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SUMMARY

Small cell lung cancers (SCLCs) have high mutational burden but are relatively unresponsive 

to immune checkpoint blockade (ICB). Using SCLC models, we demonstrate that inhibition 

of WEE1, a G2/M checkpoint regulator induced by DNA damage, activates the STING-TBK1-

IRF3 pathway, which increases type I interferons (IFN-α and IFN-β) and pro-inflammatory 

chemokines (CXCL10 and CCL5), facilitating an immune response via CD8+ cytotoxic T cell 

infiltration. We further show that WEE1 inhibition concomitantly activates the STAT1 pathway, 

increasing IFN-γ and PD-L1 expression. Consistent with these findings, combined WEE1 

inhibition (AZD1775) and PD-L1 blockade causes remarkable tumor regression, activation of type 

I and II interferon pathways, and infiltration of cytotoxic T cells in multiple immunocompetent 

SCLC genetically engineered mouse models, including an aggressive model with stabilized MYC. 

Our study demonstrates cell-autonomous and immune-stimulating activity of WEE1 inhibition 

in SCLC models. Combined inhibition of WEE1 plus PD-L1 blockade represents a promising 

immunotherapeutic approach in SCLC.

In brief

Taniguchi et al. show that WEE1 inhibition activates cGAS-STING, which increases type 

I interferons and pro-inflammatory chemokines, facilitating an immune response via CD8+ 

cytotoxic T cell infiltration in SCLC. WEE1 inhibition concomitantly activates STAT1 signaling, 

increasing IFN-γ and PD-L1 expression, and enhances the efficacy of PD-L1 blockade in SCLC 

mouse models.

Graphical Abstract
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INTRODUCTION

Small cell lung cancer (SCLC) is a poorly immunogenic, high-grade neuroendocrine 

carcinoma arising in the lung. Immune checkpoint blockade (ICB) added to chemotherapy 

improves survival and is now the standard upfront therapy (Horn et al., 2018; Liu et al., 

2021) for SCLC but leads to a modest increase in overall survival (OS) and progression-free 

survival (PFS) (Paz-Ares et al., 2019). Despite a relatively high tumor mutation burden 

(TMB), ICB is ineffective in most patients with SCLC, regardless of whether the regimen 

targets the PD-1/PD-L1 axis alone or is combined with anti-CTLA-4 (Antonia et al., 2016; 

Ott et al., 2017). These modest benefits underscore the critical need to identify pathways and 

targets that can durably enhance the antitumor responses of ICB in SCLC.

The DNA damage response (DDR) pathway is frequently altered in cancer and is heavily 

regulated to protect cells against genotoxic damage and intrinsic or extrinsic DNA damage. 

The DDR pathway regulates entry into mitosis after completion of DNA replication and 

delays the onset of mitosis if DNA damage is detected. Oncogenes and tumor suppressors 

associated with replication stress are commonly altered in SCLC (MYC, TP53, RB1) 
(George et al., 2015; Rudin et al., 2012, 2019; Sen et al., 2018; Taniguchi et al., 2020). 

As a result, SCLC cells have a vulnerability in DDR pathways and cell-cycle checkpoints 

(Foy et al., 2017). We and others have shown that DDR components (CHK1, ATR, WEE1, 

PARP, ATM) are overexpressed in SCLC and that replication-stress-response inhibitors are 
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active in preclinical models of SCLC (Byers and Rudin, 2015; Byers et al., 2012; Dammert 

et al., 2019; Sen et al., 2017a, 2017b, 2018; Taniguchi et al., 2020).

WEE1 is a tyrosine kinase that regulates cell-cycle progression mainly by phosphorylating 

and inhibiting cyclin-dependent kinase (CDK) 1 (Do et al., 2013). Inhibition of WEE1 

sensitizes ovarian, colon, cervical, osteosarcoma, glioblastoma, and lung cancer cells to 

DNA damage by irradiation and topoisomerase inhibition (PosthumaDeBoer et al., 2011; 

Wang et al., 2001, 2004). A selective and potent small-molecule WEE1 inhibitor, AZD1775, 

has been tested in both preclinical and clinical studies across disease types. AZD1775 was 

tolerable both as monotherapy and in combination with chemotherapy and had better clinical 

efficacy in patients with ovarian cancer whose tumors demonstrated mutant versus wildtype 

TP53 (Leijen et al., 2016a, 2016b; Oza et al., 2020). A recent study also demonstrated that 

treatment with AZD1775 was associated with PFS improvement in patients with metastatic 

colorectal cancer that had TP53 and RAS mutations (Seligmann et al., 2021). Loss of 

TP53 disrupts the G1-S cell-cycle checkpoint; as a result, most SCLCs are dependent on G2-

M cell-cycle checkpoint regulators, including WEE1. Preclinically, single-agent AZD1775 

treatment induced cell-cycle arrest and apoptosis in various SCLC cell lines (Sen et al., 

2017a). Mechanistically, other cell-cycle or DDR inhibitors (targeting PARP, CHK1, or 

CDK7) in SCLC elicited antitumor responses through immune reengagement and direct 

antitumor effects (Sen et al., 2019a, 2019b; Zhang et al., 2020). Although WEE1 inhibition 

showed a direct antitumor effect in SCLC (Sen et al., 2017a), the role of the immune 

response in the antitumor response to WEE1 inhibition in SCLC is currently unknown.

In the current study, we found that WEE1 inhibition increased tumor-infiltrating T cells 

by activating the innate antitumor immune-response pathway in SCLC models. We further 

demonstrated that anti-PD-L1 antibody enhanced the antitumor effect of pharmacological 

WEE1 inhibition. Concurrent treatment with a WEE1 inhibitor and ICB is a potentially 

effective treatment for SCLC and is worthy of further investigation.

RESULTS

WEE1 inhibition induced cell-cycle arrest and cell apoptosis in SCLC

To confirm the sensitivity of SCLC to WEE1 inhibition, we measured the median half-

maximal inhibitory concentration (IC50) of the WEE1 inhibitor AZD1775 in a panel of 

sixteen human and three murine SCLC cell lines (Figure 1A) after 5 days of treatment. 

SCLC cell lines displayed a range of sensitivity to AZD1775 (IC50s from 28.4 nM to 

1.5 μM). We postulated that differential sensitivity among SCLC subtypes may drive the 

observed differences in sensitivity to WEE1 inhibition. However, IC50 values within this 

dataset were not significantly different across SCLC subtypes (Figure S1A). A previous 

clinical trial demonstrated an average maximum AZD1775 serum concentration of 1.7 

μM (Do et al., 2015). The IC50 values for 14 of the 16 SCLC cell lines were below 1 

μM. Thus, AZD1775 may have antitumor efficacy against SCLC at clinically achievable 

concentrations. This also established 1 μM as a relevant in vitro concentration for analysis of 

AZD1775 activity.
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To initially characterize the antitumor effects of WEE1 targeting, we examined cell death 

using the annexin V-propidium iodide (PI) assay. Treatment with 1 μM AZD1775 for 

48 h significantly increased the apoptotic fraction in human and murine SCLC cell lines 

relative to control (Figures 1B and S1B). WEE1 is a G2-M cell-cycle checkpoint regulator, 

and WEE1 inhibition should cause G2-M cell-cycle arrest (Do et al., 2013). Therefore, 

we next performed 5-ethynyl-2′-deoxyuridine (EdU)-4′,6-diamidino-2-phenylindole (DAPI) 

staining by flow cytometry to assess cell-cycle effects. Treatment with 1 μM AZD1775 

induced G2-M cell-cycle arrest, consistent with previous reports (Figures 1C and S1C) 

(Sen et al., 2017a). Western blotting showed that phosphorylation of WEE1 and CDK1 

were suppressed, while phosphorylated γH2AX (indicative of double-stranded DNA breaks 

[DSBs]) and cleaved PARP were increased in a time-dependent manner by treatment with 

1 μM AZD1775 (Figure 1D). In summary, AZD1775 led to DNA damage and apoptosis in 

multiple SCLC cell lines.

Next, to elucidate the antitumor effects of AZD1775 against SCLC in vivo, we used cells 

derived from mice that were genetically engineered to spontaneously develop SCLC through 

conditional loss of Trp53, p130, and Rb1 (RPP) and Trp53, Rb1, and MYCT58A (RPM) 

(Schaffer et al., 2010; Mollaoglu et al., 2017). These genotypes closely resemble those of 

patients with SCLC. RPP or RPM cells were implanted in right flanks of nude mice that 

were treated with either vehicle or AZD1775 (60 mg/kg, 5 of 7 days, once daily [Q.D.]). 

Treatment with AZD1775 significantly suppressed tumor growth in both RPP and RPM 

models (Figure 1E), with no change in body weight (Figure S1D). Paralleling the in vitro 
data, WEE1 phosphorylation was suppressed and γH2AX expression was increased by 

AZD1775 (Figure 1F).

Platinum-based chemotherapy (cisplatin or carboplatin) with etoposide is an established 

treatment for SCLC. However, major hurdles to improving SCLC treatment include the 

rapid development of chemoresistance. We next investigated the effects of cisplatin or 

etoposide in combination with WEE1 targeting by pharmacologic inhibition (AZD1775) on 

cell viability in SCLC in vitro. In both human and murine SCLC lines, targeting WEE1 

significantly enhanced cisplatin- or etoposide-mediated SCLC cell death (Figure S1E).

Thus, AZD1775 shows antitumor effects against SCLC models via G2-M cell-cycle arrest 

and apoptosis induction at concentrations within the pharmacologic range of AZD1775 

observed in human plasma and demonstrates combinatorial cytotoxicity with both standard 

first-line chemotherapy drugs.

WEE1 inhibition activates the cGAS/STING pathway and induces expression of type I 
interferons (IFNs) and inflammatory chemokines in SCLC models

Based on previous studies targeting other DDR proteins including CHK1 and PARP, we 

hypothesized that WEE1 inhibition may activate antitumor immunity in SCLC (Sen et al., 

2019a, 2019b; Zhang et al., 2020). We found that treatment with 1 μM AZD1775 for 

24 h significantly increased the frequency of micronuclei in H526, H82, and H446 cells 

(Figure 2A and S2A). Micronuclei formation is often indicative of cytosolic DNA formation. 

Cytosolic DNA, as measured by cytosolic histone H3, was increased after treatment with 1 

μM AZD1775, which is further indicative of DNA damage (Figure S2B).

Taniguchi et al. Page 5

Cell Rep. Author manuscript; available in PMC 2022 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The presence of cytosolic DNA can trigger activation of the cGAS-STING pathway, an 

innate antitumor immune response, in SCLC and other cancers (Sen et al., 2019a, 2019b). 

To investigate whether AZD1775 activated the cGAS/STING pathway in SCLC cell lines, 

we examined the activation of the major regulators of the pathway. Treatment with 1 μM 

AZD1775 led to a time-dependent activation of the cGAS/STING pathway in multiple 

human SCLC cell lines, as indicated by increased cGAS and phosphorylation of STING, 

TBK1, and IRF3 (Figure 2B).

We and others have reported that STING-pathway activation leads to induction of type I 

IFNs (Morel et al., 2021; Sen et al., 2019b; Takahashi et al., 2021; Zheng et al., 2020). 

mRNA expression of type I IFNs (IFN-α and IFN-β) significantly increased after AZD1775 

treatment in human and murine cell lines (Figure 2C).

To account for potential off-target effects of AZD1775, we knocked down WEE1 using 

siRNA in multiple SCLC models. Genetic inhibition of WEE1 also led to activation of 

the STING pathway (Figure S2C) in human SCLC H82 cells, followed by a significant 

induction of type I IFNs (Figure S2D). The same effects were observed when we performed 

genetic knockdown of WEE1 in murine RPP and RPM cells (Figures S3A and S3B).

CXCL10 and CCL5 are chemokines that induce antitumor immunity in SCLC and other 

cancer types in response to type I IFNs (Morel et al., 2021; Sen et al., 2019b; Takahashi et 

al., 2021; Zheng et al., 2020). Pharmacological inhibition of WEE1 with AZD1775 (1 μM) 

significantly enhanced mRNA expression of CXCL10 and CCL5 in multiple SCLC human 

and murine in vitro models (Figures 2D and 2E).

A recent study reported that the cell-surface expression of major histocompatibility complex 

(MHC) class I was upregulated by WEE1 inhibition (Wu et al., 2021a). We investigated 

MHC class I expression in our in vitro models by flow cytometry. We confirm that cell-

surface expression of MHC class I was increased by treatment with 1 μM AZD1775 in both 

human and murine SCLC cells (Figures S4A and S4B).

Together, these results suggest that inhibition of WEE1 activates the innate immune STING 

pathway and induces the expression of type I IFNs, and the expression of pro-tumorigenic 

chemokines (CXCL10, CCL5) via the induction of the STING pathway, consistent with the 

effects observed when targeting other DDR proteins (CHK1 and PARP).

WEE1 inhibition enhances antitumor responses induced by anti-PD-L1 antibody in a 
genetically engineered mouse model (GEMM) of SCLC

Next, we sought to determine whether AZD1775 enhanced the antitumor immune effect 

of anti-PD-L1 antibody in vivo using the immunocompetent B6129F1 subcutaneous RPP 

tumor-bearing model. After randomization of tumor-bearing mice into four groups (vehicle, 

anti-PD-L antibody [300 μg/body, once weekly], AZD1775 [60 mg/kg, 5 of 7 days, Q.D.], 

and AZD1775 plus anti-PD-L1 antibody [n = 10 per group]), we treated all cohorts for 

3 weeks. Treatment with anti-PD-L1 antibody alone was not efficacious in this model. 

In contrast, treatment with single-agent AZD1775 significantly inhibited tumor growth. 

Combined treatment with AZD1775 and anti-PD-L1 antibody caused significantly greater 
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tumor suppression than either monotherapy (Figure 3A). Body weight loss was not observed 

in any of the groups (Figure S5A).

At day 15, a cohort of mice (vehicle [n = 4], anti-PD-L antibody [n = 4], AZD1775 

[n = 5], and AZD1775 plus anti-PD-L1 antibody [n = 5]) was sacrificed, and tumors 

were harvested to analyze changes in tumor-infiltrating immune cells by multicolor flow 

cytometry (Figure S4B). Combination treatment with AZD1775 and anti-PD-L1 antibody 

significantly increased infiltration of CD3+, CD8+, the CD44+ effector/memory T cell, 

and M1 macrophage populations (Figures 3B–3E). Tumor-infiltrating CD4+ T cells tended 

to increase in tumors treated with AZD1775 plus anti-PD-L1 antibody, but this did not 

reach statistical significance (Figure S5C). Tumor-infiltrating PD-1+TIM3+ exhausted T 

cells (Figure S5D), M2 macrophages, and dendritic cells (data not shown) did not show 

any differences between groups in this model. Confirming the flow-cytometry results, 

Immunohistochemistry (IHC) staining indicated few changes in CD3+ or CD8+ T cells 

with single-agent treatment relative to vehicle; however, CD3+ and CD8+ T cell infiltration 

was increased in tumors treated with AZD1775 plus anti-PD-L1 antibody compared with all 

other groups (Figure 3F).

These results indicate that treatment with AZD1775 plus anti-PD-L1 antibody significantly 

increases cytotoxic T cell infiltration and enhances the antitumor effects in an in vivo 
subcutaneous model of SCLC.

WEE1 inhibition augments antitumor immune response of PD-L1 blockade in an MYC-
stabilized SCLC GEMM

MYC amplification or overexpression is one of the well-known genomic alterations in 

SCLC, which is observed in approximately 30% of SCLC, and RPM tumors have been 

previously shown to be highly aggressive and resistant to multiple therapies (Rudin et al., 

2012; George et al., 2015; Chalishazar et al., 2019; Ireland et al., 2020; Mollaoglu et 

al., 2017). MYC amplification is associated with suppressed immune cell infiltrates and 

functional pathways (Wu et al., 2021b). Although targeting MYC in SCLC has been tested 

in some preclinical studies (Cargill et al., 2021), there are no defined paths for clinical 

translation. Furthermore, the effect of immunotherapy in the immunocompetent B6FVBF1/J 

subcutaneous RPM tumor-bearing model has not yet been demonstrated.

Therefore, we next investigated the effect of treatment with AZD1775 plus anti-PD-L1 

antibody in this RPM model as an aggressive immunocompetent tumor-bearing model. We 

randomized the mice and treated them with vehicle (n = 5), anti-PD-L1 antibody (300 

μg/body, once weekly, n = 5), AZD1775 (60 mg/kg, 5 of 7 days, Q.D., n = 7), and AZD1775 

plus anti-PD-L1 antibody (n = 7). Consistent with the results of the RPP model, treatment 

with AZD1775 alone significantly inhibited tumor growth. The combination of WEE1 

inhibition with AZD1775 and anti-PD-L1 antibody caused significant tumor regression, with 

tumor volumes remaining below baseline for approximately 70% of animals (Figure 4A). 

This is encouraging for a very aggressive tumor model that has been shown to be largely 

resistant to most therapies in previous studies. Body weight loss was not observed in any of 

the groups (Figure S6A). These results are consistent with the results that we observed in the 

RPP model.
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Multicolor flow cytometry of tumors resected at day 19 demonstrated that combination 

treatment with AZD1775 and anti-PD-L1 antibody significantly increased infiltration of 

CD3+, CD8+ T cell populations (Figures 4B and 4C). Tumor-infiltrating PD-1+TIM3+ 

exhausted T cells were significantly decreased in the tumors treated with AZD1775 plus 

anti-PD-L1 antibody in this model (Figure 4D). CD4 helper T cells did not show any 

differences between group (Figure S6B).

These results indicate that treatment with AZD1775 plus anti-PD-L1 antibody significantly 

increases cytotoxic T cell infiltration and enhances the antitumor effects in a high-MYC-

expressing aggressive in vivo subcutaneous model of SCLC.

Gene-expression analysis demonstrated WEE1 inhibition-mediated activation of type I and 
II IFN pathways in SCLC mouse tumors

We performed bulk RNA sequencing of RPP tumors and RPM tumors that were collected 

from each treatment group described above (Figures 3 and 4). Gene set enrichment analysis 

demonstrated that tumors of mice treated with AZD1775 alone or in combination with 

anti-PD-L1 antibody exhibited significant enrichment of IFN-α/β pathways compared with 

controls in both RPP and RPM tumors (Figures 5A–5D). IFN-α/β pathways in RPM tumors 

(but not RPP tumors) treated with AZD1775 in combination with anti-PD-L1 antibody were 

significantly enriched relative to AZD1775 alone (Figure S6C). This is in agreement with 

the similar induction of these genes we observed in SCLC cell lines.

Interestingly, in addition to the type I IFN-α pathway, we also observed the IFN-γ pathway 

to be one of the top significantly enriched pathways in the tumors treated with AZD1775 

alone or in combination with anti-PD-L1 antibody (Figures 5A–5D). Previous reports 

in other cancers have highlighted the effect of DSBs on type II IFN (IFN-γ) induction 

(Higuchi et al., 2015; Huang et al., 2015). However, there are no reports of DDR-mediated 

induction of type II IFNs in SCLC, and the role of IFN-γ in SCLC is unknown. To confirm 

DDR-mediated IFN-γ induction, we next investigated IFN-γ expression in SCLC cell lines 

treated with AZD1775. Consistent with RNA sequencing, treatment with 1 μM AZD1775 

significantly increased IFN-γ mRNA expression in human and murine SCLC cell lines 

(Figure 5E). Genetic inhibition of WEE1 also led to IFN-γ mRNA expression in human and 

murine SCLC cell lines (Figure S7A).

Therefore, our data indicate that WEE1 inhibition leads to concomitant induction of type I 

(IFN-α/β) and II (IFN-γ) IFNs in SCLC in vitro and in vivo models.

STAT1 pathway regulates WEE1 inhibition-mediated IFN-γ induction and PD-L1 expression 
in SCLC

Previous reports have shown that the IFN-γ can induce the JAK-STAT-IRF1 pathway in 

the tumor microenvironment (Garcia-Diaz et al., 2017). We therefore explored the influence 

of WEE1 inhibition on JAK-STAT signaling. Relative to control, treatment with 1 μM 

AZD1775 appreciably increased STAT1 phosphorylation in three human SCLC cell lines 

(Figure 5F). Furthermore, 1 μM AZD1775 significantly increased mRNA expression of 

IRF1, which is a transcription factor that is induced by the accumulation of phosphorylated 

STAT1 dimers (Figure 5G) (Michalska et al., 2018).
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Previous studies have shown that IFN-γ induces PD-L1 expression in several malignancies 

(Gocher et al., 2021), but this mechanism has not been previously explored in SCLC. 

We have previously shown that CHK1 and PARP targeting induces protein and surface 

expression of PD-L1 in SCLC (Sen et al., 2019b). To explore the effect of WEE1 inhibition 

on PD-L1 expression, we treated a panel of human SCLC cell lines (n = 8), as well as 

RPP and RPM murine cell lines, with AZD1775 (1 μM) for 72 h and analyzed PD-L1 

surface expression by flow cytometry. Consistent with observations in CHK1 and PARP, 

the mean fluorescence intensity (MFI) of PD-L1 on the cell surface increased following 

treatment with 1 μM AZD1775 (Figures S7B and S7C). To confirm that PD-L1 upregulation 

is specifically due to inhibition of WEE1 and not an off-target effect of the inhibitor, we 

knocked down WEE1 with small interfering RNA (siRNA) and examined expression by 

flow cytometry, and a similar increase in PD-L1 MFI was observed (Figure S7D). The 

IHC staining of the tumors in the RPP mouse model (Figure 3) also indicated AZD1775-

treated tumors to have a significantly higher number of PD-L1+ cells per field compared 

with the vehicle group (Figures S7E and S7F). Flow cytometry indicated that exogeneous 

recombinant IFN-γ induced PD-L1 expression (increased MFI) in SCLC cells (Figures S7G 

and S7H).

To further dissect the influence of STING and STAT1 pathways on IFN-α/β and IFN-γ 
expression, respectively, we next performed siRNA-mediated knockdown of STAT1 or 

STING in SCLC cells. Cells with STING or STAT1 knockdown were then treated with 

AZD1775. Knockdown of STAT1 (confirmed by western blot; Figure 6A) did not influence 

AZD1775-mediated upregulation of IFN-α and IFN-β but prevented AZD1775-induced 

upregulation of IFN-γ (Figure 6B). Knockdown of STAT1 also suppressed AZD1775-

mediated PD-L1 expression (Figure S8A). In contrast, knockdown of STING (confirmed 

by western blot; Figure 6C) did not influence AZD1775-mediated upregulation of IFN-γ 
and instead prevented AZD1775-induced upregulation of IFN-α and IFN-β (Figure 6D). 

Consistent with these findings, STING inhibitor H151 or C176 blocked AZD1775-induced 

upregulation of STING phosphorylation, IFN-α, IFN-β, CXCL10, and CCL5 but did not 

inhibit upregulation of STAT1 phosphorylation and IFN-γ (Figures 6E, S8B, and S7C).

Taken together, we demonstrate that WEE1 inhibition activates type I IFNs (IFN-α and 

IFN-β) via the STING pathway and type II IFN (IFN-γ) via the STAT1 pathway. In 

our SCLC models, STAT1 activation mediated by WEE1 inhibition also contributed to 

increased PD-L1 expression. Thus, our results indicate multi-modal immune activation 

with WEE1 targeting in SCLC. WEE1 inhibition activated the cGAS/STING/TBK1/IRF3 

pathway followed by increased IFN-α, IFN-β, CXCL10, and CCL5, which ultimately led 

to CD8+ T cell recruitment in multiple SCLC in vivo models. In addition, WEE1 inhibition 

led to STAT1-pathway activation, which in turn induced IFN-γ and PD-L1 expression. This 

multi-modal immune activation significantly augmented the anti- tumor immune response of 

anti-PD-L1 immunotherapy in SCLC.

DISCUSSION

Drugs targeting DDR proteins, including WEE1, are under preclinical and clinical 

development either as single agents or in combination with ICB for patients with multiple 
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cancers (Do et al., 2015; Färkkilä et al., 2020; Fumet et al., 2020) (ClinicalTrials.gov: 

NCT04633902, NCT04782089, NCT04276376, and NCT04483544). Here, we report the 

tumor-intrinsic and previously unexplored roles of WEE1 pathway targeting in regulating 

the antitumor immune response in multiple SCLC models. We show that inhibition of 

WEE1 potentiates the antitumor immune response of anti-PD-L1 antibody by concomitant 

activation of the cGAS/STING and STAT1 pathways, which ultimately enhances expression 

of the type I and type II IFN genes, respectively. The type I IFNs (IFN-α/β) increase 

expression of downstream chemokines such as CXCL10 and CCL5, leading to induced 

recruitment of CD8+ cytotoxic T lymphocytes. The type II IFN (IFN-γ) induces the 

expression of PD-L1, which may present an immunological therapeutic opportunity. When 

combined with anti-PD-L1 antibody, WEE1 targeting demonstrates a significant antitumor 

effect in multiple SCLC models, suggesting that this combination may be valuable clinically 

to overcome primary and adaptive resistance to ICB in SCLC.

The genomic profile of SCLC includes nearly ubiquitous genetic loss of TP53 and RB1 
and thus the loss of G1/S cell-cycle checkpoint control in response to DNA damage (Sen 

et al., 2018; Rudin et al., 2012; George et al., 2015; Alexandrov et al., 2013). Additionally, 

about 15% of SCLC tumors have MYC amplification (Sos et al., 2012), thereby providing 

additional oncogenic stresses during the tumor cell cycle. As a result, the rapidly dividing 

SCLC tumor cells are under substantial replication stress and are heavily reliant on G2/M 

cell-cycle checkpoint proteins, like WEE1, to maintain survival (Sen et al., 2018). Our 

findings suggest that this reliance on WEE1 represents a tumor-selective vulnerability in 

SCLC. WEE1 inhibition in SCLC leads to replicative dysfunction, resulting in aberrant 

trafficking of DNA fragments into the cytoplasm and activation of the inflammatory cascade 

described above.

We and others have shown that DDR components (CHK1, PARP) are overexpressed in 

SCLC and that inhibitors of these targets are broadly active in preclinical models of 

SCLC (Sen et al., 2019a, 2019b). Our results demonstrate that pharmacological or genetic 

inhibition of WEE1 is sufficient to induce cell death via apoptosis in SCLC, across all 

subtypes, in agreement with prior observations (Sen et al., 2017a). The current study shows 

the remarkable effect of single-agent WEE1 targeting in syngeneic in vivo models of SCLC. 

Most notably, the current study provides mechanistic insight into both tumor-intrinsic and 

immunologic effects of WEE1 targeting in SCLC.

The benefit of adding ICB to chemotherapy as a first-line standard treatment for patients 

with SCLC is limited: durable responses remain rare, and more consistently durable 

therapeutic approaches are needed. PD-L1 expression on SCLC is low compared with the 

range seen in non-SCLCs (NSCLCs) and other solid tumors, and an association between 

PD-L1 expression and the effect of immunotherapy has not yet been established in SCLC 

(Taniguchi et al., 2020). In contrast, T cell infiltration in SCLC tumors appears to be a 

prognostic marker associated with improved survival (Eerola et al., 2000; Poirier et al., 

2020). Thus, the therapeutic combinations that enhance the effects of ICB may provide 

benefit via activation of T cells. Patients with cancers harboring innate defects in DDR genes 

have increased intratumoral CD8+ T cell infiltration and improved response to ICB (Le et 

al., 2015; Sun et al., 2021; Teo et al., 2018). However, the intertwined relationship between 
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immunotherapies and DDR pathways is complex and appears to be DDR-protein specific. 

The synergy between DDR inhibition and immune activation in some but not all cancer 

models is clearly multifactorial and context specific. The current study adds to our prior 

analyses of CHK1 and PARP inhibition on the immune microenvironment of SCLC (Sen 

et al., 2019a, 2019b) and nominates WEE1 as a therapeutic target with immune-modifying 

activity.

Previous studies demonstrated that targeting the DDR pathway with PARP or CHK1 

inhibitors led to an accumulation of cytosolic DNA, which activated the cGAS/STING/

TBK1/IRF3 pathway and, in turn, directly promoted expression of type I IFNs in SCLC (Sen 

et al., 2019a, 2019b). Consistent with those prior observations, here, we demonstrated that 

WEE1 inhibition in vitro increased DNA damage, micronuclei formation, and subsequent 

cytosolic DNA accumulation. As with PARP and CHK1 inhibitors, we observed activation 

of the cGAS/STING innate immune pathway and TBK1, which led to IRF3 phosphorylation 

and induction of type I IFNs. We also observed increased expression of CXCL10 and CCL5 

after WEE1 inhibitor treatment, which was abrogated after STING inhibition. Previous 

reports suggested that type I IFNs are necessary for T cell-mediated responses against tumor 

antigens (Woo et al., 2015). WEE1 inhibition enhanced expression of both type I and type II 

IFN genes. Induction of type II IFN following DDR inhibition and its mechanism have not 

been previously explored in SCLC. Our results demonstrate that type II IFN could indirectly 

regulate PD-L1 levels in these tumors.

In summary, WEE1 inhibition induces G2/M cell-cycle arrest, DNA damage, and cytosolic 

DNA accumulation in SCLC models. WEE1 inhibition further concomitantly activates 

cGAS/STING, resulting in induction of type I IFNs, CXCL10, and CCL5. Activation of 

the STING-mediated pathway is responsible for chemokine production in response to DNA 

damage, thereby resulting in increased immunogenicity of the otherwise immunosuppressed 

tumors. WEE1 inhibition also activates the STAT1 pathway leading to IFN-γ and PD-

L1 expression, which may partly abrogate the antitumor immune effects of WEE1 

inhibitor. Consistent with these models, combining WEE1 inhibition with PD-L1 blockade 

markedly suppressed tumor growth and increased CD8+ T cells in the tumor. Our findings 

demonstrated a pivotal role of WEE1 inhibition in augmenting the antitumor immune 

response of ICB in SCLC. Given the increasing importance of immunotherapy for the 

management of patients with SCLC and that WEE1 inhibitors are already in clinical trials, 

combining a WEE1 inhibitor with anti-PD-L1 blockade may offer a particularly attractive 

strategy for the treatment of SCLC.

Limitations of the study

Our results highlight the antitumor immune effects of AZD1775 either alone or in 

combination with PD-L1 blockade in preclinical models of SCLC. Whether WEE1 

inhibition alone or in combination with chemoimmunotherapy suppresses the growth of 

tumors in patients with SCLC, and the immunological effects of this combination treatment 

in vivo, should be further investigated.

An outstanding question concerns whether WEE1 inhibition augments the antitumor 

immune response of chemoimmunotherapy in platinum-sensitive and -resistant models. 
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Our data show that treatment with AZD1775 plus cisplatin or etoposide further decreased 

viability in SCLC cell lines. However, in both mouse and human SCLC models (treatment 

naive or relapsed), the evaluation whether there is benefit from combining WEE1 inhibition 

with chemoimmunotherapy on tumor growth and on related to immune subsets will be a 

focus of future work. To fully evaluate the effect of AZD1775 plus anti-PD-L1 antibody 

with standard chemotherapy on the immune repertoire, additional syngeneic mouse models 

deficient in different components of the immune system would be highly informative.

Another outstanding question is whether WEE1 inhibition changes the mutational repertoire 

in clinical samples and how that might influence the immune microenvironment. The rapid 

onset of tumor reduction following treatment with AZD1775 in immunocompetent SCLC 

mouse models in our study suggests that activation of the innate immune response—rather 

than change in neoantigens—is central to the antitumor response. However, future studies 

to monitor the mutational profile, neoantigen landscape, microenvironment, and systemic 

immunologic effects of WEE1 inhibition in preclinical models and in patients with SCLC 

will be valuable to further inform clinical translational strategies for optimal deployment of 

WEE1 inhibitors with immunotherapy in this setting.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Triparna Sen (sent@mskcc.org).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• RNA seq data have been deposited at ArrayExpress and are publicly available 

as of the date of publication. Accession numbers are listed in the key resources 

table.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell cultures—SCLC human-derived cell lines were obtained from the 

American Type Culture Collection (ATCC) and European Collection of Authenticated Cell 

Cultures (ECACC) (Key resources table). The GEMM-derived SCLC cell lines derived from 

a triple-knockout model of SCLC, Trp53−/−, p130−/−, Rb1−/− (RPP) were kindly provided 

by Dr. Julien Sage, Stanford University, California. RPP631 cells were kindly provided 

by Dr. Matthew G Oser, Dana-Farber Cancer Institute, Boston, and Rb1−/−, Trp53−/−, 

MYCT58A (RPM) cells were kindly provided by Trudy G. Oliver, University of Utah, Utah.

All cell lines were maintained in Roswell Park Memorial Institute (RPMI) media 

supplemented with 10% fetal bovine serum, penicillin (100 U/mL), and streptomycin (50 
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g/mL) and incubated at 37◦C with 5% CO2. RPP631 cells were maintained as above with 

addition of 0.005 mg/mL insulin, 0.01 mg/mL transferrin, 30nM sodium selenite, 10 nM 

hydrocortisone, and 10 nM beta estradiol.

All cell lines were tested and authenticated by short tandem repeat profiling (DNA 

fingerprinting) and routinely tested for mycoplasma species before any experiments were 

performed.

Mouse models—All animal experiments were approved by the Memorial Sloan Kettering 

Cancer Center (MSKCC) Animal Care and Use Committee. Female nude mice (6 weeks 

old) were obtained from ENVIGO, female B6 129F1 (6 weeks old) were obtained from 

TACONIC, female B6 FVBF1/J (6 weeks) and female NSG mice (6 weeks) were obtained 

from JACKSON LABORATORY, and housed in accredited facilities under pathogen-free 

conditions. Additional information on experimental methods in next section.

METHOD DETAILS

Chemical compounds—AZD1775, H151 and C176 were purchased from Selleck 

chemical (Houston, TX). Anti-PD-L1 antibodiy (clone 10F.9G2) and IgG isotype control 

were purchased from BioXcell (West Lebanon, NH). Cisplatin and etoposide were 

purchased from Accord Healthcare (Durham, NC). Recombinant IFN-γ was purchased from 

Biolegend (San Diego, CA).

Cell viability assay—1,500 to 2,000 SCLC cells were plated in 96-well plates and 

treated with dimethyl sulfoxide (vehicle) or AZD1775 for five days for the calcuration of 

half-maximal inhibitory concentrations (IC50s), or treated with AZD1775, cisplatin and/or 

etoposide for 72 h. Cell viability assay was performed using with CellTiter-Glo luminescent 

cell viability assay (Promega, Madison, WI) in accordance with the manufacturer’s 

instructions. IC50s were estimated using GraphPad Prism Ver. 9.0 (GraphPad Software, 

Inc., San Diego, CA, USA).

Western blotting—Protein extractions were performed as previously described 

(Wohlhieter et al., 2020). Extraction of separate cytoplasmic and nuclear protein fractions 

were performed using NE-PER™ Nuclear and Cytoplasmic Extraction Reagents (Thermo 

Fisher) according to the manufacturer’s protocol. Briefly, 30–50 μg of protein were 

mixed with NuPAGE LDS sample buffer (Invitrogen), loaded in a Bis-Tris Gel (NuPAGE, 

Invitrogen) and resolved. Electrophoresed protein samples were transferred with Trans-Blot 

Turbo RTA Mini LF PVDF Transfer Kit (Bio-Rad, Alfred Nobel Drive Hercules, CA) for 

chemiluminescent detection. After incubating with Pierce Starting Block (PBS) Blocking 

Buffer (Thermo Fisher) at room temperature for 30 min, membranes were incubated in the 

primary antibodies (1:1000) overnight (the antibodies’ information are in Key resources 

table). Secondary anti-rabbit, horseradish peroxidase-linked antibodies were purchased from 

CST (#7074) and detected using iBright Western Blot Imaging Systems (Thermo Fisher).

Real-time PCR—RNA extractions were performed using the RNeasy Plus Mini Kit 

(Qiagen, Germantown, MD) according to the manufacturer’s protocol. cDNA was 

synthesized from RNA by reverse transcription PCR using Superscript IV VILO Master Mix 
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(Fisher Scientific) and real-time PCR was performed using TaqMan Fast Advanced Master 

Mix (Invitrogen) according to the manufacturer’s protocol. Triplicate PCR reactions were 

run on StepOnePlus Real-Time PCR System (Applied Biosystems) and 2−ΔΔ method were 

used for comparative Ct. GAPDH was used as the reference gene for these calculations. The 

probes which were used in this study are listed in the Table S1.

Flow cytometry—For in vitro assay, the cells were incubated with anti-CD16/32 

monoclonal antibody (for murine cells) or TruFCX (for human cells) to block nonspecific 

binding, and then stained (30 min) with aintibody in appropriate dilutions. Dead cells were 

excluded on the basis of 4′,6-diamidino-2-phenylindole (DAPI, 1μg/mL). For analyzing 

the mouse tumors, single-cell suspensions were prepared using with the gentleMACS 

dissociator (Miltenyi Biotec, Auburn, CA) according to the manufacturer’s protocol. Single-

cell suspensions were stained with anti-CD16/32 monoclonal antibody and fluorochrome-

conjugated antibodies for 30 min then fixed with 1% Paraformal- dehyde overnight. 

Intracellular Staining Permeabilization Wash Buffer (Biolegend, San Diego, CA) were used 

for intracellular staining. Antibodies for flow cytometry are listed in the Table S2. Data 

were obtained on a Cytek Aurora (Cytek, Bethesda, MD) flow cytometer and analyzed with 

FlowJo software (version 10.6, BD Biosciences (Franklin Lakes, NJ)).

Annexin V-propidium iodide (PI) assay—2–4×105 cells were plated in six-well plates 

and treated with or without 1 μM AZD1775 for 24 or 48 h. Cells were harvested and stained 

with annexin V and propidium iodide using the FITC annexin V Apoptosis Detection Kit 

I (BD Biosciences) according to the manufacturer’s protocol. Data were obtained on a 

Cytek Aurora (Cytek) flow cytometer and analyzed with FlowJo software (version 10.6, BD 

Biosciences).

EdU-DAPI based flow cytometry—2–4×105 cells were plated in six-well plate and 

treated with or without 1 μM AZD1775 for 16 h. Before harvesting, cells were incubated 

with 10 μM EdU for two hours. The cells were harvested stained with Click-iT EdU Alexa 

Fluor 488 Flow Cytometry Assay Kit (Invitrogen) according to the manufacturer’s protocol. 

Data were obtained on a Cytek Aurora (Cytek) flow cytometer and analyzed with FlowJo 

software (version 10.6, BD Biosciences).

Micronuclei assay—Cells were treated with or without AZD1775 (1μM). Cytochalasin 

B (3 μg/mL) was added at the 20th hour to each culture and incubated at 37◦C. After 

24hrs, the cells were centrifuged at 1000 rpm for 5 min. The supernatant was removed, and 

the pellet was treated with weak hypotonic solution (0.075 M KCl/0.9% Saline, 1:9) and 

incubated at 37◦C for 5 min. After this, the cells were centrifuged and the pellets were fixed 

in fresh fixative (methanol:acetic acid, 3:1). Cells were dropped onto glass slides prepared 

and stained with ProLong Gold Antifade Mountant with DAPI (CST) for scoring. The slides 

were scanned with a 20x/0.8NA plan-apochromat objective in a 3DHistech Pannoramic 250 

Flash Scanner (3DHISTECH, Öv u. 3., Hungary). The scanned images were evaluated with 

Case Viewer (3DHISTECH) in the setting of 20x in Case Viewer. At least 10 areas following 

the standard specifications, were scored for each slide.
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Transfection of siRNAs—Silencer Select siRNAs for WEE1 (s21 and s23 for human, 

s76041 and s76042 for murine) and STING (s50644) were purchased from Invitrogen 

(Carlsbad, CA) and STAT1 (L-003543–00–0005) were purchased from Horizon Discovery 

(Lafayette, CO). SiRNAs were transfected into cells using lipofectamine RNAi-MAX 

(Invitrogen) in accordance with the manufacturer’s protocol. In all experiments, Silencer 

Select siRNA for Negative Control no.1 (Invitrogen) was used as the scrambled control. 

Knockdown was confirmed by western blotting analysis. Each sample was tested in 

triplicate with three independent experiments being performed.

Nude mouse model—Suspensions of 2×106 cells were injected subcutaneously in a 

1:1 mixture of phosphate-buffered saline (PBS) and Matrigel (#CB40234, Fisher) into the 

flanks of 6-week-old female nude mice obtained from ENVIGO (Boyertown, PA). Once the 

mean tumor volume reached approximately 100 mm3, mice were randomized and treated 

with either vehicle (0.5% methylcellulose) or AZD1775 (60 mg/kg, 5 of 7 days, Q.D.; n 
= 5/group). Tumors were measured twice a week using calipers and their volumes were 

calculated as width2 x length x 0.5. Body weights were monitored twice a week. The 

Student t-test was used to determine statistical significance between two group groups.

Immunocompetent mice model—Cell suspensions (2×106 RPP cells) were injected 

subcutaneously in a 1:1 mixture of PBS and Matrigel (#CB40234, Fisher) into the flanks of 

6-week-old female B6129F1 mice obtained from TACONIC. For the RPM-tumor model, 

suspensions of 3×106 RPM cells were injected into the flanks of 6-week-old female 

NSG mice (The Jackson Laboratory, Bar Harbor, ME). Two weeks later, tumors were 

harvested and processed into single-cell suspensions using with the gentleMACS dissociator 

(Miltenyi Biotec). The single-cell suspensions (3×106 RPM cells) were injected into 6-

week-old female B6FVBF1/J mice (The Jackson Laboratory). Once the mean tumor volume 

reached approximately 100 mm3, mice were randomized and treated with either vehicle 

(0.5% Methylcellulose), anti-PD-L1 antibody (300mg/body, once weekly, Intraperitoneal 

injection), AZD1775 (60 mg/kg, 5 of 7 days, Q.D., oral gavage), or AZD1775 and anti-PD-

L1 antibody. Tumors were measured twice a week using calipers and their volumes were 

calculated as width2 x length x 0.5. Body weights were monitored twice a week. The 

Student t-test was used to determine statistical significance between two groups.

RNA sequencing—Fresh frozen tumor samples were shipped to GENEWIZ for RNA 

isolation, library preparation, and RNA sequencing. Total RNA was extracted using 

Qiagen RNeasy Plus Universal mini kit following manufacturer’s instructions (Qiagen, 

Hilden, Germany). Extracted RNA samples were quantified using Qubit 2.0 Fluorometer 

(Life Technologies, Carlsbad, CA, USA) and RNA integrity was checked using Agilent 

TapeStation 4200 (Agilent Technologies, Palo Alto, CA, USA). RNA sequencing libraries 

were prepared using the NEBNext Ultra II RNA Library Prep Kit for Illumina following 

manufacturer’s instructions (NEB, Ipswich, MA, USA). Briefly, mRNAs were first enriched 

with Oligo(dT) beads. Enriched mRNAs were fragmented for 15 min at 94◦C. First strand 

and second strand cDNAs were subsequently synthesized. cDNA fragments were end 

repaired and adenylated at 3′ends, and universal adapters were ligated to cDNA fragments, 

followed by index addition and library enrichment by limited-cycle PCR. The sequencing 
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libraries were validated on the Agilent TapeStation (Agilent Technologies, Palo Alto, CA, 

USA), and quantified by using Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) as well 

as by quantitative PCR (KAPA Biosystems, Wilmington, MA, USA). The sequencing 

libraries were clustered on 1 flowcell lane. After clustering, the flowcell was loaded on 

the Illumina HiSeq instrument (4000 or equivalent) according to manufacturer’s instructions. 

The samples were sequenced using a 2 × 150bp Paired End (PE) configuration. Image 

analysis and base calling were conducted by the HiSeq Control Software (HCS). Raw 

sequence data (.bcl files) generated from Illumina HiSeq was converted into fastq files and 

de-multiplexed using Illumina’s bcl2fastq 2.17 software. One mismatch was allowed for 

index sequence identification.

RNA-seq analysis—We quantified RPP RNA-seq reads with Kallisto v.0.45.0 (Pimentel 

et al., 2017) to obtain transcript counts and abundances. Kallisto was run with 100 bootstrap 

samples, sequence based bias correction, and in strand specific mode, which processed only 

the fragments where the first read in a pair is pseudoaligned to the reverse strand of a 

transcript. RNA-seq of RPM was quantified with Salmon v1.1.0 (Patro et al., 2017). Salmon 

was run on raw reads mapped to 25 mer indexed mm10 genome. In addition to default 

settings, mapping validation (–validatemappings), bootstrapping with 30 re-samplings (–

numBootstraps), sequence specific biases correction (–seqBias), coverage biases correction 

(–posBias) and GC biases correction (–gcBias) were enabled. Differential gene expression 

analysis, principle component analysis, and transcript per million (TPM) normalization by 

size factors, were done from Salmon output files using Sleuth v0.30.0 run in gene mode 

(Pimentel et al., 2017). The transcript to gene map was based on Ensembl 92 (Zerbino 

et al., 2018). Differentially expressed genes were identified using the Wald test. Genes 

were marked as significant if the False Discovery Rates, q, calculated using the Benjamini-

Hochberg menthod, was less than 0.05, and beta (Sleuth-based estimation of log2 fold 

change) > 0.58, which approximately correlated to a log2 fold change of 1.5 in our data.

Gene set enrichment analysis (GSEA) (Subramanian et al., 2005) was performed on full 

sets of differential gene expression data across the previously mentioned comparisons. 

Genes were ranked on p value scores computed as -log10(p value)*(sign of beta). Gene 

set annotations were Hallmark genes taken from Molecular Signatures Database (MSigDB 

v7.0.1) (Subramanian et al., 2005) (Liberzon et al., 2011). The significance level of 

enrichment was evaluated using permutation test and the p value was adjusted by Benjamini-

Hochberg procedure. Any enriched gene sets with adjusted p value ≤0.05 were regarded as 

significant. This analysis was conducted using the R package ClusterProfiler v3.18.1 (Yu et 

al., 2012).

Histological analyses of tumors—Tissue were fixed in 10% neutral buffered formalin, 

processed in ethanol and xylene, and infiltrated with paraffin in a Leica ASP6025 tissue 

processor. Paraffin blocks were sectioned at 5 μm thickness and immunohistochemistry was 

performed with anti-CD3, anti-CD8a, anti-PD-L1 antibodies. Immunohistochemistry was 

carried out on a Leica Bond RX automated stainer using Bond reagents (Leica Biosystems, 

Buffalo Grove, IL), including a polymer detection system (DS9800, Novocastra Bond 

Polymer Refine Detection, Leica Biosystems). The chromogen was 3,3 diaminobenzidine 
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tetrachloride (DAB), and sections were counterstained with hematoxylin. Details for each 

marker are shown in the Table S3. The slides were scanned with a 20x/0.8NA plan-

apochromat objective in a 3DHistech Pannoramic 250 Flash Scanner (3DHISTECH). The 

scanned images were evaluated with Case Viewer (3DHISTECH). The number of PD-L1 

positive cells were counted in the setting of 20x in Case Viewer from five areas of five 

tumors in each group.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data from RT-PCR, flow cytometry, micronuclei assay, and histological analysis were 

expressed as means ± standard deviation (SD) and tumor progression in animal studies 

as means ± standard error (SE), respectively. The statistical significance of differences 

was analyzed using with GraphPad Prism Ver. 9.0 with p value less than 0.05 considered 

statistically significant (ns > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• WEE1 inhibition causes activation of STING and STAT1 pathways in SCLC

• WEE1 inhibitor plus ICB mediates the innate and adaptive anti-immune 

response

• Combined WEE1 inhibitor plus ICB suppresses tumor growth in SCLC 

mouse models
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Figure 1. The antitumor effect of AZD1775 in SCLC
(A) Cell viability IC50 values were determined in response to treatment with AZD1775 (0–

10 μM) for 5 days in 16 human and three murine SCLC cell lines. The data shown represent 

the means ± SD of three individual experiments.

(B) Cells were treated with 1 μM AZD1775 for 24 or 48 h. Then, the proportion of apoptotic 

cells was detected using annexin V-propidium iodide-based flow cytometry. Bars represent 

mean ± SD of triplicate. Statistical significance was determined using Student’s t test (**p < 

0.01, ***p < 0.001).
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(C) Cells were treated with 1 μM AZD1775 for 16 h. Cell-cycle states were detected with 

EdU-DAPI-based flow cytometry.

(D) Cells were treated with 1 μM AZD1775 for 8, 24, or 48 h. Western blots show protein 

expression of phospho-WEE1, phospho- and total CDK1, γH2AX, cleaved PARP, and actin 

(loading control) at each time indicated.

(E) Tumor-growth curves of subcutaneous tumors in nude mice with conditional loss of 

Trp53, p130, and Rb1 (RPP; top) and Trp53, Rb1, and MYCT58A (RPM; bottom) treated 

with vehicle or 60 mg/kg of AZD1775 (n = 5 per group). Bars represent mean ± SE. 

Statistical significance was determined using Student’s t test (**p < 0.01).

(F) Western blots showing phosho-WEE1, γH2AX, and actin (loading control) of RPP or 

RPM tumors from (E).

See also Figure S1.
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Figure 2. Antitumor immune response of AZD1775 is mediated via the cGAS-STING-TBK1-
IRF3 pathway in SCLC
(A) Quantification of cells containing micronuclei (MN) after 1 μM AZD1775 treatment for 

24 h. Bars represent mean ± SD of eight areas. Statistical significance was determined using 

Student’s t test (***p < 0.001).

(B) Western blots showing the protein expression of STING pathway, phospho (p)- and total 

(t)-STING, p- and t-TBK1, p- and t-IRF3, cGAS, and actin (loading control) in SCLC cells 

treated with 1 μM AZD1775 for 8, 24, and 48 h.
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(C) Quantitative mRNA expression of IFN-α, IFN-β after treatment with 1 μM AZD1775 

for 48 h in SCLC cells (H526, H82, H446, RPP, and RPM). Bars represent mean ± SD of 

triplicate. Statistical significance was determined using Student’s t test (**p < 0.01, ***p < 

0.001).

(D and E) Quantitative mRNA expression of (D) CXCL10 and (E) CCL5 after treatment 

with 1 μM AZD1775 for 48 h in SCLC cells (H526, H82, H446, RPP, and RPM). Bars 

represent mean ± SD of triplicate. Statistical significance was determined using Student’s t 

test (**p < 0.01, ***p < 0.001).

See also Figures S2–S4.
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Figure 3. WEE1 inhibition enhances antitumor responses induced by anti-PD-L1 antibody in 
vivo in RPP tumor-bearing model
(A) Tumor-growth curves of vehicle, AZD1775 alone (60 mg/kg, 5 of 7 days, Q.D.), anti-

PD-L1 antibody alone (300 μg/body, once weekly), and AZD1775 plus anti-PD-L1 antibody 

groups in B6 129F1 mice injected with RPP cells (n = 10 per group). Bars represent mean ± 

SE. Statistical significance was determined using Student’s t test (*p < 0.05, ***p < 0.001).

(B–E) RPP tumors were harvested at day 15 for immune profiling by flow 

cytometry. Cumulative data for the tumors are shown. Flow-cytometry analysis of 

(B) CD45+CD3+ total T cells, (C) CD45+CD3+CD8+ cytotoxic T cells, (D) effector 
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memory CD8+ T cells: CD45+CD3+CD8+CD44hiCD62Llo, and (E) M1 macrophages: 

CD45+F4/80+GR-1−CD11b+CD68+iNOS+. Percentages were the ratio to CD45+ cells (n 

= 5 for vehicle and anti-PD-L1 group, n = 6 for AZD1775 and AZD1775 plus anti-PD-L1 

group). Bars represent mean ± SD. Statistical significance was determined using Student’s t 

test (*p < 0.05, **p < 0.01, ***p < 0.001).

(F) CD8 and CD3 immunohistochemistry was performed on sections of tumors resected on 

day 21 (from A). Representative images are shown. Scale bar: 100 μm.

See also Figure S5.
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Figure 4. WEE1 inhibition enhances antitumor responses induced by anti-PD-L1 antibody in 
vivo in RPM tumor-bearing model
(A) Tumor-growth curves of vehicle, AZD1775 alone (60 mg/kg, 5 of 7 days, Q.D.), anti-

PD-L1 antibody alone (300 μg/body, once weekly), and AZD1775 plus anti-PD-L1 antibody 

groups in B6FVBF1/J mice injected with RPM cells (n = 5 for vehicle and anti-PD-L1 

antibody groups, n = 7 for AZD1775 and AZD1775 plus anti-PD-L1 antibody groups). The 

data shown represent the means ± SE. p values were calculated by Student’s t test (*p < 

0.05, ***p < 0.001).
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(B–D) RPM tumors were harvested at day 19 for immune profiling by flow cytometry. 

Cumulative data for the tumors are shown. Flow-cytometry analysis of (B) CD45+CD3+ 

total T cells, (C) CD45+CD3+CD8+ cytotoxic T cells, and (D) exhausted CD8+ T cells: 

CD45+CD3+CD8+PD-1+TIM-3+.

Percentages in (B) and (C) were the ratio to CD45+ cells and percentages in (D) were the 

ratio to CD8+ cells (n = 5 for vehicle and anti-PD-L1 group, n = 7 for AZD1775 and 

AZD1775 plus anti-PD-L1 group). The data shown represent the means ± SD. p values were 

calculated by Student’s t test (*p < 0.05, **p < 0.01).

See also Figure S6.
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Figure 5. Pathway analysis demonstrates activation of type I and II interferon (IFN) pathways 
in SCLC mouse tumors treated with AZD1775 or AZD1775 plus anti-PD-L1 antibody, and 
AZD1775 mediates STAT1 pathway activation in SCLC cells
(A and B) HALLMARK pathway enrichment analyses of differentially expressed genes 

(DEGs) from RPP tumors on the mice treated with vehicle, AZD1775, or AZD1775 plus 

anti-PD-L1 antibody for 21 days. (A) AZD1775 versus vehicle and (B) AZD1775 plus 

anti-PD-L1 antibody versus vehicle (n = 5 per group).

(C and D) HALLMARK pathway enrichment analyses of DEGs from RPM tumors on the 

mice treated with vehicle, AZD1775, or AZD1775 plus anti-PD-L1 antibody for 18 days. 

Taniguchi et al. Page 31

Cell Rep. Author manuscript; available in PMC 2022 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(C) AZD1775 versus vehicle and (D) AZD1775 plus anti-PD-L1 antibody versus vehicle (n 

= 4 per group).

(E) Quantitative mRNA expression of IFN-γ after treatment with 1 μM of AZD1775 for 48 

h in SCLC cells (H526, H82, H446, RPP, and RPM cells). The data shown represent the 

means ± SD of triplicate. p values were calculated by Student’s t test (**p < 0.01, ***p < 

0.001).

(F) Western blots show expression of p-WEE1, p- and total STAT1, and actin (loading 

control) in SCLC cells (H526, H82, H446). Cells were treated with 1 μM AZD1775 for 24 

h.

(G) Quantitative mRNA expression of IRF1 after treatment with 1 μM AZD1775 for 48 h in 

SCLC cells (H82, H446). The data shown represent the means ± SD of triplicate. p values 

were calculated by Student’s t test (*p < 0.05).

See also Figure S7.
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Figure 6. STING and STAT1 mediate induction of type I and type II interferons following WEE1 
inhibition
(A and B) Knockdown of STAT1 (or siRNA control [siSCR]) by siRNA followed by 

treatment with 1 μM AZD1775 for 48 h in H82 cells.

(A) Western blots show expression of p-WEE1, total STAT1, and actin (loading control).

(B) Quantitative mRNA expression of IFN-α, IFN-β, and IFN-γ.

(C and D) Knockdown of STING (or siSCR) by siRNA followed by treatment with 1 μM 

AZD1775 for 48 h in H82 cells. The data shown represent the means ± SD of triplicate. p 

values were calculated by Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).
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(C) Western blots showing expression of p-WEE1, total STING, and actin (loading control).

(D) Quantitative mRNA expression of IFN-α, IFN-β, and IFN-γ. The data shown represent 

the means ± SD of triplicate. p values were calculated by Student’s t test (**p < 0.01, ***p < 

0.001).

(E) Quantitative mRNA expression of IFN-α, IFN-β, IFN-γ, CXCL10, and CCL5 after 

treatment with 500 nM H151 or 1 μM C176 and 1 μM AZD1775 for 48 h in H526 cells. The 

data shown represent the means ± SD of triplicate. p values were calculated by Student’s t 

test (*p < 0.05, **p < 0.01, ***p < 0.001).

See also Figure S8.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Phospho-Wee1 (Ser642) Cell Signaling Technology Cell Signaling Technology Cat# 4910, RRID:AB_2215870

STING (D2P2F) Cell Signaling Technology Cell Signaling Technology Cat# 13647, RRID:AB_2732796

Phospho-STING (Ser366) Cell Signaling Technology Cell Signaling Technology Cat# 19781, RRID:AB_2737062

TBK1 Cell Signaling Technology Cell Signaling Technology Cat# 3504, RRID:AB_2255663

phospho-TBK1(S172) Cell Signaling Technology Cell Signaling Technology Cat# 5483, RRID:AB_10693472

Stat1 Cell Signaling Technology Cell Signaling Technology Cat# 14994, RRID:AB_2737027

Phospho-Stat1 (Ser727) Cell Signaling Technology Cell Signaling Technology Cat# 8826, RRID:AB_2773718

IRF-3 Cell Signaling Technology Cell Signaling Technology Cat# 11904, RRID:AB_2722521

Phospho-IRF-3 (Ser386) Cell Signaling Technology Cell Signaling Technology Cat# 37829, RRID:AB_2799121

Phospho-Histone H2A.X (Ser139) Cell Signaling Technology Cell Signaling Technology Cat# 2577, RRID:AB_2118010

CDK1 (cdc2) Cell Signaling Technology Cell Signaling Technology Cat# 77055, RRID:AB_2716331

Phospho-CDK1 (cdc2) (Tyr15) Cell Signaling Technology Cell Signaling Technology Cat# 4539, RRID:AB_560953

cGAS Cell Signaling Technology Cell Signaling Technology Cat# 15102, RRID:AB_2732795

Histone H3 Cell Signaling Technology Cell Signaling Technology Cat# 4499, RRID:AB_10544537

Lamin B1 Cell Signaling Technology Cell Signaling Technology Cat# 12586, RRID:AB_2650517

Cleaved PARP (Asp214) Cell Signaling Technology Cell Signaling Technology Cat# 5625, RRID:AB_10699459

Cleaved PARP (Asp214) Cell Signaling Technology Cell Signaling Technology Cat# 94885, RRID:AB_2800237

PD-L1 Cell Signaling Technology Cell Signaling Technology Cat# 13684, RRID:AB_2687655

β-Actin Cell Signaling Technology Cell Signaling Technology Cat# 4967, RRID:AB_330288

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology Cell Signaling Technology Cat# 7074, RRID:AB_2099233

CD4-APC Cy7 Biolegend BioLegend Cat# 100526, RRID:AB_312727

CD8-PE Cy7 Biolegend BioLegend Cat# 100722, RRID:AB_312761

CD45-Pacific Blue Biolegend BioLegend Cat# 103126, RRID:AB_493535

CD4-PE/Dazzle-594 Biolegend BioLegend Cat# 100246, RRID:AB_2565883

Ghost Dye™ Violet 510 Tonbo Cat#13-0870-T500

PD-1-BV605 Biolegend BioLegend Cat# 135220, RRID:AB_2562616

CD62L-AF700 BD Biosciences BD Biosciences Cat# 560517, RRID:AB_1645210

CD44-BV711 Biolegend BioLegend Cat# 103057, RRID:AB_2564214

Tim-3-APC Biolegend BioLegend Cat# 134008, RRID:AB_2562998

GR-1-BV711 Biolegend BioLegend Cat# 108443, RRID:AB_2562549

F/80-APC Tonbo Tonbo Biosciences Cat# 20-4801, RRID:AB_2621602

CD11b-BV650 Biolegend BioLegend Cat# 101259, RRID:AB_2566568

CD68-PerCP/Cy5.5 Biolegend BioLegend Cat# 137010, RRID:AB_2260046

iNOS-PE Thermo Fisher Scientific Thermo Fisher Scientific Cat# 12-5920-80, RRID:AB_2572641

PD-L1-PE BD Biosciences BD Biosciences Cat# 558091, RRID:AB_397018

PD-L1-APC Biolegend BioLegend Cat# 329708, RRID:AB_940360

H-2Kb/H-2Dd-FITC Biolegend BioLegend Cat# 114706, RRID:AB_313605

HLA-ABC-PE Biolegend BioLegend Cat# 311406, RRID:AB_314875
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REAGENT or RESOURCE SOURCE IDENTIFIER

CD3 Abcam Abcam Cat# ab135372, RRID:AB_2884903

CD8a Synaptic Systems Synaptic Systems Cat# HS-361 003

PD-L1 R and D Systems R and D Systems Cat# AF1019, RRID:AB_354540

Chemicals, peptides, and recombinant proteins

AZD1775 Selleck chemical Cat# S1525

H151 Selleck chemical Cat# S6652

C176 Selleck chemical Cat# S6575

Anti-PD-L1 antibodiy (clone 10F.9G2) Bio X cell Bio X Cell Cat# BE0101, RRID:AB_10949073

IgG2b I sotype control Bio X cell Bio X Cell Cat# BE0090, RRID:AB_1107780

Cisplatin Accord Healthcare Cat# 16729-288-38

Etoposide Accord Healthcare Cat# 16729-114-08

Recombinant Human IFN-γ BioLegend Cat# 570204

Critical commercial assays

CellTiter-Glo luminescent cell viability assay Promega Cat# G7571

Annexin V-propidium iodide
(PI) assay

BD Biosciences BD Biosciences Cat# 556547,
RRID:AB_2869082

Click-iT™ EdU Alexa Fluor™
488 Flow
Cytometry Assay Kit

Thermo Fisher Cat# C10425

ProLong Gold Antifade
Mountant with DAPI

Cell Signaling Technology Cat# 8961S

Deposited data

Raw RNAseq data This paper ArrayExpress: E-MTAB-11577

Experimental models: Cell lines

NCI-H1048 ATCC ATCC Cat# CRL-5853, RRID:CVCL_1453

NCI-H196 ATCC ATCC Cat# CRL-5823, RRID:CVCL_1509

NCI-H211 ATCC ATCC Cat# CRL-5824, RRID:CVCL_1529

NCI-H82 ATCC ATCC Cat# HTB-175, RRID:CVCL_1591

NCI-H446 ATCC ATCC Cat# HTB-171, RRID:CVCL_1562

NCI-H1341 ATCC ATCC Cat# CRL-5864, RRID:CVCL_1463

NCI-H720 ATCC ATCC Cat# CRL-5838, RRID:CVCL_1583

NCI-H524 ATCC ATCC Cat# CRL-5831, RRID:CVCL_1568

NCI-H841 ATCC ATCC Cat# CRL-5845, RRID:CVCL_1595

NCI-H526 ATCC ATCC Cat# CRL-5811, RRID:CVCL_1569

NCI-H1694 ATCC ATCC Cat# CRL-5888, RRID:CVCL_1489

NCI-H146 ATCC ATCC Cat# HTB-173, RRID:CVCL_1473

DMS 114 ATCC ATCC Cat# CRL-2066, RRID:CVCL_1174

COR-L311 ECACC ECACC Cat# 96020721, RRID:CVCL_2412

NCI-H69 ATCC ATCC Cat# HTB-119, RRID:CVCL_1579

DMS 79 ATCC ATCC Cat# CRL-2049, RRID:CVCL_1178
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Athymic nu/nu, females, 6 weeks old ENVIGO Stock #: 069

B6 129F1, females, 6 weeks old TACONIC FARMS INC. Stock #: B6129-F

B6 FVBF1/J, females, 6 weeks old JACKSON LABORATORY Stock #: 019019

NSG, females, 6 weeks old JACKSON LABORATORY Stock #: 005557

Software and algorithms

FlowJo Ver.10 BD Biosciences https://www.flowjo.com

Prism Ver. 9.0 Graphpad N/A

Case Viewer 3DHISTECH https://www.3dhistech.com/solutions/caseviewer/
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