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Activation of the interferon signaling pathway is associated 
with resistance to CDK4/6 inhibitors and immune checkpoint 
activation in ER-positive breast cancer
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Abstract

Purpose: CDK4/6 inhibitors are highly effective against ER+/HER2- breast cancer (BC); 

however, intrinsic and acquired resistance is common. Elucidating the molecular features of 

sensitivity and resistance to CDK4/6i’s may lead to identification of predictive biomarkers and 

novel therapeutic targets, paving the way toward improving patient outcomes.
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Experimental design: Parental BC cells and their endocrine-resistant derivatives (EndoR) 

were used. Derivatives with acquired resistance to palbociclib (PalboR) were generated from 

parental and estrogen-deprivation resistant MCF7 and T47D cells. Transcriptomic and proteomic 

analyses were performed in palbociclib-sensitive and PalboR lines. Gene expression data from 

CDK4/6i neoadjuvant trials and publicly available datasets were interrogated for correlations of 

gene signatures and patient outcomes.

Results: Parental and EndoR BC lines showed varying degrees of sensitivity to palbociclib. 

Transcriptomic analysis of these cell lines identified an association between high interferon 

(IFN) signaling and reduced CDK4/6i sensitivity; thus an ‘IFN-Related Palbociclib-Resistance 

Signature’ (IRPS) was derived. In two neoadjuvant trials of CDK4/6i plus endocrine therapy, IRPS 

and other IFN-related signatures were highly enriched in patients with tumors exhibiting intrinsic 

resistance to CDK4/6i. PalboR derivatives displayed dramatic activation of IFN/STAT1-signaling 

compared to their short-term treated or untreated counterparts. In primary ER+/HER2- tumors, the 

IRPS score was significantly higher in lumB than lumA subtype and correlated with increased 

gene expression of immune checkpoints, endocrine resistance, and poor prognosis.

Conclusion: Aberrant IFN-signaling is associated with intrinsic resistance to CDK4/6i. 

Experimentally, acquired resistance to palbociclib is associated with activation of the IFN

pathway, warranting additional studies to clarify its involvement in resistance to CDK4/6i.

Introduction

Endocrine therapy targeting estrogen receptor (ER) activity represents the treatment 

backbone for patients with hormone receptor (HR) positive breast cancer (BC) of all stages. 

Despite the benefit of endocrine therapy, intrinsic and acquired resistance commonly occurs, 

negatively impacting patient outcomes. Endocrine resistance can occur through a multitude 

of genomic and adaptive mechanisms, and several pharmacological agents (1,2) targeting 

alternative or escape resistance pathways have been recently developed.

Dysregulation of cell cycle regulatory proteins, particularly those promoting progression 

from G1 phase to S phase, can contribute to endocrine resistance (2). In HR-positive 

BC, ER-dependent activation of cyclin D–cyclin-dependent kinase 4 (CDK4) and CDK6 

complexes promotes passage through G1 phase by phosphorylation and inactivation of 

the retinoblastoma tumor-suppressor protein (Rb), which in turn releases the E2F family 

of transcription factors to transcribe genes required for entry into the S phase (3). The 

potent, selective, orally bioavailable inhibitors of CDK4 and CDK6 (CDK4/6i), palbociclib, 

ribociclib, and abemaciclib, in combination with an aromatase inhibitor or the selective ER 

degrader fulvestrant, significantly improved clinical outcomes compared with endocrine 

therapy alone in patients with HR-positive/HER2-negative advanced BC, and are now 

under clinical investigation in patients with early-stage disease (3). Despite these favorable 

outcomes, not all patients benefit from CDK4/6 inhibition, and the majority of patients who 

do initially respond ultimately progress. Deciphering the molecular features that determine 

sensitivity and resistance to CDK4/6 inhibition is crucial to identify predictive biomarkers 

and novel therapeutic targets for improving CDK4/6i efficacy and patient outcomes.
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In this study, we sought to investigate the molecular profiles associated with intrinsic and 

acquired resistance to CDK4/6i in HR+/HER2- BC. To this end, we analyzed transcriptomic 

and proteomic profiles of endocrine-sensitive and -resistant BC cell lines tested for 

sensitivity to pharmacological or genetic inhibition of CDK4/6, studied tumor samples 

from patients with HR+/HER2- enrolled in neoadjuvant clinical trials evaluating CDK4/6i 

in combination with aromatase inhibitors, and examined preclinical models of acquired 

resistance to CDK4/6i. Integrating these data, we found intrinsic activation of IFN-signaling 

to be associated with reduced sensitivity to CDK4/6 inhibition in pre-clinical models, 

and with worse outcomes in patients. We also detected a remarkable up-regulation of 

IFN-signaling in CDK4/6i-resistant cell line derivatives. Taken together, our results suggest 

a role for activation of the IFN-signaling pathway in promoting both intrinsic and acquired 

resistance to CDK4/6 inhibitors in BC.

Materials and Methods

Cell lines, establishment of resistant lines, and reagents.

MCF7, T47D, and ZR75–1 parental (P) cells were cultured as previously described (4). The 

EndoR cell derivatives [resistant to long-term estrogen deprivation (EDR), to tamoxifen 

(TamR), and to fulvestrant (FulR)] were established as previously described (4,5). To 

generate resistant derivatives to palbociclib (SelleckChem), MCF7 P, MCF7 EDR, T47D 

P, and T47D EDR cells were exposed to progressively increasing doses of palbociclib up 

to 1 μM. T47D P-LM and T47D P/PalboR-LM were cultured and developed as described 

previously (6). All cell lines were authenticated at the MD Anderson Characterized Cell 

Line Core Facility, and were tested to be mycoplasma-free by MycoAlert™ Mycoplasma 

Detection Kit (Lonza). Because T47D P-LM and T47D P/PalboR-LM were grown in a 

different media from MCF7 P, MCF7 EDR, T47D EDR and their PalboR derivatives, all 

parallel molecular analyses were done independently.

Cell growth assays, immunoblotting assays, qRT/PCR, and Reverse Phase Protein Arrays 
(RPPAs).

Detailed methods are provided in the Supplementary Methods and Suppl. Table S1 and 

Suppl. Table S2.

Gene expression data and analyses.

RNA-sequencing (RNA-seq) and analyses of cell models were performed as described 

previously (5). Gene expression data sources and data analyses are described in the 

Supplementary Methods.

Reverse Phase Protein Arrays (RPPAs).

RPPA analysis was performed as described previously (5). RPPA quantitative data were 

obtained for MCF7 P ± palbociclib 1μM for 48 hours, MCF7 P/PalboR, MCF7 EDR 

± palbociclib 1μM for 48 hours, and MCF7 EDR/PalboR. A Benjamini–Hochberg False 

Discovery Rate (FDR) adjusted p-value (q-value) threshold of 0.05 was used to define 

differentially expressed proteins between groups.
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Statistical analyses.

Statistical analyses were performed using R v3.5.1 and GraphPad Prism v8.01. Quantitative 

data are shown as mean ± SEM from quadruplicates. Significance (P < 0.05) was determined 

by two-tailed Student’s t-test, ANOVA with Dunnett/Tukey’s post-hoc tests, or Pearson/

Spearman correlation coefficient test.

Data availability.

All sequencing data of this study have been deposited in the National Center for 

Biotechnology Information Gene Expression Omnibus (GEO) database under accession 

codes GSE150997.

Results

Reduced sensitivity to CDK4/6 inhibition is associated with IFN-signaling in ER+ BC cell 
lines.

We first studied the efficacy of the CDK4/6i palbociclib in a panel of ER+ P (endocrine

sensitive) and EndoR BC cell lines (Fig 1A). The ER, PR, and HER2 mRNA and protein 

levels for each cell line are shown in Suppl. Fig. 1 and Suppl. Fig. 2A, respectively. The 

MCF7 EDR, MCF7 TamR, and T47D TamR models retained ER, but the expression of the 

classic ER-dependent gene PR was downregulated in MCF7 EDR and lost in MCF7 and 

T47D TamR compared to P cells (6). In addition, HER2 expression was increased in all 

of the endocrine-resistant cells compared to P cells (Suppl. Fig. 1). Palbociclib treatment 

resulted in a dose-dependent inhibition of cell growth of MCF7, T47D, and ZR75–1 P 

and EndoR cell lines, though the degree of sensitivity varied among the models. The 

calculated palbociclib IC50 values are shown in Suppl. Fig. 2A. The MCF7 and ZR75–1 

EndoR-derivatives showed higher palbociclib-sensitivity compared to their P cells, while 

in the T47D model only the TamR cells displayed a more pronounced growth inhibition 

upon palbociclib treatment compared to the counterpart P cells. Based on the distribution 

of the IC50 values and their corresponding 95% confidence intervals (CIs), we used the 

cut-off value of 200 nM to define cell lines with “high sensitivity” (ZR75–1 TamR, ZR75–1 

FulR, MCF7 TamR, T47D TamR, MCF7 EDR, ZR75–1 EDR, and MCF7 FulR) and “low 
sensitivity” (T47D P, T47D FulR, T47D EDR, MCF7 P, ZR75–1 P) to palbociclib treatment 

in vitro (Fig. 1B).

We next studied the genome-wide transcriptomic profiles of our panel of BC cell lines 

to identify gene expression features associated with response to CDK4/6 inhibition in 
vitro. Using the aforementioned cut-off, we first compared gene expression of ‘low’- (n 
= 5) vs. ‘high’- (n = 7) sensitive cell lines and performed Gene Set Enrichment Analysis 

(GSEA) using the hallmark gene set collection from the Molecular Signatures Database 

(MSigDb) (Fig. 1C). GSEA identified 6 pathways positively enriched in the “low-sensitive” 

lines (FDR <0.05), which were related to the ER-signaling (‘estrogen response early’ and 

‘estrogen response late’), the immune/inflammatory response (‘interferon gamma response’, 

‘interferon alpha response’, and ‘TNFA signaling via NF-kB’), and cell cycle (‘E2F 

targets’). We further refined this analysis by focusing on the three most sensitive cell 

lines (IC50 < 100nM) and the three cell lines with the lowest sensitivity (IC50 > 350nM) 
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(Suppl. Fig. 2A). The top ranked hallmark GSEA signatures enriched in the cells with low 

sensitivity compared to the highly sensitive cells were ‘interferon gamma response’ and 

‘interferon alpha response’ (Suppl. Fig. 2B). The ‘IL6 JAK STAT3 signal’ and the ‘DNA 

repair’ gene sets were also enriched in our “low sensitive” cell models (Suppl. Fig. 2B), 

which is in line with a recent study showing induction of the IL-6/STAT3 pathway and a 

concomitant downregulation of the DNA-repair pathways in palbociclib-resistant MCF7 and 

T47D cell lines (7). We also observed a significant association between high IFN-signaling 

and less response to pharmacological (8) or genetic (9) CDK4/6 inhibition in two additional 

sets of ER+/HER2- cell lines (Suppl. Fig. 2C-F). Taken together, these data suggest that 

reduced sensitivity to CDK4/6 inhibition in vitro is associated with BC cell-intrinsic IFN

signaling.

To identify the IFN-stimulated genes associated with response to palbociclib, we next 

evaluated the correlation between the palbociclib IC50 values and expression levels of 

the genes that constitute the ‘interferon gamma response’ and ‘interferon alpha response’ 

hallmark gene sets (n = 224) in our cell line panel. Only genes with a mean RPKM value 

greater than 1 for at least one cell line were included in our analysis (n = 171). A total of 

36 genes significantly correlated with palbociclib IC50 values (P < 0.05). Of those genes, 

35 showed a positive (Spearman correlation > 0.5) and 1 an inverse correlation (Spearman 

correlation < −0.66) with palbociclib IC50 values (Fig. 1D). We termed the subset of the 35 

IFN-stimulated genes whose expression was associated with reduced response to palbociclib 

as the ‘Interferon-Related Palbociclib-resistance Signature (IRPS)’.

Emerging data indicate that aberrant activation of the IFN/STAT1 pathway mediates drug 

resistance in preclinical models and is associated with poor prognosis in BC patients treated 

with adjuvant chemotherapy and/or radiation therapy (10,11). A gene signature for radiation 

and chemotherapy resistance, mainly comprising the IFN-stimulated genes (n = 49) [IFN

related DNA damage resistance signature (IRDS)], was previously established in preclinical 

models. Recently, the expression of a subset of IFN-stimulated genes (ISGs) (n = 25) was 

also found to be associated with acquired resistance to tamoxifen and radiotherapy (11). Of 

note, the IRPS we identified in our BC models, the IRDS, and the ISGs associated with 

tamoxifen- and radiotherapy-resistance showed only a partial overlap (IFI44L, IFIT1, MX1, 

IFI44, IFIT3, LGALS3BP, IFI27) (Suppl. Fig. 2G).

Enrichment for IFN-related signatures is associated with response to neoadjuvant CDK4/6 
inhibitors in patients with ER+ early stage BC.

To extend our pre-clinical findings to primary human BC, we next interrogated the publicly 

available genome-wide expression data from the NeoPalAna trial, in which patients with 

treatment-naïve stage II-III HR+/HER2- BC received neoadjuvant treatment with palbociclib 

and anastrozole (12). In this trial, resistance was defined as Ki67 > 2.7% after 15 days of 

treatment (C1D15) (Fig. 2A). When we compared the transcriptomic profiles of biopsies 

from resistant vs. sensitive patients taken before initiation of treatment (C0D1) (Fig. 2A), the 

‘interferon alpha response’ and ‘interferon gamma response’ gene sets were among the top 

five ranked hallmark GSEA signatures (FDR < 0.05) (Fig. 2B, Suppl. Table S3).
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We further validated our clinical findings using baseline gene expression data from the 

neoMONARCH trial (13), a neoadjuvant trial evaluating the activity of the CDK4/6 inhibitor 

abemaciclib in combination with anastrozole in patients with early-stage HR+/HER2- 

BC (Fig. 2C). The ‘interferon alpha’ and ‘interferon gamma response’ were the top 2 

significantly enriched gene signatures (FDR < 0.05) in the intrinsically resistant tumors, 

defined as tumors with Ki67 expression ≥ 7.4% at 2 weeks and end of treatment regardless 

of 2-week lead in as previously described (13), compared to sensitive tumors (Ki67 ≤ 

2.7% at 2 weeks and end of treatment) (Fig. 2D). Notably, the IRPS gene signature was 

also significantly upregulated in patients intrinsically resistant to CDK4/6i in both the 

NeoPalAna and the neoMONARCH trials (Figs. 2B and 2D/2E).

We next examined the transcriptomic profiles of post-treatment biopsies from the 

neoMONARCH trial to determine the effect of neoadjuvant endocrine therapy plus 

abemaciclib on the IFN/IRPS signaling in sensitive and resistant patients. We found that 

the IFN gamma response, IFN alpha response, and our IRPS were highly enriched in the 

abemaciclib-resistant (n=4) vs. -sensitive (n=6) tumors after 16 weeks of treatment (Fig. 

2E). Additionally, we estimated IFN signaling changes from baseline to end of therapy 

in sensitive vs. resistant patients. Interestingly, we observed that neoadjuvant abemaciclib 

treatment was associated with a decrease of IFN-signaling in the resistant tumors but an 

increase of IFN signaling in sensitive patients (Fig. 2E). Overall, these results suggest that 

intrinsic activation of IFN-signaling might predict resistance to CDK4/6i plus endocrine 

therapy in the clinical setting.

IFN-signaling is markedly up-regulated in cells with acquired resistance to palbociclib.

To investigate whether enhanced IFN-signaling is involved in the development of resistance 

to CDK4/6i, we developed MCF7 P, MCF7 EDR and T47D EDR cell line derivatives 

with acquired resistance to palbociclib (PalboR) and used the already established T47D 

P/PalboR-LM cell line (Suppl. Table S4). We studied the transcriptomes of the MCF7 P/

PalboR, MCF7 EDR/PalboR, T47D P/PalboR, and T47D EDR/PalboR cell lines to identify 

the transcriptional alterations underlying CDK4/6i resistance. We first investigated mRNA 

expression levels of key G1/S cell cycle regulators, since acquired resistance to CDK4/6i 

frequently results from deregulation of these proteins (14). We found that multiple signal 

components of the cyclin D–CDK4/6–Rb axis are commonly altered in our PalboR models, 

including significantly elevated expression of CCND1, CCND3, CCNE1, CCNE2, CDK2, 

CDK4, and CDK6, or reduced expression of RB1 (Suppl. Fig. 3). RB1 mRNA expression 

was abolished in T47D P/PalboR-LM line as consequence of a genomic loss of RB1 
described previously in this cell line (6). To validate the changes of the cell cycle-related 

proteins in acquired resistance, we performed Western blot analysis for selected markers 

in PalboR and palbociclib-untreated cell lines. While some changes in protein expression 

were common across different cell lines, others were model-specific. Compared to untreated 

cells, the cell cycle inhibitor p27 showed reduced expression in all PalboR cells (Fig. 3). 

Rb expression was downregulated in MCF7 P/PalboR cell line compared with MCF7 P 

palbociclib-untreated counterparts, with MCF7 EDR/PalboR and T47D P/PalboR-LM cells 

showing virtually complete loss of expression (Fig. 3). Additionally, acquired resistance 

to palbociclib was associated with enhanced protein expression of CDK6 in MCF7 EDR/
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PalboR and increased levels of Cyclin E1 in all PalboR cells as recently reported in several 

PalboR derivatives (14,15) (Fig. 3). Overall, these data suggest that the cyclin D–CDK4/6–

Rb axis is altered in our PalboR models, which can probably compensate for the CDK4/6 

inhibition.

We next examined the globally differentially expressed genes between PalboR models 

compared to their parental counterparts. Overall, 38 genes were commonly upregulated 

(log2 fold-change > 0.5, FDR <0.05) in PalboR cell lines including CCNE1 which is linked 

to the G1/S transition and other genes that are linked to IFN-stimulation (i.e. IFI27, IFI44, 
an IL4R) (Fig. 4A). Functional annotation of the overlapping upregulated genes suggested 

the activation of Gene Ontology processes associated with immune response and metabolic

related signatures (Suppl. Table S5). GSEA further showed that PalboR models were 

significantly enriched for the ‘interferon alpha response’ and ‘interferon gamma response’ 

hallmark gene sets (Fig. 4B, Suppl. Table S6). Our IRPS signature was also increased in 

all PalboR models and was significantly enriched in MCF7 EDR/PalboR (NES = 2.74) 

and T47D P/PalboR-LM (NES = 3.0) cell lines (Fig. 4B). Using quantitative RT-PCR, we 

confirmed that mRNA levels of selected key IFN-stimulated genes (STAT1, IFI27, IFIT1) 

were upregulated in PalboR cell lines compared to untreated parental counterparts (Fig. 

4C). Since it was recently shown that pharmacological inhibition of CDK4/6 stimulates 

IFN-signaling (16), we also assessed the gene expression levels of STAT1, IFI27, and IFIT1 
in P and EDR MCF7, T47D P-LM, and T47D EDR cell lines treated with palbociclib at 1 

μM for 48 hours. Consistent with previous studies, we observed that short-term treatment 

with palbociclib significantly increased expression of these genes in almost all of our cell 

lines (Fig. 4C). Notably, however, mRNA levels of STAT1, IFI27, and IFIT1 in all of our 

PalboR models were substantially higher than those detected in palbociclib-treated cells, 

suggesting that a further upregulation of the IFN-signaling pathway occurs at the time of 

acquired resistance (Fig. 4C). In keeping with the qRT-PCR results, protein expression 

of STAT1, a key downstream marker of Type I and II IFN-signaling, was also induced 

by short–term palbociclib treatment and was further enhanced at the onset of acquired 

resistance to the drug (Fig. 4D). Of note, exposure of cells displaying different levels of 

intrinsic IFN signaling and sensitivity to palbociclib (MCF7 P, T47D P-LM, and MCF7 

EDR) (Fig. 2) to 3 days of exogenous IFN-gamma resulted in increased levels of p- and t- 

STAT1 in all cells (Suppl. Fig. 4A). Interestingly, this IFN-gamma exposure also led to a 

trend or significant, though small, decrease in sensitivity to palbociclib in these cell models 

(Suppl. Fig. 4B).

We next quantitatively measured dynamic changes in total and phosphorylated (p-) protein 

levels focusing on the MCF7 P and EDR cell models after short-term (48 hours) 1μM 

palbociclib treatment and with the acquisition of palbociclib-resistance, using RPPA. By 

comparing the proteomic profiles of our untreated MCF7 P and MCF7 EDR cell lines 

vs. their palbociclib-resistant derivatives, we identified 43 and 47 upregulated proteins in 

MCF7 P/PalboR and MCF7 EDR/PalboR, respectively (Suppl. Fig. 5, Suppl. Table S7). 

Notably, STAT1 was among the top consistently up-regulated proteins (Fold-change > 2) 

and its expression consistently increased upon short-term treatment with palbociclib and at 

the time of palbociclib resistance. In addition, although p-Rb remained inhibited in PalboR 

models, most of the E2F-regulated gene products such as Aurora kinase A, Ki67, and RRM2 

De Angelis et al. Page 7

Clin Cancer Res. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



returned to expression levels similar to those observed in untreated cells, suggesting an 

Rb-independent E2F activity in resistant lines (Suppl. Fig. 5C).

Since it has been reported that dysregulation of G1/S control, through Rb-loss or altered 

levels of cell cycle regulators such as Cyclin E1, may induce genomic instability and 

DNA damage (17,18), which may in turn favor the production of type I interferon, 

members of the IFIT family, and other chemokines (19), we next sought to investigate the 

interaction between an altered cyclin D–CDK4/6–Rb axis and IFN-signaling. Interestingly, 

we found that the RBsig, a gene expression signature of Rb-loss-of-function (20), was 

significantly enriched in the CDK4/6i intrinsically resistant tumors of the NeoPalAna and 

neoMONARCH trials (Suppl. Figs. 6A and 6B). Also, a modest correlation between the 

RBsig and IRPS signatures was found in ER+/HER2- BC from the METABRIC and TGCA 

datasets (Suppl. Figs. 6C and 6D). Of note, however, using MCF7 and T47D cells in which 

Rb was silenced by CRISPR/Cas9 to assess the correlation between Rb expression and 

IFN-signaling, we found no differences in total and p-STAT1 protein levels in RB knock-out 

compared to Rb wild–type MCF7 and T47D parental cells (Suppl. Fig. 6E). Recently, 

it has been suggested that CDK4/6i’s increase tumor cell IFN-signaling by reducing the 

expression of the E2F target DNA methyl transferase 1 (DNMT1) (16), resulting in DNA 

hypomethylation at endogenous retroviral sequences and provoking a double-stranded RNA 

response, type III IFN production, and ultimately the expression of ISG (16). While we did 

see a decrease in DNMT1 mRNA levels in the MCF7 P/PalboR and T47D EDR/PalboR 

compared to their palbo-sensitive counterparts MCF7 and T47D EDR (Suppl. Fig. 7), we 

did not find a significant correlation between baseline DNMT1 gene expression and IFN

signaling in our P and endocrine-resistant BC cell lines (R2 = −0.11, P = 0.716). Finally, we 

did not observe an enrichment for IFN-related signatures in ER+ BC harboring mutations 

of the DNA damage response genes, some of which has been suggested to be associated 

with increased sensitivity to palbociclib (21) (Suppl. Figs. 8A and 8B). Taken together, our 

data do not support the existence of a direct correlation between alteration of Rb signaling, 

especially due to Rb loss, and activation of IFN-signaling.

Since previous preclinical studies have shown that levels of ER and ER signaling are 

frequently altered in BC models with acquired resistance to CDK4/6 inhibitors (22,23), 

we also examined the expression of ERα, and ER-gene signatures in our palbociclib

resistant derivatives compared to their parental cells. Indeed, we observed a reduction 

in ER protein levels in MCF7 P, MCF7 EDR, and T47D P-LM cells upon acquired 

resistance to palbociclib (Suppl. Fig. 9A). As we previously reported, our T47D EDR cells 

lost ER expression and ER-dependency (4). Interestingly, however, MCF7 P/PalboR and 

MCF7 EDR/PalboR cells showed a significant activation of the ER signaling compared to 

their palbociclib-sensitive counterparts (Suppl. Fig. 9B). On the contrary, no significant 

enrichment of estrogen response gene sets was observed in the T47D P/PalboR-LM 

compared to P cells (Suppl. Fig. 9B), suggesting a different regulation of the levels of 

ER and ER-signaling at the time of palbociclib resistance across BC models.
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IRPS predicts poor prognosis in luminal BC patients.

Since we observed an association between high IFN/STAT1 signaling and intrinsic 

resistance to CDK4/6i in preclinical and clinical settings, we next investigated the 

expression of the IRPS gene signature within primary BC profiled in TCGA and 

METABRIC. Within the ER+/HER2- tumors, the IRPS scores were significantly higher 

in luminal B vs. luminal A subtype tumors in both datasets (Fig. 5A). We next assessed 

whether IRPS was associated with outcome using the METABRIC dataset. Kaplan-Maier 

and Cox proportional hazards regression, adjusted for luminal subtype, revealed that patients 

with IRPS-high luminal tumors had significantly shorter breast cancer-specific-survival 

(BCSS) compared to patients with IRPS-low tumors (Figs. 5B and 5C). Since we found 

that primary BCs intrinsically resistant to CDK4/6i were also enriched for the RBsig, we 

further investigated the long-term outcome of ER+/HER2- luminal BC patients by taking 

into account the tumor expression levels of both IRPS and RBsig. We found that IRPS 

independently from RBsig score predicts poor BCSS in luminal BC patients regardless 

of luminal subtype, so that the relative impact of IRPS on BCSS is the same in RBsig+ 

and Rbsig- patient subgroups (Figs. 5D and 5E). We further performed GSEA to identify 

signaling pathways associated with the RBsig and the IRPS as well as pathways selectively 

associated with either of these signatures (Suppl. Fig. 10). Interestingly, the hallmark 

“KRAS signaling up” gene set, including genes up-regulated by KRAS activation, was 

exclusively enriched in the IRPS+ BC patients (Suppl. Fig. 10). The association with 

outcome of selected genes from the IRPS (IFI27, IFI44, STAT1) was also assessed using 

the KMplot online tool (24). We found that high expression of IFI27, IFI44, or STAT1 
was associated with shorter relapse-free survival in ER+ BC patients treated with endocrine 

therapy but without chemotherapy (n = 1,242) (Suppl. Fig. 11).

IRPS is associated with expression of immune checkpoints and an immunosuppressive 
tumor microenvironment in ER+/HER2- BC patients.

We next sought to investigate the IFN-associated biological processes that may contribute 

to disease progression and poor clinical outcome in ER+/HER2- BC patients. Type 

I and II IFN-signaling generally exerts tumor-suppressive functions by promoting anti

tumor immune response, suppression of cell proliferation, and induction of apoptosis. 

However, under conditions of prolonged/chronic IFN-signaling, recent evidence indicates 

that expression of subsets of IFN-stimulated genes leads to drug resistance and favors 

tumor immune evasion. For example, the IFN-gamma signaling pathway induces expression 

of immune checkpoints such as PD-L1, PD-L2, and cytotoxic T-lymphocyte antigen-4 

(CTLA) on tumor and stromal cell surfaces. Under persistent exposure to type I IFNs, 

T cells express multiple inhibitory receptors including PD-1, T-cell immunoglobulin and 

mucin-domain containing-3 (TIM-3), lymphocyte-activation gene 3 (LAG3), and others that 

are responsible for deterioration of T cell functions (“T cell exhaustion”). Since stromal and 

immune cells are thought to represent the primary sources of IFN in many tumor tissues, 

we first analyzed the correlation between IRPS scores and altered stromal and immune 

infiltration as defined by the ESTIMATE method in TCGA ER+/HER2- tumors (25) (Fig. 

6A). ESTIMATE (Estimation of STromal and Immune cells in MAlignant Tumor tissues 

using Expression data) is an algorithm using transcriptional profiles of cancer tissues to 

impute scores inferring tumor cellularity as well as the infiltration of stromal and immune 
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cells based on specific gene expression signatures of stromal and immune cells. We found 

that the IRPS scores were not correlated with the immune scores (R2 = 0.008, P = 0.054) 

or with the stromal scores (R2 = 0.001, P = 0.495) (Fig. 6B). We next refined our analysis 

by estimating infiltration of specific immune cells producing either type II IFN (by activated 

T cells and NK cells) or type I IFN (by plasmacytoid dendritic cells, pDCs), using the 

CYT and pDC gene signature scores as markers for T/NK cells and pDC cells, respectively 

(26). As expected, IRPS-low tumors had low CYT and pDC scores (Fig. 6C, left panel). 

Enrichment for higher CYT or pDC scores in IRPS-medium and -high tumors suggests that 

these immune cells do correlate with IRPS expression in some primary ER+/HER2- tumors 

(Fig. 6C, middle and right panel). However, we also observed about 30% of high-IRPS 

tumors (51 out of 169) with low levels of both CYT and pDC signatures (Fig. 6C, right 
panel), suggesting cancer cell-autonomous contribution of IFN-signaling in a substantial 

number of primary ER+/HER2- breast tumors.

Finally, we evaluated the correlation between IRPS and mRNA levels of immune 

checkpoints (PD-1, PD-L1, CTLA4) in ER+/HER2- tumors. This analysis revealed a 

significant correlation between IRPS and expression of immune checkpoints in both the 

TCGA and METABRIC datasets (Figs. 6D and 6E). Notably, we also noticed that RBsig 

status did not affect the expression levels of immune checkpoints (Fig. 6F). To better assess 

IRPS status in the context of varied immune cell compositions in breast tumors, we inferred 

the abundance of immune cell subpopulations in ER+/HER2- tumors using the CIBERSORT 

analytical tool (27). Interestingly, among the immune subtypes positively correlated with 

the IRPS scores, the top two were the M1-polarized immunostimulatory macrophages, 

which are activated by IFN-gamma (28), and the forkhead box P3 (FOXP3+)-CD4+ T 

lymphocytes (TReg), which suppress T cell functions and promote T cell exhaustion (Fig. 

6G) (29). Overall, these results suggest that intrinsic activation of IFN-signaling in primary 

ER+/HER2- BC is associated with an immunosuppressive index, which may contribute to 

immune escape and overall poor prognosis.

Discussion

Herein, we report aberrant activation of IFN-signaling as a potential biomarker linked to 

resistance to CDK4/6i in both ER+/HER2- BC cell lines and patient tumors from two 

neoadjuvant clinical trials. Further, we found hyperactive IFN-signaling in ER+/HER2- 

BC preclinical models with acquired resistance to palbociclib, suggesting its potential 

involvement in resistance.

Type I or type II IFN-mediated signaling plays a critical role in the human immune 

response (30). The binding of IFNs to their receptors activates Janus-activated kinases 

(Jak1, Jak2, and Tyk2), which in turn phosphorylate and activate STAT1. Activated STAT1 

forms homodimers [known as gamma-IFN activation factor (GAF)] or heterodimers with 

STAT2 and IRF9 [known as IFN-stimulated transcription factor gamma 3 (ISGF3)] that 

are translocated to the nucleus favoring the transcription of IFN stimulated genes (ISG) by 

binding to the gamma-IFN–activated sequence (GAS) or IFN-stimulated response elements 

(ISRE), respectively. The expression of ISG is classically associated with pro-inflammatory, 

pro-apoptotic, and tumor-suppressive functions (30). However, several studies have shown 
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that constitutive activation of the IFN-signaling pathway promotes tumor growth, metastasis, 

and resistance to chemotherapy and radiation (31–36). Interestingly, it has been shown 

that expression levels of ISG are increased in BC cell lines with acquired resistance to 

estrogen deprivation (37) and to tamoxifen (11). High baseline expression of ISGs has 

been associated with reduced response to neoadjuvant AI treatment in postmenopausal BC 

patients (38) and worse outcome after tamoxifen treatment (11). Notably, targeting ISG 

resulted in a sensitization of chemotherapy (31,39) and hormonal therapy (37) resistant 

cells, suggesting their role in determining resistance to these drugs. Our data indicate IFN

signaling as an important pathway associated with both intrinsic and acquired resistance to 

CDK4/6i. We have demonstrated that baseline high IFN-signaling is associated with reduced 

sensitivity to the CDK4/6i palbociclib in vitro, and with intrinsic resistance to palbociclib or 

abemaciclib in combination with aromatase inhibitor in BC patients. We also showed that 

the IFN pathway is consistently dysregulated in 2 sets of palbociclib-resistant BC cells.

In BC preclinical models, CDK4/6i’s have been shown to synergize with immunotherapy 

(40). CDK4/6i’s enhanced tumor immunogenicity by stimulating IFN-signaling, tumor 

antigen presentation, and cytotoxic T-cell functions, and by suppressing the proliferation 

of regulatory T cells (Treg) (40). These intriguing data provided the rationale for 

ongoing clinical trials testing CDK4/6i in combination with immune-checkpoint inhibitors 

(NCT02778685; NCT02779751; NCT03147287). However, IFN-signaling regulates PD-1 

ligand expression on stromal and tumor cells (41), and up-regulation of PD-L1, while 

associated with increased sensitivity to immune checkpoint inhibitors, has also been 

associated with intrinsic and acquired resistance to immunotherapy (42). In addition, 

it has been demonstrated that sustained IFN-signaling leads to adaptive resistance to 

immune checkpoint therapy through a PD-L1-independent multigenic program in melanoma 

(43). Specifically, prolonged IFN-gamma signaling favors STAT1-dependent expression of 

interferon-stimulated genes and ligands for multiple T cell inhibitory receptors on resistant 

tumor cells which promote T cell exhaustion (43). Our data raise the question of whether 

intermittent rather than concomitant administration of CDK4/6i’s with immune checkpoint 

inhibitors would represent a more effective therapeutic scheme for patients with ER+/

HER2- BC. We speculate that prolonged interferon signaling due to CDK4/6 blockade may 

jeopardize the antitumor activity of at least some immune checkpoint blockade strategies.

In the present study, we have derived an IFN-related gene signature associated with 

resistance to palbociclib (IRPS), using a panel of clinically relevant BC cell lines. In 

two neoadjuvant trials of endocrine therapy plus CDK4/6i, tumors with high IRPS were 

less likely respond to treatment as defined by reduction of the proliferation antigen Ki67. 

Higher Ki67 expression after neoadjuvant endocrine therapy has been associated with a 

lower recurrence-free survival rate (44,45). Our analysis of the publicly available datasets 

revealed that IRPS signaling was higher in the less endocrine-sensitive and more aggressive 

luminal B subtype compared to the luminal A subtype, and that high expression of the 

IRPS signature was associated with worse BCSS survival. Importantly, high expression 

of key IFN-stimulated genes of the IRPS signature predict reduced response to adjuvant 

endocrine therapy. Our observations suggest that tumor profiling before starting therapy 

could be relevant for identifying patients with high IFN-signaling who will not benefit 

from endocrine therapy alone or in combination with CDK4/6 blockade. This hypothesis 
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may be tested in currently ongoing clinical trials investigating adjuvant endocrine therapy 

± CDK4/6i (NCT02513394, NCT01864746, NCT03078751, NCT03155997). If validated, 

evaluation of IFN-signaling during the course of treatment might be helpful to monitor 

metastatic disease, as our data show that IFN-signaling is induced by treatment in vitro, 

and cell lines with acquired resistance to CDK4/6i commonly display a hyperactive IFN

signaling, irrespective of their basal level.

Similar to a previous study (26), our results also indicate that while in some ER+/HER2- 

primary breast tumors immune cell infiltration correlates with the IRPS signature, in others 

IRPS activation is independent of the presence of IFN-producing immune cells. This 

suggests a cancer cell–autonomous IFN-signaling, which corroborates our in vitro data 

from tumor cell cultures in the absence of immune cells. Tumor immune infiltration varies 

and has different impact on outcomes across BC subtypes. Overall, luminal breast tumors 

are characterized by low levels of stromal and intratumoral tumor-infiltrating lymphocytes, 

and their levels are not associated with prognosis (46). An earlier study showed that BCs 

with increased STAT1 mRNA levels exhibited elevated expression of genes associated with 

macrophages and immunosuppressive T lymphocytes, and a worse outcome (47). Similarly, 

we found that IRPS correlates with M1 polarized macrophages and regulatory T cells 

infiltration, and immune checkpoints expression. M1 macrophage phenotype is classically 

associated with inflammation and antitumor functions. However, emerging data indicate 

that inappropriate or prolonged macrophage activation can result in immune dysregulation 

and tumor progression (48). We speculate that chronic IFN-signaling may promote an 

immune-suppressive microenvironment by favoring the expression of immune checkpoints 

and TRegs infiltration and by altering classical functions of M1 macrophages that can partly 

explain worse long-term outcomes in patients with high IRPS. However, we recognize that 

interaction between IFN-signaling by tumor cells and tumor immune microenvironment 

should be further investigated.

In this study, we were not able to clarify the molecular basis for hyperactive IFN-signaling 

in treatment-naïve BC and at the onset of CDK4/6i resistance. De-regulated Rb- and DNA 

damage response pathways have been suggested as potential inducers of IFN-signaling, but 

our data do not support an interplay between these pathways. While, by exposing ER+ 

BC cells to short-term exogenous IFN-gamma, we demonstrated that acute activation of 

IFN-signaling slightly reduced in vitro sensitivity to palbociclib, additional future studies 

will be needed to further establish the role and the mechanisms of hyperactive IFN-signaling 

in mediating CDK4/6i resistance.

In conclusion, we show here that activation of the IFN-signaling pathway is associated with 

intrinsic and acquired resistance to CDK4/6i in BC. Future studies are needed to uncover 

mechanistic insights on activation of IFN-signaling in tumor cells and how it is involved 

in resistance to CDK4/6i, and also to validate the predictive and/or prognostic value of 

IFN-signaling and our IRPS signature in ER+/HER2- BC. These efforts may also allow 

identification of the key candidate genes that will be tested as novel therapeutic targets to 

prevent/reverse resistance to CDK4/6i.
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Translational Relevance

The combination of CDK4/6 inhibitors (i) with endocrine therapy represents the 

standard of care for patients with ER+/HER2- advanced breast cancer. Despite marked 

improvement in patient outcomes with this combination, de novo and acquired resistance 

is common. Our study reveals an inverse association between response to CDK4/6i 

and interferon signaling pathway activation. We demonstrate that activation of the IFN 

signaling pathway is associated with intrinsic and acquired resistance to CDK4/6i. 

Clinically, enrichment for IFN-related gene signatures is associated with resistance 

to neoadjuvant CDK4/6i in early stage ER+ breast cancer. Furthermore, primary ER+/

HER2- breast cancers displaying intrinsic high interferon signaling are associated with 

poor prognosis. Overall, our findings suggest that the interferon pathway may offer 

predictive biomarkers to identify patients whose disease is less likely to respond to 

CDK4/6i, and potential actionable targets for the development of novel therapeutic 

approaches to prevent/reverse resistance to CDK4/6i.
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Figure 1. Reduced sensitivity to CDK4/6 inhibition is associated with IFN-signaling in ER+ BC 
cell lines.
A, Palbociclib responses of MCF7, T47D, and ZR75–1 parental (P) cell lines and 

their endocrine-resistant derivatives [EDR, estrogen deprivation-resistant; FulR, fulvestrant

resistant; TamR, tamoxifen-resistant] were measured by 6-day cell growth assays. Cells were 

plated in their original media. Medium was replaced the next day with regular medium or 

palbociclib-containing medium, and replaced again after 3 days. Data were analyzed by 

GraphPad Prism to generate drug response curves and relative IC50 values using the log 
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(inhibitor) versus response-variable slope (four parameters) model (bars, SEM). B, IC50s 

(nM) for each cell line with 95% confidence intervals; the vertical line indicates the cut-off 

used to define cell lines with “high” or “low” sensitivity to palbociclib. C, Upregulated 

hallmark signatures in cell lines with “low” vs. “high” sensitivity to palbociclib. Normalized 

enrichment scores (NES) were provided according to GSEA; for all gene sets FDR < 

0.05. D, Heatmap showing genes belonging to the IFN-alpha response and/or IFN-gamma 

response gene signatures significantly correlated with palbociclib IC50 values in P and 

endocrine-resistant derivative BC cell lines. Spearman correlation coefficient test, * P < 

0.05, * * P < 0.01, * * * P < 0.001.
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Figure 2. Enrichment for IFN-related signatures is associated with response to neoadjuvant 
CDK4/6 inhibitors in patients with ER+ early stage BC.
A-B, NeoPalAna study design (A) and GSEA plots of IFN-alpha response, IFN-gamma 

response, and IRPS signatures in baseline samples of palbociclib-resistant (n = 5) vs 

palbociclib-sensitive (n = 27) ER+ BC patients (B). C-E, neoMONARCH study design 

(C), GSEA plots of IFN-alpha response, IFN-gamma response, and IRPS signatures in 

baseline samples of abemaciclib-resistant (n = 5) vs abemaciclib-sensitive (n = 7) ER+ 

BC patients (D), and GSEA of IFN-alpha response, IFN-gamma response, and IRPS 
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signatures in baseline and post-16 weeks of treatment samples of abemaciclib-resistant 

vs -sensitive ER+ BC patients (E). ABEMA, abemaciclib; ABEMA-R, abemaciclib

resistant; ABEMA-S, abemaciclib-sensitive; ANZ, anastrozole; FDR, false discovery rate; 

NES, normalized enrichment score; PALBO, palbociclib; PALBO-R, palbociclib-resistant; 

PALBO-S, palbociclib-sensitive; pts, patients.
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Figure 3. The cyclin D–CDK4/6–Rb axis is altered in ER+ cell lines with acquired resistance to 
palbociclib.
Protein (by Western blot) levels of selected G1/S cell cycle check point components in 

MCF7 P, MCF7 EDR, T47D P-LM, and T47D EDR cell lines and their palbociclib-resistant 

derivatives (PalboR). PalboR cell lines were cultured in the presence of 1 μM palbociclib.
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Figure 4. IFN-signaling is up-regulated in cells with acquired resistance to palbociclib.
A, Venn diagram representing overlap between significantly up-regulated genes [log2 

fold-change (FC) > 0.5, FDR < 0.05) in MCF7 P/PalboR, MCF7 EDR/PalboR, T47D P/

PalboR-LM, and T47D EDR/PalboR cell lines compared to their native counterparts. PalboR 

derivatives were grown in the presence 1μM palbociclib while MCF7 and T47D P-LM and 

EDR lines were maintained in their original media without palbociclib supplementation. 

B, Bar plots showing IFN-alpha response, IFN-gamma response, and IRPS signature 

enrichments in MCF7 P, MCF7 EDR, T47D P-LM, and T47D EDR PalboR cell lines. Black 
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color indicates FDR value <0.05. C, qRT/PCR of selected IFN-stimulated genes (STAT1, 

IFI27, IFIT1) in MCF7 P, MCF7 EDR, T47D P-LM, and T47D EDR (±48 hours 1μM 

palbociclib) and their PalboR derivatives. D, Western blot of p-Rb, Rb, p-Stat1, and Stat1 in 

MCF7 P, MCF7 EDR, T47D P-LM, and T47D EDR (±48 hours 1μM palbociclib) and their 

PalboR derivatives. PalboR cell lines were cultured in the presence of 1 μM palbociclib. * P 
< 0.05
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Figure 5. IRPS predicts poor prognosis in luminal BC patients.
A, Boxplots of IRPS scores, measured by average of modified z-score (AveMZ) of signature 

genes, in luminal A (LumA) vs. luminal B (LumB) subtype of ER+/HER2- tumors in 

TCGA (n = 452) and METABRIC (n = 1,138) datasets. B, Kaplan-Meier survival curves 

of BC-specific-free survival (BCSS) of patients with ER+/HER2- luminal tumors in the 

METABRIC dataset (n = 1,065, median follow-up time: 10 yrs) stratified by the median 

cut-off (−/+ denotes ≤ and > median, respectively) of IRPS score. C, Type 2 likelihood 

ratio (LR) tests in the Cox proportional hazards model were used to calculate P values for 
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IRPS score in predicting outcome and the interaction between IRPS score and the luminal 

subtype. Luminal subtype was included in the model as a potential confounding factor 

because luminal subtype is associated with outcome and with differential IRPS values and 

RB status. D, Kaplan-Meier survival curves of BCSS of patients with ER+/HER2- luminal 

tumors in the METABRIC dataset (n = 1,065, median follow-up time: 10 yrs) stratified by 

the combination of the −/+ of median levels of IRPS and Rb scores. E, Type 2 likelihood 

ratio test in the Cox proportional hazards model using IRPS and Rb −/+ status and the 

luminal subtype as confounding factors. * Denotes the P value and HR of IRPS and Rb 

calculated from the main effects model after removing non-significant interactions. HR of 

interaction was derived using the full model including the interaction of IRPS and Rb status.
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Figure 6. IRPS is associated with expression of immune checkpoints and an immunosuppressive 
tumor microenvironment in ER+/HER2- BC.
A, Association of IRPS score with immune or stromal infiltrations in ER+/HER2- breast 

tumors from the TCGA dataset (n = 474). The violin plots show the kernel probability 

density of the IRPS score with the median score in each subgroup as indicated by the black 

bars. Broken lines indicate score cutoffs for IRPS-high, -medium, and -low tumors. Four 

subgroups are divided based on the median of immune and stromal scores. Stromal and 

immune scores for each tumor were extracted from the ESTIMATE R-library. B, Scatter 
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plots of IRPS and immune scores of the same set of ER+/HER2- TCGA tumors. The color 

bar for each point indicates the range of stromal score. C, Scatter plots of CYT (perforin 

(PRF1) and granzyme A (GZMA) expression) and pDC scores in TCGA ER+/HER2- breast 

tumors (n = 474) classified into IRPS-low, -medium, and -high groups. The red box indicates 

tumors (n = 51) with IRPS-high but low CYT and pDC scores. D, Scatter plots of IRPS 

and immune checkpoint (CP) (PD-1, PD-L1, CTLA4) scores in TCGA ER+/HER2- breast 

tumors (n = 474). E, Scatter plots of IRPS and ImmuneCP scores in METABRIC ER+/

HER2- tumors (n = 1,372). The color bar for each point indicates the range of the Rb score. 

All the scatter plots were analyzed by the Pearson’s coefficient test. F, Boxplots showing the 

ImmuneCP scores across the four groups of METABRIC ER+/HER2- tumors (n = 1,372) 

stratified by the IRPS and Rb status with −/+ denoting ≤ and > median cut-off. P value was 

calculated by the pairwise t-test with the Bonferroni-adjusted method. G, Bar charts showing 

Pearson correlation between IRPS score and scores of immune components estimated by 

CIBERSORT in TCGA ER+/HER2- breast tumors (n = 474). The dotted line marks the 

significance of P value of 0.05. The color bar indicates the range of correlation coefficient R 

value.
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