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SUMMARY

Cyclin-dependent kinase 7 (CDK7) is a central regulator of the cell cycle and gene transcription. However,
little is known about its impact on genomic instability and cancer immunity. Using a selective CDK7 inhibitor,
YKL-5-124, we demonstrated that CDK7 inhibition predominately disrupts cell-cycle progression and in-
duces DNA replication stress and genome instability in small cell lung cancer (SCLC) while simultaneously
triggering immune-response signaling. These tumor-intrinsic events provoke a robust immune surveillance
program elicited by T cells, which is further enhanced by the addition of immune-checkpoint blockade.
Combining YKL-5-124 with anti-PD-1 offers significant survival benefit in multiple highly aggressive murine
models of SCLC, providing a rationale for new combination regimens consisting of CDK7 inhibitors and
immunotherapies.

Significance

Small cell lung cancer (SCLC) is one of the deadliest human cancers for which new treatment paradigms are urgently
needed. Recently, immune-checkpoint blockade (ICB) with chemotherapy was approved for first-line therapy; however,
the added survival benefit remains limited. Here, we demonstrate that CDK7 inhibition results in cell-cycle disruption and
genomic instability while activating immune-response signaling in SCLC. This tumor cell-intrinsic effect potentiates activa-
tion of infiltrating immune cells, supporting a role of CDK7 in regulating anti-tumor immunity. Our results show that the CDK7
inhibitor YKL-5-124 increases the susceptibility of SCLC to anti-PD-1, and provides better survival in multiple murine SCLC
models. Our data suggest that adding YKL-5-124 to ICB and chemotherapy may improve treatment efficacy and survival
benefit in patients with SCLC.
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INTRODUCTION

Small cell lung cancer (SCLC) is one of the deadliest human can-

cers, accounting for about 15% of all lung cancer (van Meer-

beeck et al., 2011). It often arises in heavy smokers and is

characterized by rapid growth and early metastasis (Bunn

et al., 2016; Semenova et al., 2015). Although SCLC patients

often initially respond to chemotherapy, tumors nearly always

recur within 6–12 months, resulting in a 5-year survival rate of

less than 7% (van Meerbeeck et al., 2011).

Immune evasion is a hallmark of cancer (Schreiber et al.,

2011). Therapies to enhance anti-tumor immune response,

particularly antibodies blocking inhibitory immune-checkpoint

proteins such as programmed cell death protein 1 (PD-1),

have achieved clinical success in the management of various

cancers (Sharma and Allison, 2015). The high tumor mutation

burden in SCLC provides a rationale for investigating the effect

of immune-checkpoint blockades (ICBs) in this tumor type

(Alexandrov et al., 2013; George et al., 2015; Hellmann et al.,

2018). Indeed, results from a phase 3 trial led to Food and

Drug Administration (FDA) approval of atezolizumab (anti-PD-

L1) in combination with carboplatin and etoposide for the

first-line treatment of patients with extensive stage (ES)-

SCLC, despite achieving only a 2-month increase in overall

survival (OS) (Horn et al., 2018). However, a large number of

patients do not respond to ICBs. This highlights the need to

identify new combination regimens to trigger anti-tumor

immunity.

CDK7 is a master regulator of cell-cycle progression (Fisher

and Morgan, 1994; Ganuza et al., 2012). CDK7 functions as

the catalytic core of the CDK-activating kinase (CAK) complex

and becomes activated by binding to Cyclin H and Mat1

(Harper and Elledge, 1998; Schachter and Fisher, 2013). The

trimeric CAK complex activates several central cell-cycle

CDKs by phosphorylation (Larochelle et al., 2007; Merrick

et al., 2008; Schachter et al., 2013). Temporal activation of

these CDKs by the CAK complex ensures orderly progression

within the cell cycle (Asghar et al., 2015). In addition, CAK

is a component of the general transcription factor TFIIH,

a protein complex important for RNA polymerase II (RNA

Pol II)-mediated transcription (Glover-Cutter et al., 2009; Lar-

ochelle et al., 2012; Serizawa et al., 1995; Shiekhattar et al.,

1995). However, whether CDK7 kinase activity is indispens-

able for basal transcription remains controversial (Ganuza

et al., 2012; Kanin et al., 2007; Serizawa et al., 1993). We pre-

viously reported that SCLCs are sensitive to THZ1, a covalent

inhibitor of CDK7 that also targets CDK12/13. Due to this

dual specificity of THZ1, it was challenging to pinpoint the

distinct role of CDK7 in regulating transcription and cell-

cycle progression, respectively (Christensen et al., 2014).

We have recently identified a new highly selective covalent

CDK7 inhibitor, YKL-5-124, with no off-target effect on

CDK12/13 (Olson et al., 2019). The discovery of YKL-5-124

confirmed the role of CDK7 in regulating cell-cycle progres-

sion and suggested potential redundancies in its control of

gene transcription.

While previous work has elucidated CDK7 as a master regu-

lator of the cell cycle, its potential effects on DNA replication

and genome stability, as well as its tumor-intrinsic immune

effect, remain unknown. Using YKL-5-124, we studied the effect

of CDK7 inhibition in triggering an immune response and

explored the efficacy of combining YKL-5-124 with immuno-

therapy in mouse models.

RESULTS

YKL-5-124 Specifically Targets CDK7 and Disrupts Cell-
Cycle Progression through Inhibition of CDK7 CAK
Activity
To confirm that YKL-5-124 confers selective engagement of

CDK7 over CDK12/13 in SCLC cells, we performed a competi-

tive pull-down assay and examined the ability of YKL-5-124 to

block the pull-down of CDK7-Cyclin H complexes or Cyclin K,

the obligate binding partner of CDK12/13 (Kwiatkowski et al.,

2014). YKL-5-124 efficiently prevented Cyclin H pull-down but

failed to block pull-down of Cyclin K (Figures 1A and S1A). These

results confirm selective targeting of CDK7 by YKL-5-124,

consistent with our recent findings in other cellular models

(Olson et al., 2019).

We next examined direct targets of CDK7, CDK1, and CDK2.

YKL-5-124 robustly inhibited CDK1 and CDK2 T-loop phosphor-

ylation in a representative panel of SCLC lines at concentrations

as low as 50 nM (Figures 1B and S1B). In contrast, YKL-5-124

treatment had no effect on C-terminal domain (CTD) phosphor-

ylation of RNA Pol II (Figure 1B), indicating that selective CDK7

inhibition does not inhibit global transcription. We further

confirmed that dual inhibition of CDK7 and CDK12/13 is required

for inhibition of RNA Pol II CTD phosphorylation by co-treating

cells with YKL-5-124 and the CDK12/13 inhibitor THZ531 (Zhang

et al., 2016). Concurrent inhibition of CDK7 and CDK12/13

reduced levels of phosphorylated Pol II Ser2 and Ser5 to levels

similar to treatment with the CDK7/12/13 inhibitor THZ1 (Kwiat-

kowski et al., 2014) (Figure S1C). In summary, selective CDK7

inhibition with YKL-5-124 is sufficient to reduce the phosphory-

lation levels of CDK1 and CDK2 but not that of RNA Pol II CTD.

Furthermore, YKL-5-124 treatment had no effect on expression

of superenhancer (SE)-associated genes including INSM1,

ASCL1, NFIB, and MYC (Christensen et al., 2014), while THZ1

treatment caused a significant reduction in their expression

(Figure S1D).

We next investigated whether YKL-5-124 treatment affected

cell viability and cell-cycle progression. We first measured cell

viability at different time points (up to 7 days) upon treatment

with increasing concentrations of YKL-5-124. A significant

reduction in growth rate was observed at all tested concentra-

tions compared with control cells (Figures 1C and S1E). YKL-

5-124 resulted in reduced growth and a cytostatic effect with a

tendency of cytotoxic effects at longer time points (day 7) (Fig-

ures 1C and S1E). Cell-cycle analysis further showed that YKL-

5-124 induced a significant accumulation of cells in G1 phase

with a corresponding loss of cells in S phase (Figures 1D and

S1F). The percentage of cells in G2/M phase was not significantly

changed at concentrations up to 500 nM. In parallel, an increase

of Cyclin E protein andmRNA (CCNE1) levels was detected, sup-

porting the observed accumulation of cells at the G1-S phase

checkpoint, whereas expression of Cyclins A (CCNA1), B

(CCNB1), and D (CCND1) remained unchanged (Figures 1E

and 1F).
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Consistent with recent findings in other models (Olson et al.,

2019), our data in SCLC further support YKL-5-124 as a selective

CDK7 inhibitor that suppresses CDK1 and CDK2 activity and im-

pairs cell growth and cell-cycle progression.

CDK7 Inhibition Impairs DNA Replication and Causes
DNA Damage and Micronuclei Formation
The inhibitory effect of YKL-5-124 on CDK1 and CDK2 activity

and the consequent G1-S progression defect prompted us to
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Figure 1. YKL-5-124 Specifically Targets CDK7 and Disrupts Cell-Cycle Progression through Inhibition of CDK7 CAK Activity

(A) Competitive pull-down assay in mouse SCLC (mSCLC) RPP631 cells treated with YKL-5-124 at indicated concentrations for 6 h. Western blotting showing the

pull-down (PD) or input of Cyclin H and Cyclin K.

(B) Western blotting of RNA Pol II total (RNAP II), RNA Pol II p-Ser 2 and 5, CDK1, CDK2, pCDK1 (Thr161), pCDK2 (Thr160), and Tubulin in RPP631 and human

SCLC (hSCLC) DMS79 cells after treatment with YKL-5-124 at indicated concentrations for 24 h.

(C) Cell viability was measured at day 2, 5 and 7 (and normalized to day 0) upon treatment with DMSO or indicated concentrations of YKL-5-124 in RPP631

and DMS79.

(D) Bar graph showing the cell distribution in G1, S, and G2/M phases quantified by flow-cytometry analysis of propidium iodide (PI) staining in RPP631 and

DMS79 after YKL-5-124 treatment for 72 h.

(E) Western blotting analysis of Cyclin E and Tubulin levels in RPP631 and DMS79 after treatment with YKL-5-124 at indicated concentrations for 24 h.

(F) qRT-PCR analysis of CCNE1, CCNB1, CCND1, and CCNA1 gene expression in RPP631 and DMS79 after treatment for 24 h. The data are presented as fold

changes compared with the vehicle (DMSO). *p < 0.05 (unpaired two-tailed t test).

In (C), (D), and (F), data shown as means ± SD in one of three independent experiments run in triplicates. See also Figure S1.
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Figure 2. CDK7 Inhibition Impairs DNA Synthesis and MCM2 Complex and Causes DNA Damage and Micronuclei Formation

(A) Flow-cytometry analysis of BrdU and 7-AAD co-staining in DMS79 after 24 and 48 h treatment with DMSO or 100 nM YKL-5-124.

(B) Bar graph showing the cell distribution in G1, S, and G2/M phases.

(legend continued on next page)
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address whether CDK7 inhibition affects DNA replication and

hexameric minichromosome maintenance 2–7 (MCMs) (Hills

andDiffley, 2014; Hyrien, 2016) complex at replication sites, sub-

sequently causing DNA damage and genome instability.

We first examined the effect of YKL-5-124 on active DNA repli-

cation by measuring bromodeoxyuridine (BrdU) incorporation. A

significant decrease in BrdU-incorporated S-phase cells was re-

vealed (Figures 2A and 2B), indicating impaired DNA replication.

We then sought to further characterize whether YKL-5-124 stalls

DNA synthesis indicated by 5-ethynyl-20-deoxyuridine (EdU)

incorporation in the nucleus, as well as impairs the loading of

MCM2 at individual replication foci. We employed single-mole-

cule STORM (stochastic optical reconstruction microscopy) of

fluorescently labeled EdU and MCM2 (Rust et al., 2006). We

observed a dramatic decrease in the EdU content in each nu-

cleus as well as in each focus upon YKL-5-124 exposure after

48 and 72 h (Figures 2C–2E, S1G, and S1H), implying reduced

origin firing events. Similarly, a significant decline of MCM2 con-

tent in each nucleus and replication focus was detected (Figures

2F–2H, S1I, and S1J). Taken together, these results support an

inhibitory impact of YKL-5-124 on DNA replication and MCM2

initiation complex assembly.

Reduction of MCM2 at the DNA replication initiation complex

has been shown to cause replication deficiency and stress, lead-

ing to DNA damage and genomic instability, manifested by

elevated levels of gH2AX and increased micronuclei formation.

We observed a significant increase of gH2AX foci in YKL-5-

124-treated cells after 48 h (Figures 2I and 2J), suggesting

activation of the DNA-damage response. We then examined

whether CDK7 inhibition can increase micronuclei. Immunofluo-

rescence images of 40,6-diamidino-2-phenylindole (DAPI)-

stained nuclei were recorded and quantified (Figure 2K).

Percentages of cells containing micronuclei were considerably

increased after YKL-5-124 treatment (Figure 2L).

YKL-5-124 Triggers Immune-Response Signaling and
Induces Pro-inflammatory Cytokines/Chemokines
Production
A growing body of evidence demonstrates that increased

formation of micronuclei links genome instability to immunity

(Bakhoum and Cantley, 2018; Mackenzie et al., 2017). We next

performed transcriptomic analysis to comprehensively explore

whether CDK7 inhibition affects immune-response signaling

in vitro. RPP631 cells were treated with YKL-5-124 for 48 h

and were then harvested for RNA sequencing. As expected,

expression analysis across significantly modulated genes re-

vealed that YKL-5-124 downregulated genes within gene set

enrichment analysis (GSEA) terms associated with cell cycle,

mitosis, and E2F targets (Figures S2A–S2D). Our analysis further

confirmed that YKL-5-124 treatment had little effect on expres-

sion of SCLC SE-associated genes, in comparison with dual

CDK7 and CDK12/13 inhibition upon THZ1 treatment (Christen-

sen et al., 2014) (Figures S2E and S2F). Intriguingly, GSEA of the

differentially expressed genes revealed that three of the top five

most positively regulated ‘‘hallmark’’ signatures were ‘‘Inter-

feron-g (IFN-g) response’’ (Figure 3A), ‘‘Tumor necrosis factor

a (TNF-a) signaling’’ (Figure 3B), and ‘Inflammatory response’

(Figure 3C).

Heatmaps for the most differentially regulated genes in the top

GSEA signatures induced by YKL-5-124 showed an increased

expression of numerous central pro-inflammatory cytokines

and chemokines, including TNF-a pathway components and

C-X-C motif chemokine ligand 10 (Cxcl10) (Figures 3D–3F).

TNF-a signaling plays an important role in dendritic cell recruit-

ment, maturation, and activation (Brunner et al., 2000), while

CXCL10/CXCL9 are involved in regulating T cell recruitment

and activity (Spranger et al., 2017). These factors secreted in

the tumor microenvironment (TME) can potentially contribute

to an optimal anti-tumor T cell response.We then sought tomea-

sure the expression levels of Tnf,Cxcl10, andCxcl9 upon YKL-5-

124 exposure by quantitative reverse transcription-polymerase

chain reaction (qRT-PCR). YKL-5-124 significantly stimulated tu-

mor cell expression of Tnf (Figure 3G), Cxcl10 (Figure 3H), and

Cxcl9 (Figure 3I) after 48 h. To further confirm that the cyto-

kine/chemokine production by YKL-5-124 is mediated through

specific inhibition of CDK7, we used an isogenic HAP1 cell sys-

tem expressing CDK7 wild type (WT) or a mutated form of CDK7

(CDK7-Cys312Ser) in which YKL-5-124 cannot bind (Olson et al.,

2019). Consistently, a significant increase in TNF and CXCL10

expression was detected after YKL-5-124 treatment in the WT

cells but not in the C312S mutant cells (Figure S2G). In addition,

the cGAS-STING pathway is one of the most investigated cyto-

solic DNA-sensing mechanisms that activate immunity (Ba-

khoum and Cantley, 2018; Mackenzie et al., 2017). However,

interestingly, the immune-stimulatory effect by YKL-5-124 ap-

pears to be independent of this pathway (Figures S2H and S2I).

We next sought to examine whether this tumor-cell-intrinsic

effect by YKL-5-124 could affect T cell activation ex vivo. To

address this, we utilized the OT-I mouse model in which the

OT-I CD8+ T cells can recognize ovalbumin peptide residues

257–264 (OVA257–264) and become activated (Barilla et al.,

2019; Hogquist et al., 1994). Mouse SCLC cells were treated

with either dimethyl sulfoxide (DMSO) or YKL-5-124 for 48 h.

DMSO-conditioned or YKL-5-124-conditioned medium was

(C–E) Quantification of DNA synthesis indicated by EdU incorporation per nucleus as well as within each replication focus using STORM imaging of fluorescently

labeled EdU in RPP631 cells treatedwith vehicle or 100 nMYKL-5-124 after 72 h. (C) Representative images of nuclei with EdU signal are shown in vehicle or YKL-

5-124. Scale bars, 2,000 nm. (D) Quantifications of EdU nuclear density (nm�2) per nucleus and (E) EdU content per focus are plotted.

(F–H) Quantification of MCM2 complex per nucleus as well as within each replication focus in RPP631 cells. (F) Representative images of nuclei with MCM2

content are shown. Scale bars, 2,000 nm. Dashed-line circle indicates nuclei. (G) Quantification of MCM2 nuclear density (nm�2) per nucleus and (H) MCM2

content per focus are plotted.

(I and J) Quantification of gH2AX foci upon YKL-5-124 exposure by immunofluorescence (IF) microscopy in RPP631. (I) Representative images of DAPI-stained

nuclei in blue and gH2AX foci in red. (J) The percentages of gH2AX foci in cells are plotted. At least ten field images were counted (R100 cells).

(K and L) Quantification of micronuclei upon YKL-5-124 exposure in RPP631 and GLC16 by IF. (K) Representative images of DAPI-stained nuclei. (L) The

percentages of micronuclei in cells are plotted. At least ten field images were counted (R100 cells).

In (B), (D), (E), (G), (H), (J), and (L), data shown as means ± SD in one of two to three independent experiments run in triplicates. In (D), (E), (G), (H), (J), and (L), *p <

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (unpaired two-tailed t test). See also Figure S1.
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added to OT-I T cell culture in the presence of OVA257–264 pep-

tide. Intriguingly, a significant increase in the percentage

of CD69+, TNF-a+ and IFN-g+ CD8+ T cells was detected in the

YKL-5-124-conditioned medium, in comparison with the

DMSO-conditioned medium group (Figures 3J–3L), indicating

elevated T cell activity. No significant effect on CD8+ T cell activ-

ity was observed when OT-I T cells were directly treated with

YKL-5-124 (Figures S2J–S2L). These findings indicate that the

activation of CD8+ T cells is a tumor-intrinsic effect of CDK7 in-

hibition rather that the drug’s direct action on CD8+ T cells.

Collectively, these findings suggest that CDK7 inhibition acti-

vates immune-response signaling in SCLC cells, leading to

secretion of essential pro-inflammatory cytokines/chemokines,

which in turn can activate CD8+ T cells.

YKL-5-124 Is a Well-Tolerated CDK7 Inhibitor In Vivo

and Inhibits SCLC Tumor Growth
We next determined whether YKL-5-124 might inhibit tumor

growth and prolong survival in four immunocompetent murine

SCLC models: Rb1L/Lp53L/Lp130L/L (RPP) genetically engi-

neered mouse models (GEMMs) (Schaffer et al., 2010), RPP,

Rb1�/�p53�/� (RP), and RPP-MYC orthotopic models (Figures

S3A and S3B).

To overcome the long and variable latency (6–9 months) of

conventional RPP GEMMs, we established and characterized

an orthotopic syngeneic SCLC model. This was conducted via

transthoracic injection using tumor cells from a CRISPR/Cas9-

RPP model of C57BL/6 (B6) background (Oser et al., 2019) (Fig-

ure S3C). These tumor-bearing mice have a much shorter and

consistent latency of 7–8 weeks. Furthermore, a highly similar

frequency of different immune infiltrating populations (CD3+,

CD4+, CD8+, and CD11b+) in the TME between the orthotopic

model and GEMMs was observed (Figures S4A–S4E). To this

end, using the same strategy we successfully generated three

syngeneic murine models (RPP, RP, and RPP-MYC), which are

fast and reliable for oncoimmunology studies for SCLC

(Figure S3).

To evaluate the optimal YKL-5-124 dosage with minimum

toxicity, we performed a dose-escalating study in B6 mice in

which body weight and blood cell counts were monitored and

measured (Figures S5A–S5D). YKL-5-124 was well tolerated at

a dose up to 10 mg/kg and caused no significant change in

body weight and blood counts. We furthermore confirmed target

engagement of YKL-5-124 in tumor-bearing mice at 10 mg/kg

(Figure S5E).

We first tested whether YKL-5-124 affects tumor growth in the

RPP orthotopic model. Disease development was followed by

magnetic resonance imaging (MRI). Upon confirmation of tumor

burden byMRI, mice were randomized to control and YKL-5-124

treatment, respectively (Figure 4A). All mice in the control group

displayed aggressive disease with tumor volumes doubling after

a 3-week period (Figures 4B and 4C). YKL-5-124-treated mice

had significant tumor response at the 2-week and 3-week time

points (Figures 4B and 4C). We next examined the efficacy of

YKL-5-124 in the RP and RPP-MYC orthotopic models (Figures

4D and S6A–S6D). Consistently, YKL-5-124 demonstrated

notably delayed tumor growth in the RP and RPP-MYC (Figures

4E and S6A–S6D). Remarkably, YKL-5-124 significantly pro-

longed survival, with an added median survival benefit of

approximately 30 days in both RPP and RP models (Figures 4F

and 4G). In contrast, most vehicle-treatedmice in the RPPmodel

succumbed to their tumor burden before the 6-week time point,

highlighting the aggressive disease course (Figure 4F).

To further confirm the above observed tumor response, we

evaluated the efficacy of YKL-5-124 in autochthonous RPP

GEMMs (Figures S6E–S6H). Consistently, the majority of mice

in control group (seven of eight) had doubled their tumor volumes

at the 3-week time point, while none of the mice treated with

YKL-5-124 had more than 50% increase of tumor burden (Fig-

ures S6F and S6G). Similarly, YKL-5-124 greatly improved me-

dian OS from 28 days to 56 days (Figure S6H).

YKL-5-124 Enhances Tumor Response to Anti-PD-1
Immunotherapy
Our in vitro findings suggest a potential role of CDK7 inhibition in

enhancing immune response. This prompted us to investigate

whether CDK7 inhibition could augment immunotherapy in vivo.

Thus, we next sought to explore whether combining YKL-5-124

with anti-PD-1 could result in more durable tumor inhibition than

each single agent alone. Of note, no toxicity was detected in the

body weight and blood cell counts in the combination treatment

group (Figures S6I–S6L).

Compared with the control group, anti-PD-1 alone signifi-

cantly reduced tumor growth after 3-week treatment in the

RPP and RP models (Figures 4B and 4E), although to a lesser

extent when compared with YKL-5-124, as the added median

OS benefit by anti-PD-1 was only 10 days in the RPP and

15 days in the RP model (Figures 4F and 4G). Strikingly, mice

in the combined anti-PD-1 + YKL-5-124 treatment regimen

(Combo) had the best response across all models tested (Fig-

ures 4B, 4E, S6C, and S6F). We observed that 7 out of 25 mice

exhibited stable disease (volume increase <30%) including three

mice with complete response (CR) in the RPP model (Figure 4B),

and more than half of the mice had stable disease with one CR

in the RP model (Figure 4E). Most importantly, combining

YKL-5-124 and anti-PD-1 dramatically increased the OS of

Figure 3. YKL-5-124 Triggers Immune-Response Signaling and Induces Pro-inflammatory Cytokine and Chemokine Production

(A–C) GSEA of the differentially expressed genes induced by YKL-5-124 in RPP631. Shown are three of the top five most positively regulated ‘‘hallmark’’ sig-

natures: (A) interferon-g response, (B) TNF-a signaling, and (C) inflammatory response. Gene list was ranked with signed (from log2 fold change [log2FC]) like-

lihood ratio from YKL-5-124 versus vehicle comparison.

(D–F) Heatmaps for differential expression of transcripts from three top positively regulated pathways (colors are log2FC).

(G–I) qRT-PCR analysis of (G) Tnf, (H) Cxcl10, and (I) Cxcl9 levels in RPP631. The data are presented as fold changes compared with the vehicle. Data shown as

means ± SD in one of three independent experiments run in triplicates. **p < 0.01, ****p < 0.0001 (unpaired two-tailed t test).

(J–L) Profiling of OT-I T cells activation markers (J) CD69, (K) TNF-a, and (L) IFN-g by flow cytometry after treatment with DMSO- or YKL-5-124-conditioned

medium. Data shown as means ± SEM in one of three independent experiments run in ten replicates. *p < 0.05, **p < 0.01 (unpaired two-tailed t test).

See also Figure S2.
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tumor-bearingmice in comparison with either YKL-5-124 or anti-

PD-1 alone (Figure 4F). In comparison with control mice, combi-

nation treatment led to a more than 2-fold increase in survival

with an added median survival benefit of 45 days and 43 days

in the RPP and RP models, respectively (Figures 4F and 4G).

These results were also confirmed in a separate cohort of RPP

GEMMs. Whereas mice treated with anti-PD-1 alone had slower

tumor growth compared with vehicle-treatedmice after 3 weeks,

the majority of YKL-5-124 plus anti-PD-1 treated mice (seven of

nine) had substantially reduced tumor burdens (Figures S6F and

S6G). Combination treatment was superior to either YKL-5-124

or anti-PD-1 alone in tumor response (Figures S6F and S6G)

and led to the longest survival (Figure S6H).

We next sought to evaluate the efficacy of Combo with stan-

dard chemotherapy (cisplatin + etoposide) and compare the sur-

vival benefit with recently approved chemotherapy + anti-PD-1

(Horn et al., 2018). Strikingly, the four-drug combination group

(Chemo + Combo) had the best efficacy (Figure 4B) with no

toxicity in the body weight (Figure S6I). All mice had stable dis-

ease and roughly half of the 17 mice had >20% reduction in

tumor volume after 3 weeks, whereas there was no significant

difference in efficacy between YKL-5-124 + anti-PD-1 (Combo,

Figure 4B) and cisplatin + etoposide (Chemo + anti-PD-1, Fig-

ure 4B). The impressive efficacy of Chemo +Combowas directly

translated into the longest improved survival, as 12 out of 17

mice in this group survived more than 90 days (Figure 4F). Of

note, mice under Combo treatment appear to live significantly

longer than those in the Chemo + anti-PD-1 group (Figure 4F),

suggesting a better survival benefit in the Combo group.

In summary, YKL-5-124 enhances the response to anti-PD-1

immunotherapy, and combining YKL-5-124with anti-PD-1 offers

significant survival benefit in multiple murine models. Adding

YKL-5-124 and anti-PD-1 to standard chemotherapy further im-

proves tumor response and leads to the longest survival.

YKL-5-124 Provokes a Robust Anti-tumor Immune
Program In Vivo, Which Is Further Enhanced by Anti-
PD-1 Immunotherapy
The survival benefit from combining YKL-5-124 and anti-PD1

treatment suggested that combined CDK7 and PD-1 inhibition

might further alter the tumor immune milieu to achieve optimal

immune response.

To investigate the phenotypical and functional alterations of

T cells, we harvested mouse tumor-bearing lung for immune

profiling after 7-day treatment, as shown in Figure S4A. There

was no significant change of the frequencies of total CD4+ and

CD8+ T cell infiltrates after either anti-PD-1 or YKL-5-124

compared with control tumors (Figures 5A and 5B). However, a

notable increase of total CD4+ T cell infiltrates was observed in

the combination-treated mice in comparison with control tumors

or those treated with YKL-5-124 alone, and this trend was not

seen in total CD8+ T cells (Figures 5A and 5B). Profiling of

CD4+ T cells showed a substantial increase of CD44highCD62Llow

effector CD4+ T cells after either YKL-5-124 or anti-PD-1 treat-

ment (Figures 5C and 5D), while combination treatment induced

the highest increase of CD44highCD62Llow CD4+ T cells (Figures

5C and 5D), which was further confirmed in a separate cohort of

RPP GEMMs (Figures S6M and S6N).

To further assess the functional activity of CD4+ T cells, we

analyzed the expression of a proliferation marker, Ki67, and an

activation/co-stimulatory marker, ICOS. YKL-5-124 led to a

modest increase of tumor-infiltrating CD4+ T cells expressing

Ki67, and significantly higher frequencies of ICOS+ CD4+

T cells (Figures 5E and 5F). Anti-PD-1 also caused a moderate

elevation of Ki67+ CD4+ T cells but had no effect on the levels

of ICOS+ CD4+ T cells (Figures 5E and 5F), suggesting that

YKL-5-124 might be more effective than anti-PD-1 in promoting

activation of CD4+ T cells. The most marked increase of Ki67+

CD4+ (Figure 5E) and ICOS+ CD4+ T cells (Figures 5F and S6O)

was detected in mice treated with the YKL-5-124 and anti-

PD-1 combination. We next assessed the activity of cytotoxic

T lymphocytes (CTLs) by staining for Granzyme B (GzmB), a

cytotoxic granule protein secreted by CD8+ T cells. A consider-

able but equivalent increase of GzmB+ CD8+ T cell percentage

was observed in YKL-5-124 or anti-PD-1-treated mice (Fig-

ure 5G), suggesting an enhanced cytotoxic T cell-mediated

clearance of tumor cells. Of note, combination treatment re-

sulted in the highest percentage of GzmB+ CD8+ cytotoxic

T cells (Figures 5G and S6P), supporting the superior efficacy

and improved survival induced by YKL-5-124 and anti-PD-1.

An optimal and efficient anti-tumor immune program requires

cooperation between dendritic cells (DCs) and T cells. CD4+

T cells provide the key input signals for the DCs to relay the

help signal to elicit CD8+ CTLs responses (reviewed in Borst

et al., 2018). In particular, recent work highlighted the critical

role of CD11c+ CD103+ DCs in the priming and effector phase

of the anti-tumor T cell response (Salmon et al., 2016; Spranger

et al., 2017). We sought to characterize whether YKL-5-124 and

Figure 4. YKL-5-124 Inhibits SCLC Tumor Growth In Vivo and Enhances Tumor Response to Anti-PD-1 Immunotherapy

(A) Quantification of baseline tumor volumes of RPP orthotopic model. Combined vehicle and isotype immunoglobulin G (Control, n = 13), anti-PD-1 (n = 13), YKL-

5-124 (n = 17), anti-PD-1 + YKL-5-124 (Combo, n = 25), chemotherapy (Chemo) + anti-PD-1 (n = 18), and Chem + Combo (n = 17). Each dot represents

one mouse.

(B) Quantification of tumor volume changes of RPP orthotopic model after treatment. Waterfall plot shows tumor volume response after week 3. Each column

represents one mouse, in comparison with baseline MRI measurement.

(C) Representative MR images show lung tumors of RPP orthotopic model before and after the treatment at indicated time points. Circled areas, heart.

(D) Quantification of baseline tumor volumes of RP orthotopic model: Control (n = 9), anti-PD-1 (n = 10), YKL-5-124 (n = 12), and Combo (n = 12). Each dot

represents one mouse.

(E) Quantification of tumor volume changes of RP orthotopic model after treatment. Waterfall plot shows tumor volume response after week 2. Each column

represents one mouse, in comparison with baseline MRI measurement.

(F and G) Kaplan-Meier survival curve of (F) RPP or (G) RP orthotopic model after indicated treatment. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (log-

rank test).

In (A) and (D), data shown as means ± SEM. In (A), (B), (D), and (E), **p < 0.01, ***p < 0.001, and ****p < 0.0001; NS, not significant (unpaired two-tailed t test).

See also Figures S3–S6.
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Figure 5. YKL-5-124 Provokes a Robust Anti-tumor Immune Program, Which Is Further Enhanced by Anti-PD-1 Immunotherapy

(A and B) Tumor-infiltrating lymphocytes from RPP orthotopic model were analyzed at day 7 after treatment (n = 5). Frequencies of infiltrating (A) CD4+ T cells and

(B) CD8+ T cells are presented.

(legend continued on next page)
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anti-PD-1 alone or combination treatment would have an impact

on the DC population (MHCII+CD11c+CD103+). Compared with

control mice, a significant increase in percentages of tumor resi-

dent DCs was observed in mice after treatment with YKL-5-124

or combination, but to a lesser extent in mice treated with anti-

PD-1 (Figure 5H). In addition, to directly examine the in vivo

secretion of TNF-a, CXCL9, and CXCL10 in the TME, we

collected bronchoalveolar lavage fluid (BALF) from mouse lung

after 7 days of treatment. Consistent with our in vitro data, a pro-

nounced increase of TNF-a, CXCL9, and CXCL10 was detected

upon YKL-5-124 and combination treatment (Figures 5I–5K).

These findings suggest YKL-5-124 provokes a robust anti-tu-

mor immune program elicited by cooperation between DCs,

effector CD4+ T cells and cytotoxic CD8+ T cells. This effect is

further enhanced by the addition of PD-1 blockade.

Single-Cell Transcriptomic Analysis Identifies
Intratumoral Cell Populations
To provide a more comprehensive and unbiased assessment of

immunotherapeutic responses, we performed single-cell RNA

sequencing (scRNA-seq) analysis on the whole TME including

tumor cells and immune counterparts.

We obtained single-cell transcriptomes for 9,307 cells in the

control group, 10,018 in YKL-5-124, 5,944 in anti-PD-1, and

5,911 in Combo. To define the intratumoral cell populations,

we computationally combined data from the four treatment

groups using canonical correlation analysis (Butler et al., 2018),

representing a total of 31,180 cells, then used graph-based clus-

tering and dimensionality reduction with UMAP (Becht et al.,

2018) to respectively identify and visualize transcriptionally ho-

mogeneous clusters of cells (Figure 6A). Clusters were further

annotated by directly comparing their transcriptional state with

that of known sorted populations using the SingleR package

(Aran et al., 2019) and assessment of known cell-type specific

markers. We identified cancer cells expressing the epithelial

cell adhesion molecule (Epcam), lymphoid populations repre-

sented by T cells and innate lymphoid cells (ILC) expressing

Cd3d, natural killer (NK) cells expressing natural cytotoxicity trig-

gering receptor 1 (Ncr1), B cells expressing Cd19, and myeloid

populations such asmonocytes, DCs andmacrophages, neutro-

phils expressing S100a9, basophils expressing Cd200r3, and

stromal cells expressing Sparc (Figures 6A–6C and S7A).

Notably, compared with distribution of cell populations in the

control group, YKL-5-124, anti-PD-1, and Combo treatment re-

sulted in an increase in the frequencies of total immune cell com-

ponents (Figures 6D and 6E).

Single-Cell Transcriptomic Analysis Confirms
Connection of CDK7 Inhibition in Tumor-Intrinsic
Signaling to Immunity
As shown above, CDK7 inhibition impedes cell-cycle progres-

sion and DNA replication, leading to genome instability and

elevated immune response. To further delineate the temporal

events that occur upon in vivo treatment, we inferred a contin-

uous cell-cycle trajectory from the scRNA-seq data. First, we

calculated scores for genes specific to the G1, G2/M, or S phase

for each cell and applied the scores to cluster cells in eight

groups that represent a cell-cycle state. The center of each

group was then connected with its two nearest neighbors in

the computed 3-dimensional (3D) cell-cycle score space (Fig-

ure S7B). The 3D visualization was projected in 2D by retaining

the order of the eight cell-cycle states, which provides a portrait

of the dynamic phases of cell-cycle progression (Figure 6F).

Analysis of cell distribution illustrated that cells mainly arrested

at G1 phase (cluster 1) and to a lesser extent at G2/M (cluster

8) upon YKL-5-124 and combination treatment, whereas a signif-

icant decrease in percentage of S-phase cells (clusters 4, 5, and

6) was observed (Figure 6G). Furthermore, GSEA showed that

YKL-5-124 significantly downregulated genes within the ‘‘cell-

cycle’’ and ‘‘E2F target’’ signatures (Figure 6H). These data

further support the proposal that cell-cycle progression is

substantially disrupted in vivo by CDK7 inhibition. Finally, YKL-

5-124 and combination treatment triggered robust immune-

response signaling, particularly gene signatures related to

‘‘IFN-g response’’ and ‘‘Inflammatory response’’ (Figures 6I

and 6J).

Combinatorial Therapy Reinvigorates Anti-tumor
Immunity
To delineate an overall immune landscape remodeling associ-

ated with treatment, we characterized the alterations of the sub-

populations of the tumor-infiltrating immune cells (Figures 7A

and 7B). In comparison with control, a significant increase in per-

centage of total T cells, NK cells, and ILC cells was observed

upon YKL-5-124, anti-PD-1, and combination (Figure 7B). In

the myeloid compartments, anti-PD-1 induced an increase of

monocytes and macrophages, while YKL-5-124 treatment

induced higher numbers of monocytes and neutrophils (Fig-

ure 7B). Of note, although DCs accounted for a small fraction

of the overall population, YKL-5-124, anti-PD-1, and combina-

tion all induced an increase in DCs (Figure 7B).

Our in vivo immune profiling suggests that YKL-5-124 and

combination therapy provoke a robust anti-tumor immune pro-

gram centered on effector CD4+ T cells and CD8+ T cells.

Consistently, scRNA-seq analysis showed a particularly promi-

nent impact on T cells (Figure 7B). To more accurately dissect

the T cell subpopulations, we separated T cells (6,698) and

analyzed the data at higher granularity (Figure 7C). This

approach yielded 11 distinct T cell subpopulations (c0 to c10)

broadly defined by the distribution of classical marker genes,

representing high plasticity and complexity (Figures 7C–7H). It

was evident that YKL-5-124, anti-PD-1, and combination

prompted changes in subpopulation proportions and their tran-

scriptional profiles (Figures 7I–7M). Further characterization of

(C–F) The expression of (C) CD44, (D) CD62L, and (E) Ki67 in CD4+ T cells; (F) frequencies of ICOS+ CD4+ T cells were analyzed (n = 5).

(G) Frequencies of GzmB+ CD8+ T cells were analyzed (n = 5).

(H) Frequencies of CD11c+CD103+ dendritic cells were analyzed (n = 5).

(I–K) Bronchoalveolar lavage fluid (BALF) was collected from mouse lung and secretion of (I) TNF-a, (J) CXCL9, and (K) CXCL10 was measured by Luminex

(pg/mL) (n = 4).

Data shown as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; NS, not significant (unpaired two-tailed t test). See also Figure S6.
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each individual cluster is described here and detailed in STAR

Methods.

CD4+ T Cells

Cells in c1 expressed high levels of Cd4 and the naive T cell

marker Sell (CD62L), but lacked the expression of effector/mem-

ory marker Cd44 and T cell activation genes (detailed in STAR

Methods), including Ifng and Icos (Figure 7K). c1 appeared to

be naive T cells, whose percentage was prominently reduced

following YKL-5-124, anti-PD-1, and combination (Figures 7I

and 7J). c5 showed the highest levels of activated markers and

intermediate levels of Sell and Cd44 (Figure 7K), representing

an activated/effector T cell signature. c4 expressed much lower

levels of these activation markers, and lower Sell and higher

Cd44 (Figure 7K). YKL-5-124, anti-PD-1, and combination treat-

ment led to an increase in frequency of c5 and a slight reduction

in c4 percentage (Figures 7I and 7J).

c6 cells expressed high levels of Cd4 and Foxp3, which are

markers for regulatory T cells (Tregs). Upon YKL-5-124, anti-

PD-1, and combination treatment, the percentage of Tregs

increased significantly in comparison withmice treatedwith con-

trol (Figures 7I and 7K). This increased frequency of Tregs might

indicate an acute positive feedback to an activated tumor im-

mune environment by short-term treatment.

c7 displayed highest levels of Cd44 and low of Sell, and inter-

mediate levels of T cell activationmarkers, indicating an effector/

activation T cell signature. Of note, this cluster of cells expressed

uniquely Mki67, implying proliferative capacity of these cells. In

response to YKL-5-124, anti-PD-1, and combination treatment,

the numbers of Mki67+ CD4+ T cells significantly increased

(Figure 7J).

CD8+ T Cells

Both c0 and c8 expressed high levels of Cd8a and Sell, but low

Cd44 and T cell activation genes. c9 expressed intermediate

level of Sell and relatively low level of T cell activation genes.

Thus, c0, c8, and c9 appeared to be naive-like cells and in an in-

activated state. Notably, YKL-5-124, anti-PD-1, and Combo all

caused a reduction of these three clusters of CD8+ T cells (Fig-

ures 7I, 7L, and 7M).

c3 expressed high levels of memory T cell marker Klrg1, inter-

mediate levels of cytotoxic T cells markers (Gzma and Gzmb),

and Tbx21 (T-bet) and Eomes. This cluster represents ‘‘memory’’

population with cytotoxicity and low-proliferation capability,

which has the potential to differentiate into CTLs (Ebert et al.,

2016; Herndler-Brandstetter et al., 2018). c10 showed the high-

est levels of T cell activation genes and Gzma and Gzmb,

suggesting that these cells are fully differentiated CTLs. c5

expressed low levels of Sell but high Cd44 and activation

markers, representing an ‘‘effector’’ T cell signature (Figures 7I,

7L, and 7M). In comparison with control, proportions of cells in

both c3 and c5 increased in all other groups, whereas the

number of cells in c10 increased the most upon combination

treatment (Figures 7I, 7L, and 7M). These findings suggest that

combining YKL-5-124 and anti-PD-1 remodels the intratumoral

CD8+ T cell population from cells that are more naive-like

to those with more effector-like, activated, and cytotoxic

properties.

In line with recent work (Gubin et al., 2018), our clustering also

revealed that numerous clusters were categorized more based

on their functional markers rather than classic cellular subtype.

c7 cells with high levels of Mki67 are composed of a mixture of

CD4+ T cells and CD8+ T cells, highlighting their cell-proliferation

capability (Figures 7E, 7F, 7H, 7K, and 7M). c5 is another func-

tionally defined cluster of effector/activated T cells, which

contain both CD4+ and CD8+ T cells (Figures 7E, 7F, 7H, 7K,

and 7M). In response to YKL-5-124, anti-PD-1, and combination,

the number of cells in c7 and c5 increased substantially (Figures

7J and 7L), implying a major impact on proliferation and activa-

tion of CD4+ and CD8+ T cells.

Collectively, our data highlight anti-tumor immunity alterations

occurring in the intratumoral T cell compartment following YKL-

5-124, anti-PD-1, and particularly combinational therapy,

including: (1) a significant reduction in CD4+ and CD8+ naive

T cell frequency; (2) a dramatic expansion of CD4+ and CD8+

effector/memory T cells and CD8+ CTLs, with an increase in

the number of Mki67+ proliferating T cells; and (3) upregulation

of an anti-tumor gene signatures of T cell activation/function.

Anti-tumor Immunity by Combining YKL-5-124 and PD-1
Is Partly Dependent on CD4+ and CD8+ T Cells
Our in vivo data demonstrate that combining YKL-5-124 and

anti-PD-1 resulted in the best tumor response and optimal im-

mune surveillance centered on T cells. To determine whether

CD4+ or CD8+ T cells directly contribute to combination therapy

response, we assessed the impact of perturbing immune cell

function by in vivo neutralization antibodies against CD4

(aCD4) or CD8 (aCD8) (Figures S7C and S7D). Tumor-bearing

mice were randomized to combination treatment or combination

treatment plus aCD4 or aCD8. Indeed, compared with non-

depletion mice in the combination group, CD4+ T cell-depleted

mice had significantly higher tumor burdens (Figures 7N and

7O). Similarly, a dramatic increase of tumor volumes was

observed in CD8+ T cell-ablated mice (Figures 7N and 7O).

Figure 6. Single-Cell Analysis Identifies Intratumoral Cell Populations and Confirms Connection of CDK7 Inhibition in Tumor-Intrinsic
Signaling to Immunity

(A) UMAP plot showing identified cell populations within whole tumor from all groups merged.

(B) Cluster dendrogram showing the lineage hierarchy of identified cell populations in (A).

(C) UMAP plots of cancer and infiltrating cells displaying marker gene expression.

(D) UMAP plot showing the cell distribution within identified cell populations upon treatment.

(E) Distribution fraction of cancer, immune, and stromal compartments in response to indicated treatment.

(F) Inferred dynamic phases of cell-cycle progression from scRNA-seq analysis.

(G) Bar plot showing cellular distribution within the cell-cycle progression states indicated in (F).

(H and I) GSEA of the differentially expressed genes induced by YKL-5-124 in vivo. Shown are two of the top most negatively (H) and positively (I) regulated

‘‘hallmark’’ signatures.

(J) Heatmap for most differentially expressed genes from the top positively regulated pathways (colors are log2FC).

See also Figure S7.
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Figure 7. Combinatorial Therapy Reinvigorates Anti-tumor Immunity

(A) UMAP plot of the identified intratumoral infiltrating immune cells.

(B) Percentage of different intratumoral infiltrating immune populations identified in (A).

(legend continued on next page)
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Depleting either CD4+ or CD8+ T cells mitigated the anti-tumor

effect of combining YKL-5-124 and anti-PD-1 (Figures 7N and

7O). These observations further support our findings that

T cells are required for anti-tumor immunity induced by combina-

tion treatment.

DISCUSSION

The FDA recently approved atezolizumab (anti-PD-L1) in combi-

nation with chemotherapy for the first-line treatment of patients

with ES-SCLC (Horn et al., 2018). Unfortunately, the added

benefit to median OS was only �2 months, highlighting the

need for new drug combinations that can potentiate ICBs in

SCLC. Recent work in preclinical models suggests that targeting

DNA-damage response could potentially enhance ICB in SCLC

(Sen et al., 2019).

In this study, we demonstrate that targeting CDK7 with the

new selective inhibitor YKL-5-124 disrupts cell-cycle progres-

sion and causes DNA replicative stress and genome instability

in tumor cells, leading to cellular responses including release

of multiple pro-inflammatory cytokines/chemokines. These tu-

mor cell-intrinsic events provoke a robust immune surveillance,

which leads to T cell-mediated tumor control in mouse SCLC

models. Combining YKL-5-124 with PD-1 blockade promotes

strong anti-tumor immunity and confers remarkable survival

benefit in this highly aggressive cancer. Our findings provide a

rationale for combining CDK7 inhibition and immunotherapy for

SCLC patients.

In line with recent work (Olson et al., 2019), selectively target-

ing CDK7 by YKL-5-124 did not result in changes in CTD phos-

phorylation of RNA Pol II and SE-associated gene expression in

SCLC. These findings reveal potential redundancies in CDK con-

trol of gene transcription. YKL-5-124 treatment leads to cells

predominantly arrested at the G1-to-S phase transition and un-

able to advance to S phase. Conventionally, at the G1/S transi-

tion CDKs activate and facilitate the conversion of MCMs in

the pre-initiation complex to an active DNA helicase, leading to

initiation of DNA synthesis (Hills and Diffley, 2014; Hyrien,

2016). When the regulatory mechanisms fail, replicative stress

and DNA damage ensue (Hills and Diffley, 2014). CDK7 inhibition

dramatically impairs the levels of MCM2 at the replication forks,

leading to decreased replication origins, elevated replicative

stress, and DNA damage. Genome instability such as micronu-

clei formation has recently emerged as a crucial cue to activate

immune response (Harding et al., 2017; Mackenzie et al., 2017).

These micronuclei represent an important source of immunosti-

mulatory DNA and precede activation of inflammatory signaling.

Indeed, the series of events provoked by CDK7 inhibition in can-

cer cells trigger robust immune-response signaling and secre-

tion of pro-inflammatory factors, which potentiates T cell activity,

resulting in tumor control.

Importantly, we explored the therapeutic potential of

combining CDK7 inhibitor with ICB in murine models with

lung TME to closely mimic human disease. A key strength of

this current study lies in the use of four histopathology-vali-

dated SCLC models. Of note, combining YKL-5-124 with

anti-PD-1 significantly improved efficacy and extended OS in

all tested SCLC models, supporting the potential of CDK7 inhi-

bition in enhancing immunity as a backbone for combinational

immunotherapy. Strikingly, adding YKL-5-125 and anti-PD-1 to

standard chemotherapy resulted in the best tumor response

and the longest survival among all treatment groups, with no

observed toxicities. This data provides strong evidence for

combining CDK7 inhibitor in first-line treatment with chemo-

therapy and ICB in clinical trials and highlights the translational

significance of our study.

Our current understanding of the TME in SCLC is poor. To

the best of our knowledge, this is the first unbiased scRNA-

seq analysis of TME in mouse SCLC, which was performed

without prior marker selection. In the cancer cells, scRNA-seq

analysis confirms a unique signature of disrupted cell-cycle

progression and connects the tumor-intrinsic effect by YKL-5-

124 to immune-response signaling. Our study uncovered

several key observations and mechanisms of action on immune

compartments: (1) complexity of tumor immune ecosystem dy-

namics; YKL-5-124, anti-PD-1, and combination therapy (2)

trigger the expansion/reduction of certain subtypes of tumor-

infiltrating lymphoid and myeloid cells, (3) cause a dramatic

shift of naive CD4+ and CD8+ T cells to effector/activated

T cells, and (4) enhance proliferative capacity of Mki67+ effector

T cells; combination therapy (5) results in the most prominent

increase of CD8+ CTLs and (6) triggers the strongest increase

in the expression of an anti-tumor cytotoxic gene signature.

Further work is needed to fully elucidate CDK7 function in im-

mune cells.

In summary, our work serves as the basis for the combinatorial

application of CDK7 inhibitor and immunotherapy and provides

evidence for combining YKL-5-124 and PD-1 blockade in future

SCLC clinical trials. Considering the universal role of CDK7 in

genome instability, combining CDK7 inhibition with ICB might

improve anti-tumor immunity as a widely applicable new

approach in cancer immunotherapy.

(C) UMAP plot highlighting the whole population of T cells identified in (A) in purple (left) and UMAP plot showing the subpopulations identified within the

T cells (right).

(D–H) UMAP plots of T cells displaying select marker gene expression.

(I) UMAP density plots showing distribution of annotated clusters in (C) within intratumoral T cells upon treatment.

(J) Percentage of cells in individual CD4+ T clusters annotated in (C) by treatment.

(K) Heatmap displaying expression of select genes in CD4+ T cell clusters (colors are log2FC).

(L) Percentage of cells in individual CD8+ T cell clusters annotated in (C) by treatment.

(M) Heatmap displaying expression of select genes in CD8+ T cell clusters (colors are log2FC).

(N) Percentages of tumor volume after 2 weeks of treatment combining anti-PD-1 and YKL-5-124 (Combo) with or without aCD4 (400 mg/mouse) or aCD8

(400 mg/mouse) antibodies (n = 8). Data shown as means ± SD. **p < 0.01, ***p < 0.001 (unpaired two-tailed t test).

(O) Waterfall plot shows tumor response after week 2. Each column represents one mouse, in comparison with baseline measurements (n = 8). **p < 0.01,

***p < 0.001 (unpaired two-tailed t test).

See also Figure S7.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Studies
All animal studies were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at the New York Uni-

versity Langone Health (NYULH) and Dana-Farber Cancer Institute (DFCI). The GEMM harboring conditional mutant Rb1, p53, and

p130 (RPP) has been described previously (Schaffer et al., 2010). From 6 weeks of age, mice were induced with adenovirus-Cre re-

combinase (Ad-Cre) by intratracheal intubation to allow cre-lox-mediated recombination of floxed Rb1, p53 and p130 alleles. For

syngeneic orthotopic models, ultrasound-guided transthoracic injection was performed using 200,000 RPP631, RP or RPP-MYC

cells in 30 mL PBS directly into the lung of 6 to 8-week-old C57BL/6 (Jackson Laboratory, Stock No: 000664). For OT-I T cell assay,

OT-I mice were purchased from the Jackson Laboratory (Stock No: 003831). Both males and females mice were used and all mice

were maintained in accordance with the respective NYULH and DFCI on the care, welfare, and treatment of laboratory animals. All

experiments met or exceeded the standards of the Association for the Assessment and Accreditation of Laboratory Animal Care,

International (AAALAC), the United States Department of Health and Human Services, and all local and federal animal welfare laws.

Cell Lines
Established mouse SCLC Rb1-/-p53-/-p130-/- (RPP)631, Rb1-/-p53-/- (RP) and RPP-MYC cells were maintained in HITES medium

(Carney et al., 1981) and confirmed by sequencing and western blotting (Oser et al., 2019). Human cell lines (GLC16, DMS79,

NCI-H69, NCI-H82) were maintained in RPMI 1640 (Thermo Fisher Scientific). The HAP1 CDK7 WT and C312S cell lines (Olson

et al., 2019) were cultured in IMDM media (Thermo Fisher Scientific). All cell line media were supplemented with 10% Fetal Bovine

Serum (FBS, Sigma-Aldrich) and 1% penicillin/streptomycin (Thermo Fisher Scientific) and all cell lines were cultured in a humidified

chamber with 5% CO2.

METHOD DETAILS

Chemicals
YKL-5-124 was synthesized according to (Olson et al., 2019). THZ531 was synthesized according to (Zhang et al., 2016). THZ1 and

Bio-THZ1 was synthesized according to (Kwiatkowski et al., 2014). Anti-PD-1 (clone 29F.1A12) was a kind gift from Dr. Gordon

Freeman (DFCI).

In Vivo Toxicity Evaluation and Treatment Studies
For evaluation of in vivo toxicity of YKL-5-124, a dose-escalating study from 2.5 mg/kg to 15 mg/kg q.d. five times/week via intra-

peritoneal injection (i.p.) was tested in C57BL/6 mice. In vivo toxicities including body weight and blood cell counts including platelet,

red blood cells and white blood cells were monitored. Similarly, a separate cohort was used to evaluate in vivo toxicity of combining

YKL-5-124 and anti-PD-1 in C57BL/6 mice.

For treatment studies, micewere evaluated byMRI imaging (Preclinical Imaging Laboratory, NYULH) to quantify lung tumor burden

before for randomization and after drug treatment for efficacy evaluation. Mice were treated with either vehicle and isotype IgG (Con-

trol), anti-PD-1 200 mg/mouse (clone 29F.1A12), YKL-5-124 10 mg/kg, or combined anti-PD-1 and YKL-5-124 (Combo). YKL-5-124

was administered daily fromMonday to Friday, and PD-1 antibody was administered three times a week (Monday, Wednesday, and

Friday). For chemotherapy, cisplatin (5mg/kg) was given onDay 1 and etoposide (10mg/kg) on Day 1, 2, 3 every seven days per cycle

for three cycles. For CD4 or CD8 neutralization study, mice were injected intraperitoneally with either aCD8 antibody (400mg, Bio X

Cell, clone 2.43), or aCD4 (400mg, Bio X Cell, clone GK1.5), or IgG2b isotype control (400mg, Bio X Cell, clone LTF-2) 48 and 24 h

before beginning anti-PD-1 and YKL-5-124 (Combo) treatment, and every 4 days thereafter.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

scran (v1.10.1) scran R package https://bioconductor.org/packages/release/

bioc/html/scran.html

scater (v1.10.0) scater R package https://bioconductor.org/packages/release/

bioc/html/scater.html

limma (v3.38.2) limma R package https://bioconductor.org/packages/release/

bioc/html/limma.html

BioRender BioRender Software https://biorender.com/
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Cell Viability Assay
Cells were seeded in 96-well plates (0.01-0.02 x 106 cells/well) in media and treated with YKL-5-124 at indicated concentrations and

time points. Cell viability was measured using the MTS-based CCK-8 assay (Dojindo, Cat#CK04). Absorption at 450 nm was

measured 3 hr after addition of CCK-8 reagent to cells.

Cell Cycle Analysis
Cells were seeded in 6-well plates (0.5-1 x 106 cells/well) in media and treated with YKL-5-124 at indicated concentrations and time

points. Cells were collected by centrifugation, washed in cold PBS and resuspended in 1ml of 80%EtOH in PBS and stored overnight

at -20�C. Cells were again collected by centrifugation and washed 3X with cold PBS. Hereafter cells were resuspended in PBS con-

taining: 0.1%Triton X-100, 25 mg/ml Propidium Iodide (PI) and 0.2mg/ml RNase A and incubated for 45min at 37�C. After incubation,
cells were placed at 4�C until ready for analysis with flow cytometry. Cells were gated for PI staining and cell accumulation in G1, S

and G2/M were calculated using ModFit LT software.

BrdU Analysis
Cells were seeded in 6-well plates (0.5-1 x 106 cells/well) in media and treated with YKL-5-124 at indicated concentrations and time

points. Prior to collection, cells were pulsed with 1 mM BrdU (BD Biosciences, #559619) for 2-4 hr (depending on cell line doubling

time) and collected by centrifugation. Hereafter cells were permeabilized, fixated and stained according to BrdU kit instruction

(BD Biosciences, Cat#559619). Cells were gated for BrdU incorporation (FITC) and 7-aminoactinomycin D (7-AAD) to quantify cells

in G1, S (BrdU positive) and G2/M.

RNA Extraction and RT-qPCR
Cell pellets were collected and then subjected to total RNA extraction using RNeasy Plus Mini Kit (QIAGEN, Cat#74136) according to

the manufacturer’s instructions, or using TRIzol:Chloroform phase-separation by centrifugation followed by RNA precipitation using

isopropanol. The extracted RNA was reversely transcribed into cDNA using the High-Capacity RNA-to-cDNA� Kit (Thermo Fisher

Scientific, Cat#4387406) according to the manufacturer’s instructions. The obtained cDNA samples were diluted and used for RT-

qPCR. PowerUp� SYBR� Green Master Mix (Thermo Fisher Scientific, Cat#A25742) or TaqMan Gene Expression Master Mix (Life

Technologies, Cat#4369514). Gene specific primers with sequences listed in Table S1were used for PCR amplification and detection

on the StepOnePlus� Real-Time PCR System (Thermo Fisher Scientific). RT-qPCR data were normalized to Actb (mouse cells) or

GUSB (human cells) and presented as fold changes of gene expression in the test sample compared to the control.

Protein Extraction and Western Blotting Analysis
Cells in culture were collected by centrifuging at 1,500rpm and then washed with ice-cold PBS twice to completely remove residual

medium. RIPA lysis buffer (Thermo Fisher Scientific, Cat#89900) supplemented with Halt� Protease and Phosphatase Inhibitor

Cocktail (Thermo Fisher Scientific, Cat#78440) was added to cell pellets to extract protein. Protein concentrations in lysates were

measured by Pierce� BCA Protein Assay Kit (Thermo Fisher Scientific, Cat#23225) and followed by the addition of SDS loading

buffer (6X) and heated at 95�C for 5 min. Equal amount of protein samples was subjected to 4-20% gradient gel SDS-PAGE and

transferred to a nitrocellulose membrane (Bio-Rad, Cat#1704271). The membrane was blocked in Odyssey� Blocking Buffer (LI-

COR, Cat#927-50003) at room temperature for 1 hour and incubated with appropriate antibodies at 4�C overnight (Key Resources

Table). Antibodies were diluted in TBST (TBS with 0.1% Tween) with 20 % LI-COR Odyssey Blocking Buffer. On the next day, the

membrane was washed with TBST (TBS with 0.1% Tween) four times and incubated with appropriate secondary antibodies (LI-

COR, anti-Rabbit, Cat#925-32213; anti-Mouse, Cat#925-68072) at room temperature for 1 hour. Membranes were imaged using

the LI-COR Odyssey� Imaging System.

Competitive Pull-down Assay for YKL-5-124 Target Engagement
Bio-THZ1 pull-down experiments followed by western blotting of enriched proteins was performed as described in (Kwiatkowski

et al., 2014). Briefly, cells were treated with YKL-5-124 or DMSO for 6 hr (in vitro) or 72 hr (in vivo). Following treatment, cells were

washed twice with cold PBS and then lysed in the following lysis buffer: 50 mM TrisHCl pH 8.0, 150 mM NaCl, 1% NP-40, 5 mM

EDTA, 1mM DTT, and protease/phosphatase cocktails. Following clearance, lysates were treated with biotinylated THZ1 for pull-

down overnight at 4�C. Lysates were further incubated at room temperature for 3 hr to increase the efficiency of covalent bond for-

mation. Lysates were then incubated with streptavidin agarose for pull-down for an additional 2-3 hr at 4�C. Agarose beads were

washed 5 times with lysis buffer and then boiled in 2X SDS at 95�C. SDS-page resolved precipitated proteins were probed for the

indicated proteins.

Immunofluorescence Staining and Imaging
Before fixation, cells in PBS were seeded for 30 min on 0.01% Poly-lysine coated coverslip. Cells were then fixed in 4% paraformal-

dehyde (Diluted the 32% paraformaldehyde in PBS, Electron Microscopy Sciences 15714) for 10 min at room temperature. Cells

were washed three times for 5 min with 200 mM glycine containing PBS, followed by permeabilization with 0.3% Triton X-100 in

PBS for 15 min. After blocking with 5% bovine serum albumin (BSA) in PBS for 1 hour, cells were incubated with primary antibody

(gH2A.X, Cell signaling 9718, 1: 200) diluted in a 5% BSA in PBS solution overnight at 4�C. After washing four times with PBS, cells
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were incubated with Alexa Fluor Plus 555 (Invitrogen A32732, 1: 500) secondary antibody for 1 hour and washed three times with

PBS. Cell nuclei were counterstained with DAPI (BioLengend 422801, diluted to 600nM in PBS) for 5 min. Cells were washed two

more times in PBS before mounting with Fluorescence Mounting Medium (Dako, S3023). Images were acquired using Zeiss 880

Laser Scanning Confocal Microscope and were processed by FIJI (NIH). Micronucleus were identified manually by distinct DAPI

staining outside the main nucleus.

EdU and MCM2 Imaging by the Stochastic Reconstruction Microscopy (STORM)
Sample Preparation

RPP631 cells were incubated in the presence of 100nMYKL-5-124 for 48-72 hr. EdUwas pulsed during the last 30minutes of YKL-5-

124 treatment. Treated cells were pre-extracted using 0.5%Triton in CSK buffer (10mMHepes, 300mMSucrose, 100mMNaCl, and

3mMMgCl2, pH = 7.6) for 10minutes, and fixed with paraformaldehyde (4%) for 30minutes. Cells were then rinsed 3 times with PBS

and blocked (2%glycine, 2%BSA, 0.2% gelatin, and 50mMNH4Cl in PBS) overnight at 4�C for further staining. EdUwas tagged with

Alexa Fluor 647 picolyl azide throughClick reaction (Thermo Fisher, C10640) before immunofluorescent labeling of target proteins, for

which the antibodies are mouse anti-PCNA (Santa Cruz Biotech., sc56, 1:1000), goat anti-mouse (Alexa Fluor 750 conjugated,

Thermo Fisher, A-21039, 1:5000), and rabbit anti-MCM2 (Alexa Fluor 647 conjugated, Abcam ab223403, 1:500). Fixed cells were

mounted onto microscope glass for STORM imaging in freshly mixed imaging buffer (1 mg/mL glucose oxidase (Sigma-Aldrich,

G2133), 0.02 mg/mL catalase (Sigma-Aldrich, C3155), 10% glucose (Sigma-Aldrich, G8270), and 100 mM cysteamine (MEA, Fisher

Scientific, BP2664100).

Optics

STORM imaging was performed on a customized inverted microscope as described previously (Yin et al., 2019). In brief, the 639 nm

laser (UltraLaser, MRL-FN-639-800) was collimated and reflected into the TIRF Objective (HCX PL APO 63X NA = 1.47, Zeiss), and

the adjusted illumination power is� 1.5 kW/cm2. A 405 nm Laser line (MDL-III-405-150, CNI) was equipped to reactivate Alexa Fluor

647 fluorophores. A 750 nm laser (UltraLaser, MDL-III-750-500) was also applied to illuminate Alexa Fluor 750 labeled PCNA for

S-phase cell selection. Cell samples were sequentially illuminated with 639 and 750 laser lines and the emitted fluorescence was

collected by the same objective with a 2X magnification tube lens (Diagnostic Instruments). The fluorescence was then filtered by

single band filters (Semrock FF01-676/37 and FF02-809/81). switched in a filter wheel accordingly. Photons were eventually fed

to a sCMOS camera (Photometrics, Prime95B) and collected at 33 Hz, 2000 frames for an image stack.

Single-molecule Localization and Pair-Correlation Analysis

Each 2000-frame single-molecule image stack was submitted to a home-built software for precise single-molecule localization.

Briefly, each frame from an image stack was box filtered, roughly-local-maxima-localized, segmented, and submitted to GPU for

Point-Spread-Function (PSF) fitting using the Maximum Likelihood Estimation (MLE). The fitting accuracy was evaluated using

Cramer-Rao Lower Bound (CRLB). Note that the patterned read-out noise of the sCMOS camera was calibrated before imaging.

Such read-out noise for each pixel was approximated into a Gaussian distribution and convolved with the Poisson shot noise for

MLE fitting (Huang et al., 2013). The generated coordinates were then submitted for Auto-Pair-Correlation analysis to estimate

the nuclear density of the fluorophores within a nucleus, as well as howmany fluorophores are on average in each EdU/MCM2 focus

(Sengupta et al., 2011; Veatch et al., 2012). The number of fluorophores is proportional to the quantity of EdU and MCM2. This

method empowered us to map the precise molecular coordinates of EdU and MCM2 molecules within a cell with a resolution

of �10 nm, and to extract robust metrics such as the amount of EdU and MCM incorporated per nucleus as well as their quantity

within each focus.

Histology and Immunohistochemistry
Lungs were perfused with 10% formalin, stored in fixative overnight, and embedded in paraffin. Four-micron thick sections of

formalin fixed tissue were used for immunoperoxidase analysis after baking at 60�C for 1 hour, deparaffinization and rehydration

(100% xylene X4 for 3 minutes each, 100% ethanol X4 for 3 minutes each and running water for 5 minutes). The sections

were blocked for peroxidase activity with 3% hydrogen peroxide in methanol for 10 minutes and washed under the running water

for 5 minutes. The sections with pressure cooked (Biocare Medical) antigen retrieval were at 120�C in Citrate Buffer (Dako Target

Retrieval Solution, S1699). The slides were cooled for 15 minutes, and transferred to Tris buffer saline (TBS). The sections were incu-

bated with rabbit monoclonal anti-MYC (Abcam Cat#ab32072; 1:900) and or rabbit monoclonal anti-ASCL1 antibody (Abcam

Cat#ab211327; 1:100) was incubated 40 min room temperature. The secondary antibody was used Leica Novolink Polymer

(Cat#RE7161) 30 min incubation. All the incubations were carried out in a humid chamber at room temperature. The slides were

rinsed with TBS in between incubation. The sections were developed using 3,3’-diaminobenzidine (DAB) as substrate and

counter-stained with Mayer’s Hematoxylin.

Luminex Analysis of Murine BAL Fluid
Mouse lung bronchoalveolar lavage (BAL) was performed by intratracheal injection of 2 mL of sterile PBS followed by collection by

aspiration. TNFa, CXCL9 and CXCL10 levels were measured using mouse Cytokine/Chemokine 32-plex Assay (MILLIPLEX, Milli-

pore) on Luminex� SD system (Luminex). Concentrations (pg/mL) of each protein were derived from 5-parameter curve fitting

models according to the manufacturer’s instructions.
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MRI Quantification
Animals were anesthetized with isoflurane to perform MRI of the lung field using BioSpec USR70/30 horizontal bore system (Bruker)

to scan 24 consecutive sections. Tumor volumes within the whole lung were quantified using 3-D slicer software to reconstruct MRI

volumetric measurements as described previously (Christensen et al., 2014). Acquisition of the MRI signal was adapted according to

cardiac and respiratory cycles to minimize motion effects during imaging.

Immune Profiling Flow Cytometry
Mice were humanely euthanized, and mouse lungs were perfused using sterile PBS through heart perfusion from the left ventricle

after BAL fluid collection. The whole lung was cut and minced into small pieces followed by digestion in collagenase D (Sigma-Al-

drich) and DNase I (Sigma-Aldrich) in Hank’s Balanced Salt Solution (HBSS) at 37�C for 30 minutes. After incubation, the digested

tissue was subjected to a 70 mm cell strainer (Thermo Fisher Scientific) to obtain single-cell suspensions. Separated cells were

treated with 13 red blood cell (RBC) lysis buffer (BioLegend). Live cells were determined by LIVE/DEAD fixable aqua dead cell stain

kit (Molecular Probes). The cell pellets were resuspended in PBS with 2% FBS for FACS analysis. Cells were stained with cell surface

markers as indicated followed by fixation/permeabilization (eBioscience). Cells were imaged on BD LSRFortessa (BD Biosciences)

and analyzed using FlowJo software (Tree Star).

Ex Vivo OT-I T Cell Assay
The spleen of OT-I mice was minced with a razor and mashed through a 40 mm strainer to form a single-cell suspension. Separated

cells were then treated with RBC lysis buffer and a number of 5 3 105 cells were seeded in a 96-well U-bottom plate. For conditioned

medium culture assay, RPP631 cells were treated with either DMSO or YKL-5-124 for 48 hr and drugwaswashed off after first 6-hour

treatment. Subsequently, DMSO-conditioned medium or YKL-5-124-conditioned medium were collected and added to above sin-

gle-cell suspension in a 96-well U-bottom plate in the presence of Ova257–264 peptide (10 mg/ml, GenScript, Cat#RP10611) for 4 days

as previously described (Barilla et al., 2019). Alternatively, DMSO or YKL-5-124 was added directly to single-cell suspension in the

presence of Ova257–264 peptide for 4 days in the T cell assay medium (complete RPMI with HEPES, sodium pyruvate, MEM non-

essential amino acids and 2-mercaptethonal). T cell activation markers CD69, TNFa and IFNg were analyzed by flow cytometry.

Generation of cGAS CRISPR/Cas9 Knockout
Single guide RNA (sgRNA) oligonucleotides (Sigma-Aldrich) targeting cGAS (Table S1) were cloned into lentiviral expression vector

lentiCRISPR v2 (Addgene #52961). Lentivirus was generated by transfection of HEK-293T cells with lentiCRISPR v2, or lentiCRISPR

v2-sgcGAS and the packaging plasmids psPAX2 (Addgene #12260) and pMD2.G (Addgene #12259) using Lipofectamine 3000

(Thermo Fisher Scientific). Viral particles released into the cell culture supernatant were filtered with 0.45-mm filters and added to

target cells.

Bulk-RNA Sequencing Analysis
Paired-end reads were aligned to mouse mm10 genome using STAR (v2.5.2b) (Dobin et al., 2013). Reads with good mapping quality

(MAPQ > 30) that aligned to genomic exons were counted using featureCounts (Liao et al., 2014) (mm10 Ensembl 93) to generate a

table with counts for each gene. Differential gene expression analysis was performed using the R package DESeq2 (Love et al., 2014)

using the lfcShrink function. Genes with false discovery rate (FDR) lower than 0.05 were considered significantly differentially ex-

pressed. Gene set enrichment analysis (GSEA) (Subramanian et al., 2005) was performed on a list of genes ranked from high to

low DESeq2 estimated fold-change using the GSEAPreRanked function with enrichment statistic classic and 1000 permutations.

Single-Cell RNA Sequencing
Experimental Protocol and Library Generation

To account for interindividual variability, we harvested pooled fresh tumor-bearing lungs from twomice in two independent cohorts of

RPP orthotopic mice which were treated with control, YKL-5-124, anti-PD-1 and combination treatment for seven days. Single cell

suspensions were achieved as described above and were sorted using DAPI staining. Cells were then resuspended into single cells

with 0.4%BSA for 10x genomics processing. Cell suspensions were loaded onto a 10x Genomics Chromium instrument to generate

single-cell gel beads in emulsion (GEMs). Approximately 5,000 to 10,000 cells were loaded per channel. scRNA-seq libraries were

prepared using the following Single Cell 30 Reagent Kits: Chromium� Single Cell 30 Library &Gel Bead Kit v2 (PN-120237), Single Cell

30 Chip Kit v2 (PN-120236) and i7 Multiplex Kit (PN-120262) (10x Genomics, Pleasanton, CA, USA) as previously described (Zheng

et al., 2017), and following the Single Cell 30 Reagent Kits v2 User Guide (Manual Part # CG00052 Rev A). Libraries were run on an

Illumina HiSeq 4000 system (SY-401-4001, Illumina) as 2 x 150 paired-end reads, one full lane per sample, for approximately >90%

sequencing saturation.

Data (Pre-)processing

The Cell Ranger Single Cell Software Suite, version 1.3 was used to perform sample de-multiplexing, barcode and UMI processing,

and single-cell 30 gene counting. A detailed description of the pipeline and specific instructions to run it can be found at: https://

support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger). A high quality gene expres-

sion matrix was created in sequential preprocessing steps as provided in the Seurat (v2.3.4) pipeline (Butler et al., 2018). First

only genes that were detected in both independent scRNAseq datasets were retained and cells were excluded if respectively
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more than 0.2% or 0.3% of detected genes were frommitochondrial or ribosomal origin or if less than 500 genes were detected. The

countmatrix was subsequently log-normalized with a scale-factor of 10000 and the obtained normalizedmatrix was further corrected

by retaining the residuals after regressing out systematic changes due to number of detected UMIs, percent genes from mitochon-

drial or ribosomal origin.

Clustering and Annotation

Cells from both independent datasets were merged together in canonical correlation (CC) space using the intersection of highly var-

iable genes, identified as genes with higher-than-expected variability in consecutive ranked expression bins, from both datasets. The

implementation of CC alignment and selection of downstream dimensions to usewas performed as described in the Seurat package.

Cells were clustered using the Louvain algorithm based on a shared nearest-neighbor network. The final resolution of all subsequent

clustering analyses was determined by the biological questions and the need for coarse or fine-grained detail as explored in the sub-

sequent cluster annotation. Clusters were annotated using input from multiple sources, we i) calculated a stromal, cancer and im-

mune score using the estimate (v1.0.13) package (Yoshihara et al., 2013) in R, ii) identified cluster specific gene expression markers

based on gini-scores, iii) created a hierarchical tree based on Pearson correlation scores between clusters to visualize lineage rela-

tionships and iv) compared clusters to those of the Immgen database using the SingleR (v0.2.1) package (Aran et al., 2019) in R.

UMAP as implemented by the uwot (v0.0.0.9010) package in R was used to visualize clusters in 2D CC space. Overall this strategy

was hierarchically used to assess all cells, cancer cells only, immune cells only and finally T-cells only.

Quality Control

In the first clustering step, several additional analyses were performed to remove dubious or non-reproducible clusters from down-

stream analyses. To identify contamination of immune cell clusters with cancer cells we performed k-means (2 centers) clustering on

all cells on identified and known canonical markers (Epcam,Calca, Stmn1, Ascl1, Krt7,Nfib, Krt8, Krt18) specific to cancer cells. Sin-

gle-cell outliers with high expression of the aforementioned cancer genes were marked using a density based clustering algorithm

using the dbscan (v1.1-3) R package. Similarly, at the cluster level, immune cell clusters with high expression of aforementioned can-

cer genes were split and labeled as cancer-contaminated and cancer-free cells. Furthermore, clusters that represent doublets were

identified using the doubletCluster function of the scran (v1.10.1) (Lun et al., 2016) and scater (v1.10.0) (McCarthy et al., 2017) pack-

age in R and concomitantly observing a significant distribution shift for total number of detected UMIs per cell. To detect non-repro-

ducible clusters between datasets we compared changes in distribution and only removed a cluster if this cluster was only observed

in all treatment conditions of only one dataset with all individual z-scores greater than 3. Together all marked single-cells identified in

any of the previous quality analyses were removed from further analyses.

Cell-Cycle Analysis

Cells were first classified in G1, G2/M or S categories using the Cyclone function in the scran package (Scialdone et al., 2015) in R,

which provides a discrete grouping based on genes known to be specific to the specific cell-cycle phases. To infer more continuous

cell-cycle states we first identified the top 50 genes that are associated with each cell-cycle phase by performing pairwise compar-

isons using the limma (v3.38.2) package in R (Ritchie et al., 2015). Based on those cell-cycle phase specific geneswe calculated aG1,

G2/M and S-score for each cell by summarizing the normalized expression values. All cells were subsequently clustered by k-means

in eight groups using the three cell-cycle scores. We selected eight groups since there are at least three cell-cycle states and each

cell could be considered inside (high score) or outside (low score) a state (2^3 = 8). To visualize the continuous cell-cycle progression

states themedian of each groupwas visualized in a 3D plots and nearest neighbors were connected. The 3D visualization was project

in 2D by rescaling the average of each k-means group between 0 and 1. To assess changes in cell-cycle progression state distribu-

tion upon treatment we calculated the percentage of single-cells within each group for each treatment condition and compared that

to vehicle-treated samples.

Gene Set Enrichment Analysis

GSEA (Subramanian et al., 2005) was performed on a list of genes ranked according to limma PI-values (-log10(adjusted p-value) x

absolute logFC), using the GSEAPreRanked function with enrichment statistic classic and 1000 permutations. For specific enrich-

ment of superenhancer-associated genes found in (Christensen et al., 2014), a custom gene set for those genes was first created

and merged with in the GO BP category of the MSigDB database to obtain the enrichment ranking. Specific gene enrichment within

a cluster was visualized by averaging the expression of each gene per cluster and subsequently rescaling z-scores for each gene

between -1 and 1.

CD4+ and CD8+ T-Cell Identification

To identify CD4+ and CD8+ subgroups within the annotated T-cell cluster, we first over-clustered, to mitigate known dropout effects

in single-cell data, the T-cell population and divided all subclusters in CD4+ or CD8+ using k-means clustering (groups = 2) based on

the expression ofCd4 andCd8a. This provided a clear separation between predominant CD4+ and CD8+ cells. scRNAseq uncovered

five distinctive clusters of CD4+ T cells (c1, c4, c5, c6 and c7) and seven clusters of CD8+ T cells (c0, c3, c5, c7, c8, c9 and c10).

Among these, functionally defined clusters c5 and c7 are comprised of both CD4+ T cells and CD8+ T cells.

CD4+ T Cells

Cells in c1 expressed high levels ofCd4 and the naive T cell markerSell (CD62L), but lacked the expression of effector/memory T cells

markerCd44 and T cell activation genes, including Ifng, Icos, Lag3,Havcr2 (Tim-3),Pdcd1, Tnfrsf4 andCtla4. c1 appeared to be naive

T cells. c5 showed the highest levels of activated markers such as Icos, Tim-3, Ctla4 and Pdcd1, and intermediate levels of Sell and

Cd44, representing an activated/effector T cell signature. c4 expressedmuch lower levels of these activation markers, and lower Sell

and higherCd44. c6 cells expressed high levels ofCd4 and Foxp3, which are classicmarkers for regulatory T cells (Tregs). These cells
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also expressed intermediate levels of T cell activation genes Icos, Ctla4 and Pdcd1. c7 displayed highest levels of Cd44 and low

levels of Sell, intermediate levels of T cell activation markers such as Icos, Tim-3 and Pdcd1, indicating an effector/activation

T cell signature.

CD8+ T Cells

Both c0 and c8 expressed high levels of Cd8a and naive T cell marker Sell, but low levels of Cd44 and T cell activation genes Lag3,

Tim-3, Pdcd1, Ifng, Icos, Tnfrsf4 and Ctla4. c9 expressed intermediate level of Sell and relatively low levels of the T cell activation

genes. Thus, c0, c8 and c9 appeared to be naive-like cells and in an inactivated state. c3 expressed high levels of Cd8a and memory

T cell marker Klrg1, intermediate levels of cytotoxic T cells marker Gzma and Gzmb, and intermediate levels of two central T cell dif-

ferentiation genes Tbx21 (T-bet) and Eomes. This cluster of CD8+ T cells is thought to represent ‘‘memory’’ population with cytotox-

icity and low proliferation capability. c10 showed the highest levels of T cell activation genes Lag3, Tim-3, Pdcd1, Tnfrsf18 and Ifng,

and cytotoxic markersGzma,Gzmb and Prf1, suggesting these cells are fully differentiated CTLs. c5 expressed low levels of Sell but

high levels of effector T cell marker Cd44 and activation markers Icos, Ctla4 and Tnfrsf4, representing an ‘‘effector’’ T cell signature.

c7 cells expressed high levels ofMki67 are comprised of amixture of CD4+ T cells andCD8+ T cells, highlighting their cell proliferation

capability. In addition, c5 is another functionally defined cluster of effector/activated T cells, which contain both CD4+ and CD8+

T cells.

Illustration Tool
The graphical abstract image is created with BioRender.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 7 software and statistical significance was determined by p < 0.05. Data

are presented as mean with SD unless otherwise specified. Statistical comparisons were performed using unpaired Student t test for

two-tailed p value unless otherwise specified (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

DATA AND CODE AVAILABILITY

The accession number for the raw and processed data of bulk RNA sequencing and single-cell RNA sequencing generated and

reported in this paper is GEO: GSE129299.
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