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Introduction
Triple-negative breast cancer (TNBC) is an aggressive sub-

type of breast cancer (BC) that affects relatively young women 
at an age of 40 to 50 years at diagnosis and accounts for 15% 
to 20% of all breast cancer cases. The 5-year overall survival 
rate for metastatic TNBC is only 12% (American Cancer Soci-
ety: http://www.cancer.org/), which reflects the lack of effective 
treatment options. Indeed, TNBC lacks targets for hormonal 
therapy and HER2 amplification, and patients with TNBC 
are therefore not eligible for standard therapies for breast can-
cer (1). The poly(ADP-ribose) polymerase (PARP) inhibitors 
olaparib and talazoparib have shown effectiveness in treat-
ing advanced TNBC with germline BRCA mutations [overall 
response rate (ORR) 55%–62%; refs. 2, 3], yet only 10% to 20%  

of patients with TNBC carry these mutations (4–6), and the 
relatively high ORR does not translate into overall survival 
benefit (7). The programmed cell death 1 (PD1) inhibitor pem-
brolizumab, when combined with chemotherapy, improves 
responses for a subgroup of patients with metastatic TNBC, 
whose tumors are positive for programmed cell death ligand 1  
(PD-L1), resulting in an ORR of 53% compared with 41% for 
chemotherapy only, but this subgroup only accounts for 30% 
to 40% of all patients with TNBC (8). A more recently approved 
standard-of-care option for patients with patients with TNBC 
is the trophoblast cell surface antigen 2 (TROP2)-targeting 
antibody–drug conjugate sacituzumab govitecan, which has 
resulted in an ORR of 35% and showed a gain in ORR of 30% 
when compared with chemotherapy in a cohort of relapsed 
patients with TNBC. Treatment with sacituzumab govitecan, 
however, is accompanied with serious side effects, with more 
than 50% of patients experiencing adverse events of grade 3 or 
higher, such as neutropenia and leukopenia (9, 10). Despite 
new drugs having become available, there is still an unmet de-
mand for effective and safe therapies for patients with TNBC.

A promising new treatment option for TNBC is adoptive 
T-cell therapy (ACT). ACT is a form of immune therapy that 
relies on the transfer of tumor-specific T cells that are gener-
ally generated by inserting a gene to express either a chime-
ric antigen receptor (CAR) or T-cell receptor (TCR) into the 
patients’ T cells ex vivo. CAR T cells constitute major break-
throughs for the treatment for different B-cell malignancies 
(11–15) as well as multiple myeloma (16–18) with six of these 
CAR T-cell products now implemented as standard-of-care 
(19). Unfortunately, the efficacy of CAR T cells to treat solid 
tumors lags behind significantly to that of hematologic tu-
mors (20–25). Explanations may include that, in general, solid 
tumors lack tumor-specific targets available on the surface  
of solid tumors and harbor an immunosuppressive tumor  
microenvironment (26).

Triple-negative breast cancer (TNBC) has an urgent need for new therapies. We 
discovered Ropporin-1 (ROPN1) as a target to treat TNBC with T cells. ROPN1 

showed high and homogenous expression in 90% of primary and metastatic TNBC but not in healthy 
tissues. Human leukocyte antigen-A2-binding peptides were detected via immunopeptidomics and 
predictions and used to retrieve T-cell receptors (TCR) from naïve repertoires. Following gene intro-
duction into T cells and stringent selection, we retrieved a highly specific TCR directed against the 
epitope FLYTYIAKV that did not recognize noncognate epitopes from alternative source proteins. 
Notably, this TCR-mediated killing of three-dimensional (3D) tumoroids in vitro and tumor cells  
in vivo and outperformed standard-of-care drugs. Finally, the T-cell product expressing this TCR and 
manufactured using a clinical protocol fulfilled standard safety and efficacy assays. Collectively, 
we have identified and preclinically validated ROPN1 as a target and anti-ROPN1 TCR T cells as a 
treatment for the vast majority of patients with TNBC.

Significance: Metastatic TNBC has a dismal prognosis. This study discovers Ropporin-1 as a target 
for T-cell therapy for most patients. The selected TCR is highly specific and sensitive in advanced 
models, and preclinical testing shows that the T-cell product expressing this TCR, manufactured 
according to good manufacturing practice, has favorable safety and potency.
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Figure 1.  ROPN1/B is absent in healthy tissues and highly and homogenously present in primary and metastatic TNBC independent of pretreatment. 
A, Flowchart of the discovery of ROPN1/B as a target for T-cell treatment of TNBC and validation of its tumor-restricted expression using healthy tissues, 
as well as primary and metastatic TNBC tissues. Intracellular targets (CGAs: n = 276) were screened for absent expression in healthy tissues (n = 1,479 
tissues) and expression in TNBC (n = 191 tissues). ROPN1/B mRNA and protein expression was further validated in multiple (continued on following page)  
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TCRs recognize targets through presentation via MHC 
molecules, not being restricted to cell surface antigens and 
broadening the spectrum of potential tumor target antigens. 
Notably, TCR-engineered T cells targeting intracellularly the  
cancer germline antigens New York esophageal squamous 
cell carcinoma 1 (NY-ESO1) or MAGE family member A4 
(MAGE-A4) in the context of human leukocyte antigen 
(HLA-)A2 have shown clear clinical responses with ORRs 
up to 61% in patient with melanoma and synovial sarcoma. 
These two TCR T-cell products have a good safety profile, in 
which the latter has recently been granted accelerated FDA 
approval (27–29). However, high expression of NY-ESO-1 
and MAGE-A4 is limited to the abovementioned solid tumor 
types, and expressions are often heterogeneous and variable 
among patients (30).

In the current study, we have identified and tested new 
target antigens and corresponding TCRs in a stepwise man-
ner and according to stringent selection criteria for safety 
and efficacy to enable the development of ACT for TNBC. 
In our search, only targets were included that were absent 
in healthy tissues to reduce the risk of on-target toxicity.  
At the same time, target selection included high and homog-
enous expression in TNBC to facilitate effective antitumor 
T-cell responsiveness (31). TCRs were retrieved from naïve 
repertoires and selected when harboring a stringent epi-
tope recognition motif to reduce the risk of off-target tox-
icity (32–34) and driving eradication of TNBC in advanced 
tumor models. Overall, our work reports the discovery of a 
novel target, the cancer germline antigen (CGA) Ropporin-1 
(ROPN1), as well as the retrieval and extensive preclinical 
validation of an anti-ROPN1 TCR for the treatment of the 
majority of patients with TNBC.

Results
ROPN1 Is Absent in Healthy Tissues and Shows 
Abundant and Homogenous Expression in Primary 
and Metastatic TNBC

To discover a target suitable for ACT for TNBC, we 
have applied a stepwise and stringent selection process in 
which large gene expression datasets of normal healthy 
and tumor tissues were screened for intracellular antigens  
(Fig. 1A).

In a first step, we observed that ROPN1 as well as its pa-
ralog ROPN1B (>95% amino acid sequence homology) was 
one of 78 intracellular proteins that was absent in large series 
of healthy organs according to multiple gene expression data-
bases (Supplementary Fig. S1A). Gene and protein expression 
of ROPN1 in healthy tissues was confirmed to be limited 
to the testis and, to a lesser extent, the epididymis (Fig. 1B 
and C). It is noteworthy that both these tissues are immune 
privileged (35, 36), meaning these tissues lack MHC mole-
cules and are generally ignored by T cells.

In a second step, the screening of tumor samples revealed 
that ROPN1 was expressed in more than 90% of patients with 
TNBC. In comparison, targets for ACT with clinical precedent, 
such as NY-ESO1 and MAGE-A4, were only expressed in 16% 
and 25% of patients with TNBC, respectively (Supplementary 
Fig. S1B). Furthermore, the levels of gene and protein expres-
sion were significantly higher for ROPN1 (Fig. 1D and E; Sup-
plementary Fig. S1B) when compared with abovementioned 
reference targets. ROPN1 protein was detected in more than 
50% of tumor cells in approximately 75% of primary TNBC 
(Fig. 1E). In fact, when zooming into ROPN1 expression in 
more than 90% of tumor cells, we observed this to be the case 
for approximately 60% of primary TNBC (Fig. 1E; right). These 
levels of abundance, extent of expression, and homogeneity 
are, to our knowledge, unique when compared with other tar-
gets of ACT. To assess the robustness of ROPN1 as a target 
for ACT, we also investigated gene and protein expressions in 
metastatic TNBC lesions (Fig. 1F and G) and observed that 
the majority of studied lymph node lesions expressed ROPN1 
in more than 50% of tumor cells, highly concordant with the 
extent of expression observed in primary tumors. In addition, 
ROPN1 expression in distant TNBC lesions was not affected by 
preoperative treatments, such as cisplatin, cyclophosphamide, 
doxorubicin, or radiation (Fig. 1H). Notably, ROPN1 was also 
expressed in 90% of skin cutaneous melanoma (SKCM; Supple-
mentary Fig. S1C), implying that these patient cohorts could 
also benefit from ACT targeting ROPN1.

HLA-A2-Restricted and Endogenously Processed 
Peptides Enable Retrieval of ROPN1-Specific TCRs 
from Naïve Repertoires

TCRs recognize small peptide fragments of the target an-
tigen in the context of HLA molecules on the surface of cells. 
We set out to investigate which peptides originating from the 

Figure 1. (Continued) sets of healthy tissues (two additional cohorts) and four different cohorts of patient tumor tissues (see “Methods” for details). 
B, Dot plot shows gene expressions as fold changes relative to GAPDH (2−dCt) according to RT-qPCR using a cDNA library of 48 healthy tissue samples. 
NY-ESO1 was used as a reference. Green, ROPN1; purple, ROPN1B; gray, NY-ESO1 (CTAG1B), n = 2 to 3 per target antigen. C, Representative immune 
stainings of ROPN1/B using an array of 14 healthy tissues (2–6 donors per tissue, total n = 66). D, Violin plots show the distribution of gene expression 
of NY-ESO1 (CTAG1B, gray) and ROPN1 (green) in TNBC cohort 1 (n = 66, geTMM normalized) and cohort 2 (n = 183, fRMA-normalized; see “Methods” 
for details on cohorts). Data were analyzed using the Wilcoxon signed-rank test: cohort 1: P < 2.2E16; cohort 2: P < 2.2E16. E, Representative immune 
stainings of TNBC categorized according to staining intensity with different intensities for NY-ESO1 (top) and ROPN1/B (bottom). Stacked bar graphs 
(middle) show the fraction of TNBC tumors with weak, moderate, and strong immune staining of NY-ESO1 or ROPN1/B [tissue microarrays (TMA), n = 311]. 
Stacked bar graphs (right) show fractions of TNBC tumors with either 1% to 9%, 10% to 25%, 26% to 50%, or 51% to 100% of tumors cells positive for 
NY-ESO1 or ROPN1/B protein; the latter category of 51% to 100% ROPN1-stained cells is further subdivided into the fractions: 51% to 75%, 76% to 
90%, and 91% to 100% (in zoomed-in stacked bar). F, Violin plot shows the distribution of gene expressions of ROPN1/B in primary and metastatic TNBC 
from TNBC cohort 1 (n = 66, geTMM normalized) and cohort 3 (n = 22) following batch correction. Data were analyzed using the Wilcoxon signed-rank test: 
P = 0.61. G, Stacked bar graphs (left) show the fraction of primary and metastatic TNBC with weak, moderate, and strong immune staining of ROPN1/B 
(whole tissue sections, n = 15 paired samples). Stacked bar graphs (right) show the fraction of primary and metastatic TNBC with either 1% to 9%, 10% to 
25%, 26% to 50%, or 51% to 100% of tumor cells positive for ROPN1/B. H, Violin plots show the distribution of gene expression of ROPN1/B in pre- and 
post-induction treatment biopsies of metastatic TNBC retrieved from cohort 4 (n = 53 of which n = 44 are paired samples, geTMM normalized). Data of 
paired pre/postsamples was analyzed using the Wilcoxon signed-rank test: cisplatin: n = 8, P = 0.4; cyclophosphamide: n = 10, P = 1; doxorubicin: n = 9,  
P = 0.4; irradiation: n = 7, P = 0.7; no induction: n = 10, P = 0.73. ACT: L. intestine, Large intestine; S. intestine, small intestine.
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ROPN1/B protein were recognized by TCRs, not shared with 
other source proteins, and restricted to the HLA-A2 subtype, 
the latter covering 30% to 50% of the EU and US population 
(37). For details on peptide selection, see Supplementary  
Table S1 and “Methods”. ROPN1/B proteins contain 212 
amino acids and cover more than 200 theoretical HLA-A2-
restricted peptides according to the prediction algorithm 
NetMHCpan 4.1. All these peptides were then filtered for  
in silico qualities that are considered relevant to antigen pro-
cessing and presentation, such as location of protease cleav-
age sites and affinities for the transporter associated with 
antigen processing (TAP) and binding to HLA-A2, which 
shortlisted the number of peptides to 20 (Fig. 2A). This list of 
potential epitopes was supplemented with 17 peptides iden-
tified following mass spectrometry of HLA-bound peptides 
from ROPN1+ HLA-A2+ TNBC (2 out of 17), from ROPN1+ 
HLA-A2+ K562ABC cells (1 out of 17), and from datasets of 
primary tumor samples (14 out of 17; Supplementary Table S2;  
“Methods”; Supplementary Methods; refs. 38, 39). Nota-
bly, one peptide (FLYTIAKV) that was identified in primary 
tumor samples was also shortlisted based on in silico predic-
tions, yielding a total set of 36 peptides. This set of peptides 
was then screened for lack of similarity with other source an-
tigens using Expitope software (40). The peptides that were 
only present in ROPN1/B needed to fulfill minimal binding 
to HLA-A2 in vitro, after which 21 peptides survived that were 
further assessed for two parameters: the amplitude (maximal 
HLA-A2 binding at saturating peptide concentration) and the 
half-maximal effective concentration (EC50; Methods). Eleven 
peptides showed binding to HLA-A2 in a dose-dependent  
manner and were ranked based on amplitude (Fig. 2B).

To retrieve ROPN1-specific T cells, these 11 peptides were 
individually fed to CD11c+ dendritic cells that were cocul-
tured with autologous naïve CD8+ T cells from peripheral 
blood mononuclear cells (PBMC) derived from a set of 13 
healthy donors. With our technique (41), which we improved 
for sensitive detection of epitope-specific T cells, we are 
able to isolate TCRs from precursor T cells present at low 
frequencies in healthy individuals, such as those reported 
for the CGAs MAGE-A3 and NY-ESO (42, 43). Nine out of 
11 peptides yielded T cells that demonstrated significant 
epitope-specific IFN-γ secretion and peptide–MHC binding 
(Fig. 2C; Supplementary Fig. S2A). These epitope-specific 
T-cell populations were FACS sorted according to peptide–
MHC binding or peptide-induced CD137 expression and 
subjected to bulk TCR sequencing, which revealed oligo or 

monoclonality for 13 TCRs (Fig. 2D; Supplementary Fig. S2B).  
Five sets of genes encoding TCRαβs directed against the 
epitopes FLYTYIAKV (FLY-1A), FLYTYIAEV (FLY-1B), EVIG-
PDGLITV (EVI), MLNYIEQEV (MLN), and AQMWKVVNL 
(AQM) showed surface expression by primary T cells upon 
retroviral transduction (Fig. 2E; Supplementary Fig. S2C). 
To test whether these TCRs recognize their cognate epitope 
following endogenous processing and HLA-A2 presentation, 
a critical go/no-go parameter for the respective epitope– 
TCR pair, we cocultured TCR T cells with the TNBC cell line 
MDA-MB-231 (MM231) that overexpresses either ROPN1 
or ROPN1B (Fig. 2F and G). Transfectants provided robust 
models to test and select ROPN1 TCRs, which was necessi-
tated by a lack of HLA-A2+ cancer cell lines that naturally 
express ROPN1. Patient-derived tumor models with endoge-
nous levels of ROPN1 expression have been subsequently ap-
plied to validate these TCRs (see below). FLY-1A and 1B TCRs 
specifically recognized ROPN1+ or ROPN1B+ MM231 cells, 
respectively (Fig. 2H). In contrast, MLN- and AQM-specific 
TCRs did not recognize cancer cells expressing ROPN1/B, po-
tentially indicating that these two epitopes are not naturally 
presented or these TCRs were of a too low affinity for their 
cognate epitopes (Fig. 2H). The EVI-specific TCR recog-
nized the parental cancer cells that do not express ROPN1/B 
(Fig. 2H), potentially indicating cross-reactivity to other 
targets. TCRs specific for the EVI, MLN, and AQM epitopes 
were therefore excluded from further characterization.

TCRs Directed against FLY-1A and FLY-1B Are 
Highly Specific and Do Not Recognize Peptides 
from Non-ROPN1/B Source Proteins

Cross-reactivity of TCR T cells toward other antigens is a 
potential safety concern, which when overlooked can result 
in severe side effects. For example, MAGE-A3 TCR T cells be-
ing cross-reactive to either Titin, a protein highly expressed 
in cardiomyocytes, or a protein expressed in brain cells, led 
to patient deaths when tested in clinical trials (32, 33). To as-
sess the extent of cross-reactivity of the FLY-1A and FLY-1B 
TCRs (Fig. 3A), we positionally scanned amino acids of the 
cognate epitopes, replacing each amino acid by any other 
amino acid to determine which amino acids and which po-
sitions are critical for recognition by the corresponding TCR 
(see “Methods” for details). For both epitopes, we found that 
most amino acid replacements at positions 3 to 7 resulted in 
substantial reduction of IFN-γ production by FLY-1A (Fig. 3B) 

Figure 2. (Continued) of HLA-A2 binding characteristics for the 11 shortlisted peptides that went into T-cell enrichments. The gp100 epitope 
YLEPGPVTA (YLE) served as a reference epitope. Amplitudes are expressed as FC of median fluorescent intensity (MFI) of anti-HLA-A2-PE relative 
to YLE at highest peptide concentrations, and EC50 values (mean, calculated via GraphPad Prism 5.0) are listed in molarity (mol/L). C, Dots represent 
enriched T-cell populations (with peptides from B and each dot representing a single enrichment) according to FC of IFN-γ production compared with 
irrelevant epitope (RP; left). Epitope stimulated T cells which produced minimally 200 pg/mL, and 2× more IFN-γ than RP stimulated T cells were stained 
for pMHC binding, which is shown as percentage of CD3+ T cells (right). D, Clonality of TCRα and TCRβ sequences from epitope-specific T-cell popula-
tions (from C) are shown as percentage of total number of sequences. E, TCRαβ combinations derived from clonal populations (from D) were introduced 
into T cells and tested for pMHC binding, again shown as percentage of CD3+ T cells. Each epitope in C–E is shown with a unique color, and when dots are 
presented in gray, these epitopes did not meet the selection criteria for further characterization (Methods; Supplementary Fig. S8). F, Bar plots represent 
gene expression of ROPN1/B using MM231 transfectants depicted as FC relative to GAPDH (2−∆Ct) according to RT-qPCR. ROPN1-expressing MM231 
cells are visualized in green (n = 3), ROPN1B-expressing MM231 cells in purple (n = 5), and parental MM231 cells (not expressing ROPN1/B) in gray (n = 5). 
Mean and SD are shown. G, Representative histograms show MFI of GFP expression of ROPN1-expressing MM231 (green), ROPN1B-expressing MM231 
(purple), and parental MM231 (not expressing GFP, gray). H, Bar plots display the ability of TCR T cells (from E) to recognize endogenously processed and 
presented cognate epitope. IFN-γ levels (in pg/mL) were measured upon stimulation of TCR T cells with ROPN1/B-expressing or parental MM231 (F and G). 
Positive controls are BSM cells loaded with cognate epitope. Mean and SD are shown.
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Figure 3.  TCRs directed against FLY-1A and FLY-1B have a strict recognition motif and specifically recognize cognate but not alternative epitopes. 
A, Schematic overview of experiments performed to determine TCR specificity (see “Methods” for details). Heatmap shows the relative IFN-γ production 
by (B) FLY-1A TCR T cells or (C) FLY-1B TCR T cells upon positional amino acid scanning of the cognate epitope. TCR T cells were cocultured with BSM 
cells loaded with single amino acid variants that cover all amino acids at every position of the cognate epitope (n = 171). (continued on following page)  
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and FLY-1B (Fig. 3C) TCR T cells. With the resulting recog-
nition motif of each TCR (Fig. 3D and E), an in silico search 
was performed against the complete human proteome to find 
non-ROPN1 peptides that could theoretically be recognized 
by either of these two TCRs. Potential peptides coming from 
this search were shortlisted according to binding to HLA-A2 
and recognition by TCR T cells of peptide-pulsed target cells. 
These analyses revealed that the FLY-1A TCR recognized 
three non-ROPN1 peptides, namely, CLYVFPAKV (CLY), 
SIWKFPAKL (SIW), and VLFTYVGKA (VLF), coming from the 
source antigens (E3-independent) E2 ubiquitin-conjugating 
enzyme (UBE2O), neuroblastoma suppressor of tumorige-
nicity 1 (NBL1), and fatty-acid amide hydrolase 1 (FAAH1), 
respectively (Fig. 3F). Dose titrations demonstrated that 
half-maximal responses (i.e., sensitivities) of FLY-1A TCR 
T cells for the CLY and SIW peptides are comparable to the 
cognate FLY-1A epitope, in which the half-maximal response 
of this TCR for the VLF peptide is significantly lower com-
pared with the FLY-1A epitope (Fig. 3G). The amplitudes 
(i.e., absolute quantities of IFN-γ) for all three non-ROPN1 
peptides were significantly lower compared with the FLY-1A 
epitope (Fig. 3G). We subsequently assessed whether these al-
ternative peptides can be processed and presented by TNBC 
cells transfected with either one of the three source antigens  
(Fig. 3H and I). Notably, the FLY-1A TCR was unable to  
recognize TNBC cells overexpressing such source antigens, 
suggesting that the CLY, SIW, and VLF peptides are not a 
product of the natural antigen processing and presentation 
machinery and therefore pose minimal risk to elicit FLY-1A- 
mediated off-target toxicity (Fig. 3H and I). The FLY-1B TCR 
could recognize two non-ROPN1B peptides, namely, GM-
FLYISLA (GMF) and NLYGIVLA (NLY), coming from the 
source antigens metal cation symporter ZIP8 (SLC39A8) and 
sodium/potassium-transporting ATPase subunit alpha-3 
(ATP1A3), respectively (Fig. 3J). Dose titrations demonstrated 
that half-maximal responses as well as amplitudes of FLY-1B 
TCR T cells for the GMF and NLY peptides were significantly 
lower or nonexisting compared with the FLY-1B epitope  
(Fig. 3K). No further investigation of the natural processing 
and presentation of these peptides was needed.

FLY-1A TCR T Cells Effectively Kill Patient-Derived 
TNBC Organoids and Outperform Standard-of-Care 
Treatments

Following our studies into safety, we set out to investigate 
the killing capacity of ROPN1-specific TCR T cells using dif-
ferent TNBC models. In a first model, we used tumoroids that 
were derived from the ROPN1 or ROPN1B-overexpressing 
MM231 cell line (see “Methods” for details). We noted that 
FLY-1A and FLY-1B TCR T cells, when loaded on top of these 
collagen gels, migrated toward and mediated killing of tu-
moroids expressing ROPN1 and ROPN1B, respectively, over a 
period of 48 hours. Notably, FLY-1A TCR T cells caused 100% 
tumoroid killing and outperformed cisplatin (20 μmol/L), 
which was used as a comparator. FLY-1B TCR T cells could 
not completely eradicate the tumoroids within the same time 
frame and performed similarly to cisplatin (Fig. 4A and B).

In a second series of experiments, we used 3D tumor or-
ganoids from patient with TNBC-derived xenograft (PDX) 
tissues that endogenously express ROPN1 and ROPN1B and 
are positive for HLA-A2. These organoids are also positive 
for TROP2, which is the target for the drug sacituzumab go-
vitecan, a standard-of-care treatment for metastatic TNBC 
(Fig. 4C). Again, FLY-1A TCR T cells were highly efficient 
in killing the patient-derived organoids that endogenously 
expressed ROPN1 in a dose-dependent manner and more 
effectively when compared with the killing of organoids 
by FLY-1B TCR T cells after 48 hours (Fig. 4D and E). Impor-
tantly, FLY-1A TCR T cells significantly outperformed cis-
platin as well as sacituzumab govitecan (0.1-10 nmol/L).  
Furthermore, ROPN1-expressing melanoma organoids were 
also efficiently killed by FLY-1A TCR T cells to a similar extent 
as the killing of NY-ESO1-expressing melanoids by NY-ESO1 
TCR T cells (Supplementary Fig. S3A–S3C).

In line with the superiority of FLY-1A versus FLY-1B TCR 
T cells in both organoid models, there is at least a fivefold differ-
ence in effective concentration of cognate epitope that yields 
half-maximal production of IFN-γ (Fig. 3G and K), pointing 
to a significantly higher avidity of the FLY-1A TCR T cells. 
The TCR specific for FLY-1B was therefore excluded from fur-
ther characterizations.

Figure 3. (Continued) T-cell IFN-γ production is expressed as FC compared with the cognate FLY-1A epitope (n = 3). Original amino acids from the 
cognate epitope are circled. D, Sequence logo of the recognition motif of FLY-1A TCR T cells. E, Sequence logo of the recognition motif of FLY-1B TCR T 
cells. The height of each letter is scaled in bits using the R package ggseqlogo and represents the probability of that amino acid at that position. The colors 
of the amino acids represent the chemical properties explained below the logo. Motifs were queried against a human protein database using ScanProsite, 
which yielded 44 non-ROPN1 for FLY-1A TCR T cells and 17 non-ROPN1B peptides for FLY-1B TCR T cells, respectively, that harbored the recognition 
motif and were predicted to bind to HLA-A2 according to NetMHCpan 4.1. F, Dot plot shows IFN-γ production by FLY-1A TCR T cells upon stimulation 
with 44 peptides (from D, 10 μg/mL) expressed as FC compared with the cognate epitope (n = 3). Mean and SD are shown. The Kruskal–Wallis rank test 
was performed followed by Dunnett’s multiple comparisons test: P < 2.2E16. G, Representative dose response curves of FLY-1A TCR T cells following 
exposure to non-ROPN1 peptides from D with FC > 0.1. These peptides included CLYVFPAKV (CLY), SIWKFPAKL (SIW), and VLFTYVGKA (VLF; depicted 
in orange); the cognate FLY-1A epitope was included as a comparator (green; n = 3). Mean EC50 values (in mol/L, n = 3) and source antigens of peptides are 
shown on the right side of the plot. The Kruskal–Wallis rank test was performed followed by Dunnett’s multiple comparisons test: CLY vs. FLY-1A: P = 0.85; 
SIW vs. FLY-1A: P = 0.94; VLF vs. FLY-1A: P = 0.0060. H, Dot plots display the lack of ability of FLY-1A TCR T cells to recognize endogenously expressed 
non-ROPN1 source antigens. IFN-γ levels (in pg/mL) were measured upon stimulation of FLY-1A TCR T cells with MM231 expressing one of the three 
non-ROPN1 antigens (shown in orange) or ROPN1 (used as a comparator, shown in green; n = 3). I, Dot plot represents gene expression of the non-ROPN1 
antigens in transfected MM231 cells. Gene expression of the source antigens is depicted as FC relative to GAPDH (2−∆Ct) according to RT-qPCR; colors are 
as in F (n = 1). J, Dot plot shows IFN-γ production by FLY-1B TCR T cells upon stimulation with 17 peptides (from in silico screen against human proteome 
using the recognition motif from E, 10 μg/mL), expressed as FC compared with the cognate epitope (n = 3). The Kruskal–Wallis rank test was performed 
followed by Dunnett’s multiple comparisons test: P < 2.2E16. Individual points, mean, and SD are shown. K, Representative dose response curves of 
FLY-1B TCR T cells following exposure to non-ROPN1B peptides from J with FC > 0.1. These peptides included GMFLYISLA (GMF) and NLYGIVLA (NLY; 
depicted in orange); the cognate FLY-1B epitope was included as a comparator (purple; n = 3). Mean EC50 values (in mol/L, n = 3) and source antigens of 
peptides are shown on the right side of the plot. The EC50 value could not be calculated for the NLY peptide. Data were analyzed using the Wilcoxon signed-
rank test: FLY-1B vs. GMF: P = 0.08086.
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Figure 4.  FLY-1A TCR T cells recognize 3D breast tumoroids and outperform standard-of-care in vitro. A, Cartoon depicting the assay setup to test TCR 
T cells or standard-of-care therapies for their reactivity to three-dimensional (3D) extracellular matrix (ECM)-embedded organoids (left). Representative 
confocal fluorescence microscopy images of organoids derived from ROPN1/B-overexpressing MM231 cells at t = 0 hour, t = 24 hours, and t = 48 hours  
after coculture with TCR T cells (n = 3 experiments; n = 4 replicates per experiment; right). FLY-1A and FLY-1B TCR T cells were tested against MM231 
cells expressing ROPN1 or ROPN1/B, and mock T cells were included as a negative control. The green color indicates GFP-expressing organoid, the blue 
color represents TCR T cells, and the red color represents binding by PI. B, Bar graphs display differences in GFP signal from the MM231 ROPN1/B-derived 
organoids at 48 hours after addition of T cells relative to 0 hour. Cisplatin (20 μmol/L) or medium (negative control) was used as comparators. Individual 
points, mean, and SD are shown. C, Dot plot represents gene expression of ROPN1 (green), ROPN1B (purple), and TACSTD2 (TROP2, orange) in TNBC 
PDX-derived organoid. Gene expression of these targets is depicted as FC relative to GAPDH (2−∆Ct) according to RT-qPCR (n = 1). D, Representative images 
of TNBC PDX-derived organoids at 48 and 96 hours after the addition of T cells. Cisplatin (Dose 1: 0.1 μmol/L; Dose 2: 1.0 μmol/L; Dose 3: 10 μmol/L) or 
sacituzumab govitecan (Dose 1: 0.1 μmol/L; Dose 2: 1.0 μmol/L; Dose 3: 10 nmol/L) was used as a comparator. Left, actin shown in pink and nuclei visual-
ized in blue represent living organoids, whereas immune cells are visualized in green. Right, segmented images show the viable organoids (white) from the 
images of the left at 48 and 96 hours. E, Bar plots represent total cell count of TNBC PDX-derived organoids at 48 hours (left) and 96 hours (right) after 
the addition of three different doses of T cells or drug compounds (n = 2 donors, 4 replicates per donor). Individual points, mean, and SD are shown. The 
Kruskal–Wallis rank test was performed followed by Dunnett’s multiple comparisons test. Sacituz., sacituzumab govitecan.
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We extended the in vitro testing of FLY-1A TCR T cells, par-
ticularly about their specificity, and assessed T-cell recogni-
tion toward cancer cell lines (n = 10) or cell line-derived 3D 
tumoroids (n = 3) that lack ROPN1 and/or HLA-A2. FLY-1A 
TCR T cells did not recognize cell lines lacking expression of 
either ROPN1, HLA-A2, or both (Supplementary Fig. S4A) 
nor did they recognize tumoroids that lack either ROPN1, 
HLA-A2, or both (Supplementary Fig. S4B and S4C). An-
other line of evidence for lack of cross-reactivity comes from 
the testing of FLY-1A TCR T cells for their ability to recog-
nize noncognate peptides eluted from HLA-A2. Coculturing 
of TCR T cells with target cells pulsed with a library of 114 
such peptides confirmed the inability of the FLY-1A TCR to 
recognize noncognate epitopes (Supplementary Fig. S4D). 
In short, FLY-1A TCR T cells are highly specific for ROPN1+ 
HLA-A2+ tumor cells and are nonreactive toward tumor cells 
lacking expression of ROPN1 and/or HLA-A2 as well as non-
cognate epitopes.

FLY-1A TCR T Cells Infiltrate and Eradicate TNBC 
Tumors Effectively

Next, we assessed tumor cell killing as well as pharmacoki-
netics of FLY-1A TCR T cells in mice engrafted human TNBC 
(see “Methods”; Fig. 5A). In these experiments, and in line with 
clinical trials, we preceded the transfer of TCR T cells with lym-
phodepleting chemotherapy and supported transferred TCR 
T cells with low-dose IL-2 (see “Methods” for details). In line 
with the organoid experiments, treatment of tumor-bearing  
mice with FLY-1A TCR T cells induced a clear and dose- 
dependent tumor regression, and a single infusion of TCR 
T cells significantly outperformed repetitive treatment with 
sacituzumab govitecan (2x/week 0.4 mg/kg) (Fig. 5B–D). In 
addition, FLY-1A TCR T cells were detected in dose-dependent  
quantities in tumors as well as in blood samples (Fig. 5E).  
Notably, mice treated with FLY-1A TCR T cells showed spe-
cific enrichment of pMHC+ CD8+ as well as pMHC+ CD4+ T 
cells within the regressing tumors (Supplementary Fig. S5A 
and S5B).

Small-Scale Clinical Product of FLY-1A TCR T Cells 
Passes Safety and Potency Test

In a final step, moving toward clinical development of the 
FLY-1A TCR, we questioned whether surface expression of 
this TCR could be enhanced as a function of preferential pair-
ing between TCRα and TCRβ chains. Upon introduction of 
exogenous TCRα and TCRβ chains, there is a possibility of 
mispairing between transgenic chains and endogenous TCR 
chains. TCR mispairing could generate new TCR combina-
tions with potentially self-reactive specificities (44, 45), but 
more importantly (as we have already ruled out the recog-
nition of alternative peptides by TCR T cells, Fig. 3), it also 
dilutes the surface expression of transgenic TCRαβ and con-
sequently limits anti-ROPN1 effectivity. To assess the prone-
ness of the FLY-1A TCR to mispairing, we stained FLY-1A TCR 
T cells with an antibody specific for its TCR-Vβ13.1 chain as 
well as with its FLY-1A:HLA-A2 pMHC multimer. We ob-
served equal fractions of TCR T cells being positive for either 
TCR-Vβ or pMHC [TCR-Vβ: 31% ± 19% (mean ± SD), pMHC: 

31% ± 18% of five different donors, Fig. 6A and B], suggesting 
that all surface-expressed FLY-1A TCRβ chains are complexed 
with all surface-expressed FLY-1A TCRα chains, thereby en-
abling maximal binding of the cognate epitope coupled to 
HLA-A2. In fact, the introduction of a cysteine bridge (Cys) 
or substitutions of three amino acid residues (LRY), which are 
reported to reduce mispairing for some TCRs (46, 47), did not 
result in further improvement of either TCR-Vb expression or 
binding to pMHC (Fig. 6C).

After having determined that the FLY-1A TCR can be con-
sidered a so-called dominant TCR, not needing additional 
modifications to promote preferential pairing, we manufac-
tured a small-scale FLY-1A TCR T-cell product up to 5 × 108 
cells according to an optimized good manufacturing practice 
(GMP) process yielding highly effective and juvenile TCR 
T cells (48), currently used in a clinical trial conducted at 
Erasmus MC (clinicaltrial.gov NCT04729543). These TCR T 
cells expanded between 25- and 70-fold in 11 days and con-
tained between 51% and 82% pMHC+ cells within the CD3+ 
T-cell population (Fig. 6D and E). Importantly, we subjected 
this clinical-like T-cell product to safety and potency assays 
that comply with current regulations for first inhuman ACT. 
First, we performed coculture experiments with the FLY-1A 
TCR T-cell product and HLA-A2+ primary cell lines that were 
derived from 11 different healthy organs and tissues (Supple-
mentary Table S3). These experiments demonstrated no ele-
vated IFN-γ levels of the TCR T-cell product when compared 
with the mock T-cell product (Fig. 6F), pointing to no or lim-
ited off-target toxicity toward healthy tissues. Note that exog-
enous loading of these primary cell lines with cognate epitope 
did evoke a TCR-mediated IFN-γ response (Fig. 6F, purple 
bars). Second, we performed coculture experiments of the 
FLY-1A TCR T-cell product with PDX tissues from patients 
with TNBC and SKCM with endogenous ROPN1 expression. 
This FLY-1A TCR T-cell product secreted significantly higher 
levels of IFN-γ upon coculture with ROPN1+ HLA-A2+ TNBC 
PDX (n = 26 of 8 different ROPN1+ HLA-A2+ PDX’s, Fig. 6G) 
or SKCM PDX single-cell suspensions (n = 2 of 1 ROPN1+ 
HLA-A2+ PDX’s, Supplementary Fig. S6A) compared with the 
mock T-cell product. In line with experiments with cell lines 
and tumoroids, the FLY-1A TCR T-cell product was nonre-
active toward patient tumor samples lacking ROPN1 and/or 
HLA-A2 (n = 5, Fig. 6G), demonstrating that this TCR T-cell 
product is tumor reactive and specific in an ex vivo setting. 
Besides the abovementioned assays, we assessed whether the 
FLY-1A TCR is functionally expressed by CD4+ T cells, and 
we separated FLY-1A TCR CD4+ and CD8+ T cells following 
gene transduction and assessed cytokine production upon co-
culture with ROPN1+ TNBC cells. We observed that pMHC+ 
CD4+ T cells as well as their pMHC+ CD8+ counterpart specif-
ically produced IFN-γ and IL-2, suggesting that for its perfor-
mance the FLY-1A TCR does not require the CD8 coreceptor 
(Fig. 6H). Finally, we tested the sensitivity of the FLY-1A TCR 
T-cell product and demonstrated that these T cells recognize 
the cognate epitope with a functional avidity of 0.1 μmol/L. 
This avidity measure is comparable to the 0.7 μmol/L avidity 
of the NY-ESO1 TCR, the latter already being tested in clin-
ical trials in which it induced regression in synovial sarcoma  
(Fig. 6I; ref. 28). In addition, we observed a positive correla-
tion between ROPN1 mRNA expression in target cells and 
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Figure 5.  FLY-1A TCR T cells lead to dose-dependent regression of large TNBC tumors and significantly outperform standard-of-care treatment 
in vivo. A, Scheme depicting the in vivo study design (see “Methods” for details). NSG mice bearing palpable subcutaneous tumors derived from MM231 
ROPN1 cells were treated with either 1 transfer of FLY-1A TCR T cells (0.6, 3, or 15 × 106 TCR+ CD3+ T cells), mock T cells (equal to the no. of cells given 
for highest TCR T-cell dose), or sacituzumab govitecan (0.4 mg/kg) 2 times per week. Blood (n = 9 per group) and tumors (n = 4 per group) were collected at 
day 8/9. B, Line graph shows tumor size over time in mice treated with FLY-1A TCR T cells (dose 1: pink; dose 2: purple; dose 3: green), mock T cells (gray), 
or sacituzumab govitecan (orange; n = 5 per group). C, Waterfall plot represents tumor size at day 11 relative to day −1 per mouse per group (the same 
colors as in B). ANOVA test was performed followed by Tukey’s post hoc test. Only significant differences are shown. D, Flow cytometric determination 
of TROP2 protein expression in parental MM231 cells stained with antibody (depicted in orange) or not (negative control, depicted in gray). E, Presence 
of TCR T cells in tumor (left) and blood (right). T cells binding pMHC that were either present in single tumor cell suspensions or peripheral blood samples 
were detected by flow cytometry (see “Methods” for details). Individual points, mean, and SD are shown. The Kruskal–Wallis rank test was performed 
followed by Dunn’s multiple comparisons test. Significant differences between different treatments vs. mock T cells were not calculated because of low 
numbers. Bu/Cy, busulfan and cyclophosphamide; Sacituz., sacituzumab govitecan.

T-cell IFN-γ production (Spearman’s R = 0.74, n = 78 covering 
cell lines, PDXs and patient-derived organoids; Supplemen-
tary Fig. S7A). Notably, from this correlation, we extracted 
that the minimal ROPN1 expression required for T-cell recog-
nition equals the lower limit of endogenous expression levels 

of patient-derived tumor samples. To exemplify the ability of 
TCR T cells to recognize tumor samples, we demonstrated 
that FLY-1A TCR T cells effectively kill patient-derived or-
ganoids with endogenous ROPN1 expression (Supplementary 
Fig. S7B).
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Discussion
We have identified ROPN1, a novel target antigen for ACT 

with no detectable expression in healthy tissue and high and 
homogenous expression in more than 90% of TNBC, as well 
as an anti-ROPN1 TCR that demonstrates no cross-reactivity  
and significant effectiveness in preclinical models when com-
pared with standard-of-care drugs. In this study, we have  
selected the target antigen, epitope, as well as the corre-
sponding TCR using a stepwise approach and stringent 
filtering according to criteria for therapeutic safety as well as 
efficacy (Supplementary Fig. S8). It is noteworthy that these 
selections, when applying such criteria, are accompanied by a 
high number of dropouts. In fact, we started with nearly 300 
antigens, 200 epitopes, and more than 25 TCRs, pointing to 
a selection stringency, at least for the TCRs, of 10% or less. 
These numbers may vary for different antigens and different 
tumor types but do point out that a high number of antigens, 
epitopes, and TCRs are not suited for clinical application and 
should be identified and dismissed early on during the pre-
clinical development of ACT.

Currently, one of the critical challenges for ACT to treat 
solid tumors is the lack of suitable tumor-specific targets. 
Ideally, a suitable target is absent from healthy tissue, which 
would derisk the occurrence of autoreactivity following treat-
ment with T cells. The search into suitable targets was trig-
gered by our earlier study with CAR T cells that were directed 
against carbonic anhydrase IX (CAIX) antigen-positive renal 
cell carcinoma (49, 50). In this phase I trial, we observed se-
rious adverse events likely because of recognition by CAR T 
cells of epithelial cells covering larger bile ducts and express-
ing low levels of CAIX antigen. To limit the chances of such 
on-target, off-tumor toxicity, we have stringently selected 
ROPN1 antigen for its absent expression in adult healthy 
tissues. In fact, we have extensively tested the absence of 
ROPN1 in healthy tissues using gene expressions from data-
bases covering 1,479 individuals and 66 tissues, cDNA librar-
ies covering 48 tissues, as well as immune stainings covering 
14 major tissues. The only healthy tissues found to express 
ROPN1 are testis and epididymis, in which this protein is 
expressed in the fibrous sheath of sperm cells likely con-
tributing to their motility (51). Not only are these tissues 
immune privileged, these tissues are also absent in female 
patients with TNBC, all in all indicative of a minimal risk for 
on-target off-tumor toxicity. The safety profile of ROPN1 
extends that of other CGAs, such as MAGE-C2, NY-ESO1, 
and MAGE-A4, which are being targeted (clinicaltrial.gov 
NCT04729543) or already have been targeted to treat mela-
noma and synovial sarcoma (28, 29).

Besides its absence from adult healthy tissues, ROPN1 is 
highly and homogeneously present in tumor tissues from less 
than 300 patients with TNBC, even in the metastatic setting 
and independent of pretreatments. The striking abundance 
and homogeneity of ROPN1/B in TNBC likely limit the risk 
of tumor recurrence following ACT since it is reported that 
outgrowth of antigen-negative tumor cell clones is generally 
a consequence of low and heterogeneous expression of target 
antigens within tumors (27, 52, 53). Notably, a recent report 
highlighted that ROPN1 may act as an oncogene and drive 
metastasis formation in vivo and demonstrated an inverse 

correlation between ROPN1 expression and survival of pa-
tients with TNBC (54), further highlighting the therapeutic 
value of ROPN1 as a target for ACT.

Moving from target antigen to epitopes, we have applied 
in silico and laboratory tools to select potential T-cell epitopes 
according to predicted values for peptide processing and pre-
sentation, supplemented with peptides eluted from HLA, and 
actual binding to HLA-A2. Furthermore, ROPN1 peptides were 
selected that lack homology to non-ROPN1/B sequences in  
the human proteome to prevent potential off-target toxicities. 
Following shortlisting, 11 peptides remained, of which eight 
were predicted, two were eluted, and one peptide (FLY-1A) 
was predicted and eluted (Supplementary Tables S1 and S2).  
Interestingly, although numbers are limited, there is little 
concordance between in silico predictions and immunopep-
tidomics. To retrieve ROPN1-specific T cells, these 11 pep-
tides were loaded onto dendritic cells that were cocultured 
with autologous CD8+ T cells from healthy donors. Using 
an optimized detection protocol (41), we were able to retrieve 
ROPN1/B-specific T-cell populations against nine out of 11 
peptides, substantiating the reported notion that precursor T 
cells specific for CGAs are present, albeit at low frequencies, in 
healthy individuals (42, 43).

From these T-cell populations, we obtained 13 TCRαβs 
against five epitopes that showed oligo- or mono-clonality, of 
which one TCRαβ against each epitope was surface expressed 
upon gene transfer into primary human T cells. Of note, we 
have used bulk rather than single-cell methods to identify 
TCR sequences and, consequently, have not directly identi-
fied single-cell pairs of TCRα and β chains. This potentially 
implies that low frequency or subclonal TCRs may have been 
missed, for which reason we recommend single-cell sequenc-
ing for future retrievals of TCR sequences. When zooming 
in on T-cell avidity for these five TCRs, we observed a range 
between 0.1 and 4 μmol/L, which is comparable to the avid-
ity observed for the reference TCR directed against NY-ESO1 
(Fig. 6I), demonstrating the feasibility of retrieving highly 
specific TCRs with relatively high natural affinity from naïve 
repertoires. Next, in a critical “go/no-go step,” these TCRs 
directed against ROPN1/B were challenged for their abil-
ity to recognize processed and naturally presented peptides 
by TNBC cells. To this end, we have generated ROPN1/1B 
transfected cell lines enabling the selection of TCRs. Only the 
FLY-1A and FLY-1B TCRs survived this test, and the other 
three TCRs did not, after which the two former TCRs were 
subjected to extensive safety and efficacy analyses.

In recognition of the fact that transfectants are not truly 
representing tumor cells, we validated ROPN1/1B TCRs with 
the use of patient TNBC and melanoma-derived tissues as 
well as organoids. Importantly, these tumor models showed 
ROPN1 positivity that is concordant with what we observed 
with TNBC patient-derived tissues, namely, that ROPN1 is 
expressed in the vast majority of primary and metastatic pa-
tients with TNBC on gene and protein levels (Fig. 1). When 
testing FLY-1A and FLY-1B TCR T cells for their antitumor 
performance in these models, we demonstrated that FLY-1A 
TCR T cells outperformed FLY-1B TCR T cells with respect to 
the eradication of ROPN1(B)+ and HLA-A2+ 3D TNBC as well 
as melanoma organoids, which is likely linked to their higher 
functional avidity. In fact, the functional avidity of FLY-1A 
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TCR T cells is slightly higher compared with NY-ESO1 TCR 
T cells (0.1 and 0.7 μmol/L, respectively), with the latter TCR 
(termed 1G4-α95:LY) already having shown clinical efficacy 
in treating melanoma and sarcoma patients (55, 56). Fur-
thermore, the FLY-1A TCR is CD8 coreceptor independent 
and is expressed in CD4+ and CD8+ T cells, and FLY-1A TCR- 
expressing CD4+ T cells produce IFN-γ and IL2 upon stimu-
lation with epitope, characteristics that may aid in engaging 
CD4+ T cells in an anti-ROPN1 response (57, 58), which are 
considered critical for inducing durable immune responses. 
The FLY-1A TCR T cells showed clear tumor infiltration and 
effective antitumor effects when tested in TNBC-bearing  
mice. Importantly, the FLY-1A TCR T cells significantly 
surpassed the antitumor effects seen with standard-of-care 
drugs, including cisplatin and sacituzumab govitecan, in tu-
moroid and mouse models.

Finally, in preparation of a clinical application, we assessed 
the FLY-1A TCR for its dominance about surface expression 
and demonstrated that the pairing of the transgenic TCRα 
and TCRβ chains could not be improved by cysteine or LRY 
modifications as described previously (46, 59, 60). With the 
nonmodified wild-type FLY-1A TCR, we manufactured a 
clinical-like T-cell product according to an optimized GMP 
protocol yielding T cells enriched for a young phenotype  
(according to CD45RO− and CCR7+; ref. 48) and which proto-
col is currently used in a clinical trial at Erasmus MC to treat 
MAGE-C2+ melanoma. Notably, this FLY-1A TCR T-cell prod-
uct passed preclinical safety and potency assays. For example, 
this product was nonreactive to primary cell cultures derived 
from healthy organs. This, together with this TCR specifically 
recognizing cognate but not alternative epitopes, showing no 
proneness to mispair, and not mediating a response to ROPN1- 
and/or HLA-A2-negative tumor cells, is indicative of a minimal 
risk for off-target, off-tumor toxicity. Also, this FLY-1A TCR T-cell 
product showed a potent response toward patient tumor sam-
ples. In fact, T-cell IFN-γ production correlates with ROPN1 
gene expression, in which the minimal ROPN1 expression re-
quired for T-cell recognition equals the lower limit of endoge-
nous expression levels of patient-derived tumor samples.

Even though the preclinical data argue in favor of a highly 
specific and sensitive T-cell product to treat TNBC or mela-
noma, one cannot exclude that toxicities and/or lack of an  
antitumor response may occur in some patients. With respect 
to safety, the next step would be to test T cells gene engi-
neered with this TCR in a clinical trial according to dose  
titration. To this end, the preparation of a clinical vector 
batch and its quality release is being scheduled. With respect 
to efficacy, we have previously reported that the immunosup-
pressive microenvironment of TNBC underlies resistance to 
anti-PD1 and can be grouped according to the presence and 
spatial phenotype of CD8+ T cells (61). For example, the 
excluded phenotype, with CD8+ T cells being confined to 
the tumor margins, harbors dense extracellular matrix and 
associates with activation of the TGFβ pathway; the ignored 
phenotype, with no CD8+ T cells, harbors CD163+ myeloid 
cells and associates with activation of the WNT pathway, 
whereas the inflamed phenotype, with CD8+ T cells present 
in tumor and stromal regions, reveals necrosis and enhanced 
expression of T-cell coinhibitory receptors. To study immune 
evasive mechanisms following treatment with FLY-1A TCR 
T cells, we are currently scheduling the testing of adoptive 
therapy in an immune-competent tumor model. Interestingly, 
high ROPN1 expression is observed independently of these 
spatial CD8 T-cell phenotypes (Supplementary Fig. S9A). 
Moreover, ROPN1 expression is also not related to response 
to anti-PD1 (Supplementary Fig. S9B, data from TONIC 
trial; ref. 62). Interestingly, however, patients with ROPN1+ 
HLA-A2+ metastatic TNBC who responded to anti-PD1 
show an enrichment of the frequency of the FLY-1A TCRβ 
chain in blood (Supplementary Fig. S9C). These preliminary 
findings suggest that the targeting of ROPN1 may be agnos-
tic for the type of immune suppression as well as the type of 
pretreatment and that the ROPN1 TCRβ may take part in an 
effective anti-TNBC response.

In summary, we have identified ROPN1 as novel and safe 
target present in the majority of TNBC patients for ACT 
and selected the FLY-1A TCR that is highly specific and 
shows high therapeutic value in advanced tumor models,  

Figure 6. (Continued) individual data points are shown). Data were analyzed using the Wilcoxon signed-rank test: P = 1. C, Representative histogram 
shows MFI of pMHC+ CD3+ T cells transduced with wt FLY-1A TCR (green) compared with modified FLY-1A TCR that incorporates an extra cysteine 
bridge (Cys, purple) or the LRY motif (pink; right, n = 2 donors). D, Bar graph shows wt FLY-1A TCR expression according to % binding of pMHC within 
CD3+ (green), CD4+ (purple), and CD8+ (pink) T cells following an established GMP process performed at two different sites (Erasmus MC and NecstGen, 
n = 5 donors). Individual data points, mean, and SD are shown. E, Cell numbers of wt FLY-1A TCR T cells at manufacturing days 2, 4, 7, 9, and 11 of T-cell 
products from D. F, Wild-type FLY-1A TCR T-cell products do not recognize healthy tissue-derived primary cells. IFN-γ production by FLY-1A TCR was 
measured upon stimulation with cell cultures derived from 11 different HLA-A2+ healthy tissues without (green) or with (purple) preloading with FLY-1A 
peptide at 10 mmol/L (n = 3 donors). Individual data points and the mean of three biologic replicates are shown. Note that all healthy cell types tested 
were able to elicit a response by FLY-1A TCR T cells when preloaded with cognate epitope. Mock T cells (in gray) served as a negative control. The Wilcoxon 
signed-rank test was performed to test healthy tissue-derived cell cultures in the no peptide conditions: FLY-1A TCR vs. mock T cells for all cultures, 
P > 0.05. G, Wild-type FLY-1A TCR T-cell products recognize TNBC PDX. IFN-γ production by FLY-1A TCR was measured upon coculture with single-cell 
suspensions derived from TNBC PDX samples (n = 26 of 8 different ROPN1+ HLA-A2+ PDXs). Samples that were ROPN1+ HLA-A2− (n = 6 of 3 different 
PDX’s) or ROPN1− HLA-A2− (n = 4 of 2 different PDXs) served as additional specificity controls. Mock T cells (in gray) served as a negative control. Individ-
ual data points, mean, and SD are shown. The Wilcoxon signed-rank test was performed to test significance between FLY-1A TCR vs. mock T cells, and only 
significant differences are shown: ROPN1+ HLA-A2+, P = 8.58E05; ROPN1+ HLA-A2−, P = 0.589; ROPN1− HLA-A2−, P = 0.886. H, CD4+ FLY-1A TCR T cells 
recognize ROPN1 TNBC. IFN-γ and IL-2 productions by FLY-1A TCR T cells were measured following T-cell sorting into CD4+ and CD8+ T cells using mag-
netic beads and coculturing with ROPN1-expressing MM231 cells (n = 2 donors, 2 replicates per donor). Mock T cells served as negative controls. Individ-
ual data points and mean values are shown. I, Representative dose response curves of FLY-1A (green) and NY-ESO1 (pink) TCR T cells following exposure 
to titrated amounts of their cognate epitope. Mean EC50 values (in μmol/L, FLY-1A TCR: n = 6, NY-ESO1 TCR: n = 4) are shown above the plot. Data were 
analyzed using the Wilcoxon signed-rank test: FLY-1A vs. NY-ESO1 TCR T cells: P = 0.26. CD3, CD3+ T cells, CD14, CD14+ monocytes; CD19, CD19+ B cells; 
HBEPCs, human bronchial epithelial cells; HCAECs, human coronary artery endothelial cells; HCFs, human cardiac fibroblasts; HOBs, human osteoblasts; 
HPFs, human pulmonary fibroblasts; HWPs, human white preadipocytes (subcutaneous); MFI, median fluorescent intensity; NHDF, normal human dermal 
fibroblasts; NHEK, normal human epidermal keratinocytes.
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in which it outperforms current treatment options. Cur-
rently, T cells gene engineered with this TCR are scheduled 
for use in a clinical trial to treat patients with TNBC or other 
ROPN1-positive cancers.

Methods
Patient Cohorts, Databases, and Code of Conduct

American Cancer Society: http://www.cancer.org/ (RRID:SCR_ 
005756).

TNBC cohort 1: breast cancer with RNA-seq (n = 347 of which  
n = 66 TNBC, geTMM normalized) accessible through the European  
Genome-phenome Archive EGAS00001001178 (BASIS cohort;  
ref. 63).

TNBC cohort 2: Primary breast cancer with node-negative disease 
with microarray data (U133) not receiving adjuvant systemic treat-
ment (n = 867 of which n = 183 TNBC). Data were retrieved from 
gene expression omnibus (GEO) GSE2034, GSE5327, GSE11121, 
GSE2990, and GSE7390. Data were normalized using fRMA and 
batch corrected with ComBat (RRID:SCR_010974; ref. 64). Details of 
combined cohorts have been described previously (65).

TNBC cohort 3: Metastatic TNBC of the Center for Personalized 
Cancer Treatment cohort obtained from the Hartwig Medical Foun-
dation with RNA-seq (geTMM normalized; refs. 63, 66) combined 
and batch corrected with primary TNBC from BASIS using the R 
package ComBat. After batch correction, 22 metastatic TNBC and 66 
primary TNBC were used for the analysis.

TNBC cohort 4: Metastatic TNBC from patients treated with  
anti-PD1 antibody in the TONIC trial (n = 53 of which n = 44 paired 
samples; ref. 62) with processed transcriptome data of pre- and 
post-induction treatment biopsies retrieved via controlled access 
(available through EGAS00001003535).

The Cancer Genome Atlas (TCGA): Pan-cancer RNA-seq data as 
well as sample annotation data were retrieved from the UCSC Xena 
Browser (n = 10,495 of which 1,211 breast cancer, 191 TNBC, and 245 
SKCM, TPM normalized). The results shown are in part based upon 
data generated by the TCGA Research Network: https://www.cancer.
gov/tcga.

Healthy tissues: RNA-seq data of four databases covering 66 
healthy tissues [Uhlen: n = 122 individuals, n = 32 tissues (67); GTEx: 
n = 1,315 individuals, n = 53 tissues (68); Illumina body map: n = 32  
individuals, n = 17 tissues; and Snyder Lab: n = 25 individuals,  
n = 13 tissues (69)] were downloaded on June 13, 2018, from Expres-
sion Atlas (TPM normalized).

This study was performed according to the Declaration of Hel-
sinki and the “Code for Proper Secondary Use of Human Tissue in 
The Netherlands” (version 2002, update 2011) of the Federation 
of Medical Scientific Societies (FMSF), which aligns with autho-
rized use of coded spare tissue for research. According to national 
guidelines, no informed consent was required for this study, and 
data as well as ex vivo analysis of spare TNBC tissues was approved 
by the Medical Ethical Committee of Erasmus MC (MEC.02.953 
and MEC2020-0090, respectively). The collection of patient data 
and tissues for the generation and distribution of patient organ-
oids was performed in accordance to the guidelines of the Europe-
an Network of Research Ethics Committees, following European, 
national, and local laws.

Gene Expression: RNA-seq, Microarray, and qPCR
Expression of 276 CGAs (as in CTdatabase, Ludwig institute, http://

www.cta.lncc.br/, RRID:SCR_007614; ref. 70) was analyzed in healthy 
and tumor tissues. Expression of ROPN1 and ROPN1B was evaluat-
ed in four different cohorts of healthy tissues and was considered  

expressed in a tissue when TPM values reached the threshold of more 
than 0.2 in at least two cohorts. Expression in tumors (TCGA) was 
classified as follows: TPM values between 1 and 9, between 10 and 
100, and more than 100 were classified as low, moderate, and high  
expression, respectively. In case of RNA-seq data (TNBC cohorts 1  
and 3) and microarray data (TNBC cohort 2), geTMM- and fRMA- 
normalized expression values were used, respectively. We used NY-
ESO1 as a reference for expression studies.

Quantitative PCR (qPCR) was performed on cDNA panels of 48 
healthy human tissues (OriGene Cat# HMRT104, Technologies, Rock-
ville, MD) and TNBC cell lines using MX3000 [RRID:SCR_020526; 
Taqman probes ROPN1: Hs00250195_m1; ROPN1B: Hs00250195_
m1; CTAG1B (NY-ESO1): Hs00265824_m1; GAPDH: Hs02758991_
g1; NBL1: Hs01063631_m1; UBE2O: Hs00222904_m1; FAAH: 
Hs01038664_m1]. Ct values of genes of interest were normalized to 
GAPDH, and relative expression was expressed as 2−∆Ct.

Protein Expression: IHC Staining
Stainings were performed using large cores of healthy tissues  

(2 mm in diameter) covering 16 major tissues each from 2 to 6 
individuals (derived from autopsy or resection, n = 62) as well as 
FFPE tissue microarrays of TNBC primary tumor tissue covering 
311 patients (71). In addition, whole tissue sections of paired pri-
mary and metastatic TNBC tumors (n = 15) were stained (61). Stain-
ing with anti-ROPN1 antibody (Atlas Antibodies Cat# HPA052530, 
RRID:AB_2681861), which detects ROPN1 and ROPN1B protein 
or anti-NY-ESO1 antibody (Thermo Fisher Cat# 356200, RRID: 
AB_2533215), was performed following heat-induced antigen retrieval 
for 20 minutes at 95°C. After cooling to RT, staining was visualized 
by the antimouse EnVision+ System-HRP (DAB; DakoCytomation). 
Human testis tissue was used as a positive control tissue. Stainings 
were manually scored on intensity and percentage of positive tumor 
cells using Distiller (SlidePath, RRID:SCR_005597) software inde-
pendently by three investigators (MT, DH, DK).

Generation and Culture of Cell Lines and T Cells
T cells were derived from PBMC from healthy human donors  

(obtained from Sanquin) by centrifugation via Ficoll-Isopaque (den-
sity = 1.077 g/cm3; Amersham Pharmacia Biotech) and following gene 
transduction (Methods) cultured in RPMI medium supplemented 
with 25 mmol/L HEPES, 6% human serum (Sanquin), 2 mmol/L 
L-glutamine, 1% antibiotics (T-cell medium), and 360 U/mL human  
rIL2 (Proleukin; Chiron). T cells were stimulated every 2 weeks  
with a mixture of irradiated allogeneic feeder cells, as described else-
where (72).

The origin of TNBC cell lines has been described elsewhere  
(73, 74). These cell lines included BT549 (RRID:CVCL_1092),  
EVSA-T (RRID:CVCL_1207), HCC1569 (RRID:CVCL_1255), Hs578T 
(RRID:CVCL_0332), MDA-MB231 (MM231, RRID: CVCL_0062), 
MDA-MB435 s (RRID:CVCL_0622), SUM159PT (RRID:CVCL_5423), 
and SUM229PE (RRID:CVCL_5594) and were, together with the lym-
phoblastic K562ABC cell line (parental K562 cells RRID:CVCL_0004, 
kindly provided by Dr. B. Levine, University of Pennsylvania, Phila-
delphia, PA), cultured in RPMI medium supplemented with 10% FBS, 
2 mmol/L L-glutamine, and 1% antibiotics. The packaging cell lines 
293T (RRID:CVCL_0063, kindly provided by Dr. Y. Soneoka, Oxford 
University, Oxford, U.K.; ref. 75) and Phoenix-Ampho (RRID:CVCL_ 
H716, kindly provided by Dr. G. Nolan, Stanford University; ref. 76) 
were cultured in DMEM supplemented with 10% FBS, 2 mmol/L 
L-glutamine, nonessential amino acids, and 1% antibiotics (DMEM 
complete). The TAP-deficient HLA-A2+ TxB hybrid cell line 174xCEM.
T2 (T2, RRID:CVCL_2211, obtained from ATCC: CRL1992) and the 
HLA-A2+ lymphoblastoid cell line BSM (RRID:CVCL_E504, obtained 
from Sigma in May 2018, Cat #88052032) were cultured in RPMI  

http://AACRJournals.org
http://www.cancer.org/
https://www.cancer.gov/tcga
https://www.cancer.gov/tcga
http://www.cta.lncc.br/
http://www.cta.lncc.br/
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medium supplemented with 10% FBS, 2 mmol/L L-glutamine, and 
1% antibiotics. Cells were cultured at 37°C/5% CO2. Cells were used 
for experiments up to 10 passages (max. 5 weeks) and were month-
ly tested for Mycoplasma contamination by PCR. The latest date cells 
were tested on May 14, 2024.

Generation of ROPN1/B-Expressing TNBC Cell Lines
To generate ROPN1/B-overexpressing cancer cell lines, a ROPN1 or 

ROPN1B-GFP fragment [amino acid sequence accessible under Uni-
ProtKB (RRID:SCR_004426) Acc. No. Q9HAT0/Q9BZX4; ROPN1/
B2A-GFP] was ordered via GeneArt and cloned into the PiggyBac 
vector PB510B1 (a kind gift from Dr. P.J. French, Erasmus MC) us-
ing Infusion Cloning kit (Takara, Cat# 638947). Subsequently, three 
TNBC cell lines MDA-MB231 cell line, Hs578T, and SUM159PT and 
the lymphoblastic cell line K562ABC were stably transfected with Pig-
gyBac ROPN1/B-GFP DNA using Lipofectamine P3000 transfection 
reagent kit (Invitrogen Cat# L3000001) and Transposase Expression 
vector DNA (System Biosciences Cat# PB210PA1). Cells were cultured 
with 2 to 5 μg/mL puromycin (Life Technologies Cat# A1113803). 
Expression of ROPN1/B and GFP was confirmed with qPCR and flow 
cytometry, respectively.

Identification, Selection, and Ranking of ROPN1/B Peptides
ROPN1/B peptides were ranked according to multiple in silico meth-

ods to predict different aspects of immune reactivity (NetMHCpan, 
RRID:SCR_018182, NetCTLpan, SYFPEITHI, RRID:SCR_013182, 
and RANKPEP; refs. 77–80). For details on predicted features of these 
algorithms, see Hammerl and colleagues (81). For immunopeptid-
omics, the ROPN1/B-expressing HLA-A2+ MM231 cells (3 × 108) were 
treated with 50 pg/mL human recombinant IFN-γ (PreproTech, Cat# 
300-02) for 24 hours and harvested using EDTA before immunopre-
cipitation of MHC class I molecules. In addition, 1 × 108 ROPN1B- 
expressing HLA-A2+ K562ABC cells were treated with epigenetic 
drugs (treatment regimen as described in ref. 82) prior to immuno-
precipitation. K562ABC cells are K562 lymphoblastic cells that are 
engineered to express HLA-A, HLA-B, and HLA-C alleles and are typ-
ically used for antigen presentation research. Peptides were eluted 
and measured with mass spectrometry as described previously (Sup-
plementary Methods; refs. 38, 83). Lastly, peptides were searched in 
available databases of peptides eluted from tumor tissues as well as 
cell lines (https://www.zhang-lab.org/caatlas/). All peptides identified 
through immunopeptidomics were used for below-described analy-
sis, even when they not mapped to HLA-A2.

The top 10 predicted peptides per in silico tool as well as unique 
peptides (not overlapping with the predicted peptides) retrieved  
from immunopeptidomics were checked for cross-reactivity with 
Expitope (40). Peptides that overlapped with peptides from non-
ROPN1/B human proteins with up to two amino acid mismatches 
(i.e., seven out of nine amino acids are identical) were excluded from 
further analysis. The final list of peptides was ordered at ThinkPep-
tides (ProImmune, Oxford, United Kingdom), dissolved in 50% to 
75% DMSO, and stored at −20°C until use. The HLA-A2 stabilization 
assay was performed using T2 cells with a slightly adapted protocol 
(Supplementary Methods; ref. 84). In brief, T2 cells were exposed to 
titrated amounts of peptide (range from 31 nmol/L to 31 μmol/L,  
n = 3), and HLA-A2 expression using an HLA-A2-PE antibody (clone 
BB7.2, 1:20, Abcam Cat #ab79523, RRID:AB_1640177) was mea-
sured using flow cytometry (FACS Celesta, BD, RRID:SCR_019597) 
and analyzed using FlowJo software (version 10.7.1, TreeStar, 
RRID:SCR_008520).

We calculated two parameters of binding avidity to HLA-A2:  
(i) amplitude, which was the difference in fluorescence intensity be-
tween the highest concentration and baseline, and (ii) half-maximal 
effective concentration (EC50), which is the calculated concentration 
of peptide (using GraphPad Prism 5.0, RRID:SCR_002798) giving 

half-maximal response. Eleven peptides adhered to the following two 
criteria: (i) EC50 of less than1 × 10−4 mol/L and (ii) binding amplitude 
of more than 0.5 relative to the reference peptide gp100YLE; these pep-
tides were ranked according to amplitude values.

Enrichment of ROPN1/B Epitope-Specific CD8+ T Cells
Enrichment of epitope-specific T cells was performed by cocul-

turing naïve T cells with autologous CD11c+ cells that were load-
ed with the shortlisted peptides using PBMCs from two to seven 
healthy donors per tested peptide. Following the first coculture 
cycle, ROPN1-specific T cells were amplified over another three 
cycles using peptide-pulsed autologous PBMC supplemented with 
medium containing common g cytokines according to a protocol 
we have previously described (41). Following enrichment, T cells 
were tested for ROPN1 and/or ROPN1B epitope-specific IFN-γ 
production. To this end, a supernatant from overnight cocultures 
of T cells with T2 cells (1 × 106/mL) that were pulsed with epitope 
(10 ng/mL) was collected, and IFN-γ production was measured with 
an enzyme-linked immunosorbent assay (BioLegend, Cat #430115) 
according to the manufacturer’s protocol. T2 cells loaded with an 
irrelevant epitope were included as a negative control. T-cell IFN-γ 
was considered epitope-specific in case levels exceeded 200 pg/mL, 
and levels were minimally twice as high as for irrelevant epitope. 
T cells that fulfilled these criteria were stained with peptide:MHC 
(pMHC) tetramers (Tetramer Shop) to determine the frequency of 
epitope-specific T cells. Events were acquired with FACS Celesta and 
analyzed using FlowJo software. In case T-cell binding of pMHC was 
observed in more than 0.5% of CD3+ T cells, these cells were FACS 
sorted with pMHC multimers.

TCR Cloning and Sequence Identification
CD8+ T cells were exposed to the SMARTer RACE cDNA Amplifi-

cation Kit (Clontech/Takara, Cat #634858) to identify and annotate 
ROPN1/B epitope-specific TCRα and TCRαβ chains based on Kunert 
and colleagues (82). Using the IMGT database and the HighV-
QUEST tool (http://www.imgt.org, RRID:SCR_012780), the TCR-V, 
TCR-D, and TCR-J sequences were annotated according to the Le-
franc nomenclature (85, 86). In case for a given T-cell population, 
TCRα sequences represented 30% or more of all functional sequenc-
es of TCRα and the same for TCRβ (i.e., >30% clonal sequences of 
TCRα and TCRβ), and then those TCR chains were matched with 
each other. These sets of TCRα and TCRβs were codon optimized 
(GeneArt) and cloned into the pMP71 vector (a kind gift of Prof. 
Wolfgang Uckert, MDC, Berlin, Germany; ref. 87) using a TCRβ2A-
TCRα cassette.

TCR Gene Transfer
Upon activation with anti-CD3 Monoclonal Antibody (OKT3, 

Thermo Fisher Scientific Cat #16-0037-81, RRID:AB_468854), 
PBMCs from healthy donors were transduced with TCR-encoding 
retroviruses (pMP71) or empty vector that were produced by a co-
culture of 293T and Phoenix-Ampho packaging cells, as described 
previously (88, 89). Staining for surface-expressed TCR transgenes 
was performed using pMHC dextramers (Immudex; ref. 90). In 
case pMHC complexes were insensitive to detect TCR T cells, we 
used antibodies directed against TCR-Vβ (antihuman TCR-Vβ7.1, 
clone ZOE, Beckman Coulter Cat# IM2287, RRID:AB_131323) and 
CD137-APC (1:25, BD Biosciences Cat# 550890, RRID:AB_398477). 
The expression of CD137 was measured following 48-hour stimu-
lation with epitope-loaded BSM melanoma cells. In case pMHC or 
CD137 expression in more than 5% of CD3+ T cells was observed 
in at least two donors, TCR T cells were then MACS sorted using 
pMHC complexes or FACS sorted according to upregulated CD137 
expression.

https://www.zhang-lab.org/caatlas/
http://www.imgt.org
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Coculture Experiments of TCR T Cells with Target Cells
TCR-transduced T cells (6 × 104/well in a 96-well round-bottom 

tissue culture-treated plate) were cocultured with target cells (2 × 104/
well) in a total volume of 200 μL RPMI medium supplemented with 
25 mmol/L HEPES, 10% FBS, 2 mmol/L L-glutamine, and 1% antibi-
otics for 24 hours. Parental or ROPN1/B-expressing MM231 tumor 
cells were pretreated for 48 hours with IFN-γ prior to coculture. T-cell 
recognition of endogenously processed and presented epitopes was 
demonstrated in case IFN-γ levels exceeded 200 pg/mL, and levels 
were minimally twice as high as for mock T cells. To test the sensi-
tivity of FLY-1A and FLY-1B TCR T cells, T cells were cocultured with 
BSM cells loaded with epitope concentrations ranging from 1 pmol/L 
to 30 μmol/L to determine EC50 values.

Positional Amino Acid Scanning of ROPN1/B Epitopes
Positional amino acid scanning of ROPN1/B epitopes was per-

formed to assess the recognition motifs of TCRs. TCR T cells were 
cocultured with BSM cells that were pulsed with alternative peptides 
(i.e., 10 μg/mL) covering all individual amino acids as replacements 
at every single position in the cognate ROPN1/B epitope (n = 171). 
Critical amino acid substitutions were defined as those that result-
ed in at least a 90% drop in IFN-γ production when compared with 
the cognate epitope. Once having identified alternative peptides that 
contained such critical amino acid(s), we could assign a fold change 
value (FC) for every amino acid at every position relative to the cog-
nate epitope. We calculated the frequency per amino acid at every 
position by dividing the FC of each amino acid by the sum of FCs 
of all amino acids per position. The resulting frequency matrix was 
used as input to create the sequence logo presented in bits with the R 
package ggseqlogo (91). The resulting recognition motif was scanned 
for its occurrence in the human proteome using the ScanProsite tool 
(RRID:SCR_024425; ref. 92). Non-ROPN1/B peptides that contained 
the recognition motif were scored for their in silico binding to HLA-A2 
with the NetMHCpan 4.1 software (77). HLA-A2 binders (weak as 
well as strong binders) were subsequently synthesized and tested for 
their capability to induce responses by ROPN1/B TCR T cells. To 
this end, alternative peptides were loaded onto BSM cells and tested 
at a single dose of 10 μg/mL, and those that resulted in T-cell IFN-
γ secretion (FC > 0.1 compared with the cognate epitope) were used 
to determine EC50 values according to dose titrations. Importantly, 
non-ROPN1/B source antigens that harbor such peptides were over-
expressed in MM231 cells, after which these MM231 cells were cocul-
tured with TCR T cells. Only in case there was no reactivity by TCR T 
cells toward alternative source antigens, the peptide was considered 
not to be a product of endogenous processing and presentation.  
Finally, TCR T cells were screened for a lack of reactivity toward 114 
HLA-A2-eluted noncognate peptides (34).

Testing Reactivity of TCR T Cells toward 3D Organoid Models
TCR T cells were subjected to tracking and monitoring in three- 

dimensional (3D) tumoroid models of ROPN1/B-GFP-expressing 
MM231 cells and patient-derived organoids from breast and skin  
tumors.

To this end, we used image-guided injection of droplets with 
tumor cells into a collagen gel to form extracellular matrix (ECM)- 
embedded tumoroids as described previously (93–95). Overnight, gels 
were overlayed with a T-cell medium containing 0.4 μmol/L propidi-
um iodide (PI). Subsequently, TCR or mock T cells were labeled with 
0.1 μg/mL Hoechst 33242 (Invitrogen Cat# H1399) for 1 hour, and 
50,000 labeled T cells were dispersed on top of the collagen gel. Some 
tumoroids were treated with 20 μmol/L cisplatin as a positive control 
for tumor cell killing. Tumoroids were imaged at indicated time points 
by confocal microscopy using either a Nikon TE2000 equipped with a 
prior stage controlled by NIS-Elements software (RRID:SCR_014329) 

or a confocal Opera Phenix High Content Screening System (Perkin-
Elmer, RRID: SCR_021100) equipped with a ×10 air objective (NA 0.3) 
and a temperature- and CO2-controlled incubator. Approximately 10 
to 15 μmol/L Z-stacks were captured spanning the entire tumoroid 
using a 10× or 20× objective. Images were stitched where necessary 
and analyzed by either CellProfiler (v 2.2.0, RRID:SCR_007358) or  
Harmony High Content Imaging and Analysis Software (RRID:SCR_ 
018809). A maximum projection was generated through summing of 
Hoechst, GFP, and PI signals in each image.

Organoid models from PDX derived from breast and skin tumors 
were established as described (96). PDX organoids (BR5010B and 
ME12086B) were seeded in 3D hydrogel (Proprietary, Crown Biosci-
ence Netherlands B.V.) in 384-well plates (Greiner Bio-One B.V.) and 
incubated for 48 hours. TCR T cells were stained with cell tracker 
(CellTracker Green CMFDA Dye, Invitrogen Cat# C2925), resuspend-
ed in T-cell medium, and added on top of the 3D hydrogel at three 
different ratios of organoids to T cells. Cisplatin and sacituzumab 
govitecan were added to tumor organoids at 0.1, 1, and 10 μmol/L 
and 0.1, 1, and 10 nmol/L, respectively. After 48 and 96 hours, plates 
were fixed and stained, and tumor volumes were analyzed. Imaging 
was performed using ImageXpress Micro XLS (Molecular Devices, 
RRID:SCR_025259) with a 4× NIKON objective. Image analysis was 
performed using Ominer software. The segmentation index provides 
a measure of viable cells in a given image. To this end, this index in-
tegrates multiple masking operations to isolate and analyze either 
DAPI (parameter: nuclei), TRITC (actin), or FITC (cell tracker, in this 
case immune cells). It integrates multiple masking operations to sig-
nal, ultimately identifying viable tumor organoids. Experiments and 
analyses were performed by personnel at the premises of Crown Bio-
science, Netherlands, Leiden (Supplementary Methods).

In Vivo Performance of TCR T Cells in a TNBC Xenograft Model
ROPN1-expressing MM231 tumor cells (2.5 × 106) were sus-

pended in Matrigel and subcutaneously (sc) transplanted in the 
right flank of 8- to 12-week-old female NSG mice (NOD.Cg-Prkdcscid 
Il2rgtm1Wjl/SzJ, Charles River Laboratories, RRID:IMSR_JAX:005557). 
Tumor engraftment and treatment regimen were carried out as de-
scribed previously (97) with only minor changes. In short, mice 
(25–30 g) bearing established tumors (mean 217 mm3, range 120– 
318 mm3) were divided over five treatment groups for equal tumor 
size distribution (n = 9 per T-cell treatment group, in total n = 36 
mice). Mice received a single intravenous (iv) transfer of 0.6, 3, or  
15 × 106 human TCR or mock T cells followed by sc IL2 injections  
(1 × 105 IU) for eight consecutive days following T-cell transfer.  
Alternatively, mice (n = 5) received two iv injections per week of 
sacituzumab govitecan (Trodelvy, Gilead Sciences Ireland UC;  
0.4 mg/kg according to the manufacturer’s instructions). At day 11, 
tumor regressions were measured relative to day 0, and tumor regres-
sion in mice treated with TCR T cells was compared with mock T cells 
and sacituzumab govitecan. In addition, blood (n = 9 mice) and tumor  
(n = 4 mice) samples were collected at day 8/9 to detect transferred  
T cells with flow cytometry. Single-cell suspensions were obtained 
from the tumors using collagenase treatment as described above. 
Cells (either from blood or tumor) were washed with PBS and incu-
bated with pMHC and additional antibodies: CD3-BV421 (1:20, BD 
Biosciences Cat# 562877, RRID:AB_2737860), CD8-BV650 (1:100, 
BD Biosciences Cat# 563821, RRID:AB_2744462), CD4-V500 (1:50, 
BD Biosciences Cat# 560768, RRID:AB_1937323), CD137-APC (1:25, 
BD Biosciences Cat# 550890, RRID:AB_398477), CD279-APC-Cy7 
(1:50, BioLegend Cat# 329922, RRID:AB_10933429), and CD366-
BB515 (1:10, BD Biosciences Cat# 565568, RRID:AB_2744368). 
Events were acquired with FACS Celesta and analyzed using FlowJo 
and R packages ggplot2 (RRID:SCR_014601) and ComplexHeatmap 
(98, 99). Mouse experiments were approved by the Dutch Cen-
tral Committee of Animal Experiments (project license numbers:  
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EMCAVD10100202216075 and EMCAVD101002017867) in accor-
dance with the Dutch Act on Animal Experimentation and executed 
in the animal facility of Erasmus Medical Center.

Assessing Preferential Pairing of TCR Chains
The mispairing between the transgenic and endogenous TCR 

genes was assessed by transducing T cells with the wild-type or mod-
ified TCRαβ chains or the TCRβ chain only. We applied two separate 
modifications of TCR chains, namely, the introduction of a cysteine 
bridge or the LRY amino acids, which have both been reported to en-
hance preferential pairing between the transgenic TCRα and TCRβ 
chains (46, 47). TCR expression was assessed by flow cytometry upon 
staining with pMHC multimers and antihuman TCR-Vβ13.1 (clone 
IMMU 222, Beckman Coulter Cat# IM2292, RRID:AB_131326).

GMP Manufacturing of T-cell Product
We made the TCR T-cell product using a GMP protocol that has 

been optimized previously (48) and implemented in a clinical trial 
(clinicaltrials.gov identifier: NCT04729543). To this end, frozen PB-
MCs were thawed and resuspended in a T-cell medium to a concentra-
tion of a 1 × 106 cells/mL. Cells were activated with soluble anti-CD3 
(30 ng/mL, Miltenyi Biotec Cat# 130-093-377, RRID:AB_1036126) 
and anti-CD28 (30 ng/mL, Miltenyi Biotec Cat# 130-126-202, 
RRID:AB_2889536), hIL15 (110 IU/mL, Miltenyi Biotec Cat# 130-
095-766), and hIL21 (0.1 IU/mL, Miltenyi Biotec Cat# 130-095-784) 
for 48 hours. RetroNectin-coated (overnight, 12 μg/mL, Takara Cat# 
T100A) nontissue culture flat-bottom plates (24 well) were blocked 
with 1-mL PBS/2%FBS, after which 0.3-mL retroviral supernatant 
supplemented with IL15/IL21 was added per well. Plates were centri-
fuged for 15 minutes at 1,000 g (slow brake). T cells (1 × 106/well) were 
resuspended in 0.3-mL retroviral supernatant and added to each well. 
Plates were centrifuged for 60 minutes at 1,000 g (slow brake) and in-
cubated at 37°C/5% CO2. After 5 hours, 800 μL/well T-cell medium 
supplemented with IL15/IL21 was added to each well and incubated 
overnight, after which 1.2-mL supernatant was removed and 0.6-mL  
fresh retroviral supernatant supplemented with IL15/IL21 was added 
per well. Again, plates were centrifuged to prepare for a second hit with 
retroviral supernatant, as described above. T cells were then harvested 
and cultured at a concentration of 0.25 × 106/mL in T-cell medium sup-
plemented with IL15/IL21 for 3 to 6 days. T cells were either directly used 
in coculture assays or frozen down. Manufacturing was performed at 
Erasmus MC, Rotterdam, and at the NecstGen facility, Leiden.

Reactivity of TCR T Cells toward Healthy Cells
Primary human healthy cells from HLA-A2+ donors (confirmed 

via genotyping and with flow cytometric staining for HLA-A2) were 
obtained via ScienCell or PromoCell (Supplementary Table S3) and 
cultured and frozen down according to the manufacturer’s instruc-
tions. On the day of assay, primary cells and TCR T cells were thawed 
and rested for 1 and 2 hours, respectively, after which coculture assays 
were performed as described above.

Reactivity of TCR T Cells toward Patient-Derived Xenografts 
In Vitro

We assessed T-cell reactivity toward TNBC and melanoma-derived 
PDX. PDXs were maintained using serial transplantation using 
NSG mice. Tumors, once isolated, were cut into smaller fragments 
in DMEM supplemented with 10% FBS, 2 mmol/L L-glutamine, 
nonessential amino acids, and 1% antibiotics and washed with PBS. 
Cells were resuspended in fresh collagenase A solution (Sigma Cat# 
10103586001) in PBS (1 mg/mL) and incubated for 45 minutes at 
37°C while being regularly mixed. EDTA (0.1 mmol/L) was added, 
and cells were pushed through a 70 μmol/L cell strainer. Single cells 
were either pretreated with recombinant IFN-γ for 24 hours or used 

directly in coculture assays. Mock or TCR T cells (1 × 105) were cocul-
tured with single tumor cells in a 1:1 ratio overnight, after which the 
supernatant was harvested to detect IFN-γ.

Statistical Analyses
Statistical analysis was performed with GraphPad Prism (RRID: 

RRID:SCR_002798) and Rstudio (RRID:SCR_000432). Statistically sig-
nificant differences between two groups were calculated with the Mann– 
Whitney U test for independent samples or the Wilcoxon signed-rank 
test for paired samples. To determine statistically significant differenc-
es between multiple groups, one-way ANOVA with adjustments for 
multiple comparisons with Tukey’s post hoc test was performed. If as-
sumptions for ANOVA were not met, the Kruskal–Wallis rank test was 
performed followed by Dunnett’s or Dunn’s multiple comparisons test. 
Differences were considered statistically significant when P < 0.05.

Data Availability
Transcriptomic data of healthy tissues and primary tumors is 

available at the GEO (RRID:SCR_005012), the European Genome- 
phenome Archive, ArrayExpress (RRID:SCR_002964), and UCSC 
Xena Browser. RNA-seq data of cohort 1 is accessible through 
EGAS00001001178. Microarray data of cohort 2 is available using the 
following identifiers: GSE2034, GSE5327, GSE11121, GSE2990, and 
GSE7390. RNA-seq data of cohort 3 was obtained from the Hartwig 
Medical Foundation after data transfer agreement (no. DR026) and 
is accessible through the Hartwig Medical Foundation via https:// 
www.hartwigmedicalfoundation.nl. RNA-seq data of cohort 4 is avail-
able at European Genome-phenome Archive (EGAS00001003535). 
Data generated by the TCGA Research Network is publicly available 
and can be retrieved from https://www.cancer.gov/tcga or https://
xenabrowser.net/. RNA-seq data of healthy tissue cohorts were re-
trieved on June 13, 2018, from the Expression Atlas (www.ebi.ac.uk/
gxa/home) and are available using the following ArrayExpress iden-
tifiers: Uhlen cohort, E-MTAB2836; GTEx cohort, E-MTAB5214; 
Illumina body map cohort, E-MTAB513; and Snyder cohort, 
E-MTAB4344. Peptide sequences are provided in Supplementary  
Table S1. Publicly available immunopeptidomics data can be retrieved 
using the PRIDE partner repository (http://www.ebi.ac.uk/pride) with 
identifiers PXD004894 and PXD013649. Immunopeptidomics data 
generated in this study have been deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository with the identifiers 
PXD054804 and PXD055042. The FLY-1A TCRα and TCRβ chain 
sequences have been deposited to the GenBank with accession num-
bers PQ177856 and PQ177857. The remaining data generated in this 
study are available upon request to the corresponding author.
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