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Low-dose CDK4/6 inhibitors induce presentation of pathway specific MHC ligands as 
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ABSTRACT
Cyclin dependent kinase 4/6 inhibitors (CDK4/6i) lead to cell-cycle arrest but also trigger T cell-mediated 
immunity, which might be mediated by changes in human leukocyte antigen (HLA) ligands. We investi-
gated the effects of CDK4/6i, abemaciclib and palbociclib, on the immunopeptidome at nontoxic levels in 
breast cancer cell lines by biochemical identification of HLA ligands followed by network analyses. This 
treatment led to upregulation of HLA and revealed hundreds of induced HLA ligands in breast cancer cell 
lines. These new ligands were significantly enriched for peptides derived from proteins involved in the 
“G1/S phase transition of cell cycle” including HLA ligands from CDK4/6, Cyclin D1 and the 26S regulatory 
proteasomal subunit 4 (PSMC1). Interestingly, peptides from proteins targeted by abemaciclib and 
palbociclib, were predicted to be the most likely to induce a T cell response. In strong contrast, peptides 
induced by solely one of the drugs had a lower T cell recognition score compared to the DMSO control 
suggesting that the observed effect is class dependent. This general hypothesis was exemplified by 
a peptide from PSMC1 which was among the HLA ligands with highest prediction scores and which 
elicited a T cell response in healthy donors. Overall, these data demonstrate that CDK4/6i treatment gives 
rise to drug-induced HLA ligands from G1/S phase transition, that have the highest chance for being 
recognized by T cells, thus providing evidence that inhibition of a distinct cellular process leads to 
increased presentation of the involved proteins that may be targeted by immunotherapeutic agents.
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.Introduction

The development of targeted cancer therapies is an important and 
challenging part of cancer therapy, as traditional antineoplastic 
agents (e.g. chemotherapy, radiation) are nonspecific, and prone 
to off-target toxicities to healthy tissues and escape of cancer cells.-
1,2 Other successful therapies such as immune checkpoint block-
ade and adoptive T-cell therapy target cancer-associated antigens, 
3,4 but are generally nonspecific immune activators often asso-
ciated with severe toxicities. Checkpoint blockade therapies rely on 
the ability of T-cells to recognize and kill cancer cells that express 
cognate HLA/peptide complexes presenting new antigens.5,6

Mutated neoantigens as HLA ligands provide ideal cancer 
specificity, but are patient-specific.7 Therefore, more broadly 
expressed tumor-selective targets are needed to develop more 
widely applicable immunotherapies. T-cell receptor (TCR)- 
based therapies, including adoptive T cells and checkpoint 
blockade inhibitor antibodies, can target intracellular cancer- 
associated proteins if these are presented as peptides on the cell 
surface, thus making most proteins in the cell potential 
targets.8,9 This key feature of TCR surveillance can be exploited 
to target intracellular, oncogenic and tumor selective pathways.

Previous studies have shown that drugs interfering with 
oncogenic signaling pathways can lead to the presentation of 

HLA ligands on cancer cells that are usually not displayed in 
healthy tissues, 10,11 offering the potential for immunothera-
puetic targeting. For example, inhibition of the mitogen- 
activated protein kinase (MAPK) pathway in MAPK-driven 
cancers leads to improved peptide/MHC target recognition 
and killing by T cells and TCR-mimic antibodies.10 

Additionally, the inhibition of two tyrosine kinases, anaplastic 
lymphoma kinase (ALK), and rearranged during transfection 
(RET), in the cancers in which these pathways are oncogenic, 
promotes HLA class I antigen presentation, and induces 
expression of new peptides that are recognized by T cells.11

Despite rapid advancements in the treatment of breast cancer, 
many patients still relapse and are not cured. T cell-based immu-
notherapy strategies for breast cancer have been largely 
unsuccessful.12 Therefore, discovery of therapeutic strategies that 
would increase susceptibility of breast cancer to immunotherapies 
is an attractive goal. Cyclin dependent kinase 4/6 inhibitors 
(CDK4/6i), which prevent the transition from G1 to the S phase 
of the cell cycle, have been shown to increase the expression of 
HLA class I molecules in multiple breast cancer cells lines.13,14 

CDK4/6i treatment has also been demonstrated to improve T cell 
infiltration into the tumor, and to work synergistically with 
immune checkpoint blockade (e.g. PD-L1) in mouse models.13
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We hypothesized that CDK4/6 inhibitors could lead to 
presentation of new, drug-induced cancer-associated antigens 
that might be used for immunotherapeutic targeting and 
indeed, reports from single proteins of the CDK4/6 axis, such 
as cyclin D1 have been detected in melanoma after CDK4/6i 
treatment.15 Utilizing HLA-peptide immunoprecipitation in 
conjunction with mass spectrometry (MS), we identified the 
presentation of many new HLA ligands derived from proteins 
involved in G1/S phase of cell cycle transition, the phase in 
which cells are usually arrested when treated with CDK4/6i. 
Many of these drug-induced HLA ligands had not been identi-
fied in healthy tissues, which renders them appealing targets 
for immune checkpoint blockade, TCR-based therapies and 
TCRmimic antibodies.9 Additionally, we demonstrated reac-
tivity of one of the induced HLA ligands with T cells from 
healthy donors. In summary, this concept illustrates drug- 
induced alteration of the immunopeptidome by CDK4/6i and 
also how disruption of G1/S phase transition of the mitotic cell 
cycle through small molecules can lead to increased presenta-
tion of proteins involved in that pathway. In this way, CDK4/6 
inhibitors could potentially synergize with immunotherapuetic 
agents which target cell-cycle derived peptide-HLA complexes.

Results

Low-dose treatment with CDK4/6i increase HLA class 
I surface expression in breast cancer cells

MCF7 and T47D breast cancer cell lines were treated with 
either CDK4/6i abemaciclib or palbociclib to determine the 
lowest dose of CDK4/6i that would upregulate cell surface 

HLA expression, as this effect has been reported in the 
literature.13 The MCF-7 cell line was chosen as positive control 
to repeat the published results. T47D cells were added as they 
also are known to be susceptible to CDK4/6i, but furthermore 
show higher HLA expression which made them a better candi-
date for an HLA ligand focused study. Drug concentrations of 
either abemaciclib or palbociclib ranging from 10 to 1,000 nM, 
were applied over 7 days on MCF7. Flow cytometric analysis 
showed 100 nM as the lowest dose in which cell surface HLA 
levels were significantly upregulated, with abemaciclib indu-
cing higher expression for MCF7 (Supplementary Fig. S1A). 
100 nM of each drug was also tested on T47D and both 
similarly upregulated HLA, so palbociclib was chosen for 
further study to demonstrate the effects of another CDK4/6i 
on a different breast cancer cell line (Supplementary Fig. S1B). 
Importantly, 100 nM of either drug was about 100-fold lower 
than the respective IC50 values (about 10uM) for the cytostatic 
effect mediated by these drugs (Supplementary Fig. S1B, S1C), 
and 2–3 fold lower than plasma concentrations in patients 
treated with these drugs.16 Therefore, observed effects were 
unlikely to be associated with the cytostasis of these cells. By 
bright field microscopy and flow cytometry, the 100 nM dose of 
Abemaciclib resulted in an increase in MCF7 cell size when 
compared to DMSO treatment (Figure 1a, Supplementary Fig. 
S1D); at the same time point, T47D cells also showed an 
increase in overall cell size, taking on a more spherical mor-
phology and increase in granularity when compared to DMSO 
treated cells (Figure 1b, Supplementary Fig. S1E).

A 7 day time-course experiment with low-dose (100 nM) 
abemaciclib treatment resulted in a doubling of HLA-A*02 and 
pan-HLA class I surface expression per cell (Figure 1a, left and 

Figure 1. CDK4/6 inhibitors increase HLA surface expression. (a) MCF7 breast cancer cells were treated with 100 nMabemaciclib for the amount of time indicated on the 
Y axis. Flow cytometry for HLA-A02 levels (left), pan HLA levels (middle), and forward scatter (right) are displayed against corresponding mean fluorescence intensity 
(MFI) in x axis and the level is annotated on the right side. (b) T47D breast cancer cells were treated with 100 nM palbociclib for indicated times using flow cytometry as 
in panel A. (c) Normalized fold change in MFI from panel A of three biological replicates. HLA expression was normalized to forward scatter (FSC) to account for cell size 
changes and expressed as fold change to DMSO. (d) Normalized fold change in MFI from panel B of three biological replicates. HLA expression was normalized to 
forward scatter (FSC) to account for cell size changes and expressed as fold change to DMSO. (e-f) qRT-PCR for key proteins involved in antigen presentation transcripts 
noted on insert legend was performed on (e) MCF7 cells and (f) T47D cells, 7 days after treatment with a single dose of 100 nM abemaciclib or palbociclib on day 1. Error 
bars indicate SD, *P < .05, ** P < .01, *** P < .001, **** P < .0001. All experiments were performed in technical replicates.
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middle), as well as moderate increases in cell size in MCF7 
breast cancer cells (Figure 1a, right). Similar effects were 
observed after treatment with 100 nM palbociclib in T47D 
cells (Figure 1b). However, when total pan-HLA class 
I surface expression was recalculated and normalized for the 
increase in cell size, the treatment showed a statistically sig-
nificant 50% increase in pan-HLA class I surface expression 
density in MCF7 cells treated with abemaciclib compared to 
DMSO by day 5 (Figure 1c); in contrast, for T47D cells, little 
and non-significant increase in HLA class I surface density was 
observed (Figure 1d). These results suggest that HLA class 
I surface expression is increased independently of the increase 
in cell surface size in MCF7 cells but is largely mediated 
through increases in cell size in T47D cells, an effect that may 
not have been taken into consideration in previous studies.13

The increase in HLA class I surface expression that was seen 
with CDK4/6i treatment could be due to a number of factors 
including increased transcription or translation of proteins 
involved in HLA expression, increased stabilization of HLA 
molecules on the cell surface, 11 or increased peptide transport 
to the endoplasmic reticulum. In order to gain insight into the 
mechanism underlying the observed phenomena, we per-
formed qRT-PCR analysis on key gene products involved in 
antigen presentation. In MCF7 cells treated with 100 nM of 
abemaciclib, there was a 1.5–2 fold increase in the transcript 
levels of both hla and beta-2-microglobulin (b2M), but little 
change in transcript levels of the transporter associated with 
antigen processing 1 and 2 (tap1 and tap2) proteins when 
compared to DMSO (Figure 1e). This is in contrast to previous 

studies which did show an upregulation of TAP proteins for 
MCF-7, MDA-MB453 and patient derived cancer cells at 
higher treatment concentrations compared to the concentra-
tions used in this study.13 Moreover, in T47D cells treated with 
palbociclib, there were no significant changes in hla, b2M, or 
tap1 transcript levels, when compared to DMSO (Figure 1f). 
These results imply that the increase in HLA class I surface 
protein levels observed in CDK4/6i treated breast cancer cells 
were not consistent with a broad upregulation in antigen pre-
sentation, which differs from previous observations which 
showed upregulation of various components of antigen pre-
sentation with CDK4/6 treatment.13

Mass spectrometry identified changes in the 
immunopeptidome after CDK4/6i treatment

To investigate how alterations in surface HLA levels affect the 
repertoire of presented HLA ligands, we biochemically isolated 
HLA class I (HLA-A, HLA-B and HLA-C) peptides from breast 
cancer cells treated with either abemaciclib, palbociclib, or 
DMSO, assigned them to their HLA alleles through the 
netMHCpan 4.017 prediction algorithm and mapped the pep-
tides to their proteins of origin (Supplementary Table 1).

In the MCF7 cell line, CDK4/6i treatment increased the 
number of unique identified HLA ligands 1.5 or 1.9-fold for 
palbociclib or abemaciclib, respectively resulting in 160 or 200 
unique HLA class I ligands (Figure 2a, b). Compared to DMSO, 
results from abemaciclib and palbociclib combined induced 
the presentation, in total, of more than 200 new HLA class 

Figure 2. CDK4/6i induce changes in the immunopeptidome of breast cancer cells. Immunoprecipitation of HLA complexes and subsequent isolation and analysis of 
HLA-bound peptides by LC-MS/MS was performed after 7 day treatment with either 100 nM DMSO, Abemaciclib or Palbociclib. MCF and T47D cells respectively, showed 
relative (a,d) and absolute increases in unique HLA ligands (b, e) after drug treatment compared to DMSO treatment. Venn diagrams for MCF7 (c) and T47D (f) illustrate 
induction of HLA ligands. Error bars indicate mean and SD of two biological replicates.
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I ligands at concentrations of 100 nM of either drug (Figure 
2c). In the T47D cell line much higher total numbers of HLA 
ligands were detected, consistent with previously published 
data that determined that absolute HLA transcript levels are 
almost 3-fold higher in T47D compared to MCF7 cells.18 An 
average of 908 and 700 unique HLA ligands were identified in 
the palbociclib and abemaciclib treated cell lines respectively, 
compared to 506 in DMSO treated cells. The relative increase 
was about 1.7 and 1.4-fold, respectively (Figure 2d, e). This 
resulted in a total of more than 500 new HLA class I ligands 
induced by either drug CDK4/6i treatment (Figure 2f), demon-
strating that though the increase in total HLA surface levels 
was highly influenced by the increase in cell size for T47D cells, 
the overall immunopeptidome still expanded notably. 
Although overall antigen presentation is not affected by 
CDK4/6i in this cell line, increased HLA surface area and 
changes to cellular states are sufficient to modulate the immu-
nopeptidome. Of note, the numbers of identified HLA ligands 
matched or exceeded the amount of ligands recently reported 
on the same breast cancer cell lines18 and are in line with the 
relative amounts of HLA complex presented on their cell 
surface.19 The results showed a trend for the upregulation of 
HLA ligands (p = .09). While not at p < .05, the narrow 
distribution of the error bars support the validity of the 
findings.

Interestingly, further analysis of the HLA ligands showed 
that the increase in HLA ligand presentation changed neither 
the HLA allelic association (Supplementary Fig. S2A, S2B), nor 
the length distribution of the HLA ligands (Supplementary Fig. 
S2C, S2D) ensuring consistency of the approach and excluding 

potential bias through different processing after drug 
treatment.

CDK4/6i-induced HLA ligands are derived from proteins 
enriched in G1/S cell cycle transition

To further understand if there was a correlation between 
the inhibition of the CDK4/6 complex and the change in the 
immunopeptidome, we analyzed the source proteins of the 
drug-induced HLA ligands. Results from biological replicates 
of the different treatment conditions were combined for every 
cell line individually and source proteins lists were generated 
from either all proteins in the DMSO samples or from all 
source proteins induced from CDK4/6i treatment (Figure 3 
A, B, left panel, Supplementary Table 2). The network analysis 
was performed using GeneMANIA20 and focused on physical 
interactions rather than co-expression or genetic interactions, 
to address the direct physical inhibition of the CDK4/6 com-
plex and pathways by this drug class. Network analyses clearly 
demonstrated a strong enrichment for proteins from the G1/S 
transition of cell cycle (q values of 2.5*10−6 for MCF7 and 
8.8*10−19 for T47D cells). The enrichment of this class of 
proteins was the top hit for both cell lines after drug treatment, 
and specifically not enriched in the cells after DMSO- 
treatment, suggesting a drug-specific effect that is consistent 
with the known mechanism of CDK4/6i leading to cell cycle 
arrest in G1 phase (Figure 3 A, B, right panel). Building 
a network of all the proteins identified in our study through 
CDK4/6i induction that are involved in the “G1/S transition of 
mitotic cell cycle” illustrated three subgroups relevant to the 

a c

b

Figure 3. CDK4/6i induce MHC ligands enriched from source proteins contributing to “G1/S transition of mitotic cell cycle”. Source proteins from peptide sequences 
detected either in the DMSO sample (inside the bold lined circle) or source proteins from CDK4/6i induced peptides (outside the bold lined circle) were used for network 
analyses. GeneMANIA was used for analysis and only physical interactions were enabled. Top 3 enriched GO terms are shown for MCF7 cells (a) and T47D cells (b). (c) 
Network analysis of physical interactions from all proteins induced by CDK4/6i treatment contributing to the GO term “G1/S transition of mitotic cell cycle”. Circles 
indicate 3 clusters consisting of CDK4/CDK6/CCND1 complex (bottom left), MCM complex (middle) and proteasomal complex (upper right).
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process: the CDK4/6/CCND1-complex (Figure 3c, lower left 
circle), the mcm-complex (Figure 3c, middle circle) and the 
proteasome (Figure 3c, upper right circle). Overall, a total of 60 
unique HLA ligands (where post-translationally modified pep-
tides are considered distinct from the unmodified counterpart) 
from various alleles and both cell lines were exclusively 
detected after drug treatment. These peptides were all derived 
from proteins from the G1/S cell cycle interactome. (Table 1). 
Of note, HLA ligands were repeatedly identified from the 
directly inhibited molecules CDK4 and CDK6, from the main 
interacting partner CCND1, and also from more distant phy-
sical interactors in the G1/S transition pathway, e.g. compo-
nents of the mcm-complex. Other important proteins 
specifically induced after CDK4/6i treatment included the 
prognosis relevant proteins cyclin E1 (CCNE1) and many of 
the induced HLA ligands were derived from proteins that have 
not been reported to contribute to the immunopeptidome of 

healthy tissues.21 Notably, such cell cycle HLA ligands were 
induced in the T47D cell line at least equally well compared to 
MCF7 cells, even though T47D showed no evidence of 
increased antigen presentation machinery when normalized 
to cell size (Figure 1–2). This demonstrates that such an effect 
is independent and more robust between cell lines than 
changes in antigen presenting machinery.

Increased degradation of pathway specific source proteins 
as potential mechanism for increased presentation as HLA 
ligands

In order to better understand the mechanism underlying the 
induction of so many HLA ligands derived from the inhibited 
pathway, we focused on CCND1 as an important target as it is 
important for carcinogenesis in many cancer types22,23 and 
proven to lead to immunogenic HLA ligands.24,25 

Table 1. CDK4/6i induced peptides derived from proteins contributing to the GO term G1/S transtion of mitotic cell cycle.

Gene 
name

MCF7_DMSO MCF7_Abemaciclib MCF7_Palbociclib T47D_DMSO T47D_Abemaciclib T47D_Palbociclib

CDK4 ALTPVVVTL (A02:01) NPHKRISAF (B14:02)
CDK6 ALTSVVVTL (A02:01) 

GEGAYGKVF (B44:02)
HRVVHRDL (B14:02)

CCND1 ALLESSLRQA (A02:01) DRVLRAML (B14:02) DRVLRAML (B14:02)
AKT1 SRHPFLTAL (B14:02)
ATM DVHRVLVAR (A33:01)
CASP2 STDTVEHSL (C08:02)
CCNE1 DAHNIQTHR (A33:01) DAHNIQTHR (A33:01)
CDKN3 DSQSRSVSR (A33:01) 

DSQSRSVsR (A33:01)
DSQSRSVSR (A33:01) 

DSQSRSVsR (A33:01)
CDKN2D NRFGKTAL (B14:02) NRFGKTAL (B14:02)
DDX3X DAYSSFGSR (A33:01)
FBXO31 DVYAKLLHR (A33:01)
GSPT1 EAEPGGGSL (C08:02) EAEPGGGSL (C08:02)
ID2 ALDSHPTIV (A02:01)
MCM2 AEAHARIHL (B44:02) EAHARIHLR (A33:01)
MCM3 HAQSIGMNR (A33:01) 

HAQSIGmNR (A33:01) 
DRTAIHEVM (B14:02)

HAQSIGMNR (A33:01) 
HAQSIGmNR (A33:01)

MCM4 RLAEAHAKV (A02:01) HSMALIHNR (A33:01) 
HSmALIHNR (A33:01) 
DMRKIGSSR (A33:01) 
DmRKIGSSR (A33:01)

HSMALIHNR (A33:01) 
HSmALIHNR (A33:01) 
DMRKIGSSR (A33:01) 
DmRKIGSSR (A33:01) 
KRLHREAL (B14:02)

MCM7 RLAQHITYV (A02:01) RADSVGKLV (C05:01) 
RLAQHITYV (A02:01) 

KmQEHSDQV (A02:01)

RLAQHITYV (A02:01) 
KmQEHSDQV (A02:01)

GRYNPRRSL (B14:02) 
TYTSARTLL (B14:02) 

VRLAHREQV (B14:02)
MNAT1 SSDLPVAL (C08:02)
ORC1 NRVSSRLGL (B14:02)
PSMA2 NYVNGKTFL (B14:02)
PSMB10 FRYQGHVGA (B14:02) 

DRFQPNMTL (B14:02) 
DRFQPNmTL (B14:02)

DRFQPNMTL (B14:02) 
DRFQPNmTL (B14:02)

PSMB3 GLATDVQTV (A02:01)
PSMB4 NRFQIATV (B14:02) 

YADGESFL (C08:02)
YADGESFL (C08:02)

PSMB7 FRYQGYIGA (B14:02)
PSMC1 IIDDNHAIV (A02:01) EHAPSIVFI (B14:02) EHAPSIVFI (B14:02)
PSMD11 VEFQRAQSL (B14:02) VEFQRAQSL (B14:02)
PSMD14 FVDDYTVRV (A02:01)
PSME2 KVLERVNAV (A02:01) YHIISSNL (B14:02)
PSME4 TRVDGRKL (B14:02) TRVDGRKL (B14:02)
PSMF1 NNKDLYVLR (A33:01)
PTEN DFYGEVRTR (A33:01)
RPA1 VSDFGGRSL (B08:02) VSDFGGRSL (B08:02)
TCF3 SLDTQPKKV (A02:01)
USP37 NRLPRVLIL (B14:02) NRLPRVLIL (B14:02) 

DDLKRATEL (B14:02)
WEE1 DIKPSNIFISR(A33:01) 

EVYAHAVL (B14:02)
DIKPSNIFISR (A33:01)

Underlined peptides were tested in ELISpot assays.
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Furthermore, CCND1 is the direct interacting partner of 
CDK4/6.26 We exclusively identified peptides derived from 
CCND1 after CDK4/6i treatment in both cell lines, 
(ALLESSLRQA in complex with HLA-A*02:01 on MCF7 cells 
and DRVLRAML in complex with B*14:02 on T47D cells). We 
first evaluated the transcript and protein expression levels of 
cyclin D1 in CDK4/6i treated cells compared to DMSO during 
a 7-day time course. As reported, 27,28 we observed compensa-
tory upregulation of cyclin D1 transcript levels in both MCF7 
and T47D cells treated with CDK4/6i which increased with 
longer exposure to drug (Figure 4a, 4b). Western blot analysis 
of the protein expression levels of Cyclin D1 in both breast 
cancer cell lines largely paralleled that of transcript, demon-
strate slight increase in total intracellular Cyclin D1 
(Figure 4c). This indicated that at the protein level, increased 
Cyclin D1 expression correlated with the exclusive detection of 
Cyclin D1 derived peptides in CDK4/6i treated breast cancer 
cells (Figure 4a-c, Table 1), suggesting that inhibition of this 
pathway might lead to a compensatory increase in protein 
levels and antigen presentation.

Next, we sought to determine if increased Cyclin D1 pre-
sentation in cells treated with CDK4/6i could be attributed to 
an increase in protein degradation through the multi-ubiquitin 
pathway. We immunoprecipitated multi-ubiquitinated pro-
teins and then performed a western blot for Cyclin D1 at 
different time points. Similarly to the results observed for over-
all protein levels the amount of ubiquitinated cyclin D1 

increased in CDK4/6i treated MCF7 and T47D cells compared 
to DMSO in a time dependent manner as indicated by higher 
molecular weight bands at later time points (Figure 4d arrows). 
Taken together, these results support a model whereby CDK4/ 
6i led to compensatory upregulation of cell cycle proteins, 
followed by their degradation and presentation on HLA 
(Figure 5).

Drug-induced HLA ligands elicit T cell responses in healthy 
donors and have higher probability for T cell recognition

Finally, to demonstrate that CDK4/6i-induced HLA ligands 
were capable of eliciting T cell reactivity, we selected 8 peptides 
that were predicted to bind HLA-A*02:01 based on the 
netMHCpan4.0 algorithm including a CCND1- and CDK6- 
derived peptide. According to the T cell recognition score 
algorithm, 29 three of these eight peptides reached the thresh-
old of 0.1, which suggests T cell recognition and reactivity; 
however, clear evidence of immunogenicity can only be given 
through T cell based functional assays. After T cell stimulation 
of four healthy donors with peptide-pulsed antigen presenting 
cells we repeatedly detected positive T cell responses by 
ELISpot for one of the three peptides predicted to have higher 
potential for reactivity and no responses for the remaining five 
peptides not being predicted to be immunogenic (Figure 4e, 
Table 2). The positive response was directed against 
IIDDNHAIV from PSMC1 protein, a cell cycle interactome 

Figure 4. CDK4/6i alter cell cycle pathway for immunotherapeutic targeting. (a) MCF7 and (b) T47D breast cancer cells were treated with 100 nM abemaciclib or 
palbociclib, respectively, for indicated times. qRT-PCR of Cyclin D1 compared to Actin B was normalized to DMSO treated cells and technical replicates plotted. (c) 
Western blot for Cyclin D1 from lysates of MCF7 and T47D cells treated as described in (A) with times listed on top of each lane. Molecular weight is provided on the left 
axis (kD). (d) Ubiquitinated proteins were immunoprecipitated from cell lysates in (C), with times listed on top of each lane and Western blot was performed for Cyclin 
D1. Arrowheads denote higher molecular weight bands of Cyclin D1, indicative of increased ubiquitination. Molecular weight is provided on left axis (kD). Western blots 
were repeated twice with similar results. (e) ELISpot result from healthy donor’s T cell stimulation with peptide loaded antigen presenting cells. CD14 positive cells and 
EW-peptide were used as negative control. PHA for positive control. Error bars indicate mean and SD of biological replicates. All data were normalized to the results of 
CD14 sample. Data are representative for 4 healthy donors and a total of 5 biological replicates. *P < .05, ** P < .01, *** P < .001, **** P < .0001 (f) T cell recognition 
predictions for HLA ligands from two different breast cancer cell lines using the iedb online platform28 were performed. Graph shows the differences (delta) of mean 
T cell recognition values compared to predictions from HLA ligands found in DMSO-treated samples. Data represent the merged results from 2 different cell lines and all 
replicates.
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protein that in a recent study was shown not to give rise to any 
HLA ligands in healthy tissues.21 These published data support 
the idea of no preexisting tolerance against this peptide. 
However, as testing dozens of peptides for T cell recognition 
by T cell assays is cumbersome and potentially still biased by 
small numbers we performed T cell recognition predictions for 
all drug-induced peptides compared to DMSO-treated control 
cell lines using aforementioned algorithm29 to determine ten-
dencies for T cell reactivity within the different groups. We 
calculated the average of T cell recognition scores for peptides 
found in the DMSO-treated samples for each cell line sepa-
rately to avoid bias introduced by different HLA types. Next, 
we calculated mean T cell recognition scores for different 
subsets of induced HLA ligands accordingly for each cell line 

separately but including all replicate data. Following subsets of 
HLA ligands were used: palbociclib unique, abemaciclib 
unique, shared between palbociclib and abemaciclib samples 
and HLA ligands from proteins involved in the G1/S phase 
transition GO term, called “G1/S transition specific” which 
correspond to the HLA ligands listed in Table 1. Finally the 
difference between mean T cell recognition scores from DMSO 
and aforementioned induced subsets was calculated per cell 
line and then results for both cell lines added. Intriguingly, 
mean T cell recognition scores from induced HLA ligands 
found exclusively either in the palbociclib or abemaciclib sam-
ples showed lower scores compared to the DMSO mean result-
ing in a negative T cell recognition score (Figure 4f). In 
contrast, HLA ligands shared between both drugs and espe-
cially HLA ligands derived from proteins involved in the bio-
logical process most effectively targeted by CDK4/6i (G1/S 
phase transition) were assigned higher T cell recognition scores 
compared to the DMSO group (Figure 4f) suggesting that HLA 
ligands specifically induced in a drug class-specific manner of 
CDK4/6i have the highest probability of being recognized by 
T cells. Furthermore, even if the absolute difference of the 
T cell recognition score between these subgroups is small the 
biological impact can be more profound as immune responses 
against few peptides can lead to relevant biological differences 
and T cell reactivity for one target has already been demon-
strated after testing only eight candidates.

Figure 5. Proposed mechanism of increased CCND1 presentation after CDK4/6i treatment. CDK4/6i inhibit CDK4/6 and their binding partners, leading to ubiquitination. 
CDK4/6i also promotes compensatory upregulation of cell cycle proteins, HLA, and increased surface area. Together, these mechanisms lead to presentation of a wide 
variety of cancer-specific peptides derived from cell cycle effectors.

Table 2. Predictions and assays for T cell recognition in drug-induced A*02 
ligands.

HLA ligand
Predicted binding affinity 

for HLA-A*02 [nM] T cell recognition score ELISpot result

ALLESSLRQA 414.5 −0.260 negative
ALTSVVVTL 35.8 −0.018 negative
FVDDYTVRV 6.8 0.130 negative
GLATDVQTV 23.5 0.037 negative
IIDDNHAIV 115.8 0.160 positive
KVLERVNAV 19.4 0.200 negative
RLAEAHAKV 16.2 0.089 negative
SLDTQPKKV 1878.4 −0.380 negative
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Discussion

Immunotherapies, such as immune checkpoint blockade ther-
apy are now standard of care for many cancer types.30 

However, for many cancer types, checkpoint blockade remains 
unsuccessful likely due to lack of presentation of suitable 
immunogenic epitopes, e.g. neoepitopes or tumor associated 
antigens on the cancer cell surface.31,32 Similarly, adoptive 
T cell therapies, ImmTacs, vaccines, or TCRmimic antibodies 
also depend on the reliable presentation of the HLA ligand for 
which they are specific, on the target cells.7,9,33,34

CDK4/6 inhibitors, abemaciclib and palbociclib, led to an 
increase in total surface area of treated breast cancer cells, as 
well as transcriptional upregulation of HLA in the MCF7 cell 
line. Although increases in HLA may be due in part to the 
enlarged cell volume in the T47D cell line, we still observed 
quantitative and qualitative changes in the immunopeptidome 
by mass spectrometry in both the MCF7 and T47D cell lines. 
These results indicated that an increase in HLA complex levels 
may broaden the repertoire of detectable presented antigens 
even when higher HLA cell surface levels are due in part to an 
expanded cell surface area and not to an increase in antigen 
presentation. Though increasing cell size and granularity could 
suggest senescence related mechanisms for the observed effect 
we believe that these cells did not present a strong senescence 
phenotype as determined by negative staining for the newly 
identified senescence marker urokinase plasminogen activator 
receptor (35, data not shown).

Additionally, in contrast to previous results, we did not 
observe significant changes in transcription of antigen presen-
tation machinery, as a whole 13 This could be explained by the 
3–5 times lower concentration of CDK4/6i that was used in our 
study compared to previous published work.

Lower doses of drug were further used in our experiments to 
avoid confounding biochemical changes in the cell as a result of 
toxicity or cell death processes. The exact mechanism of HLA 
upregulation and induction of antigen presentation by this 
class of inhibitors is still unknown. These results suggest that 
CDK4/6i has indirect effects on increased HLA surface expres-
sion, and a transcriptional program of antigen presentation 
does not seem to be induced, per se. Additionally, other studies 
showed induction of the immunopeptidome after treatment of 
MCF7 cells with abemaciclib.14 As we also saw peptides derived 
from the immuno-proteasome subunit PSMB10 presented on 
the cell surface after CDK4/6i treatment, we provided further 
evidence of the activation of the immunoproteasome that 
would then also contribute to the re-shaping of the immuno-
peptidome. Also, we hypothesize that the presentation of pep-
tides from proteasomal proteins is mediated by their regular 
degradation after upregulation of this set of proteins. The 
upregulation of the proteasome components is needed as the 
CDK4/6 inhibition leaves many proteins from the inhibited 
pathway without function and subject to degradation. As insuf-
ficient proteasomal activity then can lead to autophagy25 pro-
teasomal proteins are upregulated to guarantee the sufficient 
degradation.

However, most importantly, many of the drug-induced 
antigens we found on the CDK4/6i treated groups were asso-
ciated with proteins from the mitotic pathways, specifically the 

G1/S phase transition, the phase in which cells arrest after 
CDK4/6i treatment.26 This suggested that inhibition of the 
cellular process by the drugs led to preferential degradation 
of proteins and subsequent presentation on HLA peptides from 
proteins in the cell cycle pathway interactome. CDK4/6i gave 
rise to about 70 induced HLA ligands from the specific GO 
term “G1/S transition of mitotic cell cycle”, which represented 
about 10% of all treatment induced HLA ligands. Mass spectro-
metry analysis revealed the peptides “ALLESSLRQA” and 
“DRLVRAML,” an HLA-A*02:01-presented and HLA-B*14 
:02-presented peptide, respectively from the Cyclin D1 protein, 
among other peptides. In a previous study, the ALLESSLRQA 
sequence was predicted to be an HLA-A*02:01 binder, but had 
never been validated for its immunogenicity as it was consid-
ered a suboptimal HLA binder.23 By using Quantitative 
Reverse Transcriptase-PCR and Western blotting analysis we 
confirmed a compensatory upregulation of CDK4/6 binding 
partners, such as Cyclin D1, after CDK4/6i treatment. 
Additionally, Cyclin D1 exhibited higher levels of ubiquitina-
tion in CDK4/6i treated cells. Taken together, we propose 
a mechanism of increased immunopeptidome repertoire after 
CDK4/6i treatment whereby disruption of the CDK4/CDK6/ 
CCND1 complex leads to upregulation and subsequent degra-
dation and presentation of cell cycle proteins (Figure 5). 
Though changes in the immunopeptidome due to CDK4/6i 
treatment have recently been reported in melanoma cell lines 
after CDK4/6i treatment15 this is the first study to demonstrate 
pathway-dependent degradation and presentation of a directly 
inhibited protein complex and its downstream interacting 
partners. However, for future studies it should also be consid-
ered that CDK4/6i could lead to the induction of HLA ligands 
from non-coding regions as these drugs can induce expression 
of endogenous retroviral elements. Additionally, neoepitopes 
from germline or somatic mutations could also demonstrate 
a valuable source for HLA ligands with and without CDK4/6i 
treatment.

Furthermore, it still has to be determined if these effects 
can only be observed in cell lines fully dependent on the 
CDK4/6 pathway as CDK4/6 independent cell lines have 
not been used in this study. This is especially important as 
less CDK4/6-dependent cell lines are more likely to be 
treated with immune checkpoint inhibition in which our 
proposed mechanism can be particularly relevant. Also 
triple negative breast cancers should further be investigated 
for this mechanism as their cyclin E amplification allows 
them to bypass the CDK4/6 inhibition, but could still be 
subject to changes in the HLA ligandome, which then could 
be utilized therapeutically.

Still, many of these drug-induced HLA ligands offer the 
potential to be ideal targets for cancer immunotherapies. For 
example CCND1 is expressed in multiple cancers, e.g. mantle 
cell lymphoma23 and native immunogenic peptides from this 
protein have been shown to induce CD4 and CD8+ cytotoxic 
T cell responses in HLA matched donors.24,25 Therefore, 
Cyclin D1 targeted immunotherapies may synergize with 
CDK4/6 inhibition in a variety of cancer types. Additionally, 
CCNE1 is a known negative prognostic marker in breast 
cancer36 and an extensive study of HLA ligands in healthy 
tissues did not detect any peptides from CCNE1 presented on 

e1916243-8 A. CHARLES AND C.M. BOURNE ET. AL.



the cell surface of nonmalignant cells.21 Given these character-
istics CCND1 as well as CCNE1, together with the other 
induced CDK4/6i induced proteins, those targets should be 
considered promising targets for immunotherapy approaches. 
Additionally, we stimulated T cells from healthy donors with 
a selection of drug-induced A*02 restricted peptides and iden-
tified an epitope from the PSMC1 antigen which elicited T cell 
responses. Additionally, to consider all induced HLA ligands 
we performed predictions for the T cell recognition of HLA 
ligands identified in DMSO-treated samples and for subsets of 
CDK4/6i-induced peptides. Strikingly, HLA-ligands found to 
be induced by both drugs rather than only one of them showed 
much higher T cell recognition scores as well as higher scores 
compared to the HLA ligands found in DMSO-treated cell 
lines. As HLA ligands that were induced by both drugs are 
more likely to be induced due to the class specific character-
istics rather than off-target effects of these kinase inhibitors, 
this suggests that the specific targeting of the CDK4/6 complex 
leads to induction of HLA ligands of higher probability of 
T cell recognition. This hypothesis is further supported by 
the fact that HLA ligands from the GO term G1/S phase 
transition, the subset of peptides that are most likely to be 
induced by the class specific inhibition of these drugs, demon-
strated even higher T cell recognition scores.

Overall, we demonstrated that low doses (100 nM) of 
CDK4/6 inhibitors abemaciclib and palbociclib can induce 
substantial and reproducible changes in HLA surface levels 
and in the ligands that are bound to these complexes, poten-
tially rendering them more susceptible to immune mediated 
killing by CD8 + T cells. Considering that CDK4/6i have 
considerable toxicity (i.e. diarrhea, nausea, dyspnea, arthral-
gia, neutropenia and lymphopenia) at clinically used antineo-
plastic therapeutic doses.37 Our results suggested that using 
concentrations 3 to 5-fold lower than patient plasma concen-
trations can still achieve significant drug-induced peptide 
presentation changes. However, in vivo studies have to be 
performed in order to investigate if low concentration 
CDK4/6i treatment can positively influence the effects of 
immune checkpoint blockade in breast cancer cells. If this 
can be proven, using lower doses of CDK4/6i at some appro-
priate time point may mitigate toxicity while synergizing with 
immunotherapies.

Additionally, we provide the proof-of-concept how phy-
sical inhibition of a protein complex leads to the enhanced 
presentation of HLA ligands directly involved or associated 
with this complex. This approach could be used to combine 
the direct inhibition of a complex with a T cell immu-
notherapy-based approach that targets the specific degrada-
tion product of one of the proteins involved.

Therefore, this study provides additional evidence and 
rationale to combine low-dose CDK4/6i with immunothera-
pies, such as checkpoint blockade. More over, generating 
immunotherapeutics that can target cell-cycle derived pep-
tides presented on HLA are attractive. For example adop-
tive T cell transfer, TCRmimic antibodies or vaccination 
therapies could allow for specific targeting of breast cancer 
cells in combination with CDK4/6i.

Materials and methods

Human cell lines

MCF7 (HLA-A*02:01, HLA-B*18:01, HLA-B*44:02, HLA- 
C*05:01) and T47D (HLA-A*33:01, HLA-B*14:02, HLA-C*08 
:02) cell lines were cultured in RPMI medium (Gibco) supple-
mented with 10% FBS (Gibco), penicillin and streptomycin, 
and 1% L-glutamate. All cell lines were obtained from ATCC, 
and tested negative for mycoplasma. HLA typing was per-
formed by American Red Cross.

Antibodies and commercial reagents

APC anti-Human HLA-A, B, C (clone W6/32) from 
Biolegend (Cat. No. 311409), FITC Anti-Human HLA-A2 
from BD Biosciences (Cat. No. 551285), were used for flow 
cytometry. Unlabeled clone W6/32 antibody from BioXcell 
(Cat. No. BE0079), was used for HLA class I/peptide 
immunoprecipitation for mass spectrometry. Anti-Human 
Cyclin D1 (ab134175) from Abcam, and anti-multi ubiqui-
tin magnetic beads from MBL International, were used for 
Western blot. All antibodies were kept at 4°C. Abemaciclib 
and Palbociclib were purchased from Sellekchem. The 
drugs were diluted to 10 mM stocks in DMSO, and kept 
at −20°C.

Viability assays

15,000 cells were cultured in 96 well plates with serial dilutions 
of abemaciclib and palbociclib. After 4 days, cells were resus-
pended in Cell Titer-Glo Luminescent Cell Viability Assay 
from Promega for 10 minutes, and agitated at room tempera-
ture. Luminescence in the 96 well plates was read using 
a microtiter plate luminometer (PerkinElmer).

Flow cytometry

Cells were treated with 10, 100, or 1000 nM abemaciclib or 
palbociclib for 1, 3, 5, or 7 days. Cells were harvested, washed 
with PBS, and labeled with 1:50 dilution of APC Anti-Human 
HLA-ABC and FITC Anti-Human HLA-A2 in buffer (2% FBS, 
0.1% sodium azide, in PBS) for 30 minutes. Cells were analyzed 
using a Fortessa Flow Cytometer from BD Biosciences or 
a Guava flow cytometer from Millipore.

Quantitative reverse-transcriptase PCR

Cells were treated with 100 nM Abemaciclib or Palbociclib for 
1, 3, 5, or 7 days. Cells were harvested, washed with PBS, and 
RNA was extracted using Qiagen RNA Easy Plus (Qiagen; 
#74134). cDNA was created using qScript cDNA SuperMix 
(Quantabio; #95048) according to recommended cycling 
times and temperatures in thermocycler. qPCR was performed 
using PerfeCTa FastMix II (Quantabio; #95118) and TaqMan 
real-time probes purchased from Life Technologies: HLA-A 
(Hs01058806_g1), beta-2-microglobulin (Hs00187842_m1), 
TAP1 (Hs00388677_m1), and TAP2 (Hs00241060_m1), 
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Cyclin D1 (Hs00765553_m1), GAPDH (Hs02758991), Actin 
B (Hs99999903_m1). Data were normalized to baseline expres-
sion of GAPDH or Actin B.

Immunopurification of HLA class I ligands

HLA class I ligands (HLA-A,B and -C) were isolated as 
described previously.38 In brief, 40 mg of Cyanogen bromide- 
activated-Sepharose 4B (Sigma-Aldrich, cat. # C9142) were 
activated with 1 mmol/L hydrochloric acid (Sigma-Aldrich, 
cat. # 320331) for 30 minutes. Subsequently, 0.5 mg of W6/32 
antibody (Bio X Cell, BE0079; RRID: AB_1107730) was 
coupled to sepharose in the presence of binding buffer 
(150 mmol/L sodium chloride, 50 mmol/L sodium bicarbo-
nate, pH 8.3; sodium chloride: Sigma-Aldrich, cat. # S9888, 
sodium bicarbonate: SigmaAldrich, cat. #S6014) for at least 
2 hours at room temperature. Sepharose was blocked for 
1 hour with glycine (Sigma-Aldrich, cat. # 410225). Columns 
were was with PBS twice and equilibrated for 10 minutes. 
MCF7 and T47D breast cancer cells were treated with 
DMSO, 100 nmol/L Abemaciclib, or 100 nmol/L Palbociclib 
for seven days. Cells (1x107percondition) were harvested with 
Cellstripper (Corning, cat. # 25–056-CI) and washed three 
times in ice-cold sterile PBS (Media preparation facility 
MSKCC). Afterward, cells were lysed in 1 mL 1% CHAPS 
(Sigma-Aldrich, cat. # C3023) in PBS, supplemented with 1 
tablet of protease inhibitors (Complete, cat. # 11836145001) for 
1 hour at 4°C. This lysate was spun down for 1 hour at 20,000 g 
at 4°C. Supernatant was run over the affinity column through 
peristaltic pumps at 1 mL/minute overnight at 4°C. Affinity 
columns were washed with PBS for 15 minutes, run dry, and 
HLA complexes subsequently eluted five times with 200 mL 1% 
trifluoracetic acid (TFA, Sigma/Aldrich, cat. # 02031). For the 
separation of HLA ligands from their HLA complexes, tC18 
columns (Sep-Pak tC18 1 cc VacCartridge, 100 mg Sorbent per 
Cartridge, 37–55 mm Particle Size, Waters, cat. # WAT036820) 
were prewashed with 80% acetonitrile (ACN, Sigma-Aldrich, 
cat. # 34998) in 0.1% TFA and equilibrated with two washes of 
0.1% TFA. Samples were loaded, washed again with 0.1% TFA, 
and eluted in 400 mL 30% ACN in 0.1%TFA followed by 
400 mL 40% ACN in 0.1%TFA, then 400 mL 50% ACN in 
0.1%TFA. Sample volume was reduced by vacuum centrifuga-
tion for mass spectrometry analysis.11

LC-MS/MS analysis of HLA ligands

Samples were analyzed by a high-resolution/high-accuracy LC- 
MS/MS (Lumos Fusion, Thermo Fisher). Peptides were 
desalted using ZipTips (Sigma Millipore; cat. #ZTC18S008) 
according to the manufacturer’s instructions and concentrated 
using vacuum centrifugation prior to being separated using 
direct loading onto a packedin-emitter C18 column (75 mm 
ID/12 cm, 3 mm particles, Nikkyo Technos Co., Ltd). The 
gradient was delivered at 300 nL/minute increasing linear 
from 2% Buffer B (0.1% formic acid in 80% acetonitrile)/98% 
Buffer A (0.1% formic acid) to 30% Buffer B/70% Buffer A, over 
70 minutes. MS and MS/MS were operated at resolutions of 
60,000 and 30,000, respectively. Only charge states 1, 2, and 3 
were allowed. 1.6 Th was chosen as the isolation window and 

the collision energy was set at 30%. For MS/MS, the maximum 
injection time was 100 ms with an AGC of 50,000.

Mass spectrometry data processing

Mass spectrometry data were processed using Byonic software 
(version 2.7.84, Protein Metrics) through a custom-built com-
puter server equipped with 4 Intel Xeon E5-4620 8-core CPUs 
operating at 2.2 GHz, and 512 GB physical memory (Exxact 
Corporation). Mass accuracy for MS1 was set to 6 ppm and to 
20 ppm for MS2, respectively. Digestion specificity was defined 
as unspecific and only precursors with charges 1, 2, and 3, and 
up to 2 kDa were allowed. Protein FDR was disabled to allow 
complete assessment of potential peptide identifications. 
Oxidization of methionine, N-terminal acetylation, phosphor-
ylation of serine, threonine, and tyrosine were set as variable 
modifications for all samples. All samples were searched 
against the UniProt Human Reviewed Database (20,349 
entries, http://www.uniprot.org, downloaded June 2017). 
Peptides were selected with a minimal log prob value of 2 
corresponding to p-values<0.01 for PSM in the given database 
and were HLA assigned by netMHC 4.0 with a 2% rank cutoff. 
Similar processing was performed with Mascot and PEAKS 
algorithm on a model leukemia cell line BV173 as it yields 
higher numbers of HLA ligands. Byonic demonstrated an over-
lap of 79.3% with Mascot (PEAKS overlapped with Mascot by 
76.9%) and 84.3% with PEAKS with the highest sensitivity 
observed for Byonic. In T47D cells DMSO, Abemaciclib and 
Palbociclib samples showed an overlap between Byonic and 
PEAKS of 75%, 67%, and 69%, respectively. For all T47D 
derived HLA ligands the identity between the two algorithms 
was 79% (Supplementary Figure 3).

Source proteins of identified HLA ligands were divided into 
proteins that were identified in DMSO samples and proteins 
only identified in drug-treated samples. These protein lists 
were used for network analyses using GENEmania online 
platform.20 Only physical interactions were enabled and no 
resultant genes were allowed. Automatically selected weighting 
method was used and all terms with q-values <0.05 were 
considered significant.

Peptide stimulation and ELISpot assay

CD14+ monocytes were isolated from cell separation medium- 
purified (Fisher Scientific, Cat. Nr. 25072 Cl) PBMCs from 
HLA-A*02:01 healthy donors on Memorial Sloan Kettering 
Cancer Center (MSK) IRB-approved protocols by positive 
selection using mAb to human CD14 coupled with magnetic 
beads (Miltenyi Biotech, Cat. Nr. 130–050-201) and used for 
the first stimulation of T cells. The CD14- fraction of PBMCs 
was used for isolation of CD3 positive cells by negative immu-
nomagnetic cell separation using a pan T cell isolation kit 
(Miltenyi Biotech, Cat. Nr. 130–096-535). The purity of the 
cells was regularly assessed in previous experiments and was 
always >98%. In vitro T cell stimulation and generation of 
monocyte-derived dendritic cells (DCs) from CD14+ cells 
was performed as previously described:11 T cells were stimu-
lated for 7 d in the presence of RPMI 1640 supplemented with 
5% autologous plasma (AP), 20 ug/mL synthetic peptides, 1 ug/ 
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mL B2-m, and 10 ng/mL IL-15. Monocyte-derived DCs were 
generated from CD14+ cells, by culturing the cells in RPMI 
1640 medium supplemented with 1% AP, 500 units/mL recom-
binant IL-4, and 1,000 units/mL GM-CSF. On days 2 and 4 of 
incubation, fresh medium with IL-4 and GM-CSF was either 
added or replaced half of the culture medium. On day 6, 
maturation cytokine cocktail was added. On day 7 or 8, 
T cells were re-stimulated with mature DCs, with IL-15. In 
most cases, T cells were stimulated three times in the same 
manner, using either DCs or CD14+ cells as APCs. A week after 
final stimulation, the peptide-specific T cell response was 
examined by IFN-gamma enzyme-linked immunospot 
(ELISPOT) assay.

For the ELISpot assay HA-Multiscreen plates (Millipore) 
were coated with 100 uL of mouse anti-human IFN-gamma 
antibody (10 ug/mL; clone 1-D1K; Mabtech) in PBS, incu-
bated overnight at 4°C, washed with PBS to remove unbound 
antibody, and blocked with RPMI 1640/10% autologous 
plasma (AP) for 2 h at 37°C. Purified CD3+ T cells were 
plated with either autologous CD14+ (10:1 E: APC ratio) or 
autologous DCs (30:1 E: APC ratio). Various test peptides 
were added to the wells at 20 ug/mL. Negative control wells 
contained APCs and T cells without peptides or with irrele-
vant peptides. Positive control wells contained T cells plus 
APCs plus 20 ug/mL phytohemagglutinin (PHA, Sigma). All 
conditions were done in triplicates. Microtiter plates were 
incubated for 20 h at 37°C and then extensively washed 
with PBS/0.05% Tween and 100 uL/well biotinylated detec-
tion antibody against human IFN-g (2 ug/mL; clone 7-B6–1; 
Mabtech) was added. Plates were incubated for an additional 
2 h at 37°C and spot development was performed. Spot 
numbers were read and determined by Zellnet 
Consulting Inc.

Software and statistics

T cell recognition prediction were performed using an 
online tool found associated with iedb.28 Only 9mer HLA 
ligands were considered as suggested by the inventors of 
the algorithm. For figure 4f mean T cell recognition scores 
from HLA ligands identified in the DMSO samples were 
calculated as baseline. Then mean T cell recognition scores 
were calculated for different subsets, e.g. Palbociclib unique, 
Palbociclib/Abemaciclib shared corresponding to Figure 2c 
and 2f or “G1/S phase specific” corresponding to Table 1. 
All calculations were initially made for each cell line sepa-
rately to avoid confounding by different HLA types. Then, 
mean T cell recognition scores from above mentioned sub-
sets were subtracted from DMSO baseline and results for 
both cell lines added to retrieve the final result. Figure 5 
was created using Biorender.

Graphs except Venn diagrams were drawn with Graphpad 
Prism 7. For statistics built-in analyses from Graphpad Prism 
were used. Student’s t test were used for qPCR and flow 
cytometry statistical analysis. Venn diagrams were prepared 
using the BioVenn online platform.39 P values < .05 were 
considered significant.
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