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ABSTRACT

Triple-negative breast cancer (TNBC) remains a highly aggressive malignancy with limited responsiveness to
immune checkpoint blockade. Here, we identify endoplasmic reticulum oxidoreductase 1 alpha (EROla;
ERO1A), a key regulator of oxidative protein folding, as a determinant of tumor immunogenicity and immu-
notherapy response in TNBC. Unbiased proteomic profiling demonstrated that EROla deficiency remodels the
TNBC glycoproteome, leading to enrichment of pathways associated with immune signaling. Although EROla
loss did not affect tumor cell growth, it reshaped the immune tumor microenvironment, enhancing antigen
presentation, altering myeloid-cell composition, and modulating PD-1/PD-L1-associated signaling.

Functionally, EROla deficiency sensitized otherwise refractory TNBC tumors to PD-1 blockade, resulting in
durable tumor regression in immunocompetent hosts. In contrast, EROla deletion in bone marrow-derived
immune cells had minimal effects on tumor growth or therapeutic response, supporting an EROla tumor-
intrinsic mechanism. Pharmacologic inhibition of EROla with the novel small-molecule inhibitor 129 phe-
nocopied EROla genetic deletion and enhanced the efficacy of anti-PD-1 therapy. Together, these findings
identify EROla-dependent glycoproteome remodeling as a regulator of antitumor immunity and a therapeuti-
cally actionable mechanism of immune checkpoint responsiveness in TNBC.

1. Introduction

Triple-negative breast cancer (TNBC) accounts for 15-20% of all

profile limits the availability of targeted therapies, leaving chemo-
therapy and, more recently, immunotherapy as the principal treatment
strategies [1]. Although immune checkpoint inhibitors targeting the

breast cancers and is associated with high metastatic potential, early
relapse, and poor overall survival. TNBC is defined by the absence of
estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) expression. This molecular

PD-1/PD-L1 axis have demonstrated clinical benefit in a subset of pa-
tients, the majority of TNBC tumors remain poorly immunogenic and
exhibit limited responsiveness to immunotherapy [2] [3]. Therefore,
understanding the mechanisms that govern immune evasion and

This article is part of a special issue entitled: Cancer Redox & Metabolism published in Redox Biology.
* Corresponding author. Istituto di Ricerche Farmacologiche Mario Negri IRCCS Via Mario Negri 2, 20156, Milano, Italy.

E-mail address: ester.zito@marionegri.it (E. Zito).
! Equal contribution.

https://doi.org/10.1016/j.redox.2026.104451
Received 17 October 2026; Accepted 21 October 2026
Available online 23 October 2026

2213-2317/© 2026 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://orcid.org/0009-0006-4594-5245
https://orcid.org/0009-0006-4594-5245
https://orcid.org/0009-0003-9371-9902
https://orcid.org/0009-0003-9371-9902
https://orcid.org/0000-0003-0218-8505
https://orcid.org/0000-0003-0218-8505
https://orcid.org/0000-0003-0418-7143
https://orcid.org/0000-0003-0418-7143
https://orcid.org/0000-0003-2480-3855
https://orcid.org/0000-0003-2480-3855
https://orcid.org/0000-0003-1585-4722
https://orcid.org/0000-0003-1585-4722
https://orcid.org/0000-0001-7786-7698
https://orcid.org/0000-0001-7786-7698
mailto:ester.zito@marionegri.it
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2026.104451
https://doi.org/10.1016/j.redox.2026.104451
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Cherubini et al.

identifying strategies capable of converting immune-refractory ("cold")
TNBC into immune-active ("hot") tumors remain major unmet clinical
needs [4].

The endoplasmic reticulum (ER) plays a central role in protein
folding, redox homeostasis, and cellular stress adaptation. Perturbation
of ER homeostasis induces ER stress and activates the so-called unfolded
protein response (UPR), an adaptive signaling network that enables
tumor cells to survive under hostile conditions, including hypoxia,
oncogene activation and nutrient deprivation [5,6] [7] [8]. In addition
to supporting tumor adaptation, accumulating evidence indicates that
the UPR actively regulates tumor-immune interactions by promoting
immune suppression [9]. The UPR mediator endoplasmic reticulum
oxidoreductin 1 alpha (EROla; ERO1A; hereafter ERO1) is a key regu-
lator of oxidative protein folding that, together its partner protein
disulphide isomerase 1 (PDI), catalyzes disulfide bond formation in
secretory and membrane proteins while also contributing to metabolic
adaptation [10-12]. ERO1 expression is elevated in multiple cancer
types and has been associated with poor prognosis, metastatic progres-
sion and immune evasion [13] [14] [15] [16] [17] [18]. However, the
mechanisms linking ERO1 to tumor immune regulation remain incom-
pletely understood and have not been characterized in TNBC.

In TNBC, we and others have previously demonstrated that ERO1
contributes to the oxidative folding of protumorigenic factors, including
vascular endothelial growth factor (VEGF), thereby promoting angio-
genesis, tumor metastases, and adaptation to hypoxic stress [19] [15]
[20] [21] [22]. In addition to its pro-angiogenic activity, VEGF con-
tributes to immune evasion by limiting T-cell recruitment and infiltra-
tion within the tumor microenvironment (TME), pointing to a potential
role of ERO1 also in tumor immune regulation [23].

Consistent with previous findings, ERO1 deficiency reduces the
oxidative poise of the ER, thereby enhancing MAGT1-dependent N-
glycosylation of VEGF and potentially other client proteins [24-26].
Because glycosylation critically regulates not only the stability, and
secretion, but also antigenicity, and immune recognition of
tumor-associated proteins [27], these findings raise the possibility that
lack of ERO1 may reshape the tumor glycoproteome and thereby in-
fluence tumor immunity.

Based on this foundation, we investigated whether ERO1-dependent
glycoproteome remodeling influences antitumor immunity and respon-
siveness to PD-1 blockade in TNBC. Using integrated unbiased glyco-
proteomic, transcriptomic, and immunological analyses of the TME, we
demonstrate that ERO1 deficiency remodels the TNBC glycoproteome,
enhances myeloid-cell infiltration and antigen-presentation programs
within the TME, thereby sensitizing these otherwise refractory tumors to
PD-1 blockade. Furthermore, pharmacological inhibition of ERO1 phe-
nocopies the effects of genetic ERO1 deletion in tumors and enhances
antitumor immunity. Collectively, our findings identify ERO1 as a
regulator of tumor-immune interactions in TNBC, linked to glyco-
proteome remodeling and antigen-presentation programs, and support
EROL1 as a therapeutic target for combination immunotherapy.

2. Materials and methods
2.1. Analysis of ERO1 proteomics data

Proteomics data were obtained from PRIDE repository PXD024322.
This dataset comprises proteomic profiles of 300 archival breast cancer
specimens representing different molecular breast cancer subtypes.
Tandem mass tag (TMT) peptide-spectrum match (PSM) quantification
and protein annotation files, and the corresponding sample annotation
tables were used for downstream analyses. For each TMT batch, reporter
channels were matched to individual samples using the provided
channel annotation, and samples were labeled by Study_ID and PAM50
subtype. Gene symbols were extracted from the corresponding protein
annotation files. Analyses were restricted to ERO1 and the three immune
checkpoint proteins CTLA-4 (CTLA4), PD-L1 (CD274), and PD-1
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(PDCD1). Quantification was performed at the PSM level. Samples
with low overall signal were excluded based on total reporter signal-to-
noise. To correct for loading differences, total reporter abundance in
each channel was scaled to a common value within each TMT plex. PSM
abundances were then normalized to the corresponding pooled internal
standard (PIS) channel of the same plex, and relative protein abundance
was summarized from peptide-level measurements using the median of
the most abundant PSMs for each protein. Protein abundance values
were subsequently log2-transformed to reduce right-skewness. A
sample-by-protein expression matrix was then generated after excluding
pooled internal reference channels from downstream biological
analyses.

Associations between ERO1 and the selected proteins were assessed
using Spearman's rank correlation in the full cohort, stratified by PAMS50
subtype, and separately in the TNBC subgroup. TNBC cases were defined
using the study's supplementary clinical annotation as samples with a
non-missing value for the TNBC Consensus Cluster variable, yielding the
same number of TNBC samples reported in the original study. Scatterplots
were generated with each point representing one sample annotated by
Study_ID; full-cohort plots were colored by PAMS50 subtype. Linear
regression lines were overlaid to illustrate trends, and Spearman corre-
lation coefficient (p), P value, and number of evaluable samples (n) were
reported. ERO1 abundance across molecular subtypes was compared
using the Kruskal-Wallis test, followed by pairwise Wilcoxon rank-sum
tests with Benjamini-Hochberg correction. Normal breast tissue controls
were identified from the study design annotation derived from reduction
mammoplasty or annotated as normal breast tissue and compared with
TNBC subset using Wilcoxon rank-sum tests. Boxplots display median,
interquartile range, and 1.5 x IQR whiskers, and individual samples [28].

2.2. Breast cancer patient and tumor collection

Breast carcinoma samples were obtained at the U.O. “Patologia
Mammaria e Tumori Cerebrali, Azienda Socio-Sanitaria Territoriale of
Cremona, Italy” as part of routine procedures between 2005 and 2008.
Human studies were conducted in accordance with approval from the
local ethical committee of “Azienda Socio-Sanitaria Territoriale of Cre-
mona” (RaLCTrVs10tt_2000). Breast cancers were classified as Luminal
A or TNBC by a pathologist using H&E staining combined with molec-
ular profiling. Residual tissue material was used to generate a human
tissue microarray (TMA), which was anonymized prior to analysis to
ensure investigator blinding.

2.3. Breast cancer tissue microarray

A TMA comprising 52 TNBC cases and 48 Luminal A cases was
generated using a computer-assisted tissue microarrayer (Model TMA
Galileo CK4500, Integrated Systems Engineering srl, Milano, Italy).
Tissue cores of either 1.0 mm or 0.6 mm in diameter were extracted from
FFPE blocks from areas on consecutive H&E-stained sections.

2.4. PD-1 and PD-L1 expression analysis in breast cancer tissues

Five-pm-thick tumor sections were incubated at 70°C for 40 min,
then deparaffinized in xylene and rehydrated through graded ethanol
solutions (100%, 95%, 85%, and 75%). Antigen retrieval was performed
by heating the sections in citrate buffer (pH 6; Biocare Medical,
CB910 M) using a microwave oven for 15 min.

Slides were treated with 1% H305 for 10 min at room temperature
(RT), followed by three washes in 0.01 M PBS for 5min each. Non-
specific binding was blocked using 10% normal goat serum (NGS) and
0.3% Triton X-100 in PBS for 1 h. Sections were incubated overnight at
4°C with monoclonal PD-L1 (E1L3N, 13684 Cell Signaling Technology)
or PD-1 (NAT105, ab52587 abcam) antibody diluted 1:100 in PBS
containing 1% NGS. After washing, sections were incubated with a
biotinylated secondary antibody (1:200 in PBS containing 1% NGS) for
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1 h at RT. Following additional washes in PBS and TNT buffer (0.04%
Tween-20 in 0.1 M TBS), slides were incubated with a blocking reagent
(AKOYA Biosciences, NEL701A001KT) for 1 h and 30 min at RT. Sec-
tions were then incubated with streptavidin-HRP (1:100) in blocking
reagent for 30 min at RT. Signal amplification was achieved by incu-
bation with fluorescein (1:300) in amplification diluent (AKOYA Bio-
sciences, NEL701A001KT) for 8 min at RT. Nuclear counterstaining was
performed using Hoechst (H5369, Termofisher) (1 pg/mL) for 10 min.
After final washes in PBS and sterile water, sections were mounted using
ProLong Gold antifade reagent. Images were acquired using a Nikon Al
confocal microscope with a 20x objective, employing large area scan-
ning and avoiding signal saturation. PD-1 and PD-L1 fluorescence in-
tensity was quantified across the entire tissue section and expressed as
mean grey pixel intensity. Digital image analysis was performed using
custom-developed ImageJ algorithms. Correlation analysis between
ERO1, whose values were reported in Ref. [29], and PD-1 or PD-L1
expression was performed using ERRE software package.

2.5. E0771 and MDA-MB-231 breast cancer cell line

The murine EQ771 breast cancer cell line (940001-A, CH3 Bio-
Systems) was cultured under standard conditions and used within two
weeks of thawing [30]. Cells were routinely tested and confirmed to be
free of Mycoplasma contamination.

For gene editing, E0771 cells were transfected with CRISPR/Cas9
plasmids targeting EROla (Santa Cruz Biotechnology, Cat. No. sc-
424456), containing three gene-specific guide RNAs (gRNAs), accord-
ing to the manufacturer's instructions. ERO1-knockout (KO) clones were
identified by Sanger sequencing to verify the presence of indels and were
further validated by Western blotting for ERO1 before expansion for
downstream experiments. Human ERO1KO MDA-MB-231 cells were
generated as described in Ref. [19].

2.6. Hypoxic chamber

E0771 and MDA-MB-231 cells were transferred to hypoxic chamber
(Ruskinn Invivo2 400, UK) at 37°C for 20 h and maintained in deoxy-
genated culture medium at the following gas concentrations: Oy 0.1%,
CO5 5%. Control cells were maintained in standard culture medium in a
normoxic incubator.

3. MTS

For proliferation assays, 6000 cells per well were seeded in 96-well
plates and cultured in complete medium supplemented with 10% fetal
bovine serum (FBS). Cell viability was assessed using the MTS assay.
Following incubation, cells were treated with MTS reagent [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium] in combination with phenazine methosulfate (PMS),
according to the CellTiter 96® Aqueous Non-Radioactive Cell Prolifer-
ation Assay (Promega) protocol. Absorbance was measured using a
TECAN Infinite M200 plate reader at 490 nm.

3.1. Motility assays

Cell motility was assessed using modified Boyden chambers fitted
with gelatin-coated polycarbonate Nucleopore filters (8-um pore size).
For HUVEC migration assays, conditioned medium collected from equal
numbers of WT and ERO1 KO E0771 cells was used as a chemoattractant
in the lower chamber. The anti-VEGF antibody B20.4.1.1 (B20; 250 ng/
pL; Genentech, South San Francisco, CA, USA) was added to the
conditioned medium and maintained throughout the assay. HUVECs
were resuspended in DMEM containing 0.1% BSA at a concentration of
0.75 x 10° cells/mL and seeded into the upper chamber. Migration as-
says were performed at 37°C in a humidified atmosphere containing 5%
CO, for 6h. To evaluate E0771 cell migration, WT and ERO1 KO
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E0771 cells were seeded in the upper chamber, while conditioned me-
dium from NIH3T3 fibroblasts was used as the chemoattractant in the
lower chamber. Cells were resuspended in high-glucose DMEM supple-
mented with 0.1% BSA at a concentration of 1 x 10° cells/mL. Assays
were performed at 37°C in a humidified 5% CO, atmosphere for 6 h. At
the end of the incubation period, filters were fixed and stained using
Diff-Quik (Marz-Dade, Diidingen, Switzerland). Non-migrated cells on
the upper surface of the membrane were removed, and cells that had
migrated to the lower surface were counted in ten randomly selected
high-power fields per filter under light microscopy. Results were
expressed as the mean number of migrated cells per field as in Ref. [19].

3.2. Glycosylated protein enrichment from E0771 cells

WT and ERO1 KO E0771 were cultured under normoxic or hypoxic
conditions. Following treatment, WT and ERO1 KO E0771 cells were
washed, scraped, and lysed in RIPA buffer (without EDTA or sodium
deoxycholate) supplemented with EDTA-free protease inhibitors. Total
protein concentration was determined using a BCA protein assay. Gly-
cosylated proteins were enriched using the Pierce Glycoprotein Isolation
Kit by lectin-based affinity purification with wheat germ agglutinin
(WGA) (Thermo Scientific™, Cat. No. 89805) or concanavalin A (Con A)
(Thermo Scientific™, Cat. No. 89804), according to the manufacturer's
instructions. Following elution from WGA or ConA columns, buffer ex-
change was performed using Amicon Ultra-0.5 centrifugal filter units
(3kDa MWCO; Merck Millipore, Cat. No. UFC5003). Samples were
washed four times with phosphate-buffered saline (PBS) containing
EDTA-free protease inhibitors to ensure compatibility with downstream
analyses.

3.3. Sample preparation for proteomics

ConA lectin-enriched proteins (three biological replicates per con-
dition) and WGA-enriched proteins (one sample per condition) from
secreted and intracellular fractions, as well as the corresponding input
samples from hypoxia-treated WT and ERO1 KO EO0771 cells, were
processed for proteomic analysis. Protein extracts were solubilized in
8M urea and 100 mM Tris-HCI, pH 8.0 (UA buffer), and protein con-
centration was determined using a BCA assay.

3.4. Protein digestion and peptide purification

10 pg of protein samples in UA buffer were subjected to in-solution
digestion using the filter-aided sample preparation workflow. Cysteine
residues were reduced and alkylated with 10 mM tris(2-carboxyethyl)
phosphine (TCEP) and 40 mM 2-chloroacetamide (CAM), respectively.
Proteins were then deglycosylated with PNGase F and digested
sequentially with Lys-C and trypsin overnight. Peptides were desalted
using C18 StageTips [31] prior to mass spectrometric analysis.

3.5. nLC and mass spectrometry

LC-MS/MS analysis was performed on a nanoLC system (Vanquish
Neo, Thermo Fisher Scientific) coupled to an Orbitrap Exploris 480 mass
spectrometer equipped with a FAIMS Pro interface (Thermo Fisher
Scientific) operating at CVs —50/-70V. Peptides were separated using a
25cm x 75 pm ID nanoLC column packed in-house with ReproSil-Pur
C18-AQ 1.9 um beads (Dr. Maisch GmbH, Germany). Peptide separa-
tion was performed at a flow rate of 200 nL/min using a 45 min gradient,
increasing solvent B from 0% to 5% in 3 min (solvent A: 0.1% formic
acid in water; solvent B: 0.1% formic acid in 80% acetonitrile). The
gradient consisted of 50% solvent B in 30 min and 60% solvent B in
5 min, followed by a wash step at 100% solvent B for 7 min. Data were
acquired in positive data-independent acquisition (DIA) mode with the
following ion source parameters: Spray Voltage 2200V, funnel RF lens
at 40%, Ion Transfer Tube Temp 300°C and total carrier gas flow 3,7 L/
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min. Full MS spectra (400-1000 Th) were acquired at a Resolution of
120 K, with a Normalized AGC Target of 300%, a maximun IT of 55 ms
and Microscan 1. Precursors selected for DIA scan should have a charge
state of 2. MS/MS spectra were acquired at a Resolution of 30 K, with a
Normalized AGC Target of 1000%, maximum IT set to Auto, Microscan
1, HCD Normalized Collision Energy of 32%, and an Isolation Window of
3m/z.

3.6. Data processing and analysis

Secretome and intracellular samples were processed separately. Raw
DIA data were analyzed using Spectronaut (v18.5, Biognosys) employing
the direct DIA + search workflow, iRT-based retention time regression,
and the UniProt CP_Mouse database. Trypsin/P was specified as the
digestion enzyme, allowing up to two missed cleavages. Carbamidome-
thylation of cysteine was set as a fixed modification, while asparagine
deamidation, methionine oxidation and protein N-terminal acetylation
were set as variable modifications; PTM localization filter was turned on
with the localization probability cut-off of 0.75. Peptide and protein FDRs
were at 1% and Method Evaluation was enabled. Quantification was
performed based on MS2 peptide peak areas. The exported reports were
subjected to Label-Free quantitative statistical analysis using Perseus (ver.
2.0.10.0) [32]. Normalization width-adjustment and supervised Hierar-
chical Clustering analysis were performed to generate Heatmaps
comparing WT and ERO1A KO samples. Statistical significance was
assessed using t-test with a p-value thresholds of 0.05. Pathway enrich-
ment analysis was performed using Enrichr [33]. Gene names corre-
sponding to statistically significant proteins (Sig+) identified between WT
and ERO1 KO samples were used as input for both intracellular and
secretome datasets. Reactome pathway enrichment results were filtered
using a significance threshold of p < 0.05.

3.7. Biochemical analyses of lectin-enriched samples

For biochemical validation, equal amounts of lectin-enriched gly-
coproteins were resolved by SDS-PAGE followed by Coomassie staining
and Western blot analysis. Membranes from E0771 cells were incubated
with mouse anti-PD-L1 primary antibody (Abcam, Cat. No. 213480) and
membranes from MDAMB231 cells were incubated with human
anti-PD-L1 primary antibody (Abcam, Cat. No.205921), followed by
incubation with appropriate horseradish peroxidase (HRP)-conjugated
secondary antibodies and chemiluminescent detection. To assess the
glycosylation status of PD-L1, E0771 cell lysates obtained under nor-
moxic and hypoxic conditions were treated with PNGase F (New En-
gland Biolabs, Cat. No. P0704S) or Endo H (New England Biolabs, Cat.
No. P0702S), according to the manufacturer's instructions, prior to
SDS-PAGE and Western blot analysis.

3.8. Ro-GFP2 assessment of ER redox

To monitor ER redox poise and assess differences among wild-type
(WT) and ERO1-KO Hela cells, with or without treatment with 55 pM
B-mercaptoethanol (B-ME) added to the culture medium for 48 h, we
used the ER-localized ratiometric redox sensor roGFP2, as described in
Ref. [34].

3.9. Mice

Seven-week-old mice C57/BL6J-Ptprcem6Lutzy/J (JAX:033076)
and C57/BL6J mice were obtained from Charles River Laboratories
(Calco, Italy) and maintained under specific-pathogen-free conditions.
For bone marrow cell isolation, WT and ERO1-KO mice were obtained
from internal breeding colonies [35]. All animal studies were reported in
accordance with the ARRIVE guidelines and were conducted in
compliance with applicable laws, regulations, and institutional policies
governing the care and use of laboratory animals, including Italian
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Legislative Decree No. 26/2014; authorization 19/2008-A issued by the
Italian Ministry of Health on March 6, 2008; and experimental autho-
rizations 896,/2023-PR and 28/2025-PR issued to E. Zito. Experiments
were also conducted in accordance with the institutional regulations and
policies of the Mario Negri Institute, including personnel authorization
procedures and the Quality Management System Certificate (UNI EN ISO
9001:2008; registration no. 6121), as well as European Union Directive
2010/63/EU on the protection of animals used for scientific purposes.
All procedures were performed in accordance with the Guidelines for the
Welfare and Use of Animals in Cancer Research [36].

3.10. Bone marrow transplantation

Bone marrow transplantation experiments were performed using
female WT and ERO1 KO donor mice less than 12 weeks of age.

Prior to transplantation, recipient mice underwent to myeloablative
total-body irradiation using a split-dose regimen consisting of 4.5 Gy
followed by an additional 4.5 Gy administered 2h later (total dose:
9 Gy) using an XRADGIL irradiator (Gilardoni). Following irradiation,
mice were maintained under standard housing conditions with free ac-
cess to food and water.

Bone marrow cells were isolated under sterile conditions from both
femurs and tibias of donor mice. Briefly, bones were excised, cleaned of
surrounding soft tissue, and flushed with sterile phosphate-buffered
saline (PBS). Bone marrow cell suspensions were passed through a 70-
pm cell strainer to obtain a single-cell suspension. Cells were collected
by centrifugation, resuspended in sterile PBS, and counted using a he-
mocytometer or automated cell counter.

Six hours after irradiation, recipient mice were anesthetized and
transplanted with donor bone marrow cells. A total of 5 x 10° bone
marrow cells suspended in sterile PBS was administered to each recip-
ient by retro-orbital intravenous injection. Ten to twelve mice for con-
dition were transplanted. Recipient mice were monitored regularly
following transplantation and allowed to undergo hematopoietic
reconstitution before subsequent experimental procedures.

3.11. Assessment of bone marrow reconstitution by flow cytometry

To evaluate donor-derived hematopoietic reconstitution, peripheral
blood was collected from recipient CD45.1 mice two weeks after bone
marrow transplantation with bone marrow cells isolated from CD45.2
WT or ERO1 KO donor mice. Following red blood cell lysis, leukocytes
were stained with fluorochrome-conjugated antibodies against CD45.1
(APC-Cy7, clone A20, BioLegend) and CD45.2 (BV650, clone 104, Bio-
Legend) and analyzed by flow cytometry. Donor-derived hematopoietic
reconstitution was assessed by determining the percentage of CD45.2-
positive cells within the circulating cell population.

3.12. Breast tumor models and treatments

Two weeks after bone marrow transplantation, WT and ERO1 KO
E0771 cells (1 x 10° cells per mouse) were orthotopically injected into
the mammary fat pad of female C57BL/6 J mice. Once tumors became
palpable (typically 5 days after tumor cell inoculation), mice were
randomized to receive either 200 pg of anti-PD-1 antibody (ICH1132,
clone RMP1-14) or an isotype control antibody (ICH2244, anti-
trinitrophenol) by intraperitoneal (i.p.) injection every 3 days for a
total of three administrations, as previously described [37].

For combination therapy experiments, mice received either the
ERO1 inhibitor 129 or vehicle control (Cremophor EL and PEG400). 129
treatment was initiated 2 day before the first anti-PD-1 administration
and was delivered by intraperitoneal injection at a dose of 10 mg/kg
every 2 days for 22 days (11 injections in total), as previously described
[38] [29]. Investigators were not blinded to treatment allocation. Tumor
growth was monitored using a Vernier caliper, and tumor volume was
calculated according to formula D x d2/2, where D represents the largest
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tumor diameter and d the smallest diameter. Body weight and overall
health status were monitored daily throughout the study. Twenty-five
days after tumor cell inoculation, mice were euthanized and primary
tumors were harvested. Tumor samples were randomly selected for
downstream analyses.

3.13. Flow cytometry analysis of orthotopic breast tumors

Primary tumors derived from E0771 cells were excised and me-
chanically minced into small fragments. Tumor tissues were enzymati-
cally digested in DMEM containing 0.5 mg/mL collagenase IV (Sigma)
and 40 pg/mL DNase I for 30 min at 37°C. The resulting cell suspensions
were filtered through a 70-um cell strainer to obtain single-cell sus-
pensions. Red blood cells were removed using ACK lysis buffer for 5 min
at room temperature. Cells were then washed and resuspended in PBS
supplemented with 5% FBS. Cells were stained for 20 min at 4°C with
fluorochrome-conjugated antibodies (BioLegend unless otherwise indi-
cated) in appropriate panels. A viability dye (LIVE/DEAD™ Fixable
Near-IR, Invitrogen) was used to exclude dead cells. Samples were ac-
quired on a CytoFLEX LX flow cytometer (Beckman Coulter) using
CytExpert software and analyzed with Kaluza 2.0 software. Doublets and
debris were excluded using forward scatter (FSC) and side scatter (SSC)
gating strategies. CD45" leukocytes were first identified, and myeloid
and lymphoid populations were subsequently defined. Myeloid-derived
suppressor cells (MDSCs) were identified as CD11b + Ly6G + Ly6C'°" as
neutrophile granulocytic MDSCs (PMN-MDSCs or neutrophile cells) and
CD11b + Ly6G—Ly6Chigh monocytic MDSCs (M-MDSCs or monocytic
cells). Macrophages or Tumor-associated macrophages (TAMs) were
defined as CD11b + Ly6C°"/-F4/80+ cells and CD11b + CD11c + as
dendritic cells. T lymphocytes were gated as CD3" cells and further
subdivided into CD4% (helper) and CD8" (cytotoxic) subsets. PD-1
expression was analyzed in CD4' and CD8" T cells, whereas PD-L1
expression was assessed in myeloid populations, including MDSCs and
TAMs. Additional lymphoid populations were analyzed using a dedi-
cated panel including CD19™ B cells, NK1.1+ NK cells, regulatory T cells
(CD4+FoxP3+), and granzyme B expression in cytotoxic lymphocytes.

Two complementary antibody panels were used:

Myeloid/tumor-associated compartment.

Marker Fluorochrome Clone Company Catalog
Live/Dead IR876 - Invitrogen 134981
CD31 AF488 MEC13.3 BioLegend 102513
CD45.1 APC-Cy7 A20 BioLegend 110716
CD45.2 BV650 104 BioLegend 109836
CD11b PerCP-Cy5.5 M1/70 BioLegend 101227
CD11c BV605 N418 BioLegend 117333
Ly6C BV421 HK1.4 BioLegend 128031
Ly6G AF700 1A8 BioLegend 127621
F4/80 PE-Cy7 BMS8 BioLegend 123113
PD-L1 APC 10F.9G2 BioLegend 124311
MHC-I PE AF6-88.5 BioLegend 116507
Lymphoid cell compartment.
Marker Fluorochrome Clone Company Catalog
Live/Dead IR876 - Invitrogen L34981
CD45.1 APC-Cy7 A20 BioLegend 110716
CD45.2 BV650 104 BioLegend 109836
CD11b PerCP-Cy5.5 M1/70 BioLegend 101227
CD19 PE/Dazzle 594 6D5 BioLegend 115553
NK1.1 PE-Cy7 PK136 BioLegend 108713
CD3 BV605 145-2C11 BioLegend 100351
CD4 AF700 GK1.5 BioLegend 100429
CD8 BV785 53-6.7 BioLegend 100749
PD-1 APC 29F.1A12 BioLegend 135209
CTLA-4 BV421 UC10-4B9 BioLegend 106311
FoxP3 PE FJK-16s eBioscience 12-5773-80
Granzyme B FITC NGZB eBioscience 11-8898-80
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3.14. PD-1 and PD-L1 immunofluorescence on tumor sections

Frozen tissue blocks were sectioned at a thickness of 10 pm using a
cryostat. For immunofluorescence staining, sections were first equili-
brated by transferring the slides from —20°C to +4°C for 20 min, fol-
lowed by an additional 20 min at room temperature (RT). The sections
were then fixed in 4% paraformaldehyde (PFA) in PBS for 10 min at RT.
To quench endogenous peroxidase activity, slides were incubated in 1%
hydrogen peroxide (H2O3) in PBS for 10 min at RT. After three washes in
PBS, non-specific binding sites were blocked for 1h at RT using a
blocking solution containing 10% normal goat serum (NGS) and 0.3%
Triton X-100 in PBS. Sections were then incubated overnight at +4°C
with either anti-PD-1 antibody ([EPR20665], ab214421, Abcam) or
anti-PD-L1 antibody ([EPR20529], ab213480, Abcam), both diluted
1:100 in PBS containing 1% NGS. After three washes in PBS, sections
were incubated for 1h at RT with a goat anti-rabbit biotinylated sec-
ondary antibody diluted 1:200 in PBS containing 1% NGS. Signal
amplification was performed using a tyramide signal amplification
(TSA) Fluorescein System (NEL701A001KT, Akoya Biosciences). Briefly,
sections were washed with TNT buffer (0.1 M Tris-buffered saline, pH
7.6, 0.04% Tween-20) and incubated in TNB blocking buffer (0.1 M Tris-
buffered saline, pH 7.6, 0.5% blocking reagent) for 1.5h at RT. Slides
were then incubated with streptavidin-HRP (1:100 in TNB) for 30 min at
RT. After additional washes in TNT buffer, the fluorescent signal was
developed by incubating the sections with fluorescein tyramide reagent
(1:300 in amplification diluent) for 8 min at RT. Nuclei were counter-
stained with Hoechst (1 pg/mL in PBS) for 10 min at RT. Finally, slides
were washed in distilled water and mounted with ProLong Gold Anti-
fade Mountant.

3.15. Magnetic resonance imaging (MRI)

MRI of tumors from euthanized mice were performed on a Bruker
BioSpec 70/30 system equipped with Bruker NEO electronics (Bruker,
Ettlingen, Germany). Two actively decoupled radiofrequency coils were
used: a volume coil (8.6 cm diameter) for transmission and a 2 x 2 array
surface coil for signal reception.

A rapid 2D RARE (rapid acquisition with relaxation enhancement)
T2-weighted sequence was acquired to assess tumor size and
morphology. Images were obtained with a voxel size of
0.118 x 0.118 mm? (matrix = 212 x 212; field of view = 25 x 25 mm?)
and a slice thickness of 0.7 mm. Acquisition parameters were as follows:
repetition time (TR) =5000ms, effective echo time (TEeff) =50 ms,
RARE factor = 16, and 4 signal averages.

3.16. RNA sequencing analysis from breast tumors

RNA was extracted from 4 WT and ERO1 KO E0771 tumors in mice
with WT or ERO1 KO bone marrow using the Qiagen RNeasy kit (16
tumors in total). RNA concentration was measured with the Qubit™
RNA Broad Range Assay Kit (Invitrogen, Waltham, MA, USA), and RNA
quality was assessed using the 4200 TapeStation system (Agilent Tech-
nologies, Santa Clara, CA, USA). Libraries were prepared using the
TruSeq Stranded Total RNA Library Prep kit (Illumina, San Diego, CA,
USA). RNA sequencing was performed on an Illumina NextSeq 500
platform. The overall quality of sequencing reads was assessed using
FastQC (v0.11.9). Sequence alignment of stranded total RNA reads to
the mouse reference genome (GRCm39) was performed using STAR
(v.2.7.11b) in two-pass mode. Gene expression was quantified at the
gene level using the GENCODE mouse annotation (GRCm39, M38
release GTF file). Raw counts were normalized using the variance sta-
bilizing transformation (VST) implemented in the R statistical environ-
ment. Differential gene expression analysis was performed using STAR
(v.1.48.2).
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3.17. Pathway analysis and network visualization

Gene set enrichment analysis (GSEA) was repeated using the clus-
terProfiler R package (v4.16.0), implementing the fgsea algorithm. For
this analysis, mouse-specific gene-set collections from the Molecular
Signatures Database (MSigDB) were used directly in gmt format. Spe-
cifically, the following MSigDB mouse collections were included: MH
Hallmark gene sets, M2 Curated gene sets, M7 Immunologic signature
gene sets, and M8 Cell type signature gene sets. Genes were pre-ranked
based on a signed significance metric defined as —log10(p-value) x sign
(log2 fold change), where p-values and log2 fold changes were derived
from the DESeq2 analysis. For each gene set, normalized enrichment
scores (NES), nominal p-values, and FDR-adjusted qg-values were
computed. Gene sets with FDR g-value < 0.05 were considered signifi-
cantly enriched. GSEA results were visualized as enrichment networks
using Cytoscape (v3.10.1) with the Enrichment Map app. Enrichment
maps were generated using a node significance threshold of g-value <
0.10 and an edge similarity cutoff of 0.375. In the resulting networks,
each node represents a gene set enriched in at least one contrast. Node
size is proportional to the number of genes in the gene set. Nodes are
displayed as pie charts summarizing enrichment across contrasts, with
each slice corresponding to a specific comparison. Slice color encodes
the normalized enrichment score (NES), with positive values shown in
red, negative values in blue, and non-significant enrichments in grey.
Edges represent gene overlaps between gene sets, with edge thickness
and color intensity proportional to the degree of overlap. Pathways of
interest were subsequently identified and grouped into broader func-
tional categories through manual curation based on gene set composi-
tion and biological annotation. A heatmap was generated representing
the gene annotated for the selected pathway of interest REAC-
TOME_CO_INHIBITION_BY_PD_1. To provide a broader overview of the
most enriched biological programs, GSEA was subsequently recalculated
using an expanded custom GMT file that also included the MSigDB
mouse M5 Ontology gene sets. The top 10 positively enriched gene sets
for the indicated comparison were selected based on FDR-adjusted q-
value and NES ranking and visualized as bar plots. For immune-focused
network visualization, GSEA results were filtered to retain only MSigDB
mouse M7 Immunologic signature gene sets. This immune-focused
network was generated using only the indicated comparison DESeq2
contrast. These results were visualized as enrichment networks using
Cytoscape (v3.10.1) with the EnrichmentMap app, using the same node
significance and edge similarity thresholds described above. For the
immune-focused enrichment network, heatmaps were generated for all
pathways represented in the network. For each pathway, the top 50
genes were selected based on the absolute log2 fold change and visu-
alized using gene-level log2 fold change values from the DESeq2 anal-
ysis. Genes with an adjusted p-value < 0.05 were marked with an
asterisk in the heatmaps.

3.18. Single-cell RNA sequencing

Three tumors from each experimental group (WT tumor/WT bone
marrow, ERO1 KO tumor/WT bone marrow, WT tumor/ERO1 KO bone
marrow, and ERO1 KO tumor/ERO1 KO bone marrow) were processed
for single-cell RNA sequencing (12 tumors in total). Following the
manufacturer's instructions for the Chromium GEM-X Single Cell 3' v4
kit (10x Genomics), single-cell suspensions were counted and loaded
onto the Chromium X platform (10x Genomics) to capture approxi-
mately 18,000-20,000 cells per sample. cDNA synthesis, amplification,
and library preparation were then performed according to the manu-
facturer's protocol. Library quality and quantity were assessed using the
4200 TapeStation (Agilent Technologies) and Qubit Fluorometer
(Thermo Fisher Scientific), respectively. Libraries were pooled into two
sets of six samples and sequenced in two independent runs on an Illu-
mina NextSeq 2000 using the read configuration recommended by 10x
Genomics.
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Single-cell RNA-seq data were analyzed using Seurat v5 [39]. Count
matrices generated by Cell Ranger were imported from the filtered
feature-barcode matrices, and each sample was processed as an inde-
pendent Seurat object before merging. Cells were filtered according to
standard quality-control metrics, including the number of detected
genes, total UMI counts and mitochondrial read fraction. Cells with high
mitochondrial content, low gene or UMI counts, or excessively high UMI
counts were excluded. Doublets were identified independently within
each sample using scDblFinder [40], and only singlet cells were retained
for downstream analysis. After quality control and doublet removal,
counts were log-normalized, highly variable genes were identified using
the variance-stabilizing transformation method, and cell-cycle scores
were calculated using mouse-matched S and G2/M gene sets. S and
G2/M scores were regressed out during data scaling before principal
component analysis. Principal component analysis was performed, and
sample-level batch effects were corrected using Harmony integration
[41] through the Seurat v5 Integrate Layers workflow. UMAP embed-
dings and graph-based clustering were computed from the
Harmony-corrected latent space.

All analyses were performed separately according to bone marrow
genotype. In the WT bm setting, tumors derived from WT and ERO1 KO
cells were compared after exclusion of one low-quality ERO1 KO tumor.
In the ERO1 KO bm setting, WT and ERO1 KO tumors were compared in
the ERO1-deficient bone marrow background. The immune compart-
ment was subset from each bone marrow-specific object and re-analyzed
independently by repeating normalization, variable feature selection,
scaling, PCA, Harmony integration, UMAP dimensionality reduction and
clustering.

Immune-cell identities were assigned using SingleR with the InmGen
reference dataset [42]. Main ImmGen labels were used to define broad
immune populations for visualization and downstream composition an-
alyses. T-cell subsets populations, including Treg-like and CD4-positive
populations, were retained within the broader T-cell compartment
when they were not resolved as separate main ImmGen labels. Immune
composition was quantified at the biological replicate level. For each
sample, the number of cells assigned to each immune population was
divided by the total number of immune cells in the same sample and
multiplied by 100. Summary plots show the mean percentage across
biological replicates, with error bars representing the standard error of
the mean. Statistical comparisons between WT and ERO1 KO tumors were
first performed independently within each bone marrow genotype. To
assess the overall effect of tumor cell-intrinsic ERO1 deficiency, data from
mice reconstituted with WT and ERO1 KO bone marrow were subse-
quently pooled according to tumor genotype, and WT and ERO1 KO tu-
mors were compared for each immune cell population.

4. Statistics

Statistical analyses were performed using GraphPad Prism (Graph-
Pad Software, San Diego, CA, USA). The specific statistical tests and
sample sizes (N) are indicated in the corresponding figure legends. Prior
to analysis, data distribution was assessed for normality.

Comparisons between two independent groups with normally
distributed data were performed using an unpaired, two-tailed Student's
t-test. For experiments involving more than two groups or multiple
variables, one-way or two-way analysis of variance (ANOVA) was con-
ducted, followed by Sidak's multiple-comparisons post hoc test.

For in vivo experiments, the minimum number of animals required
per group was determined by an a priori power analysis using G*Power
software, based on the expected effect size, significance level, and sta-
tistical power.

Data are presented as mean + standard error of the mean (SEM) or
mean + standard deviation (SD), as indicated in the figure legends. A P
value < 0.05 was considered statistically significant. Statistical signifi-
cance is indicated as follows: P < 0.05 (*), P < 0.01 (**) and P < 0.001
(7‘:7‘(*).
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Protein abundance values were first normalized for loading differ-
ences and then normalized to the pooled internal standard (PIS) within
each TMT plex. Normalized protein abundance values were subse-
quently log2-transformed before analysis to reduce positive skewness,
improve homoscedasticity across the measurement range and convert
multiplicative differences into an additive scale. Because protein abun-
dance distributions were not assumed to be Gaussian and subgroup sizes
were unequal, non-parametric statistical methods were used
throughout. Spearman's rank correlation coefficient was selected
because it does not rely on normality assumptions and is appropriate for
quantifying relationships between continuous variables. Correlation
analyses were performed using complete cases only; therefore, the
number of evaluable samples varied across comparisons. The Kruskal-
Wallis test is a non-parametric method suitable for comparing more
than two independent groups. When overall differences were detected,
pairwise comparisons were performed using the Wilcoxon rank-sum
test. To account for multiple testing in pairwise subtype comparisons,
P values were adjusted using the Benjamini-Hochberg false discovery
rate (FDR) correction. Raw gene-level count data were analyzed in
DESeq?2 using its negative binomial generalized linear model framework
for differential expression testing. Count normalization was performed
internally by DESeq2 for model fitting, whereas the variance stabilizing
transformation (VST) was applied only for downstream visualization
and exploratory analyses. Differential expression results were reported
as log2 fold changes and associated P values, and multiple testing
correction was performed using the Benjamini-Hochberg false discovery
rate (FDR) method. Genes with adjusted P values below the 0,05
threshold were considered differentially expressed. For pathway-level
analyses, genes were ranked using a signed significance metric defined
as —log10(P-value) x sign (log2 fold change), thereby integrating both
the strength and direction of differential expression into a single score.
GSEA was performed using the fgsea algorithm as implemented in
cluster Profiler, and pathway significance was assessed using NES,
nominal P-values, and FDR-adjusted q-values. Gene sets with FDR
q<0.05 were considered significantly enriched. For enrichment
network visualization in Cytoscape/Enrichment Map, significance and
similarity thresholds were applied for display purposes rather than for
additional statistical inference. Specifically, networks were generated
using a node significance threshold of q <0.10 and an edge similarity
cutoff of 0.375. For heatmap visualization of selected pathways, genes
were ranked by the absolute value of the log2 fold change, and genes
with adjusted P values < 0.05 were specifically annotated. Unless
otherwise specified, all statistical tests were two-sided.

5. Results

5.1. ERO1 protein expression is upregulated in TNBC and shows limited
association with immune checkpoint expression

We previously analyzed ERO1 mRNA expression in breast cancer and
matched normal breast tissues from The Cancer Genome Atlas (TCGA)
and reported higher ERO1 expression in the more aggressive basal-like
breast cancer subtype, including TNBC [19] [13].

To determine whether ERO1 protein abundance also differs among
breast cancer subtypes, we analyzed proteomic data from the
PXD024322 dataset comprising 300 archival FFPE breast cancer speci-
mens representing the four PAM50 subtypes, together with normal
breast tissue samples. After PSM-level quantification, loading normali-
zation, and normalization to the pooled internal standard (PIS), ERO1
protein levels varied significantly across PAMS50 subtypes (Krus-
kal-Wallis test, P = 6.34 x 10’34). Pairwise Wilcoxon tests revealed that
all tumor PAM50 subtypes displayed significantly higher ERO1 abun-
dance than normal breast tissue. ERO1 was preferentially enriched in
more aggressive tumors, such as the HER2-enriched and basal-like
subtypes. Consistent with this pattern, ERO1 protein levels were also
significantly increased in TNBC compared with normal breast tissue
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(P=7.17 x 10718) (Fig. 1A).

We next investigated whether ERO1 protein abundance was associ-
ated with the expression of the immune checkpoint proteins PD-L1, PD-1
and CTLA-4. Correlation analyses revealed no significant association
between ERO1 and PD-1 or CTLA-4 in the overall cohort, and no sig-
nificant association with any of these immune checkpoint proteins
within individual PAM50 subtypes or within the TNBC subgroup
(Fig. 1B). In contrast, a weak positive correlation between ERO1 and PD-
L1 was observed in the full cohort analysis (Fig. 1B).

To experimentally evaluate the relationship between ERO1 and im-
mune checkpoint expression in breast cancer, we analyzed a tissue
microarray (TMA) comprising 100 human breast tumor samples previ-
ously classified as either Luminal A or TNBC. PD-1 and PD-L1 expression
levels were assessed by immunofluorescence staining. In contrast to
ERO1, whose expression was significantly elevated in TNBC as previ-
ously reported, neither PD-1 nor PD-L1 expression differed significantly
between Luminal A and TNBC tumors; however, distinct staining pat-
terns were observed between the two subtypes (Fig. 1C and
Supplementary Fig. 1) [29]. Correlation analysis revealed a weak posi-
tive correlation between ERO1 and PD-L1 expression (P =0.005),
whereas no significant correlation was observed between ERO1 and
PD-1 expression (Fig. 1D). Collectively, these findings indicate that
ERO1 expression is enriched in TNBC but shows limited association with
baseline immune checkpoint expression, suggesting that ERO1 may
regulate tumor-immune interactions through other mechanisms [19].

5.2. Immune system pathways are enriched in the secreted glycoproteome
from ERO1 KO E0771 TNBC cells

To investigate whether ERO1 influences tumor cell growth and im-
mune regulation in murine EQ771 TNBC cells [30], we generated ERO1
knockout (KO) clones using CRISPR/Cas9 technology. Multiple inde-
pendent ERO1 KO clones were obtained and validated (Fig. 2A).

Cell proliferation was assessed using an MTS assay, whereas migra-
tion assays were performed to evaluate both the migratory capacity of
E0771 cells and their ability to act as a chemoattractant for human
umbilical vein endothelial cells (HUVECs). Loss of ERO1 did not
significantly affect the growth kinetics of E0771 cells under either nor-
moxic or hypoxic conditions (Fig. 2B) or their migratory capacity
(Fig. 2C). However, ERO1 deficiency significantly reduced the ability of
E0771-conditioned medium to promote HUVEC migration (Fig. 2D).
These results indicate that ERO1 ablation does not affect the intrinsic
proliferative or migratory properties of E0771 cells but impairs their
capacity to stimulate endothelial cell migration.

Protein glycosylation is a hallmark of cancer cells and plays impor-
tant roles in immune surveillance and tumor-immune interactions [43].
Because we previously demonstrated that ERO1 deficiency enhances
VEGFA N-glycosylation through potentiation of MAGT1, a subunit of the
STT3B-containing oligosaccharyltransferase (OST) complex [24], we
hypothesized that ERO1 loss may broadly remodel the tumor N-glyco-
proteome. As our previous studies indicated that ERO1 activity is
important for cellular adaptation to hypoxia, a stress condition that
perturbs ER redox homeostasis and is physiologically relevant to tumors
[19] [44]. We therefore performed the glycoproteomic analysis under
hypoxic conditions to determine whether ERO1 deficiency alters the
tumor glycoproteome. To identify glycoproteins enriched in ERO1 KO
E0771 cells and in their secretome, intracellular proteins (IC) and
conditioned media (SEC) from WT and ERO1 KO cells cultured under
hypoxic conditions were subjected to lectin-based enrichment using
concanavalin A (ConA) or wheat germ agglutinin (WGA) followed by
mass spectrometry analysis and label-free quantification (Fig. 2E).

ConA-enriched intracellular and secreted proteins from WT and
ERO1 KO cells were analyzed by Coomassie staining (Fig. 2F) and no
major differences in total protein abundance or overall protein profiles
were observed between the two genotypes (Fig. 2F). However, subse-
quent mass spectrometry analysis and label-free quantification



A. Cherubini et al. Redox Biology 98 (2026) 104451

(caption on next page)



A. Cherubini et al.

Redox Biology 98 (2026) 104451

Fig. 1. ERO1A is highly expressed in TNBC and shows limited association with immune checkpoint expression A) ERO1A protein abundance across PAMS50 subtypes,
including Basal-like, HER2-enriched, Luminal A, Luminal B tumors and TNBC. Box plots show log2-transformed ERO1A protein abundance; each dot represents an
individual sample. The central line indicates the median, the box represents the interquartile range (IQR), and whiskers extend to 1.5 x IQR. Pairwise comparisons
with normal breast tissue were performed using the Wilcoxon rank-sum test. B) Scatterplots showing correlations between ERO1A and PD-L1, PD-1 or CTLA-4 protein
abundance. Correlations are shown separately for normal breast tissue, all breast cancer samples, and TNBC samples. In the analysis including all breast cancer
samples, dots are colored according to PAM50 subtype. Each dot represents an individual sample and is labeled by Study_ID. Linear regression lines are overlaid to
illustrate trends, while associations were quantified using Spearman's rank correlation coefficient; the corresponding p (rho), P value, and number of evaluated
samples are reported in each panel. C) Representative immunofluorescence images of a TMA comprising Luminal A and TNBC breast cancer specimens. PD-1 and PD-
L1 expression were assessed by immunofluorescence staining, with nuclei counterstained with Hoechst. Scale bars, 500 and 50 pm. Dot plots on the right show the
quantification of PD-1 and PD-L1 fluorescence intensity within the tumor tissue area of the TMA. Each dot represents one tumor sample. D) Scatterplots showing the
correlation between ERO1 and PD-L1 or PD-1 expression in Luminal A and TNBC breast tumor samples included in the TMA. Each dot represents one tumor sample.
(Eorrelations were assessed using Spearman's rank correlation analysis. Spearman's correlation coefficient (p) and P value are shown in each panel.

identified several proteins that were differentially enriched in ERO1 KO
cells compared with WT controls. To gain insight into the biological
processes affected by ERO1 loss, differentially enriched N-glycosylated
proteins were subjected to Reactome pathway enrichment analysis.
Among the glycosylated proteins enriched in the secretome of ERO1 KO
cells, the Reactome pathways “Extracellular Matrix Organization” and
“Innate Immune System” emerged as the most significantly enriched
categories compared with WT (Fig. 2G). These findings suggest that
ERO1-dependent remodeling of the secreted glycoproteome may affect
biological pathways involved in extracellular matrix regulation and
tumor-immune communication.

Although PD-L1 was not detected among the intracellular proteins
identified in EQ771 cells, given its reported regulation by ERO1 and the
role of N-glycosylation in modulating PD-L1 function, we next investi-
gated whether ERO1 deficiency affects PD-L1 glycosylation [45] [46].
Analysis of PD-L1 expression revealed that PD-L1 abundance was
significantly increased in ERO1 KO cells under hypoxic conditions
(Fig. 2H). Treatment with the glycosidases Endo H and PNGase F
resulted in mobility shifts of PD-L1, supporting its N-glycosylated state
(Fig. 21). Furthermore, PD-L1 was enriched and detected by Western blot
following WGA-mediated lectin pull-down in ERO1 KO cells, supporting
increased glycosylation of PD-L1 in hypoxic ERO1 KO E0771 cells
(Fig. 2J). Analysis of the ER-localized ratiometric redox sensor roGFP2
showed that ERO1 KO cells were less oxidized than WT cells. Treatment
with the reducing agent B-mercaptoethanol (B-ME; 55puM for 48h)
significantly shifted the ER redox state of both WT and ERO1 KO cells
toward more reducing conditions (Fig. 2K). To address the point that
increased PD-L1 glycosylation in ERO1 KO cells occurs under less
oxidizing ER conditions, we treated WT and ERO1-KO
MDA-MB-231 cells, which express higher levels of PD-L1, with p-ME
under hypoxic conditions. Glycosylated PD-L1 was enriched by
WGA-mediated lectin pull-down and detected by Western blotting,
supporting increased PD-L1 glycosylation in hypoxic ERO1 KO cells
under more reducing redox conditions (Fig. 2L).

Collectively, these results suggest that ERO1 deficiency increases
both PD-L1 abundance and its glycosylation under hypoxic conditions,
potentially influencing PD-1/PD-L1 immune checkpoint signaling in
TNBC cells.

5.3. Tumor cell-intrinsic ERO1 promotes responsiveness to PD-1 blockade
in immune-competent bone marrow chimeric mice

Because EROL1 is expressed in both tumor cells and in immune cell
populations within the TME, we next investigated whether its functional
contribution to tumor progression originates from tumor cells or from
hematopoietic cells of the TME [11]. To address this question, we
generated chimeric syngeneic immune-competent mice by transplanting
bone marrow cells isolated from WT or ERO1 KO CD45.2 donor mice
into lethally irradiated CD45.1 recipient mice [35] (as indicated in the
scheme in Fig. 3A).

Efficient hematopoietic reconstitution of the TME was confirmed two
weeks after transplantation by flow cytometric analysis of peripheral
blood leukocytes, which demonstrated that more than 95% of

circulating CD45" leukocytes were donor-derived CD45.2+ cells
(Fig. 3B).

Following hematopoietic reconstitution, WT or ERO1 KO E0771 cells
were orthotopically implanted into the mammary fat pad of these
chimeric syngeneic immune-competent recipient mice. Tumor growth
was then monitored to assess the relative contribution of ERO1
expression in tumor cells versus bone marrow-derived immune cells of
the TME (as indicated in the scheme in Fig. 3A).

Under basal conditions, neither ERO1 deficiency in tumor cells nor
ERO1 deficiency in hematopoietic bone marrow cells (bm) of the TME
significantly affected primary tumor growth compared with WT con-
trols. In addition, hematopoietic compartment with ERO1 KO cells did
not alter tumor progression of WT tumors, indicating that ERO1 in the
immune cells of the TME did not modulate tumor growth (Fig. 3C).

We next evaluated the impact of ERO1 on responsiveness to immune
checkpoint blockade. Tumor-bearing chimeric mice were treated with
anti-PD-1 antibody or isotype control once tumors became palpable. WT
tumors showed limited responsiveness to PD-1 blockade, regardless of
whether the hematopoietic compartment of the TME was WT or ERO1-
deficient.

In contrast, ERO1 KO tumors responded robustly to PD-1 blockade,
exhibiting markedly reduced tumor growth and, in several cases, com-
plete tumor regression (Fig. 3C and D).

Importantly, this enhanced therapeutic response was observed in
chimeric mice reconstituted with either WT or ERO1 KO bone marrow,
indicating that the improved sensitivity to PD-1 blockade is primarily
driven by ERO1 deficiency in tumor cells rather than by ERO1 deficiency
in the hematopoietic compartment of the TME.

5.4. ERO1 deficiency promotes myeloid transcriptional remodeling

To investigate the molecular mechanisms underlying the enhanced
responsiveness of ERO1 KO tumors to PD-1 blockade, we performed
RNA sequencing on tumors obtained from mice bearing WT or ERO1 KO
E0771 tumors and reconstituted with either WT or ERO1 KO bone
marrow.

Gene set enrichment analysis (GSEA) revealed significant modula-
tion of pathways associated with PD-1 signaling in ERO1 KO tumors
(Fig. 4A). Among the comparisons analyzed, positive enrichment of the
PD-1 co-inhibitory pathway was statistically significant in the combined
analysis comparing ERO1 KO bm, ERO1 KO tumor samples (derived
from mice receiving ERO1 KO bone marrow and bearing ERO1 KO tu-
mors) with WT bm, WT tumor samples (derived from mice receiving WT
bone marrow and bearing WT tumors) (Fig. 4A). Gene-level analysis
further demonstrated heterogeneous regulation of individual pathway
components, with several genes displaying significant differential
expression, indicating extensive remodeling of PD-1-associated
signaling networks under ERO1-deficient conditions (Fig. 4A).

To determine whether ERO1 deficiency in tumor cells induced
broader immune-related transcriptional changes, we compared tumors
of the two different genotypes in mice reconstituted with ERO1 KO bone
marrow. GSEA identified strong enrichment of immune-related gene sets
in ERO1 KO tumors (Fig. 4B). The most significantly enriched signatures
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included macrophage, monocyte, and dendritic cell programs, as well as
pathways involved in antigen processing and presentation.

Consistent with these findings, network analysis restricted to
MSigDB M7 immunologic signatures revealed a densely interconnected
enrichment landscape characterized by extensive overlap among posi-
tively enriched immune gene sets (Fig. 4C). Functional clustering of
these signatures identified coordinated modules associated with innate
immune responses, antigen presentation, myeloid cell recruitment, in-
flammatory pathways, and immune checkpoint blockade-related pro-
grams. The high degree of connectivity among these modules suggests
that ERO1 deficiency in tumors triggers a broad and coordinated acti-
vation of immune pathways rather than isolated transcriptional
changes.

To determine whether these transcriptional alterations were re-
flected at the cellular level, we next examined the immune composition
of the TME by single-cell analysis. The overall composition of immune
cell populations did not differ substantially between tumors from mice
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reconstituted with WT or ERO1 KO bone marrow (bm) (Fig. 4D).
Consistent with the enrichment of myeloid-associated gene signatures
identified by RNA sequencing, mice bearing ERO1 KO tumors exhibited
increased macrophage frequencies and reduced monocyte representa-
tion compared with mice bearing WT tumors, irrespective of bone
marrow genotype (Fig. 4E). These cellular findings provide orthogonal
validation of the transcriptomic analyses and support the conclusion
that ERO1 deficiency remodels the myeloid compartment of the TME.
Collectively, the transcriptomic and single-cell analyses demonstrate
that tumor cell-intrinsic loss of ERO1 promotes immune remodeling
characterized by enhanced antigen presentation, enrichment of macro-
phage-, monocyte-, and dendritic cell-associated programs, and exten-
sive rewiring of PD-1-associated transcriptional networks. Together,
these findings support a model in which ERO1 deficiency establishes a
tumor immune microenvironment that is more permissive to anti-PD-1-
mediated antitumor immunity.
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Fig. 2. ERO1 deficiency remodels the secreted glycoproteome and increases PD-L1 glycosylation in E0771 TNBC cells A) Western blot showing ERO1 expression in
WT and CRISPR/Cas9-generated ERO1-KO E0771 clones. B) Cell growth curves of WT and ERO1 KO E0771 cells under normoxic and hypoxic conditions assessed by
MTS assay. Data are presented as mean + SEM. Statistical significance was evaluated using two-way ANOVA (N = 5). C) Dot plots showing the number of WT and
ERO1 KO E0771 cells that migrated through Boyden chambers. Migrated cells were quantified in ten randomly selected fields from three independent migration
assays for each clone. Statistical significance was evaluated using one-way ANOVA. D) Dot plots showing the number of HUVECs that migrated toward conditioned
media derived from WT and ERO1 KO E0771 cells. Conditioned medium from NIH3T3 fibroblasts was used as a positive chemoattractant control. Where indicated,
conditioned media were pre-incubated with the VEGF antibody B20 to neutralize VEGF before being used in migration assays. Parental refers to the original
E0771 cell line. Statistical significance was determined using one-way ANOVA. E) Schematic representation of the experimental workflow used for N-glycoproteome
analysis. Intracellular proteins (IC) and conditioned media (Sec) from WT and ERO1 KO E0771 cells cultured under hypoxic conditions were subjected to lectin-based
enrichment using concanavalin A (ConA) or wheat germ agglutinin (WGA), followed by LC-MS/MS analysis and label-free quantification. F) Coomassie staining of
input and N-glycosylated proteins (lectin®) isolated from WT and ERO1 KO E0771 cells. Intracellular and conditioned medium fractions enriched using ConA were
analyzed by SDS-PAGE. Below, the accompanying bar graphs show total protein abundance following ConA enrichment. Data are presented as mean + SEM. Sta-
tistical significance was assessed using an unpaired two-tailed Student's t-test (N = 3). G) Reactome pathway enrichment analysis of differentially enriched N-gly-
cosylated proteins from ERO1 KO cells relative to WT controls identified by LC-MS/MS from conditioned media. Pathways with an adjusted P value < 0.05 were
considered significantly enriched and are displayed. H) Representative Western blots showing ERO1 and PD-L1 expression in WT and ERO1 KO E0771 cells cultured
under normoxic or hypoxic conditions. Quantification of PD-L1 and ERO1 protein levels is shown below the blots. Data are presented as mean + SEM. Statistical
significance was assessed using one-Way ANOVA and unpaired two-tailed Student's t-test respectively (N = 3). I) Western blot analysis of PD-L1 following digestion
with PNGase F or Endo H in WT and ERO1 KO E0771 cells, demonstrating changes in electrophoretic mobility associated with N-glycosylation. Dg., deglycosylated
protein band. J) WGA lectin (lectin™) pull-down assay and the correspondent input in WT and ERO1 KO E0771 cells. Quantification of glycosylated PD-L1 protein
levels is shown below the blots. Data are presented as mean + SEM. Statistical significance was assessed using an unpaired two-tailed Student's t-test (N = 3). K) Bar
plots showing the baseline fluorescence excitation ratio of the ER-localized ratiometric redox sensor roGFP2 in WT and ERO1 KO HelLa cells following treatment with
p-mercaptoethanol (-ME). Data are presented as mean &+ SEM (N =4 fields of view). Statistical significance relative to WT was assessed by one-way ANOVA. L)
WGA-mediated lectin pull-down assay in WT and ERO1 KO MDA-MB-231 cells. Quantification of glycosylated PD-L1 levels is shown below the blots. Data are
Eresented as mean + SEM (N = 3). Statistical significance was assessed by one-way ANOVA.

Fig. 3. Tumor-intrinsic ERO1 deficiency promotes responsiveness to PD-1 blockade in bone marrow chimeric mice. A) Experimental scheme illustrating the gen-
eration of bone marrow chimeric mice. Bone marrow cells isolated from WT or ERO1 KO CD45.2 donor mice were transplanted into lethally irradiated CD45.1
recipient mice. Following hematopoietic reconstitution, WT or ERO1 KO E0771 cells were orthotopically implanted into the mammary fat pad, and mice were
subsequently treated with anti-PD-1 antibody or control isotype as indicated. B) Representative flow cytometry analysis of peripheral blood showing hematopoietic
reconstitution in recipient mice two weeks after bone marrow transplantation. Donor-derived CD45.2" cells represented 95% of circulating CD45" leukocytes. C)
Tumor growth curves of WT and ERO1 KO E0771 tumors implanted into chimeric mice reconstituted with either WT or ERO1 KO bone marrow and treated with
anti-PD-1 antibody or isotype control. Tumor volumes were monitored over 25 days after tumor cell implantation. Data are presented as mean -+ SEM. Statistical
significance was determined by two-way ANOVA with Sidak's multiple-comparisons test (N =12 mice for conditions). D) Ex-vivo individual tumor weight at
endpoint. Statistical significance was determined by one-way ANOVA.

5.5. EROI-deficient tumors exhibit increased myeloid infiltration and PD- multiparametric flow cytometric profiling of orthotopic WT and ERO1

1 expression KO E0771 tumors from chimeric mice reconstituted with either WT or
ERO1 KO bone marrow.

To further refine the changes observed within the myeloid Analysis of the lymphoid compartment revealed no major differences

compartment by transcriptomic and single-cell analyses, we performed among the different conditions (Fig. 5A), whereas myeloid compartment
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demonstrated a significant increase in tumor-infiltrating dendritic and
neutrophilic cells within ERO1 KO tumors compared with WT counter-
parts (Fig. 5B). The expansion of dendritic cells was observed irre-
spective of the genotype of the transplanted bone marrow whereas
neutrophils increased only in ERO1 KO tumors from mice reconstituted
with WT bone marrow. Immunofluorescence analysis of PD-1 and PD-L1
expression in WT and ERO1 KO tumor sections revealed a significant
increase in PD-1 staining in ERO1 KO tumors, whereas PD-L1 expression
remained unchanged (Fig. 5C).

Together, these findings further support a role for ERO1 deficiency in
shaping the immune microenvironment by promoting myeloid cell
remodeling and increasing PD-1 expression, providing additional evi-
dence that loss of ERO1 establishes a tumor milieu more responsive to
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PD-1 blockade.

5.6. Pharmacological ERO1 inhibition phenocopies ERO1-deficient
tumors

To determine whether pharmacological inhibition of ERO1 could
reproduce the immune-responsive phenotype observed in ERO1-
deficient tumors, WT bone marrow chimeric mice bearing orthotopi-
cally implanted WT E0771 tumors were treated with our novel ERO1
inhibitor 129 followed by anti-PD-1 therapy [38]. As a reference, WT
bone marrow chimeric mice bearing ERO1 KO E0771 tumors were
treated with anti-PD-1 according to the same experimental schedule. 129
treatment was initiated three days after tumor implantation, whereas
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Fig. 4. ERO1 deficiency promotes immune transcriptional remodeling of the myeloid compartment and PD-1 pathway A) Cytoscape Enrichment Map network and
gene level representation of the Reactome co-inhibition by PD-1 pathways across knockouts versus wild-type comparisons. The network highlights the REAC-
TOME_CO_INHIBITION_BY_PD_1 pathway and its connectivity within the interaction map. Each node represents a pathway, while edges indicate gene overlap
between pathways, as shared gene sets. In the middle section, nodes are displayed as pie charts, where each sector corresponds to one comparison and the color of
each sector reflects the normalized enrichment score (NES), with red indicating positive enrichment and blue indicating negative enrichment. The heatmap on the
right reports gene-level log2 fold-change values for the pathway across the same comparisons. Genes marked with an asterisk (*) are significantly differentially
expressed (N = 4 for conditions). B) The bar plot shows the top 10 upregulated gene sets identified by GSEA in the ERO1 KO bm, ERO1 KO tumor using MSigDB
mouse MH, M2, M5, M7, and M8 gene-set collections. Bar length indicates the normalized enrichment score (NES), while FDR values indicate multiple-testing-
adjusted significance. The corresponding pathway annotations are listed below. ZHANG UTERUS C5 MACROPHAGE = Macrophage signature, ZENG GU ICB
CONTROL METAGENE 25 PRECICTIVE ICB RESPONSE = ICB response metagene 25, HANG UTERUS C12 MONOCYTE = Monocyte signature, ZHANG UTERUS C9
DENDRITIC CELL = Dendritic cell signature, GOBP ANTIGEN PROCESSING AND PRESENTATION = Antigen processing and presentation, QI PLASMACYTOMA UP =
Plasmacytoma-associated signature, ZENG GU ICB CONTROL METAGENE 8 PRECICTIVE ICB RESPONSE = ICB response metagene 8, ICHIBA GRAFT VERSUS HOST
DISEASE D7 UP = Graft-versus-host disease signature, ZEMEK IMMUNE CHECKPOINT BLOCKADE OVARIAN CANCER RENCA UP = Immune checkpoint blockade
response, ZEMEK IMMUNE CHECKPOINT BLOCKADE OVARIAN CANCER OVERLAP UP = Immune checkpoint blockade overlap. C) Cytoscape Enrichment Map
visualization of GSEA results restricted to MSigDB mouse M7 Immunologic signature gene sets in the above comparison. Nodes represent positively enriched
immunologic gene sets and edges indicate gene-set similarity based on shared leading-edge genes. Node size reflects gene-set size, while edge thickness and intensity
represent the degree of overlap between gene sets. The network highlights coordinated activation of immune and inflammatory programs. Red labels summarize
manually curated biological themes assigned to each enrichment module. D) Single-cell RNA sequencing analysis of tumor-infiltrating immune cells from WT and
ERO1 KO tumors developing in mice reconstituted with either WT or ERO1 KO bone marrow (bm). UMAP projection showing the distribution of major immune cell
populations identified across mice with wild-type bone marrow or ERO1-deficient bone marrow. Cell clusters were colored based on broad immune annotations,
including macrophages, monocytes, dendritic cells (DC), T cells, natural killer (NK) cells, natural killer T (NKT) cells and B cells. E) Quantification of immune cell
populations identified by single-cell RNA sequencing. Bar plots show the relative abundance of immune cells within WT and ERO1 KO tumors, including samples
from both WT and ERO1 KO bone marrow-bearing mice. Point shapes indicate the bone marrow genotype of each sample. Data are presented as mean + SEM. P-
values were calculated using a two-sided Wilcoxon rank-sum test (WT tumors, N = 6 mice; ERO1 KO tumors, N = 5 mice) and adjusted using the Benjamini-Hochberg
r‘nethod. Adjusted p-values are shown in the figure.

anti-PD-1 administration was started two days later, as indicated in displayed only limited sensitivity to PD-1 blockade and continued to
Fig. 6A. 129 was administered every two days until day 25 for a total of progress throughout the observation period (25 days). In contrast, ERO1
eleven times, while anti-PD-1 was delivered three times. KO tumors exhibited an even more striking response than that observed
Tumor growth analysis revealed that WT tumors treated with the in chimeric mice to anti-PD-1 therapy, characterized by both inhibition
combination of 129 and anti-PD-1 displayed reduced growth compared of tumor growth and progressive tumor regression. By day 25 after
with WT tumors treated with 129 alone. Importantly, the growth kinetics tumor cell transplantation, tumor growth was almost completely sup-
of WT tumors receiving the combined 129 and anti-PD-1 treatment pressed in most mice bearing ERO1 KO tumors, as further confirmed by
closely mirrored those observed in ERO1 KO tumors treated with anti- ex vivo tumor measurements at the endpoint (Fig. 7B and C). To
PD-1 (Fig. 6B). determine the durability of this response, mice that had achieved com-
Magnetic resonance imaging (MRI) analysis of tumor-bearing mice plete tumor regression were monitored for an additional 20 days.
confirmed the therapeutic benefit of combining ERO1 inhibition with Notably, no tumor recurrence was observed during the follow-up period,
PD-1 blockade, as evidenced by the significant reduction in tumor vol- indicating long-lasting therapeutic efficacy following PD-1 blockade in
ume (Fig. 6C), indicating that pharmacological inhibition of ERO1 with mice bearing ERO1 KO tumors (Fig. 7B).
129 restores responsiveness to anti-PD-1 therapy and mirrors the effect To investigate the immune cells associated with this enhanced
on ERO1 KO tumors. response, tumors were analyzed by flow cytometry at the experimental
To determine whether pharmacological ERO1 inhibition also endpoint. Analysis of the lymphoid compartment revealed a marked
reproduced the myeloid immune remodeling associated with tumor- increase in activated cytotoxic T-cell populations in ERO1 KO tumors
intrinsic ERO1 deficiency, tumors were subjected to multiparametric including increased PD-1-expressing CD8" T cells, together with

flow cytometric analysis. Like ERO1 KO tumors, 129-treated WT tumors elevated proportions of granzyme B (GrzB)—-positive CD8" T cells and
did not exhibit major differences in lymphoid cell populations (Fig. 6D) NK cells, compared with WT tumors (Fig. 7D). These findings are

but showed increased infiltration of dendritic cells together with consistent with enhanced activation and effector differentiation of
increased neutrophil accumulation within the TME (Fig. 6E). These cytotoxic lymphocytes within the ERO1-deficient TME.
findings recapitulate the overall myeloid alterations observed following Analysis of the myeloid compartment demonstrated a concomitant
genetic ERO1 ablation in the tumor. increase in tumor-infiltrating neutrophils in ERO1 KO tumors, like that
Collectively, these results suggest that pharmacological inhibition of observed in the chimeric mouse model (Fig. 7E). Moreover, neutrophils
ERO1 reproduces both the enhanced responsiveness to PD-1 blockade in ERO1 KO tumors exhibited higher levels of PD-L1 expression
and the myeloid immune remodeling associated with tumor cell- compared with those from WT tumors (Fig. 7E). The increase in neu-
intrinsic ERO1 deficiency, thereby identifying ERO1 as a therapeuti- trophils was also observed in the two ERO1 KO tumors that remained
cally actionable target for improving the efficacy of immune checkpoint detectable after anti-PD-1 treatment, suggesting that activation of the
blockade in TNBC. neutrophil compartment represents a consistent feature of ERO1-

deficient tumors.

These data further demonstrate that tumor cell-intrinsic ERO1
shapes the immune landscape of the TME and acts as a critical deter-
minant of responsiveness to immune checkpoint inhibition.

5.7. EROL1 deficiency confers durable sensitivity to PD-1 blockade in
immunocompetent mice

To validate the results obtained in bone marrow chimeric mice, we
next assessed the therapeutic response to PD-1 blockade in a conven-
tional orthotopic breast cancer mouse model. Thus, WT and ERO1 KO
E0771 cells were implanted into the mammary fat pad of immuno-
competent C57BL/6 J mice, and anti-PD-1 treatment was initiated once
tumors became palpable, five days after implantation (Fig. 7A).

Consistent with the results obtained in chimeric mice, WT tumors

6. Discussion

The present study identifies ERO1, an UPR-associated ER oxidore-
ductase, as a key regulator of tumor immunogenicity and responsiveness
to immune checkpoint blockade in TNBC. Although ERO1 has been
mainly studied for its role in oxidative protein folding [35], adaptation
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Fig. 5. ERO1 deficiency remodels the myeloid compartment and increases PD-1 expression A) Dot plots showing the frequencies of the indicated lymphoid cell
populations in orthotopic WT and ERO1 KO E0771 tumors growing in chimeric mice reconstituted with either WT or ERO1 KO bone marrow (bm). B) Dot plots
showing the frequencies of the indicated myeloid cell populations in WT and ERO1 KO E0771 tumors from chimeric mice reconstituted with WT or ERO1 KO bone
marrow. Data presented in A and B are presented as mean -+ SEM. Statistical significance was determined using one-way ANOVA. C) Representative immunofluo-
rescence images of WT and ERO1 KO tumor sections stained for PD-1 and PD-L1. Nuclei were counterstained with Hoechst. Dot plots below show the quantification
of PD-1 and PD-L1 fluorescence signals within the tumor area. Data are presented as mean + SEM. Statistical significance was determined using an unpaired two-

tailed Student's t-test.

to ER stress, and tumor progression [15], our findings demonstrate that
ERO1 also modulates antitumor immunity through tumor cell-intrinsic
mechanisms linked to ER redox and protein glycosylation, thereby
promoting a more immune-active TME in TNBC that is consistent with
enhanced antigen-presentation programs and immune surveillance
[47].

The UPR, through its three principal branches—IRE1, PERK, and
ATF6—supports tumor adaptation and survival by regulating both
cancer cell-intrinsic and TME-dependent mechanisms that shape anti-
tumor immunity [48] [49,50] [5,51-54]. Accordingly, both tumor cells
and the TME engage UPR signaling to regulate immune infiltration,
immune evasion, and responses to immunotherapy [55] [56].

ERO1 genetic deletion has been shown to enhance the response to
anti-PD-1 therapy in colon carcinoma, lung adenocarcinoma, and mel-
anoma models by improving T-cell function [14]. Here, we provide
mechanistic evidence linking tumor-intrinsic ERO1 activity to immune
checkpoint responsiveness in TNBC.

TNBC is characterized by constitutive ER stress and persistent acti-
vation of the UPR, which facilitates tumor resilience under hostile
microenvironmental conditions and promotes therapy resistance [1,3,5,
57]. TNBC is also one of the few breast cancer subtypes for which
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immune checkpoint blockade has shown clinical benefit. However, its
limited efficacy in TNBC underscores the need to identify mechanisms
that augment immune responses [2].

Building on our previous observations that ERO1 deficiency alters
the N-glycosylation of VEGF through enhanced activity of the OST
subunit MAGT1 [13,24,29,38] [19] [58], we hypothesized that ERO1
deficiency might exert broader effects on the tumor glycoproteome. Our
previous studies indicated that ERO1 deficiency shifts the ER toward a
more reduced redox poise, thereby enhancing MAGT1-dependent
glycosylation of cysteine-proximal acceptor sites [24], consistent with
evidence that the thioredoxin domain of MAGT1 regulates N-glycosyl-
ation and that reductive pathways can contribute to efficient N-glyco-
sylation [25] [26]. In the present study, glycoproteomic analysis of
lectin-enriched secreted proteins from ERO1-deficient EO771 breast
cancer cells revealed proteins involved in immune-related pathways.
MAGT1 was also upregulated in the RNA sequencing analysis of
ERO1-deficient EQ771 breast tumors and was associated with the
Reactome “Coinhibition by PD-1” pathway. Together, these observa-
tions support a model in which ERO1 loss-induced redox remodeling
may influence the tumor immune glycoproteome through MAGTI.
Given the established role of glycosylation in regulating antigen
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Fig. 6. Pharmacological ERO1 inhibition phenocopies ERO1-deficient tumors. A) Experimental design. WT bone marrow chimeric mice bearing orthotopically
implanted WT E0771 tumors were treated with the ERO1 inhibitor 129 alone or in combination with anti-PD-1 antibody. As a reference group, mice bearing ERO1
KO E0771 tumors received anti-PD-1 treatment according to the same schedule. 129 administration was initiated 3 days after tumor implantation and repeated every
2 days until day 25. Anti-PD-1 treatment was started 5 days after tumor implantation and administered three times as indicated. B) Tumor growth curves of WT
E0771 tumors treated with isotype control, 129, or 129 plus anti-PD-1, and ERO1 KO E0771 tumors treated with anti-PD-1 or isotype control (N =10 mice for
conditions). Statistical significance was determined using two-way ANOVA with Sidak's multiple-comparisons test. C) Representative magnetic resonance imaging
(MRI) scans and quantification of tumor volume at the experimental endpoint. The dashed red line indicates the diameter of the tumor. D) Dot plots showing the
frequencies of the indicated lymphoid cell populations. E) Dot plots showing the frequencies of the indicated myeloid cell populations in tumors from the different
treatment groups. Data in panels D and E are presented as mean + SEM. Statistical significance was determined using one-way ANOVA.

presentation and immune recognition, including through the
PD-1/PD-L1 immune checkpoint axis, these findings suggest that
ERO1-dependent glycoproteome remodeling might influence tumor
immunogenicity and responsiveness to immune checkpoint blockade
[43,59]. To determine whether these effects were driven by ERO1
deficiency in tumor cells or also in the immune compartment of the
TME, we performed bone marrow transplantation studies in immuno-
competent tumor-bearing mice. While neither tumor-specific nor
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hematopoietic ERO1 deletion substantially affected primary tumor
growth under basal conditions, loss of ERO1 in tumor cells markedly and
persistently enhanced the therapeutic efficacy of PD-1 blockade. Thus,
these findings support a predominantly tumor-intrinsic role for ERO1 in
regulating immunotherapy responsiveness.

The increased myeloid-cell infiltration of ERO1-KO tumors, together
with the enrichment of antigen-processing and antigen-presentation
pathways observed by RNA sequencing, is consistent with a more
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Fig. 7. Tumor-intrinsic ERO1 deficiency confers durable effect to PD-1 blockade in immunocompetent mice. A) Experimental scheme. WT and ERO1 KO E0771 cells
were orthotopically implanted into the mammary fat pad of immunocompetent C57BL/6 J mice. Anti-PD-1 treatment was initiated 5 days after tumor implantation,
when tumors became palpable, according to the schedule indicated. B) Tumor growth curves of WT and ERO1 KO E0771 tumors treated with anti-PD-1 antibody and
followed for 25 days. Mice achieving complete tumor regression were monitored for an additional 20 days to assess tumor recurrence. Statistical significance was
determined using two-way ANOVA with Sidak's multiple-comparisons test. C) Endpoint tumor burden determined by ex vivo tumor measurements at sacrifice. Data
are presented as mean + SEM. Statistical significance was determined using one-way ANOVA. D) Dot plots showing the frequencies of the indicated lymphoid cell
populations. E) Dot plots showing the frequencies of myeloid cell populations within WT and ERO1 KO tumors at the experimental endpoint. Data in panels D and E
are presented as mean + SEM. Statistical significance was determined using one-way ANOVA.
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Fig. 8. ERO1 acts as a tumor-intrinsic regulator of tumor immunosurveillance in TNBC.ERO1 is a key mediator of oxidative protein folding and a component of
the UPR, an adaptive pathway that promotes TNBC survival under conditions of cellular stress. Loss of ERO1 impinges on ER oxidative poise and remodels the tumor
N-glycoproteome thereby promoting immune signaling [1]. This consists of enhanced antigen-presentation programs, remodeling of the myeloid compartment, and
modulation of PD-1/PD-Ll-associated pathways within the TME [2]. These changes convert otherwise immune-refractory TNBC tumors into a more
immune-responsive state and sensitize them to PD-1 blockade. In contrast, ERO1 deficiency in bone marrow—derived cells does not significantly affect tumor growth
or responsiveness to PD-1 blockade, demonstrating that the immunomodulatory effects of ERO1 are predominantly tumor cell intrinsic [3]. Pharmacological in-
hibition of ERO1 with the small-molecule inhibitor 129 phenocopies the effects of genetic ERO1 deletion and enhances the efficacy of immune checkpoint

blockade [4].

immunologically active myeloid compartment. Together with the
enrichment of immune checkpoint blockade response signatures, these
data support a model of a more immunologically active microenviron-
ment in ERO1-deficient tumors and may underlie the enhanced
responsiveness of ERO1-deficient tumors to PD-1 blockade [60]. These
changes are consistent with the conversion of a relatively
immune-refractory tumor state into a more immune-active and
checkpoint-responsive TNBC microenvironment. Thus, our findings
support the notion that ERO1-dependent tumor glycoproteome remod-
eling modulates proteins involved in antigen presentation and immune
signaling, thereby promoting tumor immune surveillance.

Importantly, pharmacological inhibition of ERO1 using the novel
inhibitor 129 recapitulated the effects of genetic ERO1 deletion [29,38]
[61]. Indeed, treatment with 129 enhanced the efficacy of anti-PD-1
therapy and reduced tumor burden in immunocompetent hosts,
providing proof-of-concept evidence that ERO1 is a therapeutically
actionable target in TNBC (Fig. 8/model).

7. Conclusion

Overall, our study identifies ERO1 as a critical regulator of tumor
immunogenicity and immune checkpoint responsiveness in TNBC. By
linking ER redox and glycoproteome remodeling to the regulation of
tumor-immune interactions, our findings expand the understanding of
how UPR, through ERO1, contributes to immune evasion. We
demonstrate that genetic deletion or pharmacological inhibition of
ERO1 enhances antitumor immunity and sensitizes TNBC tumors to
anti-PD-1 therapy. These effects are associated with altered ER redox,
tumor glycosylation, enhanced antigen presentation, and remodeling
of the tumor myeloid compartment toward a more immune-active
state. Together, these findings establish a mechanistic connection be-
tween ERO1-mediated glycoproteome remodeling in tumor and im-
mune surveillance within the TME and support ERO1 as a promising
therapeutic target to enhance the efficacy of immune checkpoint
blockade in TNBC.
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