post3), scran (v1.14.6), 
MetaXpress (v6.5.3.427)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All data presented in this manuscript are available from the corresponding author upon reasonable request and will be deposited with appropriate accession codes 
before publication.
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Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender clinical specimens used for PDOTS were obtained from male and female patients and gender is indicated in Supplemental 
Table 1

Population characteristics adult (age >18) patients with advanced malignancies (solid tumours) treated at MGH or DFCI

Recruitment The research conducted involved secondary research using de-identified data and biospecimens collected as part of routine 
clinical care and not collected specifically for this study. 

Ethics oversight Because the specimens or data were not collected specifically for this study and no one on the study team had access to the 
subject identifiers linked to the specimens or data, this study is not considered human subjects research. IRB-approved 
protocols were used for the procurement of de-identified patient samples by the MGH Melanoma Tissue Repository (PI: Dr. 
Genevieve M. Boland). Informed consent was  obtained from all subjects and blood/tissue samples were collected and 
analyzed according to Dana-Farber/Harvard Cancer Center IRB-approved protocols (DF/HCC 11-181, 02-240, and 13-416). 
These studies were conducted according to the Declaration of Helsinki and approved by the DFHCC IRB. All samples will be 
labeled with a unique 5-digit code without any patient identifiers. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Group sizes for in vivo validation experiments were selected empirically based upon prior knowledge of the intragroup variation of tumor 
challenges and immunotherapy treatment. Sample sizes for in vivo mouse experiments were chosen based on previous experience in similar 
studies (Manguso et al. Nature 2017). Similarly, group sizes in vitro were selected on the basis of prior knowledge of variation (e.g. for growth/
viability assays). 
For PDOTS studies, assuming an overall comparison-wide type-I error of 0.1 (2-sided) and sample of size 35, each pairwise comparison would 
have at least 85% power to detect a difference in expression that is approximately 0.8 times the common standard deviation (effect size=0.8).  
Based on  prior data, we expected a null rate of 25%. A treatment would be considered promising if at least 50% of patient samples achieved 
response. Statistical assessments were based on one-sample, exact binomial tests, with an overall, two-sided alpha=0.1 divided equally among 
the three treatment comparisons.  With 35 patient samples, there would be approximately 85% power to detect the difference between 
response rates of 25% and 50%. A p value less than 0.05 will be the cut off for statistical significance. Statistical analysis was performed after 
n=30 PDOTS and found to be statistically significant.

Data exclusions No data were excluded from the experiments

Replication Replicates were used in all experiments as noted in text, figure legends and methods. All in vivo experiments were repeated at least twice 
with consonant results, with the exception of those that were supporting/confirmatory in nature and appear ONLY in Extended Data (e.g. Size 
Match experiment). All experiments presented for which replication was attempted were successfully replicated.

Randomization Mice were age and sex-matched and randomized where appropriate (e.g. prior to initiating treatment for matched conditions). For PDOTS 
studies, samples were acquired based on specimen availability over the course of the study. The number of treatment groups for each PDOTS 
experiment was determined based on sample size/quality as assessed by the operator, with larger specimens facilitating larger numbers of 
treatment groups. Each specimen was treated with at least anti-PD-1, TBK1i,  anti-PD-1 plus TBK1i, compared to untreated control, with 
additional treatments (e.g., TNFa/IFNg) as tissue specimen availability permitted. For GR metrics studies,

Blinding Investigators were not blinded to treatment groups or genotypes for in vivo or in vitro studies, as knowledge of this information was essential 
to conduct the studies. For animal studies, no blinding was performed due to requirements for cage labeling and staffing needs.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Flow cytometry -  

anti-mouse CD45 BV605 (clone 30-F11, BioLegend, #103139), 1:50 dilution  
anti-mouse F4/80 (clone QA17A29, BioLegend, #157306), 1:100 dilution  
anti-mouse CD8a BV785 (clone 53-6.7, BioLegend, #100749), 1:100 dilution  
anti-mouse CD4 PerCP (clone RM4-5, BioLegend, #100538), 1:50 dilution  
anti-mouse NK-1.1 BV421 (clone PK136, Invitrogen, #404-5941-82), 1:50 dilution  
anti-mouse TCRβ APC-Cy7 (clone H57-597, BioLegend, #109220), 1:50 dilution  
anti-mouse FoxP3 (clone FJK-16s, Invitrogen, #12-5773-82), 1:50 dilution  
anti-human/mouse Granzyme B FITC (clone GB11, BioLegend, #515403), 1:100 dilution  
anti-mouse CD69 BV421 (#104527, clone H1.2F3, BioLegend), 1:20 dilution 
anti-CD25 AF700 (#102024, clone PC61, BioLegend), 1:20 dilution 
anti-IFNγ PE (#505807, clone XMG1.2, BioLegend), 1:20 dilution 
anti-TNFα FITC (#506303, clone MP6-XT22, BioLegend), 1:20 dilution 
anti-IL-2 PerCP/Cy5.5 (#503821, JES6-5H4, BioLegend), 1:20 dilution 
 
Western blotting:  
TBK1 (#ab40676, Abcam) 
IKKepsilon (#3416T, Cell Signaling) 
p-RIPK S166/T169 (#31122S, Cell Signaling) 
RIPK1 (#3493S, Cell Signaling) 
cleaved caspase 8 (#9429S, Cell Signaling) 
cleaved caspase 3 (#9661T Cell Signaling) 
cleaved PARP (#6544, Cell Signaling) 
c-FLIP (#56343S, Cell Signaling) 
p-STAT1 Y701 (#9167S, Cell Signaling) 
STAT1 (#14994S, Cell Signaling) 
STING (#13647S, Cell Signaling) 
p-IRF3 (#29047S, Cell Signaling) 
IRF3 (#4302S, Cell Signaling)  
p-JAK1 (#74129T, Cell Signaling) 
JAK1 (#3344T, Cell Signaling) 
p-JAK2 (#8082T, Cell Signaling) 
JAK2 (#3230T, Cell Signaling) 
p-p65 (#3033T, Cell Signaling) 
p65 (#8242T, Cell Signaling) 
p-MLKL S345 (#37333, Cell Signaling) 
MLKL (#37705, Cell Signaling).  
beta-actin-680 (#MA5-15739-D680, Invitrogen)  
Primary antibodies were used at 1:1000 dilution in LI-COR Blocking Buffer.  
IRDye secondary antibodies against rabbit IgG, mouse IgG or goat IgG were purchased from LI-COR Biosciences (Invitrogen) and used 
at 1:10,000.  
 
In vivo/ex vivo studies 
isotype control IgG2a,k (#BE0089, clone 2A3, BioXCell), 10mg/kg in vivo, 10 ug/mL ex vivo (MDOTS) 
rat monoclonal anti-PD1 antibodies (#BP0273, BioXCell, clone: 29F.1A12), 10mg/kg in vivo, 10 ug/mL ex vivo (MDOTS)  
anti-human PD-1 IgG4 (pembrolizumab, Merck) - 250 ug/mL final concentration (PDOTS), 1:100 dilution of 25 mg/mL stock 
anti-human CTLA-4 IgG1 (ipilimumab, BMS) - 50 ug/mL final concentration (PDOTS), 1:100 dilution of 5 mg/mL stock  
Control human IgG4 (Invivogen, anti-β-gal-hIgG4 (bgal-mab114) 100 ug/mL final (PDOTS)

Validation For Western Blots, antibody validation is included in the Main Figures and Extended Data Figures, which demonstrate positive control 
and knockout samples on the same blot.  Antibody validation for TBK1 was performed using CRISPR/knockout cell lines (Fig. 5a, 5f, 
e1b) and over expression of V5-tagged wild-type TBK1 (data not shown). Validation for flow antibodies was shown previously 
(Ishizuka et al. Nature 2018).  Further validation is present on the manufacturer's website as noted in the Methods section. 

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) B16.F10, CT26, and A375 cell lines were  purchased from ATCC. B16-ova were obtained from D. Sen. GVAX was a gift from G. 
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Cell line source(s) Dranoff.  Braf/Pten (D4M.3A) melanoma cell line was obtained from D.E. Fisher. A375-CR cells were provided by G. Zhang. 
MB49 cells (used for in vivo studies only) were licensed from Dr. K Esuvaranathan (University of Singapore) by vivoPharm in 
collaboration with Gilead Sciences. 

Authentication A375 and A375-CR (resistant) human melanoma cells lines were authenticated using STR profiling. STR profiling was not 
performed on murine cancer cell lines (B16, D4M.3A, CT26, MC38, MB49).

Mycoplasma contamination All cell lines were routinely tested for mycoplasma. None of the cell lines used in this study have tested positive for 
mycoplasma.

Commonly misidentified lines
(See ICLAC register)

None

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Wild-type female C57BL/6J mice (7 weeks old) were obtained from Jackson Laboratories. A colony of NOD.Cg-Prkdcscid Il2rgtm1Wjl/
SzJ (NSG) mice were bred on site at the Broad Institute. Mice were age-matched to be 6–12 weeks old at the time of tumour 
inoculation.  Wild-type female C57BL/6J mice (7-8 weeks old) were obtained from Charles River Laboratories for TBK1i in vivo studies. 
B16 and B16-ova MDOTS were prepared from tumours using wild-type female C57BL/6J mice (6 weeks old, Jackson Labs). D4M.3A 
(Braf/Pten) MDOTS were generated using wild-type male C57BL/6J mice (6 weeks old, Jackson Labs). CT26 MDOTS were prepared 
using wild-type female BALB/c mice (6-8 weeks old, Jackson Labs). Housing - Innovive® individually ventilated cages. Acclimation - 2 
days. Food - ad libitum, Teklad® Global 18% Protein Rodent Diet, irradiated. Water - Sterile prefilled bottles. Dark/Light cycle on a 12 
hour automated schedule. Temperature ambient and humidity within parameters of IACUC guidelines 30-70%.

Wild animals No Wild animals were used in this study

Reporting on sex Mice were age and sex-matched. Male and female mice were used for specific syngeneic models as indicated.

Field-collected samples No Field-collected samples were used in this study

Ethics oversight  IACUC committee  of the Broad Institute of Harvard and MIT and Charles River Laboratories

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Tumor-infiltrating lymphocytes were stained directly from single-cell preparations of explanted murine tumors as described 
in the materials and methods.

Instrument  CytoFLEX LX Flow Cytometer (Beckman Coulter).

Software  FlowJo (v10)

Cell population abundance Tumour-infiltrating lymphocytes were enriched by CD45+ MACS positive selection (Miltenyi Biotec). 

Gating strategy All gates were set based on FMO (full-minus one) stains and isotype control antibodies after appropriate compensation using 
single-stained compensation controls. This will be provided as supplemental information in a revised version before 
publication.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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