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Uncovering the rewired IAP-JAK regulatory
axis as an immune-dependent vulnerability
of LKB1-mutant lung cancer

Changfa Shu 1,2, Jianfeng Li1, Jin Rui3, Dacheng Fan 1, Qiankun Niu1,
Ruiyang Bai1,4, Danielle Cicka1, Sean Doyle1, Alafate Wahafu1,5, Xi Zheng1,6,
YuhongDu1,7,8, AndreyA. Ivanov 1,7,8, DeonB. Doxie3, KavitaM.Dhodapkar 8,9,
Jennifer Carlisle3,8, Taofeek Owonikoko3,8, Gabriel Sica8,10, Yuan Liu 8,11,
Suresh Ramalingam 3,8, Madhav. V Dhodapkar 3,8, Wei Zhou 3,8 ,
Xiulei Mo 1,8 & Haian Fu 1,3,7,8

Harnessing the power of immune system to treat cancer has become a core
clinical approach. However, rewiring of intrinsic circuitry by genomic altera-
tions enables tumor cells to escape immune surveillance, leading to ther-
apeutic failure. Uncovering the molecular basis of how tumor mutations
induce therapeutic resistance may guide the development of intervention
approaches to advance precision immunotherapy. Here we report the identi-
fication of the Liver Kinase B1 (LKB1)-Inhibitor of Apoptosis Protein (IAP)- Janus
Kinase 1 (JAK1) dynamic complex as a molecular determinant for immune
response of LKB1-mut lung cancer cells. LKB1 alteration exposes a critical
dependency of lung cancer cells on IAP for their immune resistance. Indeed,
pharmacological inhibition of IAP re-establishes JAK1-regulated Stimulator of
interferon genes (STING) expression and DNA sensing signaling, enhances
cytotoxic immune cell infiltration, and augmentes immune-dependent anti-
tumor activity in an LKB1-mutant immune-competentmousemodel. Thus, IAP-
JAK1-targeted strategies, like IAP inhibitors, may offer a promising therapeutic
approach to restore the responsiveness of immunologically-cold LKB1-mutant
tumors to immune checkpoint inhibitors or STING-directed therapies.

Impressive clinical activity of immune system-oriented anti-tumor
strategy has led to the rapid rise of immunotherapy as standard cancer
care1–5. However, the varying primary response rates and emerging
acquired resistance present daunting challenges in expanding the

impact of immunotherapy6–9. In parallel with the immune-targeted
effort to search for immune checkpoint molecules and neoantigens,
tumor-intrinsic factors have been suggested to modulate tumor
immune-responsiveness10–12. For example, loss-of-function mutations
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in β2-microglobulin and Janus kinases (JAK) and amplification of Cyclin
D1 have been reported in patients resistant to immunotherapy13–15.
Therefore, understanding how oncogenic drivers determine the intri-
cate tumor immune responsewill becritical for developingbiomarkers
and modulators to improve immunotherapy efficacy16.

Liver kinase B1 (LKB1), also known as Serine/threonine kinase 11, is
a tumor suppressor that regulates AMP-activated protein kinases17,18.
The LKB1-SIK axis has been shown to suppress the development of
non-small cell lung cancer19,20. LKB1 mutations (mut) frequently occur
in lung adenocarcinoma (LUAD)21,22. LKB1-mut LUAD tumors gain cel-
lular fitness advantage in part through mTORC1 activation, and sub-
sequent metabolic rewiring and epigenetic reprogramming23.
However, LKB1-mut LUAD is considered as undruggable due to the
loss-of-function mutations found in tumors and is resistant to che-
motherapy, targeted therapy, and immunotherapy9,24–26.

The role of LKB1-mut in shaping the suppressive tumor-immune
microenvironment is emerging8,9,27–29. It has been reported that LKB1-
mut is a major genetic driver of primary resistance to immune
checkpoint inhibitors9,30,31. LKB1-mut LUAD has been characterized to
exhibit an immune-suppressive phenotype through multiple
mechanisms. For example, LKB1-mut LUAD cells have altered expres-
sionof proinflammatory cytokines and immune checkpointmolecules,
reprogrammed immune infiltration, and remodeled extracellular
matrix9,29,32–36. It has been demonstrated that LKB1-mut LUAD is asso-
ciated with repressed expression of stimulator of interferon genes
(STING) and corresponding tumor-intrinsic DNA-sensing innate
immune response27,28. These LKB1-mut associated immune-cold fea-
tures have established LKB1 status as a predictive biomarker for
immunotherapy response. However, the mechanisms underlying the
LKB1-mut genotype and immune suppressive phenotype remain to be
established. Therapeutic approaches to target LKB1-mut LUAD and
reverse its immunosuppression are urgently needed.

In this work, to address these challenges, we take a focused onco-
immune interactome mapping approach37,38 to connect LKB1 with
components of reported cancer immune-response pathways coupled
with a chemical biology approach to examine the LKB1-mut-created
dependency of tumor cells for survival. Both approaches converge at
the LKB1-IAP-JAK interaction complex that couples the LKB1 status to
the innate immunity regulatory function. The loss of LKB1 function in
LKB1-mut cells appears to create the IAP dependency through a JAK-
regulated STING innate immunity pathway. Modulators of the IAP-JAK
regulatory axis, such as the IAP inhibitors, are shown to restore STING
pathway function and enhance the sensitivity of LKB1-mut cells to
immunotherapeutic assault.

Results
Onco-Immune protein-protein interaction (PPI) screening
identifies cIAP1 as a LKB1 binder
LKB1-mut LUAD defines a genetic subset of lung cancer with an
aggressive clinical presentation and therapeutic resistance9,24,32. How-
ever, the molecular connectivity bridging the LKB1-mut genotype and
immune suppression phenotype remains elusive. To uncover the
molecular mechanisms that determine LKB1-dictated immune
response, we performed a focused oncogenic immune-regulatory
protein-protein interaction (Onco-Immune PPI) mapping to link LKB1
with immune response regulatory proteins.

We constructed an Onco-Immune gene library that included 85
open-reading-frames encoding proteins with reported immune-
regulatory activities, such as immunogenic cell death, antigen pre-
sentation, innate immunity, and immune checkpoint. Then, we per-
formed an OncoImmune PPI mapping using a live cell-based BRETn

(Nanoluciferase-based bioluminescence resonance energy transfer)
technology to discover interactions between Nluc-tagged LKB1 and
Venus-tagged Onco-Immune genes37. Using a stringent statistical cut-
off of fold-of-change (FOC) ≥ 4.0 and p ≤0.001, we prioritized 16

positive Onco-Immune PPI hits that link LKB1 directly with multiple
immune-regulatory pathways, such as the cIAP1-mediated immuno-
genic cell death pathway (Fig. 1A and Supplementary Data 1)39.

To validate the LKB1-cIAP1 interaction anddetermine its structural
basis, we performed orthogonal PPI detection assays and protein
domain truncation studies. First, we confirmed that LKB1 was in
complex with cIAP1 using an affinity pulldown assay (Fig. 1B) and a co-
immunoprecipitation assay at the endogenous level (Fig. 1C). Similar
interaction was detected between LKB1 and cIAP2, but not XIAP
(Fig. 1B). Then, we conducted cIAP1 and cIAP2 domain truncation
studies (Fig. 1D) and have localized the PPI interface to the N-terminal
domain of baculoviral IAP repeats (BIR), particularly the BIR1-2 domain
(Fig. 1E, F and Supplementary Fig. S1A, B). Reciprocally, we examined
the structural basis of LKB1 for its interaction with cIAP1. The LKB1-
cIAP1 interaction was primarily mediated by the LKB1 kinase domain,
particularly the C-terminal lobe (the 132-347 fragment) (Fig. 1G).
Interestingly, the LKB1-cIAP1 PPI was significantly reduced with LKB1
K78I, a catalytically inactive mutant (Fig. 1H). Furthermore, the natu-
rally occurring LKB1 truncation mutants lacking the kinase domain
were unable to interact with cIAP1 (Fig. 1I, J). These results suggest that
the LKB1-cIAP1 PPI is LKB1 kinase-dependent. Thus cIAP1 may be dis-
sociated from LKB1 in lung cancer cells with LKB1-inactivating muta-
tions and therefore provide a potential vulnerability for therapeutic
targeting.

Chemical screening reveals immune response sensitizers for
LKB1-mut cells
Given the largely unknown and complex oncogenic signaling under-
pinning LKB1-mut associated immune suppression, we carried out an
unbiased high-throughput immunomodulator phenotypic (HTiP)
screen to identify therapeutic vulnerability created by LKB1mutations,
particularly their vulnerability to immune-dependent therapeutic
assaults.

To examine whether the established HTiP platform40, featuring in
vitro cancer- and immune-cell co-culture, could recapitulate LKB1-mut
associated immune suppression, we tested the response of LUAD cells
with LKB1-mut orWT, to the immune-cell attack. First, we tested a pair
of isogenic cell lines: parental H1792 with LKB1-WT and the corre-
sponding LKB1 shRNA-knockdown (KD) cells with a defined and mat-
ched genetic background. Native non-labeled human PBMCs were
added to provide the allogenic immune selection pressure. We found
that parentalH1792 cellswith LKB1-WTexhibited high sensitivity to the
immune attack with significantly decreased cell viability, whereas the
effect was drastically attenuated in isogenic cells with LKB1-KD
(Fig. 2A). Similar results were observed in other pairs of isogenic
LUAD cells, such as H1299 and H1755 cells (Supplementary Fig. S2A–C)
and in a panel of patient-derived cancer cells with differential
LKB1 status (Fig. 2B). These results demonstrate that the HTiP system
can recapitulate the LKB1 mutation-associated intrinsic immune
resistance.

To identify potential chemical probes that can restore the
responsiveness of LKB1-mut cells to immune selection pressure, we
performed an HTiP screen using a chemogenomic compound library
with well-annotated bioactive compounds40–43. This screen revealed
three structurally diverse Inhibitors of Apoptosis Protein (IAP)
antagonists, birinapant, BV6 and GDC0152, that enhanced immune-
dependent killing of LKB1-mut cells (Fig. 2C, Supplementary Fig. S2B,
and Supplementary Data 2). These results reveal IAP as an intrinsic
barrier for immune response. To further examine the specific impact
of targeting IAP for immunomodulation, we tested the effect of three
additional IAP inhibitors (IAPi), AT406, AZD5582, and LCL161. All six
IAPi induced immune cell-dependent selective killing with potency in
thenanomolar range (Fig. 2D). Similar immunedependency on IAPwas
observed in additional LKB1-mut LUAD cell lines, such as A549, H157,
and H460 (Fig. 2E). Importantly, birinapant, an IAPi, enhanced the
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response of LKB1-mut LUAD cells to both isolated CD8+ T cells and
CD56+ NK cells (Fig. 2F). These results reveal the IAP status as a
potential immune-dependent vulnerability in LKB1-mut LUAD cells,
and targeting IAP may enhance the responsiveness of LKB1-mut
tumors to immune-mediated killing. The immune-dependent anti-
tumor activity of IAPi was more profound towards LKB1-KD cells than
that towards the LKB1-WT counterparts (Supplementary Fig. S2A–C),
which were already sensitive to immune killing, suggesting IAP as a
potential tumor-intrinsic factor that controls immune sensitivity of
tumors with mutated LKB1.

IAPi restores tumor intrinsic STING expression in LKB1-mut cells
The results from both the unbiased Onco-Immune PPI mapping
(Fig. 1A) and chemical screening (Fig. 2C) converge on IAP as a LKB1
binder and a therapeutic barrier in LKB1-mut LUAD cells. This physical
and functional connectivity between LKB1 and IAP allowed us to use
IAP inhibitors as powerful chemical tools to probe the molecular
mechanisms of the immune suppressive phenotype associated with
LKB1 loss. Using IAPi, we examined the biological consequence of the
rewired LKB1-IAP PPI, with a focus on probing the downstream effec-
tors of this aberrant PPI for its immune response activity.

First, we examined the effect of IAPi on the expression of known
factors involved in LKB1-mut tumor-immune responsiveness,

including STING, IL-1α, IL-6, G-CSF, and PD-L1, (Fig. 2G)9,28,29,32. Given
the potent immune-dependent anti-cancer activity of IAPi, we rea-
soned that the downstream effectors may also oscillate in a similar
immune-dependent manner upon IAPi treatment. From a focused
gene expression profiling of these factors, we found that the STING
mRNA level was significantly increaseduponbirinapant treatment only
in the presence of immune cells (Fig. 2G), whereas the mRNA levels of
other factors, such as IL-1a, IL-6, GM-CSF, and PD-L1, were not sig-
nificantly changed or in an immune-cell independent manner (Fig. 2G
and Supplementary Fig. S3).

Suppression of tumor intrinsic STING expression was pre-
viously correlated with LKB1 genetic status and the immune
resistance associated with LKB1-mut (Supplementary Fig. S4)27,28.
To test whether STING contributes to IAPi-enhanced immune
responsiveness, we performed chemical and genetic perturbation
studies to examine the role of STING in birinapant-induced
immune-dependent anti-tumor activity. A pharmacological loss-
of-function study showed that H-151, a specific palmitoylation
inhibitor of STING44, led to a significant attenuation of birinapant-
induced immune-dependent killing activity in LKB1-mut cells
(Fig. 2H). Consistently, a genetic loss-of-function study via shRNA
knockdown of tumor cell-intrinsic STING in LKB1-mut cells sig-
nificantly blunted IAPi-induced immune-dependent killing activity
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Fig. 1 | Onco-Immune PPI profiling reveals the rewired LKB1-cIAP1 axis.
A Scatter plot showing the identification of LKB1-interacting immune-regulatory
protein binding partners. B Immunoblot showing GST-PD confirmation of LKB1-
cIAP1 PPI. Cell lysate from HEK293T cells co-expressing GST-cIAP1, cIAP2, or XIAP,
VF-tagged LKB1were subjected to the GST-PD as indicated.C Immunoblot showing
endogenous interaction of LKB1-cIAP1 with the co-IP assay in H1299 cells.
D Schematic illustration of the design of cIAP1 domain truncations.
E, F Immunoblot showing mapping of LKB1-binding domain on cIAP1. Cell lysate
from HEK293T cells co-expressing GST-LKB1 and VF-tagged cIAP1 full-length (FL),
N-terminal truncation (N), C-terminal truncation (C) or BIR domain truncations (B1,
B2 and B3) were subjected to the GST-PD as indicated.G Immunoblot showing the
mapping of cIAP1-binding domain on LKB1. Cell lysate from HEK293T cells co-
expressing GST-cIAP1 and VF-tagged LKB1 N-terminal truncation (NT,), kinase
domain N-lobe truncation (NL), kinase domain C-lobe truncation (CL), and
C-terminal truncation (CT) were subjected to the GST-PD as indicated.

H Immunoblot showing the LKB1 kinase-dependency of LKB1-cIAP1 PPI. Cell lysate
from HEK293T cells co-expressing GST-cIAP1 and VF-tagged LKB1 WT or K78I
kinase-dead mutant were subjected to the GST-PD as indicated. Before collecting
lysate, cells were serum-starved for overnight. I Schematic illustration of the LKB1
domain structures and mutations (upper) and a bar graph showing the PPI signal
between cIAP1 and LKB1 WT or patient-derived mutants from TR-FRET assay
(lower). The PPI signal was expressed as fold-of-change of the TR-FRET signal over
the empty vector control (-) and presented as mean±SD from n = 4 independent
experiments. P-values were calculated by unpaired Student’s t-test with two-tailed
analysis without adjustments comparing with control. J Representative immuno-
blot showing PPI signal between cIAP1 and LKB1 WT or naturally occurringmutant.
Cell lysate fromHEK293T cells co-expressing GST-cIAP1 and VF-tagged LKB1WT or
mutant as indicated were subjected to the GST-pulldown assay. Source data are
provided as a Source Data file. For (B, C, E–H, and J), data are presented as one
representative blot of n = 3 independent experiments.
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(Fig. 2I). Supporting this notion, a genetic gain-of-function study
showed that overexpression of STING in LKB1-mut cells per se did
not compromise cancer cells autonomous viability, but sig-
nificantly sensitized cancer cell’s response to PBMC-mediated
immune killing (Fig. 2J–L). Together, these results suggest that
STING downregulation is a tumor intrinsic and immune-
dependent vulnerability of LKB1-mut lung cancer cells and
IAP inhibitors enhance the immune responsiveness of

LKB1-mut tumors at least in part through the STING expression
restoration.

JAK1-STAT1 mediates the IAPi effect in LKB1-mut cells
Given that birinapant-induced STING expression is immune cell-
dependent, we reasoned that there must be immune co-factors
involved in the IAPi effect. To probe the potential immune co-fac-
tors, we performed transcriptomic profiling to compare the
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differential expression genes (DEG) from LKB1-mut tumor cells in the
absence or presence of immune cells upon birinapant treatment
(Fig. 3A). From the DEG and gene ontology analysis, 1054 immune-
dependent genes were upregulated by birinapant (Supplementary
Data 3). These DEGs were enriched in several tumor immune response
pathways (Fig. 3B). For example, birinapant activated Type I IFN
response signaling (Fig. 3B), a reported STING-downstream event45,46,
which was suppressed in LKB1-mut LUAD (Supplementary
Fig. S5A, B)27,28.

In addition, the interferon-gamma (IFNγ) response pathway was
activated by birinapant in a similar immune-dependent manner
(Fig. 3A, B), while IFNγ pathway genes were significantly downregulated
in LKB1-mut LUAD samples (Supplementary Fig. S5C). Moreover, the
neutralization of IFNγ, but not TNFα, significantly attenuated
birinapant-induced immune-dependent anti-tumor activity (Supple-
mentary Fig. S5D). Furthermore, we and others have demonstrated that
IAPi induces IFNγ production from immune cells40,47. These results
suggest that IFNγmight be an immune co-factor that synergizes with an
IAPi for its immune-dependent STING-induction and anti-tumor activity.

To test this hypothesis, we investigated the contribution of IFNγ
to birinapant-induced STING restoration. When cancer cells were cul-
tured alone, birinapant synergized with supplemented IFNγ to induce
STING mRNA and protein expression in LKB1-mut cancer cells
(Fig. 3C, D and Supplementary Fig. S6A–D). The induction of STING
expression was likely due to the IAP inhibition effect, as all six IAP
inhibitors exhibited similar synergistic effects with IFNγ on STING
(Fig. 3E, F and Supplementary Fig. S6E, F). Such a synergistic effect
between IAPi and IFNγwas further confirmed at the protein level using
a quantitative STING-HiBiT assay48, which is a genetically engineered
A549 cell-based reporter system for monitoring endogenous STING
expression (Fig. 3G and Supplementary Fig. S7). Using the STING-HiBiT
assay, we found that birinapant induced a dose-dependent increase in
STING protein in LKB1-mut A549 cells, with an EC50 of ~ 0.2μM in the
presence of IFNγ (Fig. 3H). The on-target effect of IAP inhibitor-
induced STING expression was confirmed by the genetic loss-of-
function perturbation of cIAP1 (Fig. 3I). These results suggest that IFNγ
is an immune co-factor that synergizes with IAP inhibitors to restore
STING expression.
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inhibitors, oclacitinib (Ocla, 10μM) and tofacitinib (Tofa, 10μM), or RIPK inhibitor,
necrostatin-1 (Nec-1, 10μM). L STING-HiBiT signal in genetically engineered A549
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Ocla(10μM) and Tofa (10 μM) (n = 4 independent experiments).M, N STING
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Given that such synergistic effects were also observed at the
STING mRNA level (Fig. 3 and Supplementary Fig. S6), it is pos-
sible that a transcriptional regulatory program induced by an
IAPi, or in combination with IFNγ, might be involved. To test this
possibility, we examined the potential involvement of two
reported effector pathways downstream of IFNγ, one pathway
mediated by RIPK and the other by JAK, respectively49,50. We
found that IAPi-induced STING restoration was significantly
reduced upon treatment with JAK inhibitors, but not RIPK inhi-
bitors, at both protein and mRNA levels (Fig. 3J, K and Supple-
mentary Fig. S6G, H). These results were confirmed in A549 cells
with the engineered STING-HiBiT reporter (Fig. 3L). In support of
these results, shRNA knockdown of JAK1 and STAT1 significantly
reduced the synergistic effect of IAPi and IFNγ on restoring STING
expression in LKB1-mut cells (Fig. 3M, N). JAK inhibitors abolished
the responsiveness of LKB1-mut tumor cells to IAPi-induced
immune-dependent anti-tumor activity (Fig. 3O). These results
demonstrate that IAPi-induced STING restoration and immune-

dependent anti-tumor response in LKB1-mut cells occur through
the activation and sensitization of the tumor intrinsic IFNγ-JAK-
STAT pathway.

IAPi reactivates STING-mediatedDNA-sensing signaling in LKB1-
mut cells
Suppression of STING expression in LKB1-mut LUAD was demon-
strated to lead to immune suppression via impaired cGAS-STINGDNA-
sensing innate immune response signaling and subsequent inhibition
of the downstream TBK1-IRF3 pathway, as well as the expression of
IRF3 target cytokine and chemokine genes27,28. Given that IAP inhibi-
tors restored STING expression, we next examined whether IAP inhi-
bitors could restore the STING downstream TBK1-IRF3 signaling and
target gene expression.

At the basal level, without supplementation of exogenous dsDNA
or cyclic dinucleotide, birinapant synergized with IFNγ to activate
STING downstream signaling, as evidenced by significantly increased
levels of p-TBK1 andp-IRF3 (Fig. 4A) andenhanced expression of target
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Fig. 4 | IAP inhibitors synergize with IFNγ to induce STING-mediated DNA
sensing pathway activation in LKB1-mut cells. A Immunoblot showing indicated
proteins in A549 cells treated with birinapant (500nM) and/or IFNγ (1 ng/mL) for
24h as indicated. B–D Bar graphs showing birinapant and IFNγ combination-
induced expression of IFNβ (B), CXCL10 (C), and CCL5 (D) by qPCR in A549 cells
treated with birinapant (500 nM) and/or IFNγ (1 ng/mL) for 24h as indicated (n = 3
independent experiments). E Immunoblot showing indicated proteins in A549 cells
treated with poly(dA:dT) (1μg/mL) for 4 h in the presence or absence of 24h pre-
treatment with birinapant (500nM) and IFNγ (1 ng/mL) combination. F–H Bar
graphs showing poly(dA:dT)-induced expression of IFNβ (F), CXCL10 (G) and CCL5
(H) by qPCR in A549 cells treatedwith poly(dA:dT) (1μg/mL) for 4 h in the presence
or absence of 24h pre-treatment with birinapant (500 nM) and IFNγ (1 ng/mL)

combination (n = 3 independent experiments). I Immunoblot showing indicated
proteins in A549 cells treated with poly(dA:dT) (1μg/mL) for 4 h in the presence of
24h pre-treatment of birinapant (500 nM) plus IFNγ (1 ng/mL) in combination with
Ocla (10μM), Tofa (10μM),orH151 (5μM) as indicated. J–LBar graphs showing JAK-
and STING-dependency of birinapant-induced expression of IFNβ (J), CXCL10 (K),
andCCL5 (L) by qPCR in A549 cells treatedwith poly(dA:dT) (1μg/mL) for 4 h in the
presence of 24h pre-treatment of birinapant (500 nM) plus IFNγ (1 ng/mL) in
combination with Ocla (10 μM), Tofa (10μM) or H151 (5μM) (n = 3 independent
experiments). Source data are provided as a Source Data file. For (A, E, and I), data
are presented as one representative blot of n = 3 independent experiments. For
(B–D, F–H, and J–L), data are presented as mean values ± SD. P-values were cal-
culated by unpaired Student’s t test with two-tailed analysis without adjustments.
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cytokines and chemokine genes, such as IFNβ, CXCL10 and CCL5
(Fig. 4B–D). These results suggest that IAP inhibition not only restores
STING expression but also reactivates STING-mediated DNA-sensing
signaling in response to cytosolic DNA and 2’,3’-cGAMP, which could
be induced by an IAP inhibitor or IFNγ treatment (Supplementary
Fig. S8), or may arise from LKB1-mut tumor intrinsic genome
instability51.

Upon further STING activation using poly(dA:dT), an exo-
genous dsDNA, we found that the combination treatment of bir-
inapant and IFNγ significantly augmented dsDNA-induced TBK1
and IRF3 phosphorylation (Fig. 4E) and the expression of IFNβ,
CXCL10 and CCL5 (Fig. 4F–H). The augmentation effect of the
TBK1-IRF3 signaling by the combination of birinapant and IFNγwas
not limited to A549 cells. Similar effects were observed in addi-
tional LKB1-mut cells at the basal level (Supplementary Fig. S9A–D)
or with dsDNA stimulation (Supplementary Fig. S9E–H). In addi-
tion, the birinapant and IFNγ combination treatment also sig-
nificantly enhanced LKB1-mut cells’ response to ADU-S100, a
synthetic cyclic dinucleotide STING agonist dithio-(RP, RP)-
[cyclic[A(2′,5′)pA(3′,5′)p]] (also known as ML RR-S2 CDA, MIW815,
or ADU-S100)52, as shown by increased TBK1 and IRF3 phosphor-
ylation (Supplementary Fig. S9I). Further, we found that a JAK or
STING inhibitor abolished TBK1 and IRF3 phosphorylation (Fig. 3I)
and the expression of IFNβ, CXCL10, and CCL5 (Fig. 4J–L) induced
by dsDNA, indicating the underlying JAK- and STING-dependency.
Altogether, these results suggest that LKB1-mut cells with STING
downregulation have impaired DNA-sensing signaling, which can
be rescued by IAP inhibition through the IFNγ-JAK-STAT pathway-
mediated STING expression.

IAPi induces STING-mediated apoptosis of LKB1-mut cells and
chemotaxis of immune cells in vitro
To explore the functional consequenceof IAP inhibitor-induced STING
expression and activation, we examined the fate of LKB1-mut cells and
immune cell infiltration in vitro. STING activation was shown to induce
apoptosis in a context-specific manner53–56. Given that IAP inhibitors
enhanced STING expression and activation in combination with IFNγ,
we sought to determine whether the combination of an IAP inhibitor
with IFNγ would affect apoptosis of LKB1-mut cells. We found that
birinapant alone did not lead to significant cell death, while the com-
bination of birinapant with IFNγ induced significant caspase3/7 acti-
vation in LKB1-mut A549 cells (Fig. 5A, B). Similar effects of the
birinapant and IFNγ combination on caspase3/7 activation were also
observed in additional LKB1-mut cells (Supplementary Fig. S10A, B).
Such a combination effect was significantly attenuated upon STING
inhibition by H151 (Fig. 5C, D). These results reveal that IAP inhibition
can synergize with IFNγ to induce apoptosis of LKB1-mut tumors in a
STING-dependent manner.

Given that STING-mediated CXCL10 and CCL5 chemokines
are involved in immune cell chemotaxis57,58, we examined the
potential functional consequence of IAP inhibitor-induced STING
expression on immune cell chemotaxis in a 2D transwell assay. As
shown in Fig. 5E, the birinapant treatment significantly promoted
the migration of IL2- and anti-CD3-activated Jurkat T cells from
the upper chamber to the cancer cell culture in the bottom
chamber (Fig. 5F, G and Supplementary Fig. S10C). Similar effects
of birinapant-induced immune cell migration were observed for
CD56+ NK92-MI cells, or with additional dsDNA stimulation
(Fig. 5F, G and Supplementary Fig. S10D–F). However, a JAK
inhibitor or STING antagonist abolished the birinapant-induced
immune cell migration (Fig. 5F, G and Supplementary
Fig S10D–F). These results suggest that IAP inhibitor-induced
STING expression and reactivation can augment immune cell
migration in vitro.

IAP inhibitor induced tumor immune response in vivo in LKB1-
mut mouse models
To determine the functional consequence of targeting the rewired
LKB1-cIAP1-JAK1 trimolecular complex in an in vivo setting, we
examined the anti-tumor activity of IAP inhibitors using our
developed LKB1-mut mouse model36,59. First, we found that
WRJ388, a mouse tumor-derived cancer cell line isolated from our
KrasG12D/Lkb1-/-/p53WT GEMM36, has downregulated STING expres-
sion as compared to KW634 cells60 (KrasG12D/Lkb1WT/p53-/-) (Sup-
plementary Fig. S11A, B). Moreover, IAP inhibitors in combination
with mouse IFNγ significantly induced STING expression (Supple-
mentary Fig. S11C, D) and CCL5 expression (Supplementary
Fig. S11E) in Lkb1-mut WRJ388 cells. These results suggest that
WRJ388 cells can recapitulate not only the LKB1-mut and STING-
downregulation genotype-phenotype relationship observed in
human LUAD patients but also the IAP dependency as shown in
human LKB1-mut cells.

Using the allograft model with WRJ388 cells, we assessed the
antitumor activity of birinapant in LKB1-mut background in vivo.
Murine WRJ388 cells were subcutaneously injected into the immuno-
competent mice, followed by birinapant treatment (Fig. 6A). Treat-
ment with birinapant led to a ~ 42% reduction in tumor volume from
~ 300 to ~ 175mm3, which is ~ 4.4-fold less than the vehicle control at
the endpoint, indicating a significant anti-tumor effect (Fig. 6B). By
contrast, no significant tumor shrinkage was observed with the bir-
inapant treatment in the immune-deficient nude mice (Fig. 6C).
Therefore, birinapant exhibits immune-dependent anti-tumor activity
in vivo.

Tumor samples from the immune-competent mice were then
analyzed to determine the effect of birinapant on the tumor
immune microenvironment. Immunohistochemistry staining
showed a significant increase in the number of tumor-infiltrating
CD8+ T cells upon birinapant treatment (Fig. 6D). This increase in
tumor-infiltrating CD8+ T cells was confirmed using unbiased
single-cell mass cytometry profiling (Fig. 6E, F and Supplementary
Data 4). Significantly, birinapant treatment restored STING
expression in vivo, supporting the results from the in vitro studies
(Fig. 6G). Further, the depletion of CD8+ T cells markedly reduced
the antitumor efficacy of birinapant (Fig. S11F). Altogether, these
results demonstrate that targeting the aberrant LKB1-cIAP1-JAK1
trimolecular complex, such as using an IAPi birinapant, restores
STING expression in LKB1-mut tumors and leads to enhanced
cytotoxic T cell infiltration and immune-dependent anti-tumor
activity in an immune-competent mouse model.

To further examine whether IAPi could enhance the ther-
apeutic effect of the immune checkpoint inhibitor in LKB1-mut
tumors, we established a CMT167 cell-based mouse model that
recapitulated the immunotherapy resistance phenotype of
patients. We found that the LKB1-KO CMT167 cells showed sig-
nificantly enhanced in vivo tumorigenicity capacity than the LKB1-
WT control in the immune-competent mice (Supplementary
Fig. S11G). Moreover, the LKB1-KO CMT167 cells showed resis-
tance to anti-PD1 (200 µg/mouse) immunotherapy treatment
(Fig. S11G, H). For potential translational studies, we selected a
clinical-stage IAPi, AT406 (Fig. 2D), for the following combination
test with an anti-PD1 agent. While treatment of an IAPi AT406
alone slightly slowed down the growth of the LKB1-KO CMT167
tumor as compared to the DMSO control, the combination of
AT406 with anti-PD1 lead to a significant synergistic anti-tumor
effect (Supplementary Fig. S11H). Further, depletion of CD8+, but
not CD4+, T cells significantly abolished the anti-tumor activity of
the AT406 and anti-PD1 combination treatment (Supplementary
Fig. S11I), suggesting the underlying immune killing effect and
CD8+ T cell-dependency.
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LKB1 status controls the cIAP1-JAK1 interaction and the JAK1-
STING signaling
The molecular and cellular functional studies, coupled with in vivo
data, revealed the IAP-STING regulatory axis as a potential immune-
dependent vulnerability created by the aberrant LKB1-cIAP1 PPI in
LKB1-mut cells. The action of IAPi appears to be associated with the
IFNγ-JAK-STAT signaling pathway. Therefore, we next examined the
potential molecular mechanism that bridges the LKB1-IAP PPI to the
JAK-STAT-STING axis with a cIAP1-directed PPI profiling assay.

From the binary interaction studies between cIAP1 and the IFNγ-
JAK-STAT pathway proteins with a robust TR-FRET PPI assay38,61–63, we
found that cIAP1 strongly interacted with LKB1 and JAK1, respectively
(Fig. 7A and Supplementary Fig. S12A), suggesting an intricate

interplay among LKB1, cIAP1, and JAK1. The binary cIAP1-JAK1 PPI was
further confirmed by a GST-beads affinity pulldown assay with the
overexpressed proteins (Fig. 7B) and a co-immunoprecipitation assay
with the endogenous proteins (Fig. 7C). These results support the
physical interaction of JAK1 with cIAP1 under physiologically relevant
conditions.

To understand the structural basis of the interaction, truncation
studies were performed with cIAP1 domains (Fig. 1D). We found that
JAK1 was associated with the N-terminal domain of baculoviral IAP
repeats (BIR), particularly the BIR1-2 domain (Fig. 7D, E), which is the
same binding domain as LKB1 (Fig. 1E, F). These results imply that LKB1
and JAK1 may compete for interaction with cIAP1. In support of this
notion, the level of JAK1wasdecreased in the cIAP1 complexuponLKB1

DMSO
birinapant

40 44 48 52 56 60 64 68 72
0

200

400

600

Time (h)
Ap

op
to

tic
 c

el
lc

ou
nt

s

DMSO
birinapant
IFN�
birinapant+IFN�

C
as

pa
se

3/
7

Ph
as

e

A549

DMSO birinapant DMSO birinapant
PBS IFN�

Ap
op

to
tic

 c
el

lc
ou

nt
s

PBS IFN� PBS IFN�
H151

C
as

pa
se

3/
7

Ph
as

e

control
DMSO birinapant DMSO birinapant

PBS IFN�

C
as

pa
se

3/
7

Ph
as

e

H
151

A549
+

Jurkat T

a b c d

a b c d

Jurkat T

A549

Microscpe
objective

20X

DMSO birinapant
birinapant
+H-151

birinapant
+JAKi

A549
+poly(dA:dT)

e f g h

e f g h
(c

ou
nt

)

200�m

+Jurkat T

control

A B

C D

E F G

Ju
rk

at
 T

100�m

100�m

0

100

200

300

Ju
rk

at
T

(c
ou

nt
)
0

250
500
750

1000

p=
8.

7e
-0

5

p=8.75e-12

p=
3.

4e
-0

7
p=

3.
1e

-0
7

p=
3.

9e
-0

6

p=2.03e-05

p=
0.

00
01

p=
0.

00
01

p=
0.

00
07

p=
0.

00
12

p=
0.

00
12

0
250
500
750

1000
1250

Fig. 5 | Birinapant induces STING-mediated apoptosis of LKB1-mut cancer cells
and chemotaxis of immune cells in vitro. A Time-dependent curve of apoptotic
cell counts of A549 cells treated with birinapant (500nM), IFNγ (1 ng/mL) or in
combination. (n= 3 independent biological replicates using different passages of A549
cells). B Representative images showing apoptotic A549 cells treated with birinapant
(500nM), IFNγ (1 ng/mL), or in combination. Scale bar: 100μm. C Bar graph showing
birinapant-induced STING-mediated cancer cell apoptosis. A549 cells were treated
with birinapant (500nM), IFNγ (1 ng/mL), H151 (5μM,) or in combination as indicated
for 72h. (n=4 independent experiments). D Representative images showing apop-
totic A549 cells treated with birinapant (500nM), IFNγ (1 ng/mL), H151 (5μM), or in
combination as indicated for 72h. Scale bar: 100μm. E Schematic illustration of
transwell assays for measuring immune cell infiltration in vitro. F Representative

images showing birinapant-induced Jurkat T cells migration. A549 cells (red) and
Jurkat T cells (green) were co-cultured in transwell as shown in (E) and were treated
with birinapant (100nM), poly(dA:dT) (1μg/mL), or in combination with H151 (5μM),
or JAK inhibitor (JAKi), tofacitinib (10μM), for 48h, labeled as the letters a-h. A549was
labeled with Nuclight Red fluorescence protein, and Jurkats were pre-labeled with
CellTracker™ Green CMFDA Dye. IL2 and anti-CD3 antibody were used to activate
Jurkat T cells. Scale bar: 200μm.G Bar graph showing the quantification of infiltrated
Jurkat T cells in transwell-based migration assays. The letters a-h in lowcase were
corresponding to the conditions of F (n= 3 independent experiments). Source data
are provided as a Source Data file. For (A, C, andG), data are presented as mean±SD.
P-values were calculated by unpaired Student’s t test with two-tailed analysis without
adjustments.

Article https://doi.org/10.1038/s41467-025-57297-5

Nature Communications |         (2025) 16:2324 8

www.nature.com/naturecommunications


overexpression (Fig. 7F). These results confirmed the cIAP1-JAK1
interaction, which appears to be mutually exclusive with the LKB1-
cIAP1 interaction. A similar interaction mode was detected between
cIAP2 and JAK1 (Supplementary Fig. S12B–D).

Due to the competitive nature of LKB1 and JAK1 for cIAP1 inter-
action, the state of LKB1 interaction with cIAP1 may affect how cIAP1
regulates JAK1 and the IAP dependencyof cells. To test this, we utilized
both genetic and pharmacological perturbation approaches to exam-
ine the effect of the LKB1 and IAP1 status on JAK1 and its signaling. First,
genetic knockdown of LKB1 led to a significant decrease in JAK1 pro-
tein, but not mRNA, suggesting a loss of JAK1 protein stability and
function (Fig. 7G, H). Supporting this result, the knockdown of LKB1
impaired IFNγ signaling response, as shown with reduced STAT1
phosphorylation (Fig. 7G). Conversely, while overexpression of LKB1-
WT sensitized IFNγ signaling, asmeasured by the STAT transcriptional
reporter activity (Fig. 7I). Second, we found that birinapant, which
degrades cIAP1 and thus disrupts the cIAP1-JAK1 PPI, rescued the
expression of JAK1 protein, but not mRNA, in LKB1-mut cells (Fig. 7J–L
and Supplementary Fig. S12E, F). This birinapant-induced increase in
JAK1 protein level is likely due to the stabilization of JAK1 protein
through inducing cIAP1 autodegradation anddisrupting cIAP1-JAK1 PPI
(Fig. 7L and Supplementary Fig. S12G). Furthermore, the upregulation
of JAK1 with the birinapant treatment was correlated with significant
downstream signaling activation, as shown by increased IFNγ-induced
STAT1/3 phosphorylation (Fig. 7M and Supplementary Fig. S12H),
STAT transcriptional reporter activity (Supplementary Fig. S12I, J), and
the expression of target genes IRF1 and TAP1 (Fig. 7N-O and Supple-
mentary Fig. S12K, L). Further, we found that cIAP1 can be tyrosine
phosphorylated by JAK1, while treatment with a JAK1 inhibitor, rux-
olitinib, decreased cIAP1-JAK1 PPI and cIAP1 phosphorylation (Sup-
plementary Fig. S12M). These results suggest that lung cancer cells
with LKB1 mutations have rewired cIAP1-JAK1 PPI, leading to impaired
IFNγ-JAK-STAT signaling.

These data suggest that in LKB1-WT cells, LKB1 sequesters cIAP1
from the JAK1 complex, maintaining functional IFNγ-JAK-STAT signal-
ing and the basal level of STING. Loss of LKB1 in LKB1-mut cells permits
cIAP1 to bind and degrade JAK1, impairing the JAK-STAT signaling, and

leading to STING downregulation. This IAP-induced JAK-STING path-
way silencing canbepharmacologically reversedby smallmolecule IAP
inhibitors.

Discussion
Rewiring of tumor intrinsic circuitry enables cancer cell avoidance
from immune attacks, ultimately leading to therapeutic failure10–12. For
example, lung adenocarcinomas harboring mutations in LKB1 are
highly aggressive, treatment-refractory, and insensitive to immune
checkpoint inhibitors9,24–26, representing amajor clinical challenge. It is
urgent to develop targeting strategies to enhance tumor response to
therapies. Altogether, the discovery of rewired LKB1-cIAP1 OncoIm-
mune PPI (Fig. 1), and the identification of IAP inhibitors as small
molecule immune response sensitizers in LKB1-mut LUAD cells (Fig. 2),
convergently point to a hypothesis that LKB1-mut tumors with aber-
rant LKB1-cIAP1 PPI may develop IAP-dependency that can be exploi-
ted as therapeutic target in an immune-dependent manner. This LKB1-
mediated OncoImmune PPI network further expanded our previously
identified LKB1 interactome landscape and suggested LKB1 as a major
oncogenic PPI hub protein38.

Previous studies have identified several potential therapeutic
vulnerabilities, such as HSP90, in LKB1 mutant lung cancer using
cancer cell linemodels, while the complex immunemicroenvironment
remained to be determined due to the use of cancer cell alone
culture28,32,64–66. Our studies with the OncoImmune PPI and HTiP
approaches uncovered IAP and IAP-regulated JAK1-STING innate
immunity pathway as an immune-dependent vulnerability in LKB1
mutated lung cancer cells for overcoming the immunotherapy resis-
tance. Mechanistic examination revealed an intricate dynamic protein
interaction hub by which LKB1 interacts with IAP in competition with
JAK1, which offers a working model that the loss of LKB1 in LKB1-mut
cancer cells allows IAP to engage JAK1 to control JAK1-mediated IFNγ
response and the effector STING pathway, underpinning the IAP
dependency. In support of this model, pharmacological inhibition of
IAP with birinapant synergizes with IFNγ to reverse STING expression
and function to promote tumor cytotoxic T cell infiltration and induce
apoptotic death of LKB1-mut lung cancer cells. Importantly, such an
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immune-dependent mode of action of IAP inhibitors in LKB1-mut
cancer cells revealed by the HTiP approach is strongly supported by
in vivo data. Birinapant effectively induced shrinkage of LKB1-mutant
tumors in an immune-competent mouse model while showing no
effect in an immune-deficient nude mouse model, presenting a
potential therapeutic strategy for lung cancer patients with
mutated LKB1.

The regulatory complex uncovered in our study couples the
status of IAP to the activation state of the JAK1-STING pathway.
Downregulation of tumor intrinsic STING expression has been
frequently observed in many tumor types27,28,67–70. However, the
regulatory mechanisms underlying STING expression control are
context-dependent and remain to be elucidated28,71–73. In the

context of LKB1-mut LUAD, STING expression downregulation has
been associated with transcriptional repression27,28. Distinct from
the previously identifiedmechanism of epigenetic reprogramming
mediated by DNMT1 and EZH228,74, our data reveal a transcriptional
program by which the IFNγ-JAK-STAT immune response signaling
pathway dictates the STING expression in LKB1-mut cells. Our data
further suggest that tumor intrinsic STING expression could be a
potential biomarker for immune responsiveness, while restoring
STING expression could be effective therapeutic strategies in
LKB1-mut LUAD. Our study offers alternative approaches with the
JAK1-directed mechanisms to reactivate the STING pathway in
various tumors, which may be synergistic with the reported epi-
genetic modulation approach.
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experiments). J, K JAK1 protein (J) and mRNA expression (K) (n = 3 independent
experiments) upon IAP inhibitor treatment in A549 cells treated with IAP inhibitors
(500 nM) as indicated for 24 h. L JAK1 ubiquitination in A549 cells with 18 h bir-
inapant (500nM) followed by 6-hour MG132 (20 μM) treatment. M Immunoblot
showing indicated proteins in A549 cells treated with IFNγ (1 ng/mL) or PBS for 1 h
with (+) or without 24 h pretreatment of birinapant (500nM). N, O IRF1 (N) and
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representative blot of n = 3 independent experiments. For (H,K, andN,O), data are
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test with two-tailed analysis without adjustments.
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Dysregulation of IAP and JAK has been identified in a number of
tumor types. For example, overexpression of IAPs has been linked to
tumor progression, evasion of apoptosis, and poor prognosis75–77. On
the other hand, the loss-of-function JAK mutations have been asso-
ciated with immune evasion and primary resistance to
immunotherapy13. In contrast to the aberrant IAP and JAK function due
to alterations at the genetic level, our data suggest that cIAP1 and JAK1
may be dysregulated at the protein level via rewired protein-protein
interactions. Our study suggests that sequestration of IAP1 by LKB1
helps maintain a functional IFNγ-JAK-mediated immune response in
LKB1-WT cells, whereas, in LKB1-mut cells, IAP1 directly impinges on
JAK1 and impairs tumor immune response. Thus, IAP’s pro-oncogenic
activity could be enhanced by the loss of its bound LKB1 in LKB1
mutant cancer, while JAK1 could be directly weakened by IAP interac-
tion, leading to STING suppression and immune resistance. These
results implicate that suchan immune response regulatorymechanism
at the JAK1 protein level might be a general phenomenon in other
tumor types with WT JAK114. Moreover, the rewired JAK1 PPIs, such as
IAP1-JAK1 in LKB1-mut cells, might be a promising therapeutic target,
inhibition of which may sensitize tumors for enhanced immune
response. Like the demonstrated IAP inhibitors, the IAP/JAK1 PPI
antagonistsmayhave thepotential to specifically re-activate the STING
activity for therapeutic development.

The discovered IAP-JAK1 interaction suggests an emerging path-
way for the action of IAP inhibitors as anticancer immune enhancers.
IAP inhibitors, also known as SMAC mimetics, have been studied
extensively as potential anti-tumor agents78–83. IAP inhibitors were
designed to block the inhibitory effect of IAP on caspase-mediated
apoptosis signaling and thus promote cell death. Our data suggest that
IAP inhibitors alone have minimal cell death-inducing effect on LKB1-
mut tumors. However, immune factors, such as IFNγ, is required for
IAP inhibitors to achieve their potent anti-tumor effect. IAP inhibitors
synergize with IFNγ to activate the RIPK1-dependent cell death path-
way in a colon cancer cell model. In LKB1-mut LUAD tumors, however,
the IAP inhibitor and IFNγ combination is JAK1-dependent involving
the STING activation. Thus, the effect of the IAP inhibitor and IFNγ
combination on its effector signaling could be context-dependent,
adding another layer of complexity to the emerging immunomodula-
tory activities of IAP inhibitors40,47,84–88.

Our results may have significant implications for the treatment
of immune cold tumors. LKB1-mut LUAD has been characterized to
exhibit an immune suppressive phenotype with multiple immune-
cold features, such as low PD-L1 expression, low tumor mutational
burden, altered proinflammatory cytokine profiles, reprogrammed
immune infiltration, remodeled extracellular matrix, and recently
demonstrated STING expression downregulation9,27–29,32–36. There-
fore, effective strategies that re-inflame LKB1-mut tumorsmay have
significant therapeutic potential. Our data suggest that IAP inhibi-
tors may impact both immune infiltration and tumor-killing phase
in part through restoring tumoral STING expression, reinvigorating
STING-mediated DNA-sensing pathway, re-inducing innate immu-
nity cytokine and chemokine production, promoting chemotaxis of
immune cells, and re-sensitizing tumors to IFNγ-mediated immune
responsiveness. Our data suggest that IAP inhibitors may be pro-
mising immunotherapy adjuvants with immune checkpoint inhi-
bitors or STING agonizts to further overcome LKB1-mut-associated
immune resistance.

To further determine the translational potential of our findings,
future studies with long-term survival experiments in more disease-
relevant GEMMmodels areneeded. Inour in vivo study, themice in the
control group reached the maximal tumor burden permitted in a
short-term within two weeks. Therefore, we evaluated the in vivo
efficacy of IAP inhibitors within the same short-term treatment, and
collected paired tumor samples to gain mechanistic insights into the
LKB1-IAP-JAK regulatory complex in LKB1 mutated tumors. However,

we recognize the importance of long-term survival studies to com-
prehensively evaluate the in vivo efficacy of IAP inhibitors and its
combination effect with anti-PD1 immunotherapy for clinical transla-
tion. In addition, we used subcutaneous syngeneic mouse models,
which may have distinct immunological profiles as compared to the
orthotopic GEMM models. Future studies using additional LKB1-mut
LUADGEMMmodels by considering the clinically relevant co-occuring
mutated genes, such as KRAS and TP53, are needed to delve deeper
into the long-term effect and to determine potential treatment-
associated adaptive resistance mechanisms.

Methods
Ethics statement
This research complies with all relevant ethical regulations. All animal
studies were approved and conducted according to the Emory Uni-
versity Institutional Animal Care and Use Committee (IACUC) guide-
lines. A cumulative tumor burden scoring system was used for
comprehensive assessment of the animal’s condition related to tumor
development, including tumor size limit of 18–20mm, body weight,
tumor ulceration, mobility and other body conditions. Human per-
ipheral blood mononuclear cells from healthy volunteer donors were
purchased from ATCC.

In vitro cell culture
All cell lines were incubated at 37 °C in humidified conditions with 5%
CO2. Human embryonic kidney 293 T cells (HEK293T; ATCC, CRL-3216)
were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM;
Corning, #10-013-CV). Human non-small cell lung cell lines, including
A549 (ATCC, CCL-185), Calu-1 (ATCC, HTB-54), H1299 (ATCC, CRL-
1848), H1755 (ATCC, CRL-5892), H1792 (ATCC, CRL-5895), H1944
(ATCC, CRL-5907), H23 (ATCC, CRL-5800), H292 (ATCC, CRL-1848),
and H460 (ATCC, HTB-177), were cultured in Roswell Park Memorial
Institute(RPMI) 1640medium. The isogenic LKB1-wildtype andmutant
cells were generated by lentivirus-transduction of corresponding
shRNA or cDNA plasmids in the parental cells. Human immune cells,
including Jurkat T cell (ATCC, TIB-152), NK92-MI (ATCC, CRL-2408),
peripheral blood mononuclear cells (normal PBMC, ATCC, PCS-800-
011), CD8+ T cells (Stemcell, 200-0164) and CD56+ NK cells (Stemcell,
70037) were cultured in RPMI-1640medium. Cell culture mediumwas
supplemented with 10% fetal bovine serum (ATLANTA biologicals,
#S11550) and 100 units/ml of penicillin/streptomycin (Cell Gro, Cat#
30-002-CI). All cell lines were authenticated via short tandem repeat
(STR) profiling at regular intervals to confirm their identity. We routi-
nely tested all cell lines for mycoplasma contamination using PCR-
based MycoStrip® by InvivoGen kit (Cat# rep-mysnc-100).

Cell line and mouse model for in vivo studies
Mouse lung adenocarcinoma cells, WRJ38859 and KW634 (generous
gifts from Dr. Kwok-Kin Wong)89 were cultured in RPMI-1640medium.
CMT167 cells (CancerTools, Cat. #: 151448) were cultured in a DMEM
medium. CMT167 cells were derived from metastasizing mouse lung
cancer CMT64 cells and carry KRASG12V mutation, and are TP53- and
LKB1-WT90–93. CMT167 LKB1-WT scramble control and the isogenic
LKB1-knockout cells were generated by lentiviral-based CRISPR/Cas9
technique with sg RNA targeting mouse LKB1 or non-target control
(Applied Biological Materials, cat# 45728114 and K010). Five- to 6-
week-old male athymic nude mice (18–20 g) were purchased from
Harlan Laboratories. Syngeneic immune-competent KL (KrasG12D/
Lkb1-/-) femalemicewere generated fromKrasG12DLkb1fl/flRosa-lucGEMM
(KL-GEMM) model36,59. Eight-week-old C57BL/J6 mice were purchased
from The Jackson Laboratory.

Plasmids
Plasmids for mammalian expression of Glutathione S-transferase-
(GST), Nanoluc (NLuc-), Venus-Flag- (VF), and Human influenza
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hemagglutinin- (HA) tagged proteins were generated using the Gate-
way cloning system (Invitrogen, Waltham, MA, USA) according to the
manufacturer’s protocol. TheWT STK11 (LKB1) gene in pDONR223 was
purchased from the OpenBiosystem Kinome Entry ORF set. Other
genes, such as OncoImmune-related genes, in pDONR221, were pur-
chased from Human ORFeome V8.1 set. HA-Ubiquitin was purchased
from Addgene (#18712)94. The LKB1 and cIAP1 domain truncations in
pDONR223 were generated using PCR and Gateway cloning system.
The LKB1 mutations, including K78I and nonsense mutations, were
introduced using QuikChange Lightning Site-DirectedMutagenesis Kit
(Agilent Technologies, Cat# 210518). STING and LKB1 cDNA were
cloned into pHAGE (plasmid HIV-1 Alex Gustavo George Enhanced)
lentiviral vector for lentivirus packaging. Plasmids for shRNA knock-
downwere purchased from theMISSON shRNA library (Sigma-Aldrich,
see Supplementary Data 5). All the plasmids were confirmed by
sequencing.

Transfection
Polyethylenimine(PEI, Cat#23966) transfection reagent was used for
plasmid transfection inHEK293T cell. FuGeneHD (Roche, Cat# E2920)
was used in a ratio of 3μl to 1μg DNA for transfection in other
cancer cells.

Onco-Immune PPI mapping
We used BRETn technology in a miniaturized uHTS 1536-well plate-
based format to assess PPIs between LKB1 and tumor-intrinsic
immune-response pathway proteins in live cells. NLuc- and Venus-
fusion proteins allow streamlined monitoring of protein expressions
simultaneously with BRET signal detection in a simple add-and-read
mode. Briefly, HEK293T cells (1500 cells in 4μl per well) were cultured
in 1536-well plates at 37 oC before they were co-transfected in wells
with Venus-tagged OncoImmune-related genes in combination with
NLuc-tagged STK11 genes using Linear polyethylenimines (PEIs, Poly-
sciences, 23966). Transfection was performed by adding 1μl mixture
of PEI (30 ng/μl) and DNA (10 ng/μl) to 4μl cell culture, assisted by
robotic operations with the Biomek NXP Lab Automation Workstation
(BeckmanColter). BRET saturation assaywas performed by titration of
DNA amount to achieve various NLuc- and Venus-tagged gene
combinations.

After incubation for 48h, Nano-Glo® luciferase substrate fur-
imazine (Promega, N1120) was added to the cells directly. The donor
luminescence signal at 460 nm and acceptor emission signal at 535 nm
were measured immediately using an Envision Multilabel plate reader
(PerkinElmer). The BRETn signal is expressed as the ratio of light
intensity measured at 535 nm over that at 460nm. The specific BRETn

signal for the interaction of two proteins is expressed as net BRETn,
which is defined as thedifference inBRET signalwith the co-expression
of two proteins and expression of the negative control NLuc-
protein only.

The relative amount of NLuc-tagged protein expression was
measured by the luminescence signal at 460 nm (L460) during
the BRETn signal measurement in the 1536-well white plate
(Corning, 3727); while the Venus acceptor protein expression was
detected by the Venus fluorescence intensity (FI) with excitation
at 480 nm and emission at 535 nm in 1536-well black clear-bottom
plate (Corning, 3893). Cells were seeded and transfected side-by-
side under the same conditions for the 1536-well white plate for
BRETn measurement and black plate for Venus FI measurement.
The ratio of relative amount of acceptor over donor protein
expression (Acceptor/Donor) was defined as Venus FI/L460.
This intensity ratio should be proportional to the acceptor/
donor ratio.

The PPI signal was quantified by fitting BRETn saturation curves,
including one curve for PPI and two curves for empty NLuc (ctrl1) and
Venus (ctrl2) controls, with each in four replicates. The saturation

curves are based on the equation

Y =
BRETmax � X
BRET50 +X

ð1Þ

where Y is net BRETn, and X is Acceptor/Donor. The negative X and Y
values were excluded from the analysis. For quantitative analysis, the
area under the curve (AUC) was computed as ameasurement of BRETn

signal, as AUC integrates both the amplitude and shape of the
saturation curve95,96. The fold-of-change (FOC) was calculated as
AUCPPI/AUCmax(ctrl1, ctrl2) to express the difference between PPI and
empty vector controls, and statistical significance (PFOC) was calcu-
lated using Student’s t-test to estimate the likelihood that AUCPPI is
different from the AUCctrl1&ctrl2.

Immune and tumor cell co-culture assay
PBMCs, primary CD8+ T cells or CD56+ NK cells as effector immune
cells, and various human lung adenocarcinoma cells as target cells
were used for co-culture assays. Tumor cells were seeded at a specific
density in 384-well cell culture plate (Corning #3764). Twenty-four
hours later, the effector were then thawed and co-cultured in RPMI-
1640 medium with tumor cells in a dose-dependent manner for four
days. CD3 monoclonal antibody (100 ng/mL, OKT3, ThermoFisher)
and human recombinant interleukin-2 (10 ng/mL, PeproTech) were
used as activation cocktail to activate immune cells to supply immune
killing factors, such as Perforin and Granzyme B.

Cell proliferation measurement
The co-culture assay plates were imaged using the IncuCyte® S3 Live-
Cell Analysis System (Essen Biosciences). The cancer cell proliferation
was monitored and characterized as the percentage of confluence
using the IncuCyte® basic analysis module. Because of the size dis-
tinction between effector immune cells and target cancer cells, the
area filter of > 400μm2 was used to select cancer cells that are larger
in size.

Cell viability measurement
Cell Titer Blue (Promega, G8081) was added to each well. The plates
were incubated for desired time at 37 oC to allow the generation of
sufficient signal within the linear range. The fluorescence intensity of
each well was read using an PHERAstar FSX multi-mode plate reader
(Ex 545 nm, Em 615 nm; BMG LABTECH). The cancer cell viability was
determined using Cell Titer Blue assay by subtracting the background
signal from the PBMC alone control.

High-throughput immunomodulator phenotypic (HTiP) screen
The primary HTiP screenwas performed40. Briefly, parental H1755 cells
harboring LKB1 mutation were seeded in 384-well cell culture plate
(2000 cells/well in 40μl medium; Corning, Cat#3764) and co-cultured
with PBMCs (1000 cells/well in 10μl media containing the activation
cocktail). The 2036 Emory Enriched Library (EEL) compounds (100nl)
were used40–42. Compounds were added into wells in each plate using
Biomek NXP Automated Workstation (Beckman) from a compound
stock plate to give the final concentration of 2 μM.A parallel screening
was performed with H1755 cells alone (2000 cells/well) in 50 μl med-
ium containing the same amount of activation cocktail in the absence
of PBMCs. After 4 days of incubation, image-based cell proliferation
readouts followed by biochemical-based cell viability measurements
were used to examine the compound effect on cancer cell growth. The
percentage of control (%C) was calculated using the equation
100X(Scompound-Sblank)/(Spositive-Sblank) (2), where Spositive and Sblank are
the corresponding average of the cell fluorescence intensity for wells
with DMSO containing PBMCs/medium only or plus cancer cells,
respectively. The immune killing selectivity index was calculated using
the equation %C-PBMC/%C+PBMC (3).
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Quantitative real-time polymerase chain reaction (qPCR)
Total RNAwas isolated from cell lysates using E.Z.N.A.® Total RNA Kit I
(Omega, Cat# R6834-01) and digested with DNase I (Invitrogen, Cat#
18068-015). A total of 1μg RNA was subjected to cDNA synthesis using
SuperScript™ III First-Strand Synthesis System(Invitrogen, Cat#
18080051) followed the manufacture’s instruction. Reverse tran-
scribed cDNA or isolated cytoplasmic DNA was diluted 1:5 ~ 1:10 in
nuclease-free water. qPCRwas performed using SYBR Green Supermix
(Bio-rad, Cat# 1725272) in Mastercycler® RealPlex PCR System
(Eppendorf) with primers as listed in Supplementary Data 1. All the
primers were ordered from Eurofins Genomics LLC. (Louisville, KY,
USA). The following thermal cycling conditions were used for IFNβ:
50 °C for 2min; 95 °C for 10min; 40 thermal cycles (94 °C for 10 sec,
59 °C for 30 sec, 72 °C for 45 sec and 75 °C for 29 sec)97. For other
genes, the following thermal cycling conditions were used: 95 °C for
2min; 40 thermal cycles (95 °C for 15 sec, 60 °C for 15 sec and 72 °C for
20 sec). RNA expression was normalized to GAPDH expression. Data
were conducted a comparative analysis of relative expression by 2-ΔΔCt

method. Primer information of qRT-PCR was shown in Supplemen-
tary Data 1.

Isolation of cytoplasmic dsDNA
Cytoplasmic DNA was extracted by using mitochondrial DNA isolation
kit (BioVision, Cat# K280-50) according to the modified manu-
facturer’s instructions. Briefly, 0.5 × 106 cellswere lysedwith 1 × cytosol
extraction buffer, homogenized by dounce tissue grinder(50–70
times), and then the nuclei andmitochondrial fractions were removed
by centrifugation according to the manufacturer’s instructions. Cyto-
plasmic DNA from lysate was isolated by QIAamp DNA Mini Kit(QIA-
GEN, Cat# 51304). Isolated cytoplasmic DNA was purified by RNaseA
(Thermo Fisher Scientific, Cat# EN0531) to remove RNA contamina-
tion. The amount ofmtDNA in the cytosol was determined by qRT-PCR
using MT-ND1 primers. The amount of nuclear DNA in the cytosol was
determined by qRT-PCR using three different sets of primers designed
for different chromosomes as described previously28. The sequences
of the primers are listed in Supplementary Data 1. 40 ng DNA per well
template was used for PCR analysis as described in qRT-PCR.

Transcriptome (RNA-seq) analysis
The birinapant-induced immune-dependent transcriptome change
was analyzed by mRNA sequencing service at Novogene Corporation
Inc. (Sacramento, CA,USA). Briefly, LKB1-mut cancer cells were treated
by birianpant with or without PBMC co-culture for 24 hours. Then
immune cells were removed by washing monolayer cancer cells three
times with 1X PBS. The remaining surface-attached cancer cells were
harvested for RNA sample preparation. The total RNA was isolated
using E.Z.N.A.®TotalRNAKit I. RNA sequence readswerealigned to the
human reference genome (GRCh38). Significantly up- or down-
regulated differential expression genes (DEGs) were identified using |
log2(Fold-Change (FC)) | ≥ 1 and adjusted P-value ≤0.05. Pathway
enrichment analysis was performed using Metascape98.

Bioinformatics analysis
The Gene Set Enrichment Analysis (GSEA) analyses was performed as
described previously41. Briefly, the GSEABase package in R Studio was
used to score the indicating gene sets. TheHallmarkgene sets available
from the Molecular Signatures database (MSigDB)99 were used as the
reference gene sets. The rank of genes in indicating pathwayswas used
in accordance with the birinapant-induced immune-dependent DEGs,
or DEGs identified between LKB1-WT and LKB1-mut lung adenocarci-
noma patient samples from the Genomic Data Commons (GDC) Data
Portal (https://portal.gdc.cancer.gov/). The normalized enrichment
score (NES) was calculated to reflect the degree in which a set of genes
is overrepresented at the extremes (top or bottom) among the entire
ranked list. All GSEA analyses were performed strictly according to the

instructions (https://www.bioconductor.org/packages/release/bioc/
vignettes/GSEABase/inst/doc/GSEABase.pdf). As for statistical sig-
nificance, |NES | > 1 with a P-value and False discovery rate (FDR) < 0.05
was considered as significantly enriched.

Cell lysate-based affinity pulldown assay
Cell lysate-based affinity-pulldown assay was performed as we pre-
viously described38,41,61,62,100–104. Briefly, cell lysate were prepared in
nonidet P-40 (NP-40) lysis buffer (200 μL contains 1% NP-40 (IGEPAL
CA-630, Sigma-Aldrich), 20mM Tris-HCl, 150mM NaCl, 5% glycerol
and 2mM EDTA, supplemented with protease inhibitor cocktail
(Sigma-Aldrich, Cat# P8340), phosphatase inhibitor cocktail 2 (Sigma-
Aldrich, Cat# P5726), and phosphatase cocktail 3 (Sigma-Aldrich, Cat#
P0044)). Cell lysate were subjected to affinity-based pulldown using
glutathione-conjugated sepharose beads (GE, Cat# 17-0756-05) for
GST-pulldown, EZview Red Anti-Flag M2 Affinity Gel (Sigma-Aldrich,
Cat# F2426) for flag-immunoprecipitation, or EZview Red Anti-HA
Affinity Gel (Sigma-Aldrich, Cat# E6779) for HA-immunoprecipitation.
Cell lysate were incubated with beads at 4 °C for 2 h. Beads were
washed with NP-40 lysis buffer for three times. Pulldown or immuno-
precipitated protein complexwere eluted by boiling the beads at 95 oC
for 5min in 2x Laemmli buffer (Bio-rad, Cat# 1610737, supplemented
with 200mMDL-Dithiothreitol (DTT)). Samples were then analyzed by
SDS-polyacrylamide gel electrophoresis and immunoblotting with
desired antibodies.

Co-immunoprecipitation (Co-IP) with endogenous proteins
The endogenous co-IP assay was performed as described
previously41,62,100. Briefly, cell lysatewere prepared inNP-40 lysis buffer.
DTT (10mM) and N-Ethylmaleimide (5mM) were added for cell lysate
used for protein ubiquitination level measurement. Cell lysates with
total ~ 1.5mg of proteins were used for immunoprecipitation by incu-
bating with desired protein antibody or IgG control at 4 oC for 16 h.
Then, protein A/D agarose beads were added to the cell lysate and
antibody mixture for incubation at 4 oC for 1 h. Beads were then
washed with NP-40 lysis buffer three times. Immunoprecipitated
protein complex were eluted by boiling for 5min at 95 oC in 2x
Laemmli buffer without DTT. Then add DTT into the supernatant at a
final concentration of 20mM and then boil for another 5min at 95 oC.
Sampleswere analyzedby SDS-polyacrylamidegel electrophoresis and
immunoblotting with desired antibodies.

Time resolved-fluorescence resonance eEnergy Transfer (TR-
FRET) assay
TR-FRET assay was performed as previously described38. The FRET
buffer used throughout the assay contains 20mM Tris-HCl, pH 7.0,
50mM NaCl, and 0.01% NP-40. Cell lysate from HEK293T cells
expressingGST-tagged andVenus-flag (VF) taggeddonor and acceptor
proteins were prepared in 1% NP-40 buffer. Cell lysate were serially
diluted in FRET buffer and mixed with anti-GST-Terbium antibody
(1:2000, Cisbio US Inc, Cat# 61GSTTLB). The plate was centrifuged at
200xg for 5min and incubated at 4 oC for overnight. TR-FRET signals
were measured using the BMG Labtech PHERAstar FSX reader with the
HTRF optic module (excitation at 337 nm, emission A at 665 nm,
emission B at 620 nm, integration start at 50 μs, integration time for
150μs and 8 flashes per well). All FRET signals were expressed as a TR-
FRET ratio: F665 nm /F620 nm x 104.

Western blot (Immunoblot)
Proteins in the SDS sample buffer were resolved by 10% SDS poly-
acrylamide gel electrophoresis (SDS-PAGE) and were transferred to
nitrocellulose filter membranes at 100 V for 2 h at 4 °C. After blocking
the membranes in 5% nonfat dry milk in 1 × TBST (20mM Tris-base,
150mM NaCl, and 0.05% Tween 20) for 1 h at room temperature,
membranes were blotted with the indicated antibodies at 4 °C
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overnight. Membranes were washed by 1×TBST for three times, 15min
each time. SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo, #34580) and Dura Extended Duration Substrate (Thermo,
#34076) were used for developing membranes. The luminescence
images were captured using ChemiDoc™ Touch Imaging System
(Bio-Rad).

Antibodies for western blot
The following antibodies were used for western blot: Flag-HRP (Sigma,
Cat# A8592, dilution 1:4000), GST-HRP (Sigma, Cat# A7340, dilution
1:5000), GST(Cell Signaling Technology, Cat.# 2624S, dilution 1:1000),
Flag(Cell Signaling Technology, Cat.# 14793, dilution 1:1000), HA (Cell
Signaling Technology, Cat.# 3724S, dilution 1:1000), β-actin (Sigma,
Cat.# A5441, 1:5000 dilution), STING(Cell Signaling Technology, Cat.#
13647, dilution 1:1000), TBK1(Cell Signaling Technology, Cat.# 3504,
dilution 1:1000), phospho-TBK1(S172) (Cell Signaling Technology,
Cat.# 5483, dilution 1:1000), IRF3(Abcam, Cat.#ab68481, dilution
1:1000), phosphor-IRF3(S386)(Abcam, Cat.# 76493, dilution 1:500),
LKB1(Invitrogen, Cat.# AHO1392, dilution 1:500), JAK1(Cell Signaling
Technology, Cat.# 50996S, dilution 1:1000), JAK2(Cell Signaling
Technology, Cat.# 3230S, dilution 1:1000), TYK2 anitbody(Cell Sig-
naling Technology, Cat.# 14193S, dilution 1:1000),STAT1(Cell Signaling
Technology, Cat.# 9172S, dilution 1:1000), phosphor-STAT1(Y701)(Cell
Signaling Technology, Cat.# 7649S, dilution 1:1000), STAT3(Cell Sig-
naling Technology, Cat.# 4904S, dilution 1:1000), phosphor-
STAT3(Y705)(Cell Signaling Technology, Cat.# 9145S, dilution 1:1000),
cIAP1(Cell Signaling Technology, Cat.# 7065, dilution 1:1000), cIAP2(-
Cell Signaling Technology, Cat.# 3130, dilution 1:1000), XIAP(Cell
Signaling Technology, Cat.# 14334S, dilution 1:1000), Ubiquitin(Cell
Signaling Technology, Cat.# 3933, dilution 1:1000), anti-mouse IgG-
HRP (Jackson ImmunoResearch, Cat.# 115-035-003, dilution 1:5000),
and anti-rabbit IgG-HRP (Jackson ImmunoResearch, Cat.# 111-035-003,
dilution 1:5000).

Generation of lentivirus
HEK293T cells (5 × 106)were seededonto a 6-well plate and transfected
using PEI transfection reagent with 2μg of pHAGE-puro-lentivirus-
based expression vector, or shRNA or sgRNA vectors, together with
1.6μg pCMV-dR8.91 and 0.66μg of pCMV-VSVG105. Forty-eight to 72 h
after transfection, the conditioned media containing lentivirus parti-
cles were collected and centrifuged at 4 oC, 2500 × g for 15min. Then
media were filtered by 0.45μm PVDF filter (Millipore, Cat#
SLHV033RS) and stored at – 80 oC.

Interferon-stimulated response element (ISRE) and Interferon
Gamma-Activated Sequence (GAS) luciferase reporter assay
HEK293T cells transiently expressing GAS or ISRE-driven firefly luci-
ferase and internal control renilla luciferase or A549 cell stably
expressing GAS or ISRE-driven firefly luciferase were used for the
luciferase reporter assay. Cells were transfected with VF-tagged plas-
mids or treated with birinapant and/or IFNγ as indidated. Renilla and
Firefly luciferase activities were measured by an Envision Multilabel
plate reader (PerkinElmer) using and Dual-Glo luciferase kit (Promega,
Cat# E2920) according to the manufacturer’s instructions. The nor-
malized luminescence was calculated as the ratio of luminescence of
Firefly luciferase over the luminescence of Renilla luciferase for
HEK293T cells. For stable A549 ISRE- or GAS-luciferase reporter cells,
only the firefly luciferase signal was measured.

Cytosolic double-strand DNA Staining
Cells were cultured on chambered cell culture slides (ibidi, Cat#
80826). Cells were treatedwith indicated treatments or vehicle control
for 24 hours. Following the treatment, cells were incubated with cul-
ture media containing PicoGreen dsDNA stain (200-fold dilution)
(Thermo Fisher, Cat# P7581) for 1 h. Then cells were incubated with

RPMI1640 medium (without FBS) containing 200nM MitoTracker™
Red reagent (Thermo Fisher, Cat# M7512) for 20min. Then, cells were
fixed with 4% paraformaldehyde in PBS (Fisher scientific, Cat# 50-980-
487) for 10min. Cells were then washed twice with PBS and stained
with Hoechst 33342 (Thermo Fisher Scientific, Cat# H3570) for 10min.
The image was acquired using Nikon A1R HD25 inverted confocal
microscopes.

STING-HiBiT expression assay
STING-HiBiT-engineered cells were generated by essentially following
the protocol for CRISPR-mediated HiBiT tagging of endogenous pro-
teins (Promega)48. STING-HiBiT expression was monitored using the
Nano-Glo® HiBiT Lytic Detection System (Promega).

Apoptosis assay
The cell apoptosis assay was performed essentially by following
manufacturer’s protocol using Incucyte® Caspase-3/7 Green Dye
(SARTORIUS, Cat# 4440) (1:1000 dilution at final concentration of
5mM). Data was aquired and analyzed using IncuCyte® S3 Live-Cell
Analysis System.

Transwell-based cell migration assay
Chemotaxis of immune cells wasmeasured using a transwell-based cell
migration assay essentially by adapting previously described
methods106. Briefly, A549 Nuclight-red cells (SARTORIUS, #4491) was
plated at the bottom chamber of the transwell plate. Twenty-four
hours later, cells were treated with birinapant, JAK inhibitor, or STING
inhibitor as indicated followed by adding Jurkat T cells or NK92-MI
cells pre-labeldwithCellTracker™GreenCMFDADye (ThermoFisher, #
C2925) at the upper chamber. Forty-eight hours later, data was
acquired and analyzed using the ImageXpress Micro HCS Imaging
System.

cGAMP ELISA assay
The cellular 2’,3’-cGAMP level was quantified using the 2’,3’-cGAMP
ELISA kit from Cayman Chemical (#501700). Briefly, A549 cells were
seeded in 10 cm plates and treated with either Birinapant 500nM or
human IFNγ 1 ng/mL. Twenty-four hour after treatment, cells lysate
were prepared in PBS buffer supplemented with 1% NP-40. The cell
lysate was centrifuged at 10,000 × g, 4 oC for 10min, and the cleared
supernatant were subjected to the analysis. The 2’,3’-cGAMP levels in
the lysateweremeasuredby following themanufacturer’s instructions.

Animal studies
TheWRJ388 and CMT167 cell-based transplantationmousemodel was
used to evaluate the IAP inhibitor’s anti-tumor efficacy in vivo similarly
as described previously36,59. Briefly, a total of 2×106 exponentially
growing WRJ-388 cells were transplanted into syngeneic immune-
competent male KL mice through subcutaneous injection. CMT167
cells (1 × 106) were allografted subcutaneously in C57BL/J6 mice. Male
nude mice were used as immune-deficient control. Tumors were
measured every 3 days, and the formula for tumor volume is (length x
width x width)/2. Mice were randomly allocated into control and
treatment groups. Both Vehicle control (Captisol or DMSO), IAP inhi-
bitors (birinapant, intraperitoneal injections, 10mg/kg once per
3 days; or AT406, intraperitoneal injections, 30mg/kg once per
3 days), anti-PD1 (InVivoMAb anti-mouse PD1, CD279, BioXcell, intra-
peritoneal injections, 200 µg/mouse once per 3 days), or combination
treatments began when the tumor kept growing between the 2 con-
secutive measuring and tumor volume reached about 100–300mm3.
Birinapant was dissolved in 12.5% Captisol (MedChemExpress) in dis-
tilled water. AT406 was dissolved in PBS. The solution was fresh dilu-
ted and sonicated before using. At the indicated endpoint, tumor
samples were harvested for further analysis. For CD8+ T cell depletion,
anti-mouse CD8a antibody or rat IgG2b isotype control (Bioxcell,
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#BE0061 and #BE0090) was intraperitoneal injected at 10mg/kg one
day before birinapant treatment. All animal studieswere approved and
conducted according to the Emory University Institutional Animal
Care and Use Committee (IACUC) guidelines. Mice were housed in a
pathogen-free animal facility under a 12-hour light/dark cycle with
constant ambient temperature (22 ± 2 °C) and humidity (40–60%).
They were provided ad libitum access to food and water. C57BL/6 J
mice (Mus musculus) were used in this study. The mice were obtained
from The Jackson Laboratory and were C57BL/6 J (000664). All mice
were of 6–8 weeks old and maintained on a pure genetic background.
The maximal tumor size/burden was not exceeded according to the
guidelines.

Single cell mass cytometry
Immune cell profiling was performed using single-cell mass
cytometry107–110. Single-cell suspensions from mouse tumor samples
were stained with 16-marker panels usingmetal conjugated antibodies
according to manufacturer-suggested protocol using Mar Maxpar®
Mouse Sp/LN Phenotyping Panel Kit (Fluidigm, Cat# 201306). Cells
were fixed, permeabilized, and washed according to manufacturer’s
cell surface antigen staining protocol (Fluidigm). After antibody
staining, cells were incubated with intercalator solution, washed,
mixed with EQ Four Element Calibration Beads (catalog 201078), and
acquiredwithmass cytometer (all reagents from Fluidigm). Gating and
data analysis were performed with Cytobank (https://www.cytobank.
org/). Intact viable cells were identified using cisplatin intercalator
according to manufacturer-suggested concentrations (Fluidigm).
viSNE analysis was performed with Cytobank.

IHC analysis
Five-micron-thick paraformaldehyde-fixed OCT-embedded mouse
lung sections or formalin-fixed paraffin-embedded mouse tumor lung
sections were used for IHC analyses59. Slides were stainedwith primary
CD8 antibody (Abcam, Cat# ab237723), and horse anti-rabbit IgG
(Vector, Cat# MP-7401) was used as the secondary antibody. DAB
substrate kit was used to develop IHC signals. These samples were
blinded and analyzed by a lung cancer pathologist (G.L. Sica).

Statistics and reproducibility
All analyses were performed using GraphPad Prism version7.0
(GraphPad Software, La Jolla, CA) or Microsoft Excel. The dose-
dependent PBMC-induced or small molecule induced cancer cell
growth inhibition curve was established using GraphPad Prism based
on the Sigmoidal dose-response (variable slope) fitting. Statistical
significance was assessed using student’s t test, or Wilcoxin test as
indicated. Statistical tests with exact p-values derived, the number of
independent biological replicates, and where applicable number of
analyzed cells are provided in the figures and figure legends. P-
values ≤0.05 were considered statistically significant. No statistical
method was used to predetermine the sample size. No data were
excluded from the analyses, the experiments were not randomized,
and the investigators were not blinded to allocation during experi-
ments and outcome assessment.

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

Data availability
The RNA sequencing data generated in this study have been deposited
in theGene ExpressionOmnibus (GEO) database under accession code
GSE273406. The remaining data are available within the Article, Sup-
plementary Information, or Source Data file. Source data are provided
in this paper.

References
1. Waldman, A. D., Fritz, J. M. & Lenardo, M. J. A guide to cancer

immunotherapy: from T cell basic science to clinical practice.Nat.
Rev. Immunol. 20, 651–668 (2020).

2. Robert, C. A decade of immune-checkpoint inhibitors in cancer
therapy. Nat. Commun. 11, 3801 (2020).

3. Hellmann, M. D. et al. Nivolumab plus ipilimumab in advanced
non-small-cell Lung Cancer. N. Engl. J. Med 381, 2020–2031
(2019).

4. Hellmann, M. D. et al. Nivolumab plus ipilimumab in Lung
Cancer with a high tumor mutational burden. N. Engl. J. Med.
378, 2093–2104 (2018).

5. Aguiar, P. N. Jr. et al. Immune checkpoint inhibitors for advanced
non-small cell lung cancer: emerging sequencing for new treat-
ment targets. ESMO Open 2, e000200 (2017).

6. Sharma, P., Hu-Lieskovan, S., Wargo, J. A. & Ribas, A. Primary,
adaptive, and acquired resistance to cancer immunotherapy. Cell
168, 707–723 (2017).

7. Boyero, L. et al. Primary and acquired resistance to immunother-
apy in Lung Cancer: Unveiling the mechanisms underlying of
immune checkpoint blockade therapy. Cancers 12, 3729 (2020).

8. Skoulidis, F. & Heymach, J. V. Co-occurring genomic alterations in
non-small-cell lung cancer biology and therapy. Nat. Rev. Cancer
19, 495–509 (2019).

9. Skoulidis, F. et al. STK11/LKB1 Mutations and PD-1 inhibitor resis-
tance in KRAS-Mutant Lung adenocarcinoma. Cancer Discov. 8,
822–835 (2018).

10. Fu, H. et al. Decoding the functional impact of the cancer genome
through protein-protein interactions. Nat. Rev. Cancer 25,
189–208 (2025).

11. Wellenstein, M. D. & de Visser, K. E. Cancer-cell-intrinsic
mechanisms shaping the tumor immune landscape. Immunity 48,
399–416 (2018).

12. Kalbasi, A. & Ribas, A. Tumour-intrinsic resistance to immune
checkpoint blockade. Nat. Rev. Immunol. 20, 25–39 (2020).

13. Zaretsky, J. M. et al. Mutations associatedwith acquired resistance
to PD-1 blockade in melanoma. N. Engl. J. Med. 375, 819–829
(2016).

14. Patel, S. J. et al. Identification of essential genes for cancer
immunotherapy. Nature 548, 537–542 (2017).

15. Zhang, J. et al. Cyclin D-CDK4 kinase destabilizes PD-L1 via cullin
3-SPOP to control cancer immune surveillance. Nature 553,
91–95 (2018).

16. Hahn, W. C. et al. An expanded universe of cancer targets. Cell
184, 1142–1155 (2021).

17. Marcus, A. I. & Zhou, W. LKB1 regulated pathways in lung cancer
invasion and metastasis. J. Thorac. Oncol. 5, 1883–1886 (2010).

18. Zhou, W., Zhang, J. & Marcus, A. I. LKB1 Tumor suppressor: Ther-
apeutic opportunities knock when LKB1 is inactivated. Genes Dis.
1, 64–74 (2014).

19. Murray, C. W. et al. An LKB1-SIK Axis suppresses Lung Tumor
growth and controls differentiation. Cancer Discov. 9, 1590–1605
(2019).

20. Hollstein, P. E. et al. The AMPK-related kinases SIK1 and SIK3
mediate key tumor-suppressive effects of LKB1 in NSCLC. Cancer
Discov. 9, 1606–1627 (2019).

21. Weir, B. A. et al. Characterizing the cancer genome in lung ade-
nocarcinoma. Nature 450, 893–898 (2007).

22. Cancer Genome Atlas Research, N. Comprehensive molecular
profiling of lung adenocarcinoma. Nature 511, 543–550 (2014).

23. Kottakis, F. et al. LKB1 loss links serine metabolism to DNA
methylation and tumorigenesis. Nature 539, 390–395 (2016).

24. Xiao, J. et al. The prognostic value of decreased LKB1 in solid
tumors: A meta-analysis. PLoS ONE 11, e0152674 (2016).

Article https://doi.org/10.1038/s41467-025-57297-5

Nature Communications |         (2025) 16:2324 15

https://www.cytobank.org/
https://www.cytobank.org/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE273406
www.nature.com/naturecommunications


25. Calles, A. et al. Immunohistochemical loss of LKB1 is a biomarker
for more aggressive biology in KRAS-mutant Lung adenocarci-
noma. Clin. Cancer Res. 21, 2851–2860 (2015).

26. El Osta, B. et al. Characteristics and outcomes of patients with
metastatic KRAS-mutant Lung adenocarcinomas: The Lung can-
cer mutation consortium experience. J. Thorac. Oncol. 14,
876–889 (2019).

27. Della Corte, C. M. et al. STING Pathway expression identifies
NSCLC with an immune-responsive phenotype. J. Thorac. Oncol.
15, 777–791 (2020).

28. Kitajima, S. et al. Suppression of STING associated with LKB1 loss
in KRAS-driven Lung cancer. Cancer Discov. 9, 34–45 (2019).

29. Koyama, S. et al. STK11/LKB1 Deficiency promotes neutrophil
recruitment andproinflammatory cytokine production tosuppress
T-cell activity in the Lung Tumor microenvironment. Cancer Res.
76, 999–1008 (2016).

30. Pore, N. et al. Resistance to durvalumab and durvalumab plus
tremelimumab is associated with functional STK11 mutations in
non-small-cell lung cancer patients and is reversed by STAT3
knockdown. Cancer Discov. 11, 2828–2845 (2021).

31. Kwack,W. G., Shin, S. Y. & Lee, S. H. Primary resistance to immune
checkpoint blockade in an STK11/TP53/KRAS-mutant lung ade-
nocarcinoma with high PD-L1 expression. Onco Targets Ther. 13,
8901–8905 (2020).

32. Skoulidis, F. et al. Co-occurring genomic alterations define major
subsets of KRAS-mutant lung adenocarcinoma with distinct biol-
ogy, immune profiles, and therapeutic vulnerabilities. Cancer
Discov. 5, 860–877 (2015).

33. Kadara, H. et al. Whole-exome sequencing and immune profiling
of early-stage lung adenocarcinoma with fully annotated clinical
follow-up. Ann. Oncol. 28, 75–82 (2017).

34. Cristescu, R. et al. Pan-tumor genomic biomarkers for PD-1
checkpoint blockade-based immunotherapy. Science 362,
eaar3593 (2018).

35. Gao, Y. et al. LKB1 inhibits lung cancer progression through lysyl
oxidase and extracellular matrix remodeling. Proc. Natl. Acad. Sci.
USA 107, 18892–18897 (2010).

36. Gilbert-Ross, M. et al. Targeting adhesion signaling in KRAS, LKB1
mutant lung adenocarcinoma. JCI Insight 2, e90487 (2017).

37. Mo, X. et al. Systematic discovery of mutation-directed neo-
protein-protein interactions in cancer.Cell 185, 1974–1985 (2022).

38. Li, Z. et al. TheOncoPPi network of cancer-focusedprotein-protein
interactions to inform biological insights and therapeutic strate-
gies. Nat. Commun. 8, 14356 (2017).

39. Galluzzi, L., Buque, A., Kepp, O., Zitvogel, L. & Kroemer, G.
Immunogenic cell death in cancer and infectious disease. Nat.
Rev. Immunol. 17, 97–111 (2017).

40. Mo, X. et al. HTiP: High-throughput immunomodulator phenotypic
screening platform to reveal IAP antagonists as anti-cancer
immune enhancers. Cell Chem. Biol. 26, 331–339 (2019).

41. Tang, C. et al. Hypomorph mutation-directed small-molecule
protein-protein interaction inducers to restore mutant SMAD4-
suppressed TGF-beta signaling. Cell Chem. Biol. 28, 636–647
(2021).

42. Du, Y. et al. Development of a miniaturized 3D organoid culture
platform for ultra-high-throughput screening. J. Mol. Cell Biol. 12,
630–643 (2020).

43. Yang, X. et al. Discovery of the first chemical tools to regulate
MKK3-mediatedMYCactivation in cancer.Bioorg.Med. Chem.45,
116324 (2021).

44. Haag, S. M. et al. Targeting STING with covalent small-molecule
inhibitors. Nature 559, 269–273 (2018).

45. Chen, Q., Sun, L. & Chen, Z. J. Regulation and function of the
cGAS-STING pathway of cytosolic DNA sensing. Nat. Immunol. 17,
1142–1149 (2016).

46. Zhu, Y. et al. STING: a master regulator in the cancer-immunity
cycle. Mol. Cancer 18, 152 (2019).

47. Dougan,M. et al. IAP inhibitors enhance co-stimulation topromote
tumor immunity. J. Exp. Med. 207, 2195–2206 (2010).

48. Schwinn, M. K. et al. CRISPR-Mediated tagging of endogenous
proteins with a luminescent peptide. ACS Chem. Biol. 13,
467–474 (2018).

49. Tanzer, M. C. et al. Combination of IAP antagonist and IFNgamma
activates novel caspase-10- and RIPK1-dependent cell death
pathways. Cell Death Differ. 24, 481–491 (2017).

50. Hao, Q. & Tang, H. Interferon-gamma and Smac mimetics syner-
gize to induce apoptosis of lung cancer cells in a TNFalpha-
independent manner. Cancer Cell Int. 18, 84 (2018).

51. Gupta, R., Liu, A. Y., Glazer, P. M. & Wajapeyee, N. LKB1 preserves
genome integrity by stimulating BRCA1 expression. Nucleic Acids
Res. 43, 259–271 (2015).

52. Corrales, L. et al. Direct activation of STING in the tumor micro-
environment leads to potent and systemic tumor regression and
immunity. Cell Rep. 11, 1018–1030 (2015).

53. White, M. J. et al. Apoptotic caspases suppress mtDNA-induced
STING-mediated type I IFNproduction.Cell 159, 1549–1562 (2014).

54. Larkin, B. et al. Cutting edge: Activation of STING in T cells induces
type I IFN responses and cell death. J. Immunol. 199, 397–402
(2017).

55. Gaidt, M. M. et al. The DNA inflammasome in humanmyeloid cells
is initiated by a STING-Cell death program upstream of NLRP3.
Cell 171, 1110–1124 (2017).

56. Tang, C. H. et al. Agonist-mediated activation of STING induces
apoptosis in malignant B cells. Cancer Res. 76, 2137–2152 (2016).

57. Tokunaga, R. et al. CXCL9, CXCL10, CXCL11/CXCR3 axis for
immune activation - A target for novel cancer therapy. Cancer
Treat. Rev. 63, 40–47 (2018).

58. Chan, O., Burke, J. D., Gao, D. F. & Fish, E. N. The chemokine CCL5
regulates glucose uptake and AMP kinase signaling in activated
T cells to facilitate chemotaxis. J. Biol. Chem. 287, 29406–29416
(2012).

59. Jin, R. et al. Leflunomide suppresses the growth of LKB1-
inactivated tumors in the immune-competent host and attenuates
distant cancer metastasis. Mol. Cancer Ther. 20, 274–283 (2021).

60. Ji, H. et al. LKB1 modulates lung cancer differentiation and
metastasis. Nature 448, 807–810 (2007).

61. Ivanov, A. A. et al. The OncoPPi Portal: an integrative resource to
explore and prioritize protein-protein interactions for cancer tar-
get discovery. Bioinformatics 34, 1183–1191 (2018).

62. Mo, X. et al. AKT1, LKB1, and YAP1 Revealed as MYC interactors
with nanoLuc-based protein-fragment complementation assay.
Mol. Pharm. 91, 339–347 (2017).

63. Ivanov, A. A. et al. OncoPPi-informed discovery of mitogen-
activated protein kinase kinase 3 as a novel binding partner of
c-Myc. Oncogene 36, 5852–5860 (2017).

64. Rees, M. G. et al. Correlating chemical sensitivity and basal gene
expression reveals mechanism of action. Nat. Chem. Biol. 12,
109–116 (2016).

65. Kim, H. S. et al. Systematic identification of molecular subtype-
selective vulnerabilities in non-small-cell lung cancer. Cell 155,
552–566 (2013).

66. Basu, A. et al. An interactive resource to identify cancer genetic
and lineage dependencies targeted by small molecules. Cell 154,
1151–1161 (2013).

67. Konno, H. et al. Suppression of STING signaling through epige-
netic silencing and missense mutation impedes DNA damage
mediated cytokine production. Oncogene 37, 2037–2051 (2018).

68. Xia, T., Konno, H. & Barber, G. N. Recurrent loss of STING signaling
in melanoma correlates with susceptibility to viral oncolysis.
Cancer Res. 76, 6747–6759 (2016).

Article https://doi.org/10.1038/s41467-025-57297-5

Nature Communications |         (2025) 16:2324 16

www.nature.com/naturecommunications


69. Song, S. et al. Decreased expression of STING predicts poor
prognosis inpatientswithgastric cancer.Sci. Rep.7, 39858 (2017).

70. Xia, T., Konno, H., Ahn, J. & Barber, G. N. Deregulation of STING
signaling in colorectal carcinoma constrains DNA damage
responses and correlates with tumorigenesis. Cell Rep. 14,
282–297 (2016).

71. Olagnier, D. et al. Nrf2 negatively regulates STING indicating a link
between antiviral sensing and metabolic reprogramming. Nat.
Commun. 9, 3506 (2018).

72. Tsuchida, T. et al. The ubiquitin ligase TRIM56 regulates innate
immune responses to intracellular double-stranded DNA. Immu-
nity 33, 765–776 (2010).

73. Wang,Q. et al. The E3 ubiquitin ligase AMFR and INSIG1 bridge the
activation of TBK1 kinase by modifying the adaptor STING.
Immunity 41, 919–933 (2014).

74. Morel, K. L. et al. EZH2 inhibition activates a dsRNA-STING-
interferon stress axis that potentiates response to PD-1 checkpoint
blockade in prostate cancer. Nat. Cancer 2, 444–456 (2021).

75. Krajewska, M. et al. Elevated expression of inhibitor of apoptosis
proteins in prostate cancer. Clin. Cancer Res. 9, 4914–4925
(2003).

76. Tamm, I. et al. Expression and prognostic significance of IAP-
family genes in human cancers and myeloid leukemias. Clin.
Cancer Res. 6, 1796–1803 (2000).

77. Mizutani, Y. et al. Overexpression of XIAP expression in renal cell
carcinoma predicts a worse prognosis. Int. J. Oncol. 30,
919–925 (2007).

78. Krepler, C. et al. The novel SMAC mimetic birinapant exhibits
potent activity against human melanoma cells. Clin. Cancer Res.
19, 1784–1794 (2013).

79. Dineen, S. P. et al. Smac mimetic increases chemotherapy
response and improves survival in mice with pancreatic cancer.
Cancer Res. 70, 2852–2861 (2010).

80. Vince, J. E. et al. IAP antagonists target cIAP1 to induce TNFalpha-
dependent apoptosis. Cell 131, 682–693 (2007).

81. Hannes, S., Karlowitz, R. & vanWijk, S. J. L. The Smacmimetic BV6
cooperates with STING to induce necroptosis in apoptosis-
resistant pancreatic carcinoma cells.Cell Death Dis. 12, 816 (2021).

82. Craver, B. M. et al. The SMAC mimetic LCL-161 selectively
targets JAK2(V617F) mutant cells. Exp. Hematol. Oncol. 9,
1 (2020).

83. Colombo, M., Marabese, M., Vargiu, G., Broggini, M. & Caiola, E.
Activity of birinapant, a SMAC mimetic compound, alone or in
combination in NSCLCswith differentmutations. Front. Oncol. 10,
532292 (2020).

84. Beug, S. T. et al. Smac mimetics synergize with immune check-
point inhibitors to promote tumour immunity against glio-
blastoma. Nat. Commun. 8, 14278 (2017).

85. Chesi, M. et al. IAP antagonists induce anti-tumor immunity in
multiple myeloma. Nat. Med. 22, 1411–1420 (2016).

86. Clancy-Thompson, E. et al. IAP Antagonists enhance cytokine
production from mouse and human iNKT cells. Cancer Immunol.
Res. 6, 25–35 (2018).

87. Dougan, S. K. & Dougan, M. Regulation of innate and adaptive
antitumor immunity by IAP antagonists. Immunotherapy 10,
787–796 (2018).

88. Roehle, K. et al. cIAP1/2 antagonism eliminates MHC class
I-negative tumors through T cell-dependent reprogramming of
mononuclear phagocytes. Sci. Transl. Med. 13, eabf5058 (2021).

89. Gandhi, L. et al. Sunitinib prolongs survival in genetically engi-
neered mouse models of multistep lung carcinogenesis. Cancer
Prev. Res. 2, 330–337 (2009).

90. Li, H. Y. et al. The tumormicroenvironment regulates sensitivity of
murine lung tumors to PD-1/PD-L1 antibody blockade. Cancer
Immunol. Res. 5, 767–777 (2017).

91. Justilien, V. et al. Matrix metalloproteinase-10 is required for lung
cancer stem cell maintenance, tumor initiation and metastatic
potential. PLoS ONE 7, e35040 (2012).

92. Layton, M. G. & Franks, L. M. Heterogeneity in a spontaneous
mouse lung carcinoma: selection and characterisation of stable
metastatic variants. Br. J. Cancer 49, 415–421 (1984).

93. Franks, L. M., Carbonell, A. W., Hemmings, V. J. & Riddle, P. N.
Metastasizing tumors from serum-supplemented and serum-
free cell lines from a C57BL mouse lung tumor. Cancer Res.
36, 1049–1055 (1976).

94. Kamitani, T., Kito, K., Nguyen, H. P. & Yeh, E. T. Characterization of
NEDD8, a developmentally down-regulated ubiquitin-like protein.
J. Biol. Chem. 272, 28557–28562 (1997).

95. Mo, X. L. et al. Enabling systematic interrogation of protein-protein
interactions in live cells with a versatile ultra-high-throughput
biosensor platform. J. Mol. Cell Biol. 8, 271–281 (2016).

96. Mo, X. L. & Fu, H. BRET: NanoLuc-based bioluminescence
resonance energy transfer platform to monitor protein-
protein interactions in live cells. Methods Mol. Biol. 1439,
263–271 (2016).

97. Kotla, S., Peng, T., Bumgarner, R. E. & Gustin, K. E. Attenuation of
the type I interferon response in cells infected with human rhi-
novirus. Virology 374, 399–410 (2008).

98. Zhou, Y. et al. Metascape provides a biologist-oriented resource
for the analysis of systems-level datasets. Nat. Commun. 10,
1523 (2019).

99. Liberzon, A. et al. The molecular signatures database (MSigDB)
hallmark gene set collection. Cell Syst. 1, 417–425 (2015).

100. Rusnak, L., Tang, C., Qi, Q.,Mo, X. & Fu, H. Large tumor suppressor
2, LATS2, activates JNK in a kinase-independent mechanism
through ASK1. J. Mol. Cell Biol. 10, 549–558 (2018).

101. Grzeskowiak, C. L. et al. In vivo screening identifies GATAD2B as a
metastasis driver in KRAS-driven lung cancer. Nat. Commun. 9,
2732 (2018).

102. Boettcher, M. et al. Dual gene activation and knockout screen
reveals directional dependencies in genetic networks. Nat. Bio-
technol. 36, 170–178 (2018).

103. Mo, X.-L. et al. Enabling systematic interrogation of
protein–protein interactions in live cells with a versatile ultra-
high-throughput biosensor platform. J. Mol. Cell Biol. 8,
271–281 (2016).

104. Mo, X.-L. & Fu, H. in High Throughput Screening: Methods and
Protocols (edWilliamP. Janzen) 263–271 (SpringerNewYork, 2016).

105. Ng, P. K. et al. Systematic functional annotation of somatic
mutations in cancer. Cancer Cell 33, 450–462(2018).

106. Justus, C. R., Leffler, N., Ruiz-Echevarria, M. & Yang, L. V. In vitro
cell migration and invasion assays. J. Vis. Exp. https://doi.org/10.
3791/51046 (2014).

107. Bar, N. et al. Differential effects of PD-L1 versus PD-1 blockade on
myeloid inflammation in human cancer. JCI Insight 5,
e129353 (2020).

108. Bailur, J. K. et al. Risk-associated alterations in marrow T cells in
pediatric leukemia. JCI Insight 5, e127807 (2020).

109. Bailur, J. K. et al. Early alterations in stem-like/resident T cells,
innate and myeloid cells in the bone marrow in preneoplastic
gammopathy. JCI Insight 5, e127807 (2019).

110. Boddupalli, C. S. et al. Interlesional diversity of T cell receptors in
melanoma with immune checkpoints enriched in tissue-resident
memory T cells. JCI Insight 1, e88955 (2016).

Acknowledgements
This work was supported by the National Cancer Institute Office of
Cancer Genomics’ Cancer Target Discovery and Development (CTD2)
network (U01CA217875 to H.F.), the NCI Emory Lung Cancer SPORE
(P50CA217691 to S.R., H.F.) Career Enhancement Program (X.M., A.A.I.;

Article https://doi.org/10.1038/s41467-025-57297-5

Nature Communications |         (2025) 16:2324 17

https://doi.org/10.3791/51046
https://doi.org/10.3791/51046
www.nature.com/naturecommunications


P50CA217691), the NCI Emory Lung cancer program project
(P01CA257906 to H.F., S.R.), the NCI R01 (R01CA203928 to W.Z.), the
NCI R37 (R37CA255459 to X.M.), the NCI R35 (R35CA197603 to M.V.D.),
the Imagine, Innovate and Impact (I3) Funds from the Emory University
School of Medicine and through the Georgia CTSA NIH award (UL1-
TR002378),Winship Partner in Research EndowedChair (to H.F.) and the
Winship Invest$ TeamScience award fromWinshipCancer Institute (NIH
5P30CA138292). C.S. and R.B. are visiting students in the Emory Uni-
versity School of Medicine-Xiangya School of Medicine of Central South
University student exchange program. A.W. is a visiting student in the
Emory University School of Medicine-Xi’an Jiaotong University Health
Science Center student exchange program. We thank all members of
the Fu lab for technical support and comments and Xiuju Liu and Yijian
Fan of the Zhou lab for technical assistance. We thank Rui Liu at the
Department of Pediatrics, Emory University School of Medicine, for her
help with RNAseq data analysis. We acknowledge Emory University
Integrated Cellular Imaging Core Shared Resources.

Author contributions
H.F. and X.M. conceptualized the project. C.S., D.F., Q.N., R.B., D.C.,
S.D., X.Z., Y.D., and X.M. performed in vitro molecular and cellular
biology studies. C.S., J.L., R.J., W.Z., and X.M. performed in vivo
animal studies. R.J., J.C., T.O., G.S., S.R., and W.Z. performed
immunohistochemistry studies. D.B.D., K.M.D., and M.V.D. per-
formed mass cytometry studies. A.W. and A.A.I. performed bioin-
formatics analysis. C.S., J.L., R.J., D.F., Y.D., K.M.D., J.C., T.O., S.R.,
G.S., Y. L., M.V.D., W.Z., X.M., and H.F. performed data analysis. C.S.,
W.Z., X.M., and H.F. wrote the initial manuscript. S.R., W.Z., X.M., and
H.F. organized resources, funding, and project coordination and
supervision. All authors reviewed and edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-57297-5.

Correspondence and requests for materials should be addressed to
Wei Zhou, Xiulei Mo or Haian Fu.

Peer review information Nature Communications thanks John Minna,
and the other anonymous reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Article https://doi.org/10.1038/s41467-025-57297-5

Nature Communications |         (2025) 16:2324 18

https://doi.org/10.1038/s41467-025-57297-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Uncovering the rewired IAP-JAK regulatory axis as an immune-dependent vulnerability of LKB1-mutant lung cancer
	Results
	Onco-Immune protein-protein interaction (PPI) screening identifies cIAP1 as a LKB1 binder
	Chemical screening reveals immune response sensitizers for LKB1-mut cells
	IAPi restores tumor intrinsic STING expression in LKB1-mut cells
	JAK1-STAT1 mediates the IAPi effect in LKB1-mut cells
	IAPi reactivates STING-mediated DNA-sensing signaling in LKB1-mut cells
	IAPi induces STING-mediated apoptosis of LKB1-mut cells and chemotaxis of immune cells in vitro
	IAP inhibitor induced tumor immune response in vivo in LKB1-mut mouse models
	LKB1 status controls the cIAP1-JAK1 interaction and the JAK1-STING signaling

	Discussion
	Methods
	Ethics statement
	In vitro cell culture
	Cell line and mouse model for in vivo studies
	Plasmids
	Transfection
	Onco-Immune PPI mapping
	Immune and tumor cell co-culture assay
	Cell proliferation measurement
	Cell viability measurement
	High-throughput immunomodulator phenotypic (HTiP) screen
	Quantitative real-time polymerase chain reaction (qPCR)
	Isolation of cytoplasmic dsDNA
	Transcriptome (RNA-seq) analysis
	Bioinformatics analysis
	Cell lysate-based affinity pulldown assay
	Co-immunoprecipitation (Co-IP) with endogenous proteins
	Time resolved-fluorescence resonance eEnergy Transfer (TR-FRET) assay
	Western blot (Immunoblot)
	Antibodies for western blot
	Generation of lentivirus
	Interferon-stimulated response element (ISRE) and Interferon Gamma-Activated Sequence (GAS) luciferase reporter assay
	Cytosolic double-strand DNA Staining
	STING-HiBiT expression assay
	Apoptosis assay
	Transwell-based cell migration assay
	cGAMP ELISA assay
	Animal studies
	Single cell mass cytometry
	IHC analysis
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




