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SUMMARY

Immunotherapy offers promising opportunities to improve immune-mediated control of chronic myeloid leu

kemia (CML), but its success depends on identifying antigens uniquely associated with CML. Protein kinases 

regulate signaling and protein turnover, influencing which peptides are presented on HLA molecules. 

Although earlier studies suggested that kinase inhibition can alter immune recognition of cancer cells, the un

derlying mechanisms remain unclear. In this study, we investigated whether targeting key kinases could 

reshape the CML immunopeptidome. The pharmacological inhibition of SFK, JNK, and BCR-ABL caused 

broad remodeling of antigen presentation, affecting the display of 4,000 HLA-I ligands. By integrating immu

nopeptidomics, phospho-immunopeptidomics, and proteomics, we identified three complementary mecha

nisms regulating antigen display. Comparing benign hematologic tissues with CML samples revealed about 

90 CML-specific peptides that became more prominent after SFK or JNK inhibition. Overall, this work pro

vides a quantitative, multi-omic framework to rationally combine kinase inhibitors with immunotherapy to 

boost antigen visibility and antileukemic immunity.

INTRODUCTION

Chronic myeloid leukemia (CML) is defined by the t(9;22) chro

mosomal translocation, which results in the BCR-ABL1 fusion 

gene.1 The corresponding fusion protein exhibits constitutive 

tyrosine kinase activity and is effectively targeted by approved 

tyrosine kinase inhibitors (TKIs), dramatically improving the 

prognosis for CML patients.2 The current therapeutic objective 

in CML management is to achieve treatment-free remission 

(TFR) after discontinuation of BCR-ABL1 directed TKI treatment. 

TKI discontinuation is considered once patients sustain deep 

and durable molecular remission. However, only a subset of pa

tients can stop TKI therapy without experiencing molecular 

relapse.3 As a result, long-term TKI therapy remains the standard 

of care for most patients, despite its potential for considerable 

side effects and the development of resistance.4 Multiple studies 

indicate that immune surveillance may play a crucial role in pro

moting TFR. Restoration of immune function—characterized by 

heightened activity of natural killer (NK) cells and T cells, along 

with decreased PD-1 expression on T cells5 —has been linked 

to the successful achievement of TFR. Therefore, enhancing 

CML-specific immune responses through T cell-based immuno

therapy offers a potential route to increase the proportion of 

patients achieving durable TFR or even cure. Nonspecific immu

notherapy strategies, including allogeneic stem cell transplanta

tion and interferon-α (IFN-α) therapy, have been shown to induce 

long-lasting remissions following TKI discontinuation.6 More 

recently, immune checkpoint inhibitors—transformative in 

many solid tumors, are being explored in CML.7

More targeted immunotherapeutic approaches involve agents 

that induce immune responses against leukemia-specific anti

gens, such as peptide vaccines, T cell receptor (TCR)-mimic an

tibodies, and genetically engineered T cells.8,9 These strategies 

depend on the identification of tumor-associated, HLA-pre

sented peptides that are recognized by cytotoxic T cells. While 

neoantigens resulting from tumor-specific mutations are key tar

gets in solid tumors with high mutational burdens, their role in 

cancers with lower mutational loads, like CML, remains limited 
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Figure 1. Quantitative analysis of HLA-I immunopeptidome profiling across kinase inhibitor treatments 

(A) Experimental workflow depicting the use of MS-based immunopeptidomics on the BV173 Ph+ chronic myeloid leukemia model treated for 72 h with 3 kinase 

inhibitors. 

(B) Number of peptides predicted by NetMHCpan 4.1 15 to bind distinct BV173 HLA-I alleles, separated by strong (gray) and weak (skyblue) binders. 

(C) Principal component analysis (PCA) of 21,078 HLA-I peptides quantified in BV173 cells treated with three different kinase inhibitor treatments (Imatinib, PP2, 

and SP600125) and control conditions. 

(D) Number of significantly up- and downregulated HLA-I peptides for each kinase inhibitor treatment relative to control. Significance was assessed using two- 

sample t tests (FDR <0.05). 

(E) Upset plots display the intersections of significantly upregulated (left) and downregulated (right) peptides among the different kinase inhibitor treatments. 

(legend continued on next page) 
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and uncertain. Advances in mass spectrometry (MS)-based im

munopeptidomics have enabled large-scale identification of 

nonmutated, tumor-associated HLA peptides capable of elicit

ing peptide-specific T cell responses and serving as targets for 

T cell-based therapies.10 Successful immunotherapy relies on 

robust antigen presentation by cancer cells, which may be 

impaired by several factors, including aberrant signaling path

ways. Pharmacological inhibition of specific kinases—such as 

CDK4, CDK6, and MEK—has been shown to enhance cancer 

cell immunogenicity by increasing tumor-associated antigen 

(TAA) presentation in other cancer types.11,12

However, a comprehensive characterization of the interaction 

between signaling pathways and TAA exposure is still lacking. 

Gaining deeper insight into this complex interplay is critical, as 

numerous FDA-approved kinase inhibitors are already in clinical 

use and, in principle, could be leveraged to tumor immunoge

nicity. To investigate this, we first used a computational 

network-based approach to identify kinases potentially involved 

in regulating antigen presentation. Subsequently, we applied 

high-sensitivity mass spectrometry (MS)-based proteomics 

quantitatively profile changes in class I HLA peptide repertoires 

following treatment with three different kinase inhibitors, 

including the standard-of-care agent, imatinib. This analysis re

vealed selective remodeling of the HLA-I immunopeptidome, 

with enhanced presentation of specific peptides, including pre

viously undescribed TAAs, in response to defined kinase 

inhibitors.

To elucidate the signaling-dependent mechanisms underly

ing these alterations, we combined our immunopeptidomic 

data with mass spectrometry-based (phospho)immunopepti

dome and (phospho)proteome profiling of kinase inhibitor- 

treated cells, together with a computational, network-based 

analysis. Through this integrative strategy, we uncovered three 

interlinked mechanisms connecting kinase activity to antigen 

display, involving phosphorylation of HLA-I-bound peptides, 

altered turnover of source proteins, and transcriptional regula

tion of antigen expression. Our findings underscore selective ki

nase inhibition as a potential approach to boost immuno

therapy by enhancing the presentation of target antigens. 

Importantly, by characterizing the molecular mechanisms and 

signaling pathways that govern HLA-I antigen presentation, 

this work establishes a quantitative, network-based immuno

peptidomics framework for systematically identifying and ex

ploiting drug-induced HLA-I peptide display in next-generation 

immunotherapies.

RESULTS

Identification of kinases controlling antigen 

presentation

To systematically identify key signaling molecules involved in 

the antigen presentation regulating TAA presentation, we 

applied the ProxPath network analysis, which estimates the 

functional proximity of signaling proteins to a target pathway 

using curated causal interactions from the SIGNOR resource.13

We focused on identifying druggable kinases relevant to CML 

pathobiology that are functionally connected to the antigen 

processing and presentation machinery (APPM) pathway. This 

analysis highlighted three kinases—BCR-ABL1, JNK, and Src- 

family kinase (SFK) signaling-as being linked to the APPM via 

causal paths associated with either upregulation or downregula

tion of antigen presentation (Figure S1A). Among them, SFK 

components showed the highest number of connections to the 

APPM (56 paths), suggesting a strong regulatory relationship.

Immunopeptidomic profiling of kinase-inhibited CML 

cells

First, we investigated the impact of pharmacological inhibition of 

these three kinases on the antigen presentation. To this end, 

BV173 cells were treated for 72 h with imatinib (BCR-ABL inhib

itor) 250 nM, SP600125 (JNK inhibitor) 10 μM and PP2 (Src-fam

ily kinase inhibitor) 25 μM. These concentrations were selected 

as they only modestly affected cell viability, thereby limiting po

tential confounding effects due to cytotoxicity (Figure S1B).

We employed the recently developed IMBAS (immunopepti

domics by biotinylated antibodies and streptavidin) workflow14

in combination with high-sensitivity MS-based proteomics to 

quantify MHC-I-bound peptides in biological triplicates 

(Figure 1A). We used biotinylated W6/32 antibodies to immuno

precipitate antigenic peptides presented by MHC-I molecules, 

which were then captured on streptavidin beads. After washing, 

elution, and molecular weight filtration, samples were loaded 

onto Evotips for downstream MS analysis. This approach 

enabled the identification of 21,078 unique HLA-I peptides 

(Figure S1C) across the four experimental conditions. As ex

pected, the peptides were highly enriched for nonameric se

quences (Figure S1D). Most of the peptides (20,081 out of 

21,078) were predicted to be strong or weak binders of the allelic 

profile of BV173 cells, by using NetMHCpan 4.115 (Figure 1B and 

Table S1).

To assess how different kinase inhibitors influence the 

immunopeptidome, we analyzed the global changes in HLA-I- 

bound peptides following targeted treatments. First, to 

determine whether the three inhibitors could be classified in an 

unsupervised manner based on their impact on HLA-I peptide 

presentation, we applied principal-component analysis (PCA) 

to the immunopeptidomic dataset. This showed distinct and 

reproducible separation of the treatment groups, further sup

ported by unsupervised hierarchical clustering and Pearson cor

relation analysis (Figures 1C, S1E, and S1F).

To identify HLA-I peptides significantly modulated by kinase 

inhibition, we performed a stringent two-sample t test analysis 

(Table S2). Treatment with SP600125 and PP2 affected more 

than 4,000 HLA-I peptides, whereas imatinib produced a 

milder response, altering the presentation of approximately 

200 peptides (Figure 1D). Both induced substantial up- and 

(F–H) Waterfall plots showing log2 fold changes in HLA-I peptide abundance upon treatment with PP2 (F), SP600125 (G), and imatinib (H) compared to control. 

Selected peptides with significant and strong fold changes and their source proteins are annotated. 

(I) Bar plots reporting the -log(p value) values for biological processes enriched by the source proteins of the HLA-I peptides significantly upregulated upon kinase 

inhibition.
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downregulation of HLA-I peptides, with a considerable overlap 

in the modulated sets (Figure 1E). Notably, PP2 and SP600125 

inhibition induced the strongest alterations in the abundance of 

surface-presented HLA-I peptides, with some antigens 

showing up to 1000-fold changes in expression (Figures 1F 

and 1G). Imatinib also reshaped the immunopeptidome, with 

some HLA-I peptides being up- or downregulated as much 

as 64-fold (Figure 1H). Importantly, the changes induced by 

all three inhibitors were observed across all major HLA-I sub

types (HLA-A, -B, and -C), indicating that their effects are not 

allele-specific (Figure S1G). Sequence motif analysis of signifi

cantly modulated peptides by SP600125, PP2, and imatinib 

revealed strong conservation with known binding motifs of 

the BV173 HLA alleles, particularly at anchor positions 

(Figures S2A–S2C), supporting the biological specificity of 

these alterations. Gene ontology (GO) enrichment analysis 

on the source proteins of the HLA-I peptides significantly 

upregulated by the three kinase inhibitors identified biological 

processes related to cell cycle control, chromatin organization, 

cell division, and antigen presentation, consistent with the ex

pected biological response to imatinib, SP600125, and PP2 

(Figure 1I).

Multi-omics elucidates kinase-dependent mechanisms 

shaping HLA-I exposure

Our findings show that inhibition of selected kinases leads to 

strong and selective up- or downregulation of hundreds of 

HLA-I peptides. To determine whether this effect is due to direct 

modulation of the APPM, we assessed MHC-I surface ex

pression in BV173 cells after 72 h of treatment with PP2, 

SP600125, and imatinib using flow cytometry. HLA-I expression 

remained unchanged across all treatments, suggesting that 

SFK, JNK, and BCR-ABL1 regulate antigen exposure through in

direct or post-translational mechanisms (Figure S2D). Because 

alterations in signaling, phosphorylation, and protein abundance 

are ultimately integrated into the repertoire of HLA-I-presented 

peptides, the immunopeptidome serves as a molecular readout 

of the intracellular state. To dissect the mechanisms underlying 

kinase-dependent modulation of HLA-I immunopeptidome pre

sentation, we developed a network-based, multiomics strategy, 

combining our multi-omic data with the human causal network 

(Figure 2A). In addition to immunopeptidomic profiling, we 

analyzed three regulatory layers in BV173 cells treated with 

kinase inhibitors: phospho-immunopeptidomics, global phos

phoproteomics, and total proteomics.

First, we re-analyzed the immunopeptidomic dataset to specif

ically identify phosphorylated HLA-I peptides (phospho-immuno

peptidomic dataset). Next, we employed high sensitivity MS- 

based proteomics to quantify changes in the global proteome 

and phosphoproteome of BV173 cells after 72 h of treatment 

with PP2, SP600125, and imatinib. Using this strategy, we quan

tified about 60 phosphorylated HLA-I peptides (Table S3), more 

than 7700 proteins (Table S4 and Figure 2B) and 17,000 phos

phosites (Table S5 and Figure 2B). Principal component analyses 

of the proteomics and phosphoproteomics datasets demon

strated high reproducibility and clear separation among treat

ments (Figures S3A and S3B). Statistical analyses (FDR <0.05) re

vealed that 45 phospho-HLA-I peptides (Table S3), 4,400 

phosphosites, and 4,700 proteins were significantly modulated 

by at least one kinase inhibitor (Figures 2C, S3C, and S3D). We 

then integrated these multi-omic datasets with the human naive 

causal network to uncover the mechanisms by which kinase inhi

bition influences HLA-I peptide presentation. We found that 

BCR-ABL1, JNK, and SFK signaling reshape the CML immuno

peptidome through three interrelated regulatory modes: (1) direct 

modulation of peptide phosphorylation, (2) stability-dependent 

control of source proteins, and (2) transcription factor (TF)-medi

ated regulation of peptide abundance. This approach allowed us 

to systematically try to map each modulated HLA-I peptide to one 

of these regulatory modes.

Kinase-dependent HLA-I phosphorylation is associated 

with antigen exposure

Phosphorylation of HLA-I peptides has been correlated with 

enhanced affinity for HLA-I molecules.16 To assess the extent 

to which kinase inhibitors may reshape the immunopeptidome 

by influencing the phosphorylation of HLA-I peptides, we focused 

on the 45 significantly modulated phospho-HLA-I peptides and 

used the SIGNOR database to identify those that (1) contained 

a phosphosite with a known upstream kinase and (2) whose up

stream kinase is itself directly or indirectly regulated by the inhib

itor treatment (Figure 3A). When possible, we used our phospho

proteomic dataset to assess the activity of the upstream kinases 

upon drug treatment (Table S5). Although limited in number, 

direct phosphorylation-dependent regulation of HLA-I peptides 

was evident. Although our immunophosphoproteomic analysis 

has limited coverage and did not reveal phosphorylated peptides 

significantly affected by SFK inhibition, we observed that inhibi

tion of JNK and BCR-ABL was associated with reduced presen

tation of the phosphorylated SCML2-derived HLA-I peptide 

KNITPRKK (Figure 3B).Due to the limited coverage inherent to 

our immunophosphoproteomic analysis, we didn’t find phos

phorylated peptides significantly modulated by SFK inhibition. 

Network analysis further indicated that both imatinib and PP2 

treatments were associated with decreased CDK1/2 activity, as 

indicated by decreased phosphorylation at the T161 activation 

site. This reduction coincided with decreased phosphorylation 

and surface presentation of the SCML2-derived HLA-I peptide 

(KNITPRKK), which contains the CDK1/2 substrate residue 

T305. Collectively, these observations suggest that kinase inhibi

tion may be associated with changes in HLA-I peptide presenta

tion through phosphorylation-linked processes, whereby drug- 

induced modulation of upstream kinases coincides with altered 

substrate phosphorylation and changes in the repertoire of 

peptides displayed at the cell surface.

Kinase-associated modulation of source-protein 

stability is linked to HLA-I exposure

Phosphorylation of key residues can influence the proteasome- 

mediated degradation of proteins and consequently the avail

ability of HLA-I peptides. We selected HLA-I peptides that 

were significantly modulated by at least one kinase inhibitor 

and derived from source proteins containing phosphosites 

known to regulate stability, as annotated in the SIGNOR data

base (Table S2) (Figure 4A). We further prioritized peptides 

whose upstream kinases were modulated by the inhibitors. 
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When possible, we used our phosphoproteomic dataset to 

assess the activity of the upstream kinases and the phosphor

ylation level of the antigen source proteins upon kinase inhibi

tion. This phosphorylation-dependent modulation of protein 

stability emerged as a predominant regulatory route, involving 

about 20 HLA-I peptides (Table S6). Notably, JNK inhibition 

was associated with a marked decrease in the presentation 

of two Vimentin (VIM)-derived HLA-I peptides. Our network- 

based analysis suggested a possible pathway linking JNK inhi

bition to the modulation of these VIM-derived peptides: JNK in

hibition coincided with reduced AKT activation, as indicated by 

decreased phosphorylation at its activation site T450 in our 
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Figure 2. Application of a multi-step strat

egy to investigate treatment-dependent 

HLA-I modulation 

(A) Experimental workflow depicting the use of four 

different MS-based layers to ultimately identify the 

molecular mechanisms through which kinase inhi

bition can lead to a modulation of HLA-I expression. 

BV173 cells were treated with Imatinib, PP2, and 

SP600125 compounds for 72 h. Next, we per

formed for each condition, proteomics, phospho

proteomics, immunopeptidomics, and phospho- 

immunopeptidomics analyses. By integrating these 

four datasets, we identified three different mecha

nisms of antigen presentation modulations, (1) 

phosphorylation-dependent modulation of HLA-I 

peptides, (2) regulation of source protein stability, 

and (3) transcriptional regulation of source proteins. 

(B) Total number of proteins and phosphopep

tides identified across treatments and control. 

(C) Number of significantly modulated proteins, 

phosphopeptides, and immunophosphopeptides 

in at least one condition compared to control. 

Data are presented as mean ± SEM.

phosphoproteomic dataset. Reduced 

AKT activity was associated with 

lower phosphorylation of VIM at S39 

(Table S5), a modification previously 

linked to VIM stability. Consistent with 

this, these changes coincided with 

increased VIM stability and reduced pre

sentation of VIM-derived HLA-I peptides 

(Figure 4B). Together, these results pro

vide correlative evidence that kinase- 

dependent phosphorylation may influ

ence HLA-I peptide presentation by 

modulating source protein turnover, ulti

mately influencing the repertoire of pep

tides displayed on the cell surface.

Kinase-associated transcriptional 

changes coincide with altered 

HLA-I peptide exposure

Phosphorylation can also affect TF activ

ity, thereby influencing gene expression 

and, consequently, antigen presentation. 

We identified HLA-I peptides derived 

from source proteins transcriptionally regulated by transcription 

factors whose activity is modulated by targeted kinases 

(Figure 5A). When available, we used our phosphoproteomic da

taset to assess phosphorylation changes of transcription fac

tors, while employing our proteomic and immunopeptidomic da

tasets we monitored the abundance of the downstream target 

source proteins and HLA-peptides, respectively. Transcriptional 

regulation emerged as a major layer of control, with 16 TFs regu

lating 170 source proteins and 222 associated HLA-I peptides 

(Table S6). For instance, our network-based strategy identified 

STAT3 and MYC as central nodes, collectively modulating ∼20 

source proteins and their corresponding HLA-I peptides. 
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Analysis of our (phospho)proteomic datasets showed that 

inhibition of BCR-ABL1, JNK, and SFK signaling coincided 

with reduced phosphorylation of STAT3 at S727 and MYC at 

T73, sites associated with their transcriptional activity. These 

phosphorylation changes were accompanied by decreased 

abundance of several STAT3-and MYC-associated source pro

teins and reduced presentation of their derived HLA-I peptides 

(Figure 5B). These findings suggest that kinase-associated 

phosphorylation of transcription factors may be linked to 

changes in HLA-I peptide presentation through transcriptional 

effects on antigen source proteins.

SFK, BCR-ABL1, and JNK signaling are linked to altered 

presentation of tumor-associated antigens

Our data show that inhibition of SFK and JNK signaling and, to a 

lesser extent BCR-ABL1, significantly reshapes the immunopep

tidome of CML cells. We next asked whether kinase inhibition 

also impacts the abundance of well characterized tumor associ

ated antigens (TAAs). To address this question, we compared 

our cell line-derived immunopeptidomic dataset with two inde

pendent reference cohorts: the immunopeptidome of a cohort 

of 21 primary CML samples and a comprehensive immunopep

tidome of benign hematologic tissues10 (Figure 6A). This analysis 

revealed that approximately 10% of the HLA-I peptides identi

fied in our study were also detected in primary CML samples 

but were entirely undetected in atlas of benign hematologic tis

sues (Figure 6B). We classified these 255 peptides as TAAs, 

collectively presented in about 10% of CML patients, high

lighting their potential as immunotherapy targets (Figure 6C). 

We also assessed whether our dataset included known can

cer-testis antigens (CTAs).18,19 CTAs are normally restricted to 

germ line cells (testis and placenta) but are aberrantly expressed 

in many cancers, making them promising immunotherapy tar

gets.18–20 Our analysis identified 17 distinct HLA class I peptides 

derived from 15 CTAs. Notably, 7 out 17 antigens were also de

tected in benign hematologic samples and only one was identi

fied in both CML and healthy primary samples (Figure 6D). 

Consistent with this, large-scale immunopeptidome profiling of 
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Figure 3. Kinase-dependent HLA-I phos

phorylation is associated with antigen 

exposure 

(A) Illustration of the multi-step strategy we 

applied to identify HLA-I peptides modulated via 

direct phosphorylation. 

(B) Representative example illustrating how BCR- 

ABL and SFK kinases may influence HLA-I pep

tide phosphorylation. Boxplots show the log2 

phospho-intensity of the activating site T161 on 

CDK1/2 (from phosphoproteomic data) and the 

log2 phospho-intensity of the SCML2-derived 

HLA-I peptide (from phospho-immunopeptidomic 

data). Statistical analysis was performed with 

Student’s t test analysis (*p < 0.05, **p < 0.01, 

***p < 0.001).

21 CML patients reported no frequent tu

mor-exclusive presentation of CTAs.10

These findings highlight the potential 

importance of identifying perturbations associated with 

enhanced presentation of the 255 CML-exclusive, non-mutated 

TAAs, which represent a potentially exploitable antigenic reper

toire. We therefore examined how imatinib, PP2, and SP600125 

were associated with changes in the abundance of these pep

tides. Quantitative immunopeptidomic profiling indicated that 

imatinib exerted relatively modest effects, whereas PP2 and 

SP600125 were associated with substantial changes in the 

exposure of 52 and 65 TAAs, respectively, including both up- 

and downregulation ranging from 4-fold to 64-fold (Figure 6E 

and Table S7). Remarkably, approximately 50 TAAs predicted 

to have high immunogenic potential were significantly up

regulated in association with treatment with at least one kinase 

inhibitor (Figure 6F).

DISCUSSION

In this study, we provide a comprehensive, multi-omic 

characterization of the signaling-dependent mechanisms that 

regulate antigen presentation in CML cells. By integrating 

(phospho)-immunopeptidomics, global phosphoproteomics, 

proteomics, and a network-based computational framework, 

we demonstrate that inhibition of BCR-ABL1, JNK, and 

Src-family kinase (SFK) signaling profoundly reshapes the im

munopeptidome of CML cells. In particular, pharmacological 

inhibition of these pathways not only alters the global abun

dance of HLA class I peptides but also selectively enhances 

the presentation of tumor-associated antigens (TAAs) with 

high predicted immunogenicity. These findings reveal novel 

opportunities for exploiting kinase inhibitors as adjuvants to 

immunotherapy in CML.

Consistent with this, inhibition of MEK and CDK4/6 has 

previously been shown to sensitize tumors to immunotherapy 

by upregulating MHC class I molecules, enhancing immune 

cell infiltration, activating T cells, and facilitating antigen 

recognition.11,12 While these studies described a general in

crease in antigen presentation upon kinase inhibition, our find

ings uncover a selective and fine-tuned mode of antigen 

6 iScience 29, 115944, June 19, 2026 

iScience
Article

ll
OPEN ACCESS



modulation, indicating a higher level of specificity in the rewir

ing of the immunopeptidome.

A key conceptual advance of our work is the identification of 

three complementary mechanisms by which kinase inhibition 

modulates antigen exposure. First, direct phosphorylation of 

HLA-I peptides, although relatively rare, can be dynamically 

regulated by kinase signaling. Second, phosphorylation-depen

dent modulation of protein stability represents a more frequent 

mechanism, exemplified by AKT-mediated regulation of vimen

tin-derived peptides. Third, kinase inhibition alters TF activity 

leading to broad transcriptional changes in antigen source pro

teins and reshaping the immunopeptidome landscape.

Our analysis uncovered a unique repertoire of 255 non- 

mutated tumor-associated antigens (TAAs) that were consis

tently detected in primary CML samples but absent from benign 

hematologic tissues. This set of TAAs represents a valuable 

resource in the design of targeted immunotherapeutic strate

gies. Notably, classical cancer-testis antigens (CTAs) identified 

in our dataset, were also frequently detected in healthy hemato

poietic samples. Such lack of CML exclusivity is consistent with 

previous large-scale immunopeptidomic studies, suggesting 

their limited clinical utility. In contrast, the 255 CML-exclusive 

peptides may offer more selective and safe targets for T cell- 

based therapies.

Together, these findings illustrate how perturbation of kinase 

activity can extend its effects across multiple molecular layers, 

ultimately reshaping the HLA-I-presented antigenic landscape. 

An important translational implication of our work is that targeted 

kinase inhibition can be leveraged to enhance the presentation of 

immunogenic antigens. While imatinib had only modest effects 

on TAA presentation, SFK and JNK inhibition caused extensive 

remodeling of the immunopeptidome, altering the abundance 
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(A) Illustration of the multi-step strategy we applied to identify HLA-I peptides modulated via regulation of source protein stability. 
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of more than 100 TAAs. Importantly, a subset of approximately 

50 TAAs was predicted to be highly immunogenic and also upre

gulated by kinase inhibitor treatment. Overall, these results 

suggest that rational combinations of kinase inhibitors with 

T cell-based immunotherapy could enhance antigen visibility 

and immune recognition, thereby increasing the likelihood 

of durable TFR in CML.

While these results are promising, several limitations warrant 

consideration. First, the use of a single CML cell line may not fully 

capture the biological and immunopeptidomic heterogeneity 

of CML across different disease stages and lineages. Conse

quently, kinase inhibitor-induced immunopeptidome remodeling 

observed in this model may differ in other CML settings, and 

future validation in additional CML models and/or complementary 

in silico analyses will be required to assess the broader 

applicability of these findings. Second, despite pronounced 

remodeling of the immunopeptidome, we found that HLA class I 

surface expression was unchanged upon kinases inhibition but 

we did not directly assess individual components of the antigen 

processing and peptide-loading machinery in this study. Indeed, 

kinase inhibition may alter peptide repertoire composition through 

changes in antigen processing efficiency, proteasomal activity, 

peptide availability, or TAP- and chaperone-mediated peptide 

loading. Third, while our data support an association between 

signaling rewiring and changes in HLA peptide presentation, we 

acknowledge that the proposed mechanisms are inferred from 

correlative network-level analyses. Future works including 

targeted pathway inhibition or genetic perturbation of key 

A

B

Transcription factor
Transcription factor

Target gene

Target gene

Proteomics Immunopeptidomics

2 31
BCR-ABL1

JNK

SFK

Identification of
transcription factors

SignalingProfiler

Identification of
TF target genes

Transcription factor

Phosphoproteomics

P

Measure TFs activity and
source protein abudance

-4

-3

-2

-1

0

1

JNK
SFK

BCR::ABL1

CTRL
IM

A
PP2

SP60
01

25

Lo
g2

 fo
ld

 c
ha

ng
e

STAT3
S727 P

STAT3 pS727
ITGB2
PLK1

ITGB2
CCND3
FOXO1
DNMT1
STK11

ACACA
MYD88
TGFB1

MYC

IM
A

PP2

SP60
01

25

SMLDDLRNV(ITGB2)
DEKRDFRTY(PLK1)

FQTEVGKQL(ITGB2)
IEAALRESL(CCND3)

KMASTLPSL(FOXO1)
LAKVKSLL(DNMT1)
QLIDGLEYL(STK11)

REFPKFFTF(ACACA)
RLLELLTKL(MYD88)

TQYSKVLAL(TGFB1)
YQQQQQSEL(MYC)

Log2 FC 
source protein Log2 FC 

HLA-I peptide

IM
A

PP2

SP60
01

25

JNK
SFK

BCR::ABL1

MYC
T73 P

-6

-4

-2

0

2

CTRL
IM

A
PP2

SP60
01

25

MYC pT73

Lo
g2

 fo
ld

 c
ha

ng
e

TCIRG1
RPS15
TYMS
TYMS
CCT3

RPS19
PEX3
LDHA

EIF4G1
EIF4G1
TGFB1

IM
A

PP2

SP60
01

25

Kinase

TF

P

Ag presentation

Source protein

STAT3-regulated
source proteins HLA-I peptides

MYC-regulated
source proteins

EELEKTFTF(TCIRG1)
YLGEFSITY(RPS15)
NHIEPLKIQL(TYMS)
YMIAHITGL(TYMS)

LLDPMGGIVM(CCT3)
KVPEWVDTVRPS19)

SLLDLEQKL(PEX3)
TLWGIQKEL(LDHA)

MEIDIPHVW(EIF4G1)
VLMTEDIKL(EIF4G1)
TQYSKVLAL(TGFB1)

IM
A

PP2

SP60
01

25

HLA-I peptides

Log2 FC 
source protein

Log2 FC 
HLA-I peptide

Log2 Fold Change 
KINi vs Ctrl

-2             0              2

P
STY

STY
P

Inactive
Active

Phosphorylated

Dephosphorylated

Activation
Indirect
Direct

Figure 5. Kinase-associated transcriptional changes coincide with altered HLA-I peptide exposure 

(A) Illustration of the multi-step strategy we applied to identify HLA-I peptides modulated via transcriptional regulation of source protein. 

(B) Proposed model illustrating how kinase inhibitors may modulate transcription factors that regulate the expression of antigen source proteins. Boxplots present 

phosphorylation levels of STAT3 (pS727) and MYC (pT73) in response to inhibitor treatment (phosphoproteomic data). Heatmaps illustrate log2 fold changes in 

the abundance of STAT3-and MYC-regulated source proteins (proteomic data) and their corresponding HLA-I peptides (immunopeptidomic data). Statistical 

analysis was performed with Student’s t test analysis (*p < 0.05, **p < 0.01, ***p < 0.001).

8 iScience 29, 115944, June 19, 2026 

iScience
Article

ll
OPEN ACCESS



A

19772 
immunopeptides

11945 malignant
immunopeptides

51232 benign 
immunopeptides

CML patients
(n = 21)

Hematological
benign tissues

(n = 108)

BV173
cell line

 

This study

3 KINi

Bilich et al., 2019
B

Tumor Associated Antigens

13572

CML patients2378

Hematological benign
tissues

37817

4103

74701842

BV173
This study

Fr
eq

ue
nc

y 
of

 H
LA

-I 
pe

pt
id

es
 (%

)

100

50

0

50

100

hematological
benign (n = 108)

CML (n = 21)

0

5

10

HLA-I Peptides in CML, benign tissues and BV173 cells

0
2

4
6

8
10

12
14

-L
og

 p
Va

lu
e

-4 -2 0 2 4
IMA vs Ctrl

RAB3GAP1
SLC35B2 SF3A1

ARHGEF2
CTNNB1

CDCA5
SERINC1

0
2

4
6

8
10

12
14

16

-8 -6 -4 -2 0 2 4 6

-L
og

 p
Va

lu
e

PP2 vs Ctrl

FANCI

CDC123

LCP1

PLK1
NPM1

PCNA

TCEA1
CDK2

GRK2

CDC27

NOP56
MKI67

UBQLN4

POMT1

NRM

NEMF

PUM2

MCM4

CDK5RAP2

-L
og

 p
Va

lu
e

0
2

4
6

8
10

12

-4 -2 0 2 4 6
SP600125 vs Ctrl

RAB3GAP1

MYB

SREBF2

DNAJB1
NOP56MICOS13

SET

RBIS

INTS1
PUM2

CDK5RAP2 MYCBP

NTPCR

SMC4
TFIP11

YT
FG

R
IV

IY
_T

FI
P1

1
IE

SD
KF

TR
F_

M
KI

67
KL

SF
IIR

TV
_I

KZ
F1

G
VI

AE
IL

R
G

V_
N

O
P5

6
LT

YP
R

AV
VF

_P
O

M
T1

M
AA

ER
VK

AW
_N

R
M

D
EE

IK
R

AY
_C

D
C

12
3

N
EM

M
KS

H
VM

_P
U

M
2

D
ET

N
AR

D
TY

_P
C

N
A

D
EW

R
ET

AW
_T

C
EA

1
AV

R
KP

IV
LK

_B
U

D
23

N
EL

PV
SK

Y_
U

SP
13

YT
SE

VQ
AI

L_
FE

R
M

T3
KI

W
D

PV
H

R
V_

C
D

K3
N

EI
IV

KR
Y_

N
EM

F
R

Q
SD

LL
VK

L_
EX

O
SC

9
D

EV
PV

G
VE

M
_Z

M
YM

4
R

VL
EL

IP
Q

I_
R

BM
14

KV
LS

KE
FH

L_
SE

T
FL

H
EA

TV
R

L_
SR

EB
F2

SE
G

KV
TV

F_
M

YC
BP

KA
KP

VT
TN

L_
R

PL
28

KL
W

PL
FV

KL
_E

IF
4A

2
D

D
M

KH
LW

D
Y_

AC
TR

2
N

EL
KH

VK
Y_

SM
AD

4
KL

LA
VI

H
EL

_R
PL

6
FV

VD
H

VI
KI

_T
PP

2
D

ET
R

TI
IS

L_
D

D
X5

YG
LP

VV
VK

L_
C

TN
N

B1
KL

YS
VV

SQ
L_

U
SP

9Y
/X

R
Q

LE
SL

IR
L_

M
C

M
4;

M
C

M
8

N
EI

N
N

PK
F_

SF
3A

1
SV

M
SI

LP
KI

_S
ER

IN
C

1
D

EV
TW

LV
R

H
_P

SM
B1

D
D

W
KV

IA
N

Y_
TO

M
1

D
EE

AG
G

R
PA

M
_H

N
R

N
PU

LL
N

D
N

IF
H

M
_R

B1
KT

IE
TS

PS
L_

C
EP

55
KV

LQ
G

LI
EV

_U
SP

48
SL

TS
EI

H
FL

_N
TP

C
R

VQ
N

G
KV

IG
V_

G
D

I2
R

FK
D

VL
VL

L_
AR

H
G

EF
2

D
EI

LG
R

SA
F_

R
AB

3G
AP

1
KL

LK
LF

Q
G

V_
G

IG
YF

2
D

EL
H

IV
EA

_N
PM

1
KQ

LN
H

FW
EI

_X
R

C
C

5
R

LF
AD

IL
N

D
V_

R
U

SF
1

G
TN

PL
N

R
Q

K_
C

D
C

27
LL

H
EL

LT
H

V_
KL

H
L2

4
KV

D
TV

W
VN

V_
M

IC
O

S1
3

0

5

10

Fr
eq

ue
nc

y 
(%

)

HLA-I Alleles
Immunogenicity

PP2
SP600125

IMA

−4 0 4

log (KINi/Ctrl)

immunogenicity

10

HLA−A*0201
HLA−A*3001
HLA−B*1510
HLA−B*1801
HLA−C*0304
HLA−C*1203

HLA-I Alleles

C

E

F

D

AIIESTPEL_SPAG9
GLSNHIAAL_ATAD2
FSFVRITAL_SPAG9

KILDLETQL_ODF2
NMLEAVHTI_TTK

SLLQHLIGL_PRAME
SLSSLLVKL_CEP290
YLQEKLHAL_CEP290
DHMTSHPVL_SNX33
EEATIIHHY_B3GLCT

EEVSGHLY_FAM234A
GLAKRVWSL_PAXX

ITILLPKRPPK_POLR3GL
SFQDNLHNRKK_ZMAT5

THILGFEL_WDSUB1
TLDENHPSI_SPATA7
VMITKLVEV_PTPRU

C
T 

da
ta

ba
se

ca
A

tla
s

H
ea

lth
y 

pa
tie

nt
s

C
M

L 
pa

tie
nt

s

Figure 6. Identification and functional characterization of tumor associated antigens 

(A) Cartoon reporting the comparison between this study’s dataset with the Bilich et al.10 immunopeptidome dataset. 

(B) Venn Diagram reporting the overlaps in HLA-I peptide identification across BV173 binders, benign hematological tissues, and CML patient samples from Bilich 

et al.,10 study. 

(legend continued on next page) 
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intermediates, together with direct measurements of substrate 

phosphorylation and protein half-life, will be necessary to rigor

ously test causality and to validate the contribution of protein sta

bility to the observed immunopeptidomic shifts.

Additionally, kinase inhibitors often exhibit off-target effects, 

and their pleiotropic nature should be carefully considered in 

the interpretation of signaling dependencies and in the design 

of future therapeutic combinations. Future studies incorporating 

complementary genetic approaches or the use of more selective 

inhibitors will be essential to further delineate pathway specificity.

Although the 255 TAAs identified in this study were also pre

sented in primary CML tissues,10 as BV173 is derived from 

lymphoid blast crisis, the TAA signatures we identified may not 

fully reflect those present in chronic-phase CML primary cells 

or in other genetic subtypes. Therefore, further validation across 

a wider range of models will be necessary to distinguish broadly 

conserved targets from those that are context-dependent. 

Moreover, further validation is needed to confirm their functional 

immunogenicity and capacity elicit effective anti-tumor T cell re

sponses. In this context, immunopeptides that are upregulated 

upon inhibitor treatment represent the most relevant candidates 

for future translational applications, as their increased presenta

tion is expected to enhance tumor immune recognition. These 

peptides could represent a starting point for future experimental 

validation, including in vitro T cell activation assays and in vivo 

models, and, if confirmed, may ultimately support the develop

ment of antigen-specific immunotherapeutic or vaccine-based 

strategies in CML.

In conclusion, our findings indicate pharmacological inhibition 

of signaling pathways as a strategy not only to kill cancer cells 

but also to enhance their immunogenicity by increasing tumor 

antigen visibility. To our knowledge, this is the first study that 

demonstrates that inhibition of specific kinases affects the 

presentation of specific HLA-I peptides, including previously un

described TAAs, and to provide a mechanistic basis for this ki

nase-dependent modulation. By delineating signaling-driven 

mechanisms and uncovering a set of CML-exclusive TAAs, we 

establish a framework for leveraging kinase inhibitors as tools 

to reshape the HLA-I immunopeptidome and enhance the effec

tiveness of immunotherapy. Future work should focus on vali

dating the immunogenicity of these peptides and test rational 

combinations of kinase inhibitors with immunotherapy in preclin

ical and clinical settings, with the ultimate goal of expanding the 

proportion of patients who achieve durable TFR.

Limitations of the study

This study has several limitations. First, our analyses were pri

marily performed in a single CML cell line model, which may 

not fully capture the biological and immunopeptidomic hetero

geneity of CML across different disease stages, cellular lineages, 

and patient-specific genetic backgrounds. As BV173 cells are 

derived from lymphoid blast crisis, the antigen repertoire and 

signaling dependencies identified here may differ from those 

present in chronic-phase CML or other disease contexts. There

fore, further validation in additional CML models and primary 

patient samples will be necessary to assess the generalizability 

of these findings. Second, although kinase inhibition induced 

substantial remodeling of the immunopeptidome, we did not 

directly investigate individual components of the antigen pro

cessing and peptide-loading machinery. Changes in peptide 

presentation may result from alterations in proteasomal process

ing, peptide transport, chaperone-mediated loading, or protein 

degradation rates, which were not directly measured in this 

study. Third, the proposed mechanisms linking kinase signaling, 

protein phosphorylation, protein stability, and antigen presenta

tion are largely based on integrative and network-level correla

tive analyses and therefore do not establish direct causality. 

Future studies using targeted genetic perturbations, selective in

hibitors, and direct measurements of protein phosphorylation 

and stability will be necessary to validate these mechanisms. 

Additionally, kinase inhibitors can exhibit off-target effects, and 

their pleiotropic activity should be considered when interpreting 

signaling dependencies and immunopeptidome changes. 

Finally, although we identified a set of CML-associated tumor- 

associated antigens and predicted their immunogenicity, their 

ability to elicit functional anti-tumor T cell responses remains to 

be experimentally validated. Future work should include T cell 

activation assays and validation in primary samples and in vivo 

models to determine their translational potential.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and 

will be fulfilled by the lead contact, Francesca Sacco (francesca.sacco@ 

uniroma2.it).

Materials availability

This study did not generate new unique reagents.

Data and code availability

• Mass spectrometry data have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository with the dataset identifier 

PXD076608 and are publicly available as of the date of publication. 

Accession codes are also listed in the key resources table.

• This paper does not report original code.

• Any other data supporting the findings of this study are available from 

the corresponding authors upon request.

(C) Frequency (y axis) distribution of BV173 HLA-I peptides (x axis) in CML patients and benign tissues.17 To allow for better readability, HLA peptides identified on 

>5% of the samples within the respective cohort are not depicted. The box on the left and its magnification highlight the subset of CML-associated antigens in 

BV173 cell lines showing CML-exclusive high frequent presentation. 

(D) Heatmap showing the cancer testis antigens, annotated in two databases18,19 and identified in our study. Bar plots show the number of CML or healthy 

(hematological tissues) displaying the selected antigen. 

(E) Volcano plots showing how kinase inhibition impacts the exposure of novel TAAs. 

(F) Heatmap showing the log2 fold-change of 22 tumor associated antigens significantly modulated in presentation by at least one kinase inhibitor and identified 

exclusively in CML patients. For each peptide, frequency in Bilich et al.,10 CML patients (barplot), the DeepImmuno predicted immunogenicity (green color scale) 

and the HLA allele in BV173 cells with strongest affinity are reported.

10 iScience 29, 115944, June 19, 2026 

iScience
Article

ll
OPEN ACCESS

mailto:francesca.sacco@uniroma2.it
mailto:francesca.sacco@uniroma2.it


QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed in biological triplicates (n = 3 in

dependent cell culture samples per condition). Peptide and pro

tein intensities were log2 transformed prior to analysis, and 

missing values in the immunopeptidomic dataset were imputed 

using the MinProb method (q = 0.01) from the DEP R package (v. 

1.28.0); only peptides detected in at least 2 out of 3 replicates in 

at least one condition were retained. Differentially modulated 

peptides and proteins were identified using two-sample Stu

dent’s t-tests, with significance defined as absolute log2 fold- 

change >0.5 and adjusted p-value <0.05 (Benjamini-Hochberg 

correction). For phospho-immunopeptidomic comparisons 

(Figures 3, 4, and 5), significance thresholds are indicated as 

*p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as 

mean ± SEM unless otherwise stated; flow cytometry data are 

reported as mean ± SD. Statistical analyses were performed in 

R, DIA-NN v. 2.0, and Spectronaut v. 20.
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4. Schmidt, M., Rinke, J., Schäfer, V., Schnittger, S., Kohlmann, A., Ob

stfelder, E., Kunert, C., Ziermann, J., Winkelmann, N., Eigendorff, E., 

et al. (2014). Molecular-defined clonal evolution in patients with chronic 

myeloid leukemia independent of the BCR-ABL status. Leukemia 28, 

2292–2299. https://doi.org/10.1038/leu.2014.272.

5. Hughes, A., Clarson, J., Tang, C., Vidovic, L., White, D.L., Hughes, T.P., 

and Yong, A.S.M. (2017). CML patients with deep molecular responses 

to TKI have restored immune effectors and decreased PD-1 and immune 

suppressors. Blood 129, 1166–1176. https://doi.org/10.1182/blood- 

2016-10-745992.

6. Kebriaei, P., Detry, M.A., Giralt, S., Carrasco-Yalan, A., Anagnostopoulos, 

A., Couriel, D., Khouri, I.F., Anderlini, P., Hosing, C., Alousi, A., et al. (2007). 

Long-term follow-up of allogeneic hematopoietic stem-cell transplanta

tion with reduced-intensity conditioning for patients with chronic myeloid 

leukemia. Blood 110, 3456–3462. https://doi.org/10.1182/blood-2007- 

04-085969.

7. Costa, A., Scalzulli, E., Carmosino, I., Ielo, C., Bisegna, M.L., Martelli, M., 

and Breccia, M. (2024). Pharmacotherapeutic advances for chronic my

elogenous leukemia: beyond tyrosine kinase inhibitors. Expert Opin. 

Pharmacother. 25, 189–202. https://doi.org/10.1080/14656566.2024. 

2331778.

8. Maslak, P.G., Dao, T., Krug, L.M., Chanel, S., Korontsvit, T., Zakhaleva, V., 

Zhang, R., Wolchok, J.D., Yuan, J., Pinilla-Ibarz, J., et al. (2010). Vaccina

tion with synthetic analog peptides derived from WT1 oncoprotein induces 

T-cell responses in patients with complete remission from acute myeloid 

leukemia. Blood 116, 171–179. https://doi.org/10.1182/blood-2009-10- 

250993.

9. Qazilbash, M.H., Wieder, E., Thall, P.F., Wang, X., Rios, R., Lu, S., Kano

dia, S., Ruisaard, K.E., Giralt, S.A., Estey, E.H., et al. (2017). PR1 peptide 

vaccine induces specific immunity with clinical responses in myeloid ma

lignancies. Leukemia 31, 697–704. https://doi.org/10.1038/leu.2016.254.

10. Bilich, T., Nelde, A., Bichmann, L., Roerden, M., Salih, H.R., Kowalewski, 

D.J., Schuster, H., Tsou, C.-C., Marcu, A., Neidert, M.C., et al. (2019). The 

HLA ligandome landscape of chronic myeloid leukemia delineates novel 

T-cell epitopes for immunotherapy. Blood 133, 550–565. https://doi.org/ 

10.1182/blood-2018-07-866830.

11. Stopfer, L.E., Mesfin, J.M., Joughin, B.A., Lauffenburger, D.A., and White, 

F.M. (2020). Multiplexed relative and absolute quantitative 

iScience 29, 115944, June 19, 2026 11 

iScience
Article

ll
OPEN ACCESS

https://doi.org/10.1016/j.isci.2026.115944
https://doi.org/10.1016/j.isci.2026.115944
https://doi.org/10.1073/pnas.0900653106
https://doi.org/10.1038/s41408-023-00823-9
https://doi.org/10.1016/s1470-2045(18)30192-x
https://doi.org/10.1038/leu.2014.272
https://doi.org/10.1182/blood-2016-10-745992
https://doi.org/10.1182/blood-2016-10-745992
https://doi.org/10.1182/blood-2007-04-085969
https://doi.org/10.1182/blood-2007-04-085969
https://doi.org/10.1080/14656566.2024.2331778
https://doi.org/10.1080/14656566.2024.2331778
https://doi.org/10.1182/blood-2009-10-250993
https://doi.org/10.1182/blood-2009-10-250993
https://doi.org/10.1038/leu.2016.254
https://doi.org/10.1182/blood-2018-07-866830
https://doi.org/10.1182/blood-2018-07-866830


immunopeptidomics reveals MHC I repertoire alterations induced by 

CDK4/6 inhibition. Nat. Commun. 11, 2760. https://doi.org/10.1038/ 

s41467-020-16588-9.

12. Stopfer, L.E., Rettko, N.J., Leddy, O., Mesfin, J.M., Brown, E., Winski, S., 

Bryson, B., Wells, J.A., and White, F.M. (2022). MEK inhibition enhances 

presentation of targetable MHC-I tumor antigens in mutant melanomas. 

Proc. Natl. Acad. Sci. 119, e2208900119. https://doi.org/10.1073/pnas. 

2208900119.

13. Iannuccelli, M., Vitriolo, A., Licata, L., Cheroni, C., Castagnoli, L., Testa, G., 

Cesareni, G., and Perfetto, L. (2023). Curation of Causal Interactions Medi

ated by Genes Associated to Autism Accelerates the Understanding of 

Gene-Phenotype Relationships Underlying Neurodevelopmental Disor

ders (Preprint at Cold Spring Harbor Laboratory). https://doi.org/10. 

1101/2023.01.09.523265.

14. Wahle, M., Thielert, M., Zwiebel, M., Skowronek, P., Zeng, W.-F., and 

Mann, M. (2024). IMBAS-MS Discovers Organ-Specific HLA Peptide Pat

terns in Plasma. Mol. Cell. Proteomics 23, 100689. https://doi.org/10. 

1016/j.mcpro.2023.100689.

15. Jurtz, V., Paul, S., Andreatta, M., Marcatili, P., Peters, B., and Nielsen, M. 

(2017). NetMHCpan-4.0: Improved Peptide–MHC Class I Interaction Pre

dictions Integrating Eluted Ligand and Peptide Binding Affinity Data. 

J. Immunol. 199, 3360–3368. https://doi.org/10.4049/jimmunol.1700893.

16. Solleder, M., Guillaume, P., Racle, J., Michaux, J., Pak, H.S., Müller, M., 

Coukos, G., Bassani-Sternberg, M., and Gfeller, D. (2020). Mass spec

trometry based immunopeptidomics leads to robust predictions of phos

phorylated HLA class I ligands. Mol. Cell. Proteomics 19, 390–404. https:// 

doi.org/10.1074/mcp.TIR119.001641.

17. Marcu, A., Bichmann, L., Kuchenbecker, L., Kowalewski, D.J., Freu

denmann, L.K., Backert, L., Mühlenbruch, L., Szolek, A., Lübke, M., 
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

BV173 cell line were purchased from DSMZ (ACC 20) and cultured in DMEM medium (Thermo Scientific, 41965062) supplemented 

with 10% heat-inactivated fetal bovine serum (Aurogene, AU-S1810-500), and 100 U/ml penicillin and 100 mg/mL streptomycin 

(Gibco 15140122). Cells were routinely tested for mycoplasma contamination (Mycoplasma PCR Detection Kit, Abcam, 

ab289834). BV173 cells were seeded at 500.000 cells/mL and treated with the following inhibitors: 250 nM imatinib (Selleck Chem

icals, S2475), 25 μM PP2 (Selleck Chemicals, S7008), or 10 μM SP600125 (Selleck Chemicals, S1460) for 72 h. Control cells were left 

untreated under identical culture conditions. Treatments were performed only on cultures with >90% viability, as assessed by trypan 

blue exclusion prior to drug exposure.

METHOD DETAILS

ProxPath analysis

The ProxPath algorithm (https://github.com/saezlab/ProxPath) was used to calculate the number of paths connecting each SIGNOR 

protein (input node) to the members of the MHC class I antigen presentation pathway (https://signor.uniroma2.it/pathway_browser. 

php?beta=3.0&organism=&pathway_list=SIGNOR-MCIAP&x=14&y=10). Input nodes with high number of paths impacting onto the 

antigen processing and presentation machinery (APPM) pathway, short distance with respect to the average distance (Z score <0), 

and available inhibitors were selected for perturbation, namely SFK, BCR-ABL1 and JNK.

Proteomic sample preparation

Cell pellets were dissolved in 100 μL lysis buffer (10% AcN, 60 mM TEAB, 5 mM TCEP, 25 mM CAA) and incubated at 76◦C for 20 min 

on an orbital shaker. Next, samples were sonicated in a Bioruptor (Diagenode) for 10 cycles with 50% duty cycle. 2 μg of each trypsin 

and Lys-C were added for protein digestion and incubated overnight at 37◦C. The digestion was stopped by adding formic acid (FA) 

to a final concentration of 1%. To clear them from cellular debris, samples were centrifuged at 5000 xg for 3 min in a benchtop centri

fuge (Eppendorf). 5 μL of the digest were saved for full proteome measurement. From the remaining digest, phosphorylated peptides 

were enriched on an AssayMAP Bravo Sample Prep Platform (Agilent), using the Phosphopeptide Enrichment v2.1 Protocol in the 

Protein Sample Prep Workbench v3.2.0 with standard settings. 5 μL Fe-NTA Cartridges (Agilent) were primed with 0.1% trifluoroace

tic acid (TFA) in AcN. Samples were loaded on the cartridges, washed with 0.1% TFA in 80% AcN and finally eluted in 0.5 M ammo

nium dihydrogenphosphate solution. Both full proteome and phosphoproteome samples were loaded on Evotips (Evosep) according 

to the manufacturer’s protocol. In brief, Evotips were activated with isopropanol, primed two times with 50 μL of Buffer B (0.1% FA in 

AcN) and equilibrated two times with 50 μL of Buffer A (0.1% FA). Samples were loaded on activated tips, washed twice with Buffer 

A and stored at 4◦C until measurement. All centrifugation steps were done at 700 xg for 1 min.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

W6/32 antibody In Vivo Biosciences Custom made

Human HLA Class I APC-conjugated Antibody R&D Systems FAB7098A

Deposited data

Mass Spectrometry data PRIDE PXD076608

Experimental models: Cell lines

BV173 DSMZ ACC 20

Software and algorithms

DIANN v.2.0 GitHub https://github.com/vdemichev/DiaNN

NetMHCpan 4.1 Technical University of Denmark; https://services.healthtech.dtu.dk/services/ 

NetMHCpan-4.1/

ProxPath GitHub https://github.com/saezlab/ProxPath

Perseus Max Planck Institute of Biochemistry https://maxquant.net/perseus/

CytExpert Beckman Coulter http://beckman.it/flow-cytometry/research- 

flow-cytometers/cytoflex/software
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Immunopeptidomics enrichment

Immunopeptidomics enrichment was performed using the IMBAS-MS workflow.14 In brief, cell pellets were resuspended in 200 μL 

lysis buffer (50 mM Tris, pH8;150 mM NaCl, 0.5% NP-40; 60 mM Octyl-b-D-glucopyranosid; 1 x cOmplete Protease inhibitor) and 

incubated for 30 min on ice. Samples were centrifuged for 20 min at 4◦C at 15.000 rcf and the supernatant is transferred to a fresh 

tube. Samples were incubated overnight with 10 μg W6/32 antibody (In Vivo Biosciences Custom made) at 4◦C. Enrichment was 

performed using 20 μL magnetic streptavidin beads. Beads were washed in 3 steps (1: 10 mM Tris pH8, 150 mM NaCl; 2: 10 mM 

Tris pH8, 450 mM NaCl; 3: 10 mM Tris pH8) before elution in 200 mM Glycine at pH2. The eluent was centrifuged through a 

10 kDa flat bottom tube filter (Merck) before loaded onto Evotips following the same procedure described above.

Mass spectrometry analysis

The proteome and phosphoproteome LC/MS measurements were carried out using an EvoSep One liquid chromatography system 

(Evosep) coupled to a trapped ion mobility spectrometry quadrupole time-of-flight mass spectrometer (timsTOF HT, Bruker Daltonik) 

via a nanoelectrospray ion source. Samples were analyzed using a 44 min gradient (30 SPD) eluting the peptides at 250 nL/min flow 

rate. We used a 15 cm × 75 μm column with 1.9 μm C18 beads (EvoSep) and a 10 μm ID zero dead volume electrospray emitter 

(Bruker Daltonik). Mobile phases A and B were 0.1% FA in water and 0.1% FA in AcN, respectively. For proteome measurements, 

20 isolation windows were placed between an m/z range of 350–1200 and an ion mobility (IM) range between 1.3 and 0.7 V cm-2 at a 

2.2 s cycle time. The collision energy was decreased as a function of the IM from 59 eV at 1/K0 = 1.6 to 20 eV at 1/K0 = 0.6. For phos

phoproteome measurements the mass range was shifted to m/z 400 to 1400 and the ion mobility (IM) range was shifted to 1.45 and 

0.75 V cm-2. The collision energy was adjusted toward 60 eV at 1/K0 = 1.5 to 54 eV at 1/K0 = 1.17 to 25 eV at 1/K0 = 0.85 and end at 

20 eV at 1/K0 = 0.6. The immunopeptidome LC/MS measurements were carried out using an EvoSep One LC system coupled to a 

timsTOF Ultra 2. Samples were separated using a 31 min gradient (whisper 40) over an Aurora IonOpticks 15 cm column. For acqui

sition, the same methods were employed as previously published (ref IMBAS paper).

Proteome and phosphoproteome raw data processing

Full proteome raw files were analyzed with DIA-NN v. 2.0 (https://github.com/vdemichev/DiaNN) and phosphoproteome samples 

with Spectronaut version 20. MS/MS spectra were matched against the Homo sapiens UniProtKB FASTA database, with an FDR 

of <1% at protein-, peptide- and modification-level. Enzyme specificity was set to trypsin with the maximum number of missed cleav

ages set to 1. Cysteine carbamidomethylation was added as a fixed modification, variable modifications were set to N-terminal pro

tein acetylation and oxidation of methionine as well as phosphorylation of serine, threonine tyrosine residue (STY) for the phospho

proteomic samples.

Immunopeptidome raw data processing

Immunopeptidome raw files were analyzed using DIA-NN v.2.0 against a predicted panHLA library.14 Results were filtered at a pep

tide FDR of 1% without applying a protein FDR. Phosphoimmunopeptidome results were obtained with Spectronaut version 20. Raw 

files were searched using the phosphor PTM workflow while setting the digestion type to unspecific and restricting the peptide length 

to minimum 7 and maximum 15. The peptide FDR was kept at 1% while the protein FDR filter was disabled. The PTM probability cut- 

off was set at 0.75.

Data preprocessing

Immunopeptides’ source proteins were annotated using the HLA Ligand Atlas dataset17 using immunorelated tissues (‘‘Bone 

marrow’’, ‘‘Lymph node’’, ‘‘Myelon’’, ‘‘Spleen’’, ‘‘Thymus’’) and the UNIPROT database. Intensities were log2 transformed, and 

only immunopeptides detected in 2 out of 3 replicates of at least one condition were retained. Missing values were imputed using 

the MinProb method (q = 0.01) from the DEP R package (v. 1.28.0) to simulate low-abundance signals.

MHC binding affinity and immunogenicity prediction

Binding affinities of immunopeptides to HLA-I alleles were predicted using the NetMHCpan 4.1 web application (https://services. 

healthtech.dtu.dk/services/NetMHCpan-4.1/),15 with the BV173 cell line HLA-I allele set (HLA-A02:01, HLA-A30:01, HLA-B15:10, 

HLA-B18:01, HLA-C03:04, and HLA-C12:03). Immunogenicity was assessed using the DeepImmuno web application (https:// 

doi.org/10.1093/bib/bbab160), considering only peptides of length 9 or 10.

Identification of tumor-associated antigens

Tumor-associated antigens (TAAs) were defined as BV173 MHC-I-binding immunopeptides that were also detected in 21 CML pa

tients from the Bilich et al., study10 but not present in the benign peptide set reported in the same study. This resulted in a list of 255 

peptides. From these, we selected as putative TAAs 94 immunopeptides that were significantly overexpressed in response to at least 

one kinase inhibitor.
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Mechanisms of regulations characterization

To characterize the mechanisms underlying the modulation of HLA-I peptide presentation, we integrated our multi-omic dataset with 

a literature-derived causal network.

Specifically, to investigate how kinase inhibition directly affects the exposure of phosphorylated HLA-I peptides (Mechanism 1), we 

applied the following strategy.

1. First, we queried the SIGNOR database to identify the upstream kinase of the phosphorylated HLA-I peptide source protein 

modulated upon kinase inhibition (Table S2).

2. Next, we extracted the shortest paths linking each upstream kinase to the inhibited kinases (BCR-ABL, LCK, JNK).

3. We then used our phosphoproteomic data (Table S5) to assess the activity of the upstream kinases upon drug treatment.

To identify HLA-I peptides modulated via phosphorylation-dependent changes in source protein stability (Mechanism 2), we used 

the following approach.

1. First, we selected only those HLA-I peptides significantly affected by kinase inhibition (Table S2) and mapped to source pro

teins whose phosphorylation has been reported to regulate protein stability in the SIGNOR database.

2. Next, we queried the SIGNOR database to identify the upstream kinase phosphorylating the source proteins.

3. We extracted the shortest paths linking each upstream kinase to the inhibited kinases (BCR-ABL, LCK, JNK), retaining only 

paths involving no more than two steps.

4. When the data were available, we used our phosphoproteomic data to assess the activity of the upstream kinases and the 

phosphorylation level of the source proteins upon kinase inhibition.

To identify HLA-I peptides modulated via phosphorylation-dependent modulation of transcription factors (Mechanism 3), we used 

the following strategy.

1. We used SIGNOR to identify transcription factors directly or indirectly regulated by the inhibited kinases.

2. We retrieved each transcription factor’s downstream target genes from the SignalingProfiler TF–target database (SIGNOR + 

Collectri).

3. When the data were available, phosphorylated transcription factors were compared with our phosphoproteomic data, while 

their downstream target genes were matched against the proteomic and immunopeptidomic datasets.

4. We retained HLA-I peptides showing consistent changes in expression aligned with both transcription factor activity and ki

nase inhibition.

Flow cytometry analysis of MHC class I expression

BV173 cells were plated at a density of 1 × 106 cells/mL and treated with each inhibitor for 72h. After treatment, cells were washed 

with FACS buffer (1X PBS, 1 mM EDTA, 1% FBS, 0.1% NaN3) and incubated with anti-HLA Class I Alexa Fluor 647 conjugated 

antibody (R&D Systems, FAB7098A) using 1 μg antibody per 100 μL of cell suspension for 30 min at 4◦C. Cells were washed 

2X with FACS buffer, prior to analysis on CytoFLEX flow cytometer (Beckman Coulter Life Sciences). CytExpert software was 

used for data analysis. Cells were gated for live populations only. The percentage of HLA-I-positive cells was calculated and plotted 

for each sample as the average +/− SD.
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