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ABSTRACT
Background  Therapeutic regimens designed to augment 
the immunological response of a patient with breast 
cancer (BC) to tumor tissue are critically informed by 
tumor mutational burden and the antigenicity of expressed 
neoepitopes. Herein we describe a neoepitope and cognate 
neoepitope-reactive T-cell identification and validation 
program that supports the development of next-generation 
immunotherapies.
Methods  Using GPS Cancer, NantOmics research, and 
The Cancer Genome Atlas databases, we developed a 
novel bioinformatic-based approach which assesses 
mutational load, neoepitope expression, human leukocyte 
antigen (HLA)-binding prediction, and in vitro confirmation 
of T-cell recognition to preferentially identify targetable 
neoepitopes. This program was validated by application 
to a BC cell line and confirmed using tumor biopsies from 
two patients with BC enrolled in the Tumor-Infiltrating 
Lymphocytes and Genomics (TILGen) study.
Results  The antigenicity and HLA-A2 restriction of the 
BC cell line predicted neoepitopes were determined by 
reactivity of T cells from HLA-A2-expressing healthy 
donors. For the TILGen subjects, tumor-infiltrating 
lymphocytes (TILs) recognized the predicted neoepitopes 
both as peptides and on retroviral expression in HLA-
matched Epstein-Barr virus–lymphoblastoid cell line and 
BC cell line MCF-7 cells; PCR clonotyping revealed the 
presence of T cells in the periphery with T-cell receptors 
for the predicted neoepitopes. These high-avidity 
immune responses were polyclonal, mutation-specific 
and restricted to either HLA class I or II. Interestingly, we 
observed the persistence and expansion of polyclonal T-
cell responses following neoadjuvant chemotherapy.
Conclusions  We demonstrate our neoepitope prediction 
program allows for the successful identification of 
neoepitopes targeted by TILs in patients with BC, providing 
a means to identify tumor-specific immunogenic targets 
for individualized treatment, including vaccines or 
adoptively transferred cellular therapies.

BACKGROUND
Cancer therapies based on immunolog-
ical approaches are rapidly becoming stan-
dard for many cancer types.1–4 In particular, 
immunological checkpoint inhibitors such 
as cytotoxic T-lymphocyte associated protein 
4 (CTLA-4), programmed death ligand 1 
(PD-L1) and programmed death protein 1 
(PD-1) antibodies are gaining approval for 
the treatment of a growing number of cancer 
types; however, they have shown little clinical 
efficacy in breast cancer (BC), with response 
rates of 20%–25% in previously untreated 
cases of advanced triple-negative breast 
cancer (TNBC) and 5%–10% in pretreated 
patients; nonetheless, when efficacy is seen, 
it is often durable. Larger phase III trials 
for checkpoint inhibitors in BC are under 
way.5 6 Results have been more promising for 
combination chemotherapy and immune 
checkpoint therapy as shown by the recent 
Food and Drug Administration and Euro-
pean Medicines Agency approval of use of 
the PD-L1 inhibitor atezolizumab in combi-
nation with nab-paclitaxel as first-line therapy 
for metastasized or unresectable locally 
advanced TNBC.7 However, there continues 
to be a large unmet clinical need for the 
development of effective immunotherapies 
for the treatment of BC.

Expansion and subsequent adoptive 
transfer of large numbers of tumor-infiltrating 
lymphocytes (TILs)8 9 have been shown 
to be effective in treating some cancers, 
demonstrating the clinical potential for 
individualized immune therapies. However, 
current strategies largely rely on non-specific 
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expansion and reinfusion of TILs without identification 
and isolation of tumor-specific T cells. Neoepitopes are 
epitopes created by non-synonymous mutations in the 
tumor genome. As these mutations are restricted to the 
tumor, neoepitopes can induce high-avidity mutation-
specific T-cell responses. In contrast, tumor-associated 
antigens, which are purely overexpressed in the tumor as 
compared with healthy tissue, often fail to induce high-
avidity T-cell responses as these T cells are largely depleted 
during thymic development. Mutation-specific targeting 
of the tumor is also less likely to induce autoimmunity. 
Here we establish a feasible cancer neoepitope discovery 
and validation program that can inform the development 
of patient-specific neoepitope-targeted therapies using 
either adoptively transferred neoepitope-specific TILs or 
neoepitope-targeted therapeutic vaccines.

Previously, to establish our method, we used GPS 
Cancer,10 NantOmics research (including several breast 
cancer samples), and The Cancer Genome Atlas (TCGA) 
databases (dbs) by whole-genome sequencing (WGS) data 
and RNA sequencing (RNA-Seq) data for 750 patients 
with cancer across 23 cancer classifications, to identify 
neoepitopes, to determine whether recurrent neoepi-
topes were prevalent in invasive BC, and to identify those 
neoepitopes that may be capable of binding to the HLA. 
We have previously used this program to identify neoepi-
topes in the clinical trial QUILT 2.025 (NCT03552718).

These techniques were refined and tested experi-
mentally using the well-characterized human breast 
carcinoma basal-type triple-negative cell line, MDA-MB-
231.11 12 Because MDA-MB-231 cells express the HLA-A2 
restriction element, we were able to use established assays 
to compare the in silico predicted HLA-A2 binding of 
potential neoepitopes to in vitro binding assays. This 
allowed us to directly assess the efficacy by which binding 
algorithms can accurately predict peptides capable of 
being presented by a patient’s HLA. Using the cell line, 
we confirmed the feasibility of the pipeline. We then 
demonstrated its clinical feasibility in two patients with 
BC enrolled on the Tumor-Infiltrating Lymphocytes and 
Genomics (TILGen) study.13 14

PATIENT SAMPLES AND METHODS
Neoepitope prediction and prioritization by successive 
filtering using genomics, transcriptomics and HLA typing
To predict specific neoepitopes, we established an anal-
ysis workflow pipeline. It starts with genomic analysis to 
identify possible neoepitopes, followed by expression 
analysis and further HLA-binding prediction to narrow 
an initial large set of possible neoepitopes down to those 
most likely to be actionable. As an example of this, for 26 
patients with TNBC, we identified single-nucleotide vari-
ants (SNVs) and insertions/deletions (INDELs) as previ-
ously described15 using TCGA WGS. Tumor mutational 
burden (TMB) was determined as part of these analyses, 
and the results reported here are based, in part, on data 

generated by the TCGA Research Network (https://www.​
cancer.​gov/​tcga).

Genomic analysis was followed by RNA-Seq-based 
expression determination. For these analyses, tumor tissue 
data were compared with germline data. This filtering 
step eliminates all non-expressed possible neoantigens.

After filtering by WGS and RNA-Seq data, poten-
tial neoepitopes underwent HLA-binding prediction 
to further reduce the pool of potentially actionable 
neoepitopes.

Since HLA class I alleles predominantly bind to 9-mer 
peptide fragments,16 17 we chose to focus on the identi-
fication of 9-mer neoepitopes. Neoepitopes were identi-
fied by windowing around all possible 9-mer amino acid 
sequences derived from an identified non-silent SNV or 
INDEL. As a means to reduce possible off-target effects of 
a particular neoepitope, we filtered all identified neoepi-
topes against all possible 9-mer (HLA class I epitopes) 
and 15-mer peptide (HLA class II epitopes) sequences 
created from every known human gene using the refer-
ence human genome. These epitopes represent the 
normal epitopes that the immune system should ‘ignore’; 
that is, they should not provoke an immune response. 
In addition, we added single-nucleotide polymorphisms 
(SNPs) from the db for SNPs (http://www.​ncbi.​nlm.​nih.​
gov/​SNP/) to account for rare protein sequences that 
we may have missed within the sequencing data. Neoepi-
topes were ranked by RNA expression based on RNA-Seq 
data as well as the allele frequency of the observed coding 
variant to offset issues arising from tumor heterogeneity, 
a method we used previously as part of a study of vaccines 
in murine tumor models.18

HLA typing
HLA typing was performed by aligning sequencing reads 
to the ImMunoGeneTics/HLA db.19 HLA alleles were 
scored by a sum of coverage of sequencing over the 
entire HLA gene region and the amount of sequencing 
reads (depth) over the region as well as alignment scores. 
Highest scores were determined to be the correct HLA 
sequence.

Neoepitope–HLA binding affinity
NetMHC 3.4 (http://www.​cbs.​dtu.​dk/​services/​NetMHC-​
3.​4/)20–22 was used to predict whether a neoepitope 
would bind to a specific HLA allele. In general, neoepi-
topes with predicted binding affinities of <500 nM protein 
concentration underwent further analysis in the MDA-
MB-231 and TILGen patient studies.

Neoepitope identification pipeline applied to the MDA-MB-231 
BC cell line
The neoepitope identification method described previ-
ously for TCGA data was then applied to the MDA-MB-231 
BC cell line,11 12 starting with sequencing and genomic 
analysis, with focus on HLA-A2. Thereby, 50 potential 
neoepitopes predicted to bind HLA-A2 were identified. 
Of these, 20 were synthesized for testing of HLA-A2 
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binding (online supplemental table S1), which was deter-
mined by incubation of neoantigen peptides with T2A2 
cells23 and assessment of affinity by flow cytometry.

Cytotoxic T-lymphocyte lysis assays
For use in cytotoxic T-lymphocyte assays, neoepitope-
specific HLA-A2-expressing T cells, dendritic cells (DCs), 
and ultimately CD8+ cells from peripheral blood mono-
nuclear cells (PBMCs) donated by healthy individuals 
were generated (method details in the online supple-
mental file).

Purified, stimulated CD8+ cells were used in a lysis assay 
using MDA-MB-231 (BC) or SW620 colon cancer cells24 25 
as targets to assess specificity of the predicted neoanti-
gens for a cancer tissue type. Targets were labeled with 
carboxyfluorescein succinimidyl ester and plated at 3000 
cells/well (in 100 µL). Effector cells were added to targets 
at various effector:target ratios (in triplicate). Where indi-
cated, target cells were incubated with either anti-HLA-A2 
or control IgG antibodies (One Lambda) for 2 hours 
at 37°C prior to the addition of effector T cells. Assays 
were incubated overnight at 37°C. Following incubation, 
dead cells were stained with propidium iodide (1 µg/mL 
final concentration) and analyzed on a Celigo Imaging 
Cytometer (Nexcelom). Percent cell death is defined as 
(1−(livesample/livespontaneous))×100.

Preclinical validation of neoepitope prediction in patients with 
BC
Collection of peripheral blood and tumor tissue for analysis
Subsequently, we applied our neoepitope prediction 
method to samples from two subjects in the TILGen 
study.13 A brief description of the study and methods 
for peripheral blood and tumor tissue collection and 
analysis are presented in the online supplemental file. 
TILGen patient 1 had HER2+ BC and TILGen patient 2 
had TNBC; both received neoadjuvant chemotherapy 
and had pathological complete remissions. The patients’ 
diagnoses were based on immunohistochemical (IHC) 
analysis rather than gene expression profiling to facili-
tate our workflow wherein the isolation of TILs requires 
rapid diagnosis.

Peripheral blood and tumor tissue were obtained 
after approval by the internal Institutional Review Board 
(IRB) and with informed patient consent according to 
the Declaration of Helsinki. Peripheral blood was used 
for isolation of germline DNA, antigen-presenting B 
cells to be immortalized with Epstein-Barr virus (EBV) 
to generate lymphoblastoid cell lines (LCLs),26 and 
monocyte-derived DCs (details in the online supple-
mental file or in Patient samples and methods). TILs 
were isolated from tumor tissue to generate the T-cell 
clones used for culture experiments as described 
further and in the online supplemental file.

Selection of TILGen peptides for synthesis
After sequencing the tumor and normal genome of the 
TILGen subjects, determination of possible neoepitopes, 

and filtering transcriptomic analyses, peptides were 
selected for synthesis based on predicted HLA affinity. 
Synthetic peptides for the predicted neoepitopes were 
obtained at purity above 70% from GeneCust (Luxem-
bourg). For HLA class I, all predicted peptides were 
synthesized as 9-mers. For HLA class II, all neoepitopes 
comprising the same mutation were fused to one long 
peptide ranging from 15 to 29 amino acids (online 
supplemental tables S2 and S3).

Expansion and isolation of TILs
TILs were expanded from patient tumor tissue and cell 
culture experiments performed with TILGen subject 
samples to determine neoepitope recognition. Biopsies 
obtained from the two TILGen patients were cultured 
in Roswell Park Memorial Institute (RPMI) with 40 U/
mL penicillin/streptomycin, 2 mM L-glutamine, 50 µM 
β-mercaptoethanol (all Gibco), and 5% fetal calf serum 
(FCS), 5% human serum, 0.4% vitamin solution, 1% 
minimal essential medium, and 1 mM sodium pyru-
vate (all PAN-Biotech, Germany) in the presence of 
2.5×105 CD3/CD28 beads/mL (Gibco), 100 U/mL IL-2 
(Proleukin) and 5 ng/mL IL-15 (Cellgenix, Germany) 
for 14–21 days.

Antigen presentation assays for BC-derived neoepitopes
EBV–LCLs and DCs were used as autologous antigen-
presenting cells (APCs), HeLa cells after transduction 
with HLA molecules to determine HLA-restriction, and 
MCF-7 cells transduced with the respective HLA molecule 
and with neoepitopes or wild-type (wt) counterparts for 
processing and presentation assays.

EBV–LCL, HeLa and MCF-7 cells were cultured in 
RPMI with the same additives as described previously for 
TILs, but with 10% FCS. The T-cell clones were cultured 
in RPMI also with the same additives but 5% human 
serum, 5% FCS and 200 IU/mL IL-2, and were restimu-
lated every 10–20 days with irradiated allogeneic PBMCs 
and 0.8 µg/mL phytohemagglutinin (Thermo Scientific).

Autologous DCs of the two patients with BC were gener-
ated from monocytes isolated from autologous PBMCs by 
magnetic separation as described in the online supple-
mental data.

Expanded T-cell lines were cocultured with autolo-
gous EBV-transformed LCLs (EBV–LCLs) or autologous 
DCs loaded with a peptide pool (1 µg/mL) of potential 
neoepitopes at an effector:target ratio of 4:1. Activated T 
cells were clonally isolated by flow cytometric cell sorting 
after 4.5 hours (interferon gamma (IFN-γ) secretion assay, 
Miltenyi Biotec) or 36 hours (CD137 expression deter-
mined by flow cytometry).

The stimulator cells (5×104 cells/well), including 
EBV–LCL, HeLa or MCF-7 cultured in RPMI with 10% 
FCS, were coincubated overnight in U-bottom 96-well 
plates with T-cell clones (5×103 cells/well), which were 
expanded after peptide stimulation from patient-derived 
TILs. Details of peptide pulsing can be found in the 
online supplemental data.
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Retroviral transduction of neoantigens and HLA alleles, flow 
cytometry, T-cell receptor (TCR) sequencing, and clonotypical 
PCR
To confirm natural processing and presentation of neoan-
tigens occurs after endogenous expression, sequences for 
the neoantigens were cloned into retroviral vectors for 
the transduction of EBV-LCL, HeLa or MCF-7 cells as 
described in the online supplemental file.

Methods for flow cytometry for either analysis or isola-
tion of cells using labeling with CD3 (fluorescein isothio-
cyanate/FITC or Brilliant Violet 510/BV510), APC-Cy7 or 
APC CD8, BV421 CD4, PE CD137 and NGFR are detailed 
in the online supplemental file.

TCR sequencing of T-cell clones, and clonotypical PCR, 
including all plasmids and oligonucleotides used for 
cloning (online supplemental table S4), are described in 
the online supplemental file.

RESULTS
Successive filtering by neoepitope burden, expression, 
and HLA binding leads to identification of high-probability 
actionable neoepitopes in TCGA TNBC cases
Analysis of TCGA data revealed that successive elimina-
tion of potential TNBC neoepitopes first identified by 
WGS sequencing for SNVs and INDELs, then filtered for 
RNA expression levels and finally potential HLA class I 
binding—as well as similarity to peptide sequences present 
elsewhere within the normal human proteome—elimi-
nates the vast majority of potentially targetable mutations 
(figure 1A). This successive filtering allows prioritization 
of potential neoepitopes with the highest probability for 
being actionable for further testing.

HLA-A2 binding and ability to activate T cells further narrow 
actionable neoepitopes
To test the reactivity of T cells to neoantigen candidates 
in vitro, we used our bioinformatics-based neoepitope 
identification method that includes sequencing to iden-
tify 50 potential neoepitopes in the MDA-MB-231 human 
BC cell line predicted to bind to HLA-A2. A library of 
20 peptides was synthesized, comprising the top 14 based 
on predicted HLA-A2 binding affinity, the top 6 based 
on expression levels, and 6 peptides whose low expres-
sion levels or poor predicted HLA-A2 binding would 
presumably make them less than ideal candidates for 
immunological targeting (online supplemental table S1). 
We synthesized 20 of these potential neoepitopes and 
found that 7 of 20 were capable of binding HLA-A2 in 
vitro (figure  1B). Using peripheral blood from normal 
HLA-A2 human donors, we screened five peptides for 
their ability to expand reactive T cells. One identified 
neoepitope, SLC17A5 (GTIGIFWFV), was able to expand 
reactive T cells in all normal donors assayed (figure 1C). 
These SLC17A5-reactive T cells were capable of specifi-
cally lysing the MDA-MB-231 BC cell line in an HLA-A2-
restricted manner (figure 1D,E).

Neoepitope prediction and validation for two patients with 
TILGen BC
An expanded neoepitope identification pipeline 
comprising HLA-binding prediction for HLA class I and 
II molecules of the respective patients was used for two 
TILGen subjects as shown in figure 2A. TILGen 1 was a 
patient with HER2+ BC and TILGen 2 was a patient with 
TNBC. Receptor status information was known previous to 
this study. WGS of these tumor samples revealed a higher 
TMB for subject 2, and comparison to corresponding 
reference DNA revealed 68 and 274 non-synonymous 
mutations, respectively (figure  2B). Based on genomic 
analysis only, 206 and 964 neoepitopes were predicted 
for subjects 1 and 2, respectively, but RNA-Seq expres-
sion analysis decreased this to 143 and 809; HLA class I 
binding prediction narrowed it further to 20 for subject 
1 and 26 for subject 2; HLA class II binding prediction 
added another 8 for patient 1 and 39 for patient 2; see the 

Figure 1  Potentially actionable neoepitopes are filtered by 
sequential DNA/RNA/HLA analyses. (A) Within the TNBC 
TCGA dataset filtered by WGS (DNA), then expression 
(RNA) and finally HLA-binding prediction (HLA); the final set 
of actionable neoepitopes showed no recurrent mutations. 
Different colors represent individual patient samples. (B) 
Application of DNA/RNA/HLA neoepitope filtering to MBA-
MD-231 cell line resulted in identification of 50 potential 
HLA-A2-binding neoepitopes, synthesis of 20 9-mer 
neoepitopes, and determination of HLA-A2 binding using 
T2A2 cells revealed seven peptides with good binding 
(boxed, MFI>200). (C) Percentage of normal HLA-A2 donors 
responding by expansion of reactive T cells to five potential 
neoepitopes indicates SLC17A5 elicited a response from all 
donors (n=4–6 normal donors per peptide). (D) Lysis of MDA-
MB-231 cells by SLC17A5-reactive T cells is blocked by an 
anti-HLA-A2 antibody. (E) Lysis of MDA-MB-231 and SW620 
cells by SLC17A5-reactive T cells is greater for the BC cell 
line. Statistics performed using an unpaired Student’s t-test; 
**p<0.01, ****p<0.0001. MFI, Mean Fluorescence Intensity; 
TCGA, The Cancer Genome Atlas; TNBC, triple-negative 
breast cancer; WGS, whole-genome sequencing.
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list of potential neoepitopes for patients 1 and 2 in online 
supplemental tables S2 and S3, respectively.

T-cell recognition of predicted neoantigens further refines 
actionable targets
The existence of TILs that recognize a neoantigen 
peptide further validates the neoantigen predicted by 
the workflow pipeline as likely actionable. To identify 
neoepitope-specific TILs, T cells were expanded from 
tumor biopsies of the two patients with BC. Expanded 
TILs were co-cultured with autologous EBV–LCLs or DCs 

loaded with a pool of peptides encoding the predicted 
neoepitopes for each patient. T cells were then sorted 
based on expression of either the activation marker 
CD137 or secretion of IFN-γ, and clonally expanded. 
Growing T-cell clones were retested for recognition of 
autologous EBV–LCL pulsed with the individual patient-
specific peptide pool by IFN-γ ELISA as shown for 
TILGen patient 2 in figure 3A.

All clones that were not reactive against the unpulsed 
EBV-LCL but strongly recognized autologous EBV-LCL 
loaded with the peptide pool were further analyzed by first 
testing recognition of subpools of the peptides and finally 
individual peptides. Matrix subpools enable fast identifi-
cation of the targeted epitope while consuming minimal 
amounts of material. Subpools were generated from each 
patient-specific peptide pool wherein each peptide was 
present in three subpools. Based on the combination 
of recognized subpools, the individual peptide could be 
identified.

Among TILs derived from TILGen patient 2, we were 
able to identify 31 CD8+ and one CD4+ T-cell clones recog-
nizing the peptide pools. We note again for the TILGen 
subjects, neoepitope prediction was based on binding to 
both class I and II HLA molecules. All of the CD8+ T-cell 
clones and the CD4+ T-cell clone of this patient were 
derived from screening for secretion of IFN-γ. While three 
of the CD8+ T-cell clones could not be further expanded, 
the other 28 specifically recognized a mutated variant of 
PNMAL1 (P100R) as shown in figure 3B. The CD4+ T-cell 
clone specifically recognized a mutated variant of CARS2 
(Q171H) (figure  3C and online supplemental figure 
S1A,B).

From TILGen patient 1, we characterized three CD4+ 
T-cell clones (3E1, E15 and G44), with all three recog-
nizing the mutated variant of the X-chromosomally 
encoded RNA-binding motif protein RBMX (T55I) 
(figure 3D and online supplemental figure S1C,D).

Specificity for the mutated variants—PNMAL1 (P100R) 
and CARS2 (Q171H) for TILGen patient 2 and RBMX 
(T55I) for TILGen patient 1—was confirmed by a lack 
of recognition of the wt alleles (figure  3B–D, respec-
tively; additional clones are shown in the online supple-
mental figure S2). At the peptide concentrations used 
(0.01, 0.1, and 1 µg/mL), the wt versions of PNMAL1 and 
RBMX neoepitopes did not stimulate the T-cell clones 
(figure 3E,G, respectively). The wt CARS2 neoepitope did 
stimulate the T-cell clones at 0.1 and 1 µg/mL (figure 3F), 
but the mutated variant CARS2 induced much stronger 
T-cell recognition.

To ensure the identified neoepitopes are naturally 
processed and presented, we transduced HLA-matched 
EBV–LCL cells to express either the full length wt or 
mutated protein. T cells were capable of specifically 
recognizing the endogenously expressed mutated but not 
wt proteins (figure 3H–J).

These studies validate the predicted neoantigens 
RBMX for TILGen patient 1 and PNMAL1 and CARS2 
for TILGen patient 2 as potentially actionable.

Figure 2  Analysis workflow for neoepitope identification 
in TILGen subjects and subject genomic and expression 
information. (A) In the proposed workflow, WGS is 
performed on DNA from both peripheral blood and patient 
tumor biopsies for HLA typing, variant calling, and binding 
prediction; tumor RNA-Seq analysis is used to confirm 
expression. Autologous APCs are generated from peripheral 
blood, and TILs are expanded from tumor tissue. Peptides 
with confirmed expression and predicted binding to a patient 
HLA class I or II molecule are then synthesized and used for 
isolation of peptide-specific T cells. (B) When this workflow 
was applied to the two TILGen subjects, WGS-based 
TMB was found to be higher in subject 2, as were non-
synonymous SNVs; both predicted neoepitopes and number 
of expressed potential neoepitopes were higher in subject 2. 
Hormone receptor status for these subjects was previously 
determined as part of the TILGen study, not the workflow 
shown here. APC, antigen-presenting cell; ER, estrogen 
receptor; HER2, human epidermal growth factor receptor 2; 
IMGT, ImMunoGeneTics; PR, progesterone receptor; RNA-
Seq, RNA sequencing; SNP, single-nucleotide polymorphism; 
SNV, single-nucleotide variant; TIL, tumor-infiltrating 
lymphocyte; TILGen, Tumor-Infiltrating Lymphocytes and 
Genomics; TMB, tumor mutational burden; WGS, whole-
genome sequencing.
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Polyclonal T-cell responses to PNMAL1 and RBMX
To differentiate between a polyclonal T-cell response 
against the identified neoepitopes and repetitive detec-
tion of the same expanded T cells, we analyzed expres-
sion of the variable β-chain of the TCR (TILGen 2) or 
sequenced the CDR3 region of the TCR (TILGen 1) 
and observed that both PNMAL1 and RBMX elicited 
polyclonal T-cell responses (figure  4). This finding 
was supported by data obtained by testing truncated 
versions of the RBMX T55I. We observed that the 
minimal epitope of the recognized RBMX T55I peptide 
was shifted by one amino acid to the N-terminus or 
C-terminus among the different T-cell clones, but all 
required a core of seven to eight amino acids (online 
supplemental figure S3).

These data confirm polyclonal T-cell responses to RBMX 
for TILGen patient 1 and to PNMAL1 for TILGen patient 
2, indicating the immunogenicity of these neoepitopes.

Identified neoepitopes were patient-specific
To determine whether or not the neoepitopes we iden-
tified for TILGen patients 1 and 2 were frequently 
expressed in other patients with BC or were patient-
specific, we analyzed 360 genomes from patients with BC, 
including 39 of the TILGen study, and were not able to 
find these mutations in any other patient, indicating that 
these neoepitopes are truly patient-specific.

Characterization of HLA class II-restricted neoepitopes
The RBMX T55I neoepitope identified in TILGen 1 was 
predicted to bind to three of the patient’s HLA class II 

Figure 3  Identification of neoepitope-specific T-cell clones from BC biopsies, specificity and validation of natural processing. 
(A) Clonally expanded TILs from TILGen patient 2 were retested for recognition of the patient-specific HLA class I and HLA 
class II PP I/PP II by measuring IFN-γ secretion after stimulation with peptide-loaded autologous EBV–LCL in ELISA. Clones 
23, 24, 25, 37, 38, 41, and 42 display specific recognition of the HLA class I peptide pool. For each identified neoepitope from 
TILGen subject 2 (B,C) or TILGen 1 (D), the Mut and wt variants of the peptides are tested for T-cell recognition after loading 
on autologous EBV–LCL as reflected by IFN-γ secretion. Representative T-cell clones for each antigen are shown: PNMAL1 
clone 21 and CARS2 clone 55 (TILGen 2) and RBMX clone 3E1 (TILGen 1). Depicted are mean and SEM of triplicates. NC: 
unloaded autologous EBV–LCL. (E–G) T-cell recognition of Mut and wt peptides at decreasing concentrations as measured by 
IFN-γ ELISA is shown. Depicted are mean and SEM of duplicates. (H–J) T-cell recognition of retrovirally expressed full-length wt 
and Mut neoantigen proteins in HLA-matched EBV–LCL as measured in IFN-γ ELISA. Means and SEM of triplicates (PNMAL1) 
and of duplicates (RBMX and CARS2) are shown. BC, breast cancer; EBV, Epstein-Barr virus; IFN-γ, interferon gamma; LCL, 
lymphoblastoid cell line; PNMAL1, paraneoplastic Ma antigen family-like 1; CARS, cysteinyl tRNA synthetase 2; RBMX, RNA 
binding motif protein X-linked; Mut, mutated; NC, negative control; PP, peptide pool; TIL, tumor-infiltrating lymphocyte; TILGen, 
Tumor-Infiltrating Lymphocytes and Genomics; WT, wild type.
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alleles (HLA-DRB1*15:01, HLA-DPB1*02:01 and HLA-
DPB1*04:01, respectively). To characterize the HLA 
restriction of these RBMX T55I-reactive T-cell clones, 
we first performed blocking experiments that confirmed 
their class II restriction (figure  5A) and subsequently 
expressed all three potential restriction elements in the 
HLA class II negative HeLa cells. We observed that clones 

3E1 and G44 recognized RBMX T55I within the context 
of HLA-DPB1*04:01, whereas T-cell clone E15 recognized 
the neoepitope within the context of the HLA-DP*02:01 
restriction element (figure  5B). None of the clones 
displayed recognition of the epitope in HLA-DRB1*15:01 
(online supplemental figure S4B).

Figure 4  PNMAL1 P100R- and RBMX T55I-elicited polyclonal immune responses. (A) Flow cytometric analysis of vβ chain 
usage of three exemplary PNMAL1 P100R-specific T-cell clones is shown. (B) T-cell receptor sequencing of all three RBMX 
T55I-specific CD4+ T-cell clones demonstrated differential vβ chains and unique CDR3 regions. vβ, variable beta; FITC, 
fluorescein isothiocyanate; TRBV, T-cell receptor beta-chain variable; TRBJ, T-cell receptor beta joining; and TRBD, T-cell 
receptor beta-chain diversity genes.

Figure 5  HLA class I or II restriction of identified neoepitopes. Blocking experiments with HLA class I and class II blocking 
antibodies on peptide-loaded autologous EBV–LCL confirmed restriction of the isolated (A) RBMX-specific and (D) CARS2- 
specific CD4+ T-cell clones to HLA class II. (B) T-cell recognition of HeLa cells retrovirally transduced with HLA-DPB1*02:01 
and HLA-DPB1*04:01 was measured after loading with RBMX T55I peptide. Autologous peptide-loaded EBV–LCLs were 
used as controls. (C) HLA class I restricted neoepitope PNMAL1 P100R was predicted to bind in HLA-A1*11:01. Loading of 
PNMAL1 P100R peptide on HeLa cells transduced with HLA-A1*11:01 confirmed T-cell recognition in the IFN-γ ELISA. (E) T-
cell recognition in IFN-γ ELISA of HLA-DQB1*02:02 transduced HeLa cells loaded with CARS2 Q171H. Shown are means and 
SEM of triplicates (C,D) and duplicates (A,B,E). RBMX, RNA binding motif protein X-linked; PNMAL1, paraneoplastic Ma antigen 
family-like 1; CARS, cysteinyl tRNA synthetase 2; EBV, Epstein-Barr virus; IFN-γ, interferon gamma; LCL, lymphoblastoid cell 
line; TILGen, Tumor-Infiltrating Lymphocytes and Genomics.
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Epitope PNMAL1 (TILGen 2) was predicted to be 
presented in HLA-A1*11:01, which could be confirmed 
by retroviral transduction of HeLa cells with this restric-
tion molecule (figure 5C). Similarly to RBMX, the CARS2 
Q171H epitope was predicted to bind to two of the 
patient’s HLA molecules (DRB1*07:01 and DQB1*02:02). 
We again confirmed restriction to HLA class II by blocking 
studies (figure 5D) and determined HLA-DQB1*02:02 as 
the correct restriction molecule by retroviral transduc-
tion of HeLa cells (figure  5E and online supplemental 
figure S4).

Despite the technical limitations of HLA-binding 
prediction for HLA class II epitopes, all predicted HLA 
bindings could be experimentally confirmed for our 
identified neoepitopes.

Broadening of T-cell polyclonality is seen following treatment 
in TILGen 1
Chemotherapy or other treatment may affect neoantigen 
expression; thus, it is of interest to us to assess changes 
in predicted and validated neoantigens. This comparison 
was possible for TILGen patient 1, from whom tumor 
tissue was collected before and after treatment. On 
stimulation of TILs from the resected tumor of HER2+ 
TILGen 1 patient after chemotherapy with the peptide 
pool loaded autologous APCs, we again detected one 
RBMX T55I-specific T-cell clone (1A35). This T-cell clone 
also specifically recognized the mutated variant and was 
restricted to HLA-DPB1*04:01 (online supplemental 
figure S5A,B).

Sequencing of the TCR revealed a fourth independent 
clone that we had not detected at the time of diagnosis 
(online supplemental figure S5C). To unravel whether 
we missed this clone by screening of T-cell reactivities, we 
developed clonotypical quantitative PCRs for each of the 
identified clones. By this, we could show that the CDR3 
regions of all four T-cell clones could be detected in the 
RNA of expanded T cells from the postchemotherapeutic 
tumor tissue. Furthermore, we could demonstrate that 
the CDR3 regions of the three T-cell clones isolated from 
core biopsy tumor tissue (prechemotherapy) could be 
detected in RNA of expanded T cells from peripheral 
blood at the time point of diagnosis, but the CDR3 of 
clone 1A35 could not be reliably detected at that time 
point (online supplemental figure S5D).

This finding suggests further induction of T-cell 
responses against neoepitopes in response to 
chemotherapy.

Neoepitopes are recognized when expressed endogenously in 
transduced MCF-7 BC cells
Finally, to analyze whether our newly identified epitopes 
could also be recognized by the T-cell clones when 
expressed in BC cells, we retrovirally transduced the 
MCF-7 human BC cell line with our full-length neoepi-
topes and the respective HLA molecules. We found 
RBMX T55I was presented both directly on MCF-7 cells 
and, as BC cells normally do not/rarely express HLA 

class II, after exposure of EBV-LCL to antigen-expressing 
tumor cell lysates (figure  6A,B). In addition, because 
MCF-7 cells endogenously harbor the HLA-DPB1*04:01 
restriction molecule of RBMX T55I, we see activation 
of the T-cell clones after IFN-γ induced upregulation of 
HLA-DP even without transduction of the HLA molecule 
(figure 6C,D).

To allow presentation of HLA class I‒restricted antigen 
PNMAL1, we additionally transduced the restriction 
molecule HLA-A1*11:01 and tested recognition by the 
PNMAL1 specific T-cell clone. As depicted in figure 6E, 
PNMAL1 P100R and HLA-A1*11:01 positive MCF-7 cells 
strongly activated the respective T-cell clone.

Interestingly, we found that autologous EBV-LCLs 
were capable of indirectly presenting the CARS2 after 
pulsing with tumor cell lysates (figure 6F), but we did not 
observe activation of the T-cell clone by the wt antigen. 
However, we were not able to demonstrate direct recog-
nition of HLA-DQB1*02:02 transduced MCF-7 cells 
retrovirally expressing the wt or mutated CARS2 either 
with or without IFN-γ pretreatment (figure 6G). Lack of 
T-cell recognition was not due to insufficient expression 
of transduced CARS2 as western blot analysis revealed 
strong expression (online supplemental figure S6A) and 
CARS2 peptide loading resulted in effective T-cell recog-
nition, indicating sufficient expression of the HLA-DQ 
restriction molecule (online supplemental figure S6B).

The recognition of endogenously expressed RBMX and 
PNMAL1, but not CARS2, suggests the former two should 
be prioritized for further analysis of actionable neoanti-
gens in patients 1 and 2, respectively. Lack of processing 
of endogenously expressed CARS2 might explain T-cell 
recognition of the exogenously loaded wt version.

DISCUSSION
The data presented herein show that by using our predic-
tion algorithm, we can detect neoepitopes that are specif-
ically recognized by TILs in TNBC and HER2+ patients 
with BC. Furthermore, these neoepitopes prove to be 
patient-specific both in our analysis of TCGA data as well 
as in our analyzed patients.

The specific targeting of tumor neoepitopes recog-
nized by TILs and the development of individualized 
immune-based therapies would likely enhance check-
point therapy, which has been disappointing as anti-PD-1 
or PD-L1 monotherapy,5 27 and only somewhat improved 
by combination with atezolizumab/nab-paclitaxel. Given 
the rather modest mutational burden of BC,28 boosting 
tumors to an immunologically ‘hotter’ state either by 
adoptively transferring neoepitope-specific T cells or 
vaccination with immunogenic neoepitopes either as 
adjuvant treatment after conventional chemotherapy or 
in combination with checkpoint inhibition has the poten-
tial to vastly improve response rates.29 30

To identify actionable neoepitopes, we present here a 
prediction algorithm based on WGS, RNA expression data 
and HLA-binding prediction that allowed for successful 
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identification of neoepitope-specific TILs for the first 
time in treatment-naive patients with BC. In contrast to 
other studies,9 31 we purposefully included HLA-binding 
prediction in our algorithm to reduce the number of 
potential epitopes, and while this may exclude some 
actionable neoepitopes, specifically for high TMB tumors, 
it increases feasibility. In combination with the use of long 
overlapping peptides for potential HLA class II epitopes, 
HLA-binding prediction led to a reduction of potential 
epitopes from 143 to 28 in the first patient (18%) and 
from 809 to 65 in the second (8%). Although we cannot 
guarantee that we did not miss any neoepitope-specific 
response, we clearly demonstrate that this method is 
feasible and leads to identification of polyclonal immune 
responses. For patients with low mutational burden, HLA 
prediction can easily be excluded from the workflow. The 
comparison of our neoantigen prediction method to 
other reported methods such as MHC analysis with recur-
rent integrated architecture (MARIA),32 will be part of 
future studies.

Knowledge of both tumor and normal tissue gene 
sequencing is vital for accurate variant detection and 
the basis for accurate neoepitope predictions; our pipe-
line here is distinguished from others in the literature 
by performing such tumor:normal comparisons. The 
bioinformatics method used here is also highly sensitive 
and specific for identification of the most likely variants 
and filters out low-probability variants. The ranking 

and prevalence of coding mutations within the dataset 
presented here fell within previously reported ranges that 
are representative of primary cancers.33 34

During cancer evolution, many mutations occur and 
may not persist, and such mutations as well as those not 
in known oncogenes are likely passenger mutations. 
Therefore, to circumvent targeting of only certain tumor 
subclones, we determined the allelic frequency of any 
candidate target neoepitope mutation of the tumor by 
deep sequencing.

To further lower the risk of escape variants and to 
generate a sustained antitumor effect, broad targeting of 
both CD4+ and CD8+ T-cell neoepitopes should be used. 
It is therefore of note that despite technical limitations 
of predicting HLA class II-restricted epitopes due to the 
varying peptide length within the open HLA II binding 
groove, we were able to identify neoepitope-specific CD4+ 
T-cell clones in both of our analyzed patients. The deep 
learning-based algorithm created by Chen et al32 may be 
a more robust approach to predicting HLA class II, and 
we will run a comparison in future studies. Nonetheless, 
our identification of these CD4+ T-cell clones allowed 
for combined CD4+ and CD8+-based immunotherapy. 
This is of particular interest as evidence has arisen 
that CD4+ T cells alone can actually drive therapeutic 
immune responses to cancer,35 36 including neoantigen 
recognition by CD4+ T cells as reported by Linnemann 
et al.37 Although typically most BC cells do not express 

Figure 6  T-cell recognition of neoepitopes expressed in MCF-7 BC cells. (A) IFN-γ ELISA of RBMX T55I-specific T cells 
cocultured with autologous EBV–LCL loaded with lysates of retrovirally transduced MCF-7 cells. (B) IFN-γ ELISA of T-cell 
recognition of MCF-7 cells retrovirally transduced with RBMX T55I or RBMX wt and the HLA-DP restriction molecule. (C) T-cell 
recognition as measured by IFN-γ ELISA of RBMX specific T-cell clone and RBMX T55I/wt transduced MCF-7 cells with and 
without prior IFN-γ treatment. (D) Surface expression of HLA-DP on MCF-7 cells with and without IFN-γ treatment as measured 
by flow cytometry. (E) T-cell recognition of HLA class I restricted antigen PNMAL1 P100R as well as wt variant retrovirally 
transduced in MCF-7 cells as measured by an IFN-γ ELISA. (F) IFN-γ ELISA of CARS2 Q171H-specific T cells cocultured with 
autologous EBV–LCL loaded with lysates of retrovirally transduced MCF-7 cells. (G) IFN-γ ELISA of T-cell recognition of IFN-γ 
treated and untreated MCF-7 cells transduced with CARS2 Q171H or CARS2 wt and the HLA-DQ restriction molecule NC: 
untransduced MCF-7 cells. Means with SEM of duplicates (B–E,G) are shown. BC, breast cancer; EBV, Epstein-Barr virus; 
IFN-γ, interferon gamma; LCL, lymphoblastoid cell line; RBMX, RNA binding motif protein X-linked; PNMAL1, paraneoplastic 
Ma antigen family-like 1; CARS, cysteinyl tRNA synthetase 2; Mut, mutated; NC, negative control; TILGen, Tumor-Infiltrating 
Lymphocytes and Genomics; wt, wild type.
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HLA class II, the combined application of tumor-specific 
CD4+ and CD8+ T cells might be crucial for a sustained 
antitumor response. This also highlights one of the 
advantages of our method as compared with direct identi-
fication of neoepitopes presented on tumor cells by mass 
spectrometry (MS).38 39 While MS approaches ensure the 
presentation of the identified epitopes on the cell surface, 
their sensitivity is generally too low to identify HLA class 
II-restricted antigens in solid tumors as they are usually 
only presented on bystander APCs. MS could be used 
in conjunction with our method as a means to confirm 
presentation but not necessarily to exclude predicted 
neoantigens.

An additional feature of our identification protocol 
based on clonally expanded T cells is that it allows for 
direct characterization of the reactive TCR and also for 
clones with low initial frequencies, enabling the genera-
tion of TCR transgenic T cells for adoptive transfer.

While targeting of neoepitopes allows for high-avidity 
T-cell responses with a low risk of autoimmunity, induc-
tion of autoreactive antibodies40 41 or cross-reactivity 
with the wt version is possible. It is therefore advisable to 
test T-cell recognition of the wt version to at least avoid 
cross-reactivity on use of a neoepitope-based vaccine 
or T-cell transfer. In regard to CARS2, which shows a 
limited amount of cross-reactivity against the wt epitope, 
we suggest that for this particular antigen, discrimina-
tion between the mutated and wt antigen be determined 
by differential processing,42–44 because retroviral expres-
sion of full-length CARS2 in MCF-7 cells did not lead 
to T-cell recognition and exposure of APCs to tumor 
cell lysates resulted in specific presentation of mutant 
CARS2.

The neoepitopes identified here appeared to be patient-
specific, and while we could find no role for CARS2 or 
PNMAL1 in cell proliferation or survival, RBMX plays a 
role in response to DNA damage. It has been reported 
that siRNA downregulation of RBMX decreases homol-
ogous repair to 7% of control—levels comparable to 
those of depletion of BRCA2.45 Whether RBMX T55I 
actually influences functionality of RBMX merits further 
evaluation.

It has been described recently that neoadjuvant chemo-
therapy increases the number of stromal TILs.46 We report 
here for the first time, however, the persistence and even 
expansion in polyclonality of a T-cell response against a 
defined HLA class II-restricted neoepitope during neoad-
juvant chemotherapy. It would be of interest whether 
the general expansion of TILs consists mainly of CD4+ 
T cells induced by HLA class II-restricted antigens, as on 
tissue damage (1) tumor antigens are released and can 
be presented on surrounding APCs as we demonstrated 
for RBMX, and (2) local inflammation upregulates HLA 
class II expression on the tumor cells themselves, allowing 
direct targeting by the neoepitope-specific T cells. Besides 
trastuzumab and pertuzumab, the patient analyzed here 
was treated with docetaxel and carboplatin, a chemo-
therapy known to cause immunogenic cell death,47 which 

is in line with the polyclonal expansion of the immune 
response.

Immunotherapy clinical trials in BC have not shown 
clinical responses as robust as those in equivalent trials 
in both lung and skin cancer.27 Several factors may come 
into play in the poor responses observed. Checkpoint 
inhibitor therapies are currently typically used for TMB 
high cancers such as melanoma or non-small cell lung 
carcinomas.48 49 In BC, there is a lower average TMB and, 
in general, the tumor environment is less immunogenic.27 
Our work has shown that there are TILs that recognize 
HLA-restricted neoepitopes and that they are immuno-
logically active both in TNBC and HER+ BC. However, 
progressive tumor growth demonstrates the inability of 
these TILs to eradicate the malignant cells. Recognition of 
these specific personalized neoepitope sequences occurs 
‘upstream’ of any potential checkpoint regulation, and 
any clinical use of neoepitopes may need to be combined 
with checkpoint inhibitors. However, patients may still 
benefit from immune therapy by checkpoint inhibitors 
in combination with cellular therapy or vaccination in a 
personalized fashion. This further emphasizes the need 
for -omics analysis in combination with the algorithm for 
identification of target neoepitopes described here to 
guide future therapies.
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Identification and validation of expressed HLA-binding breast cancer neoepitopes 
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Benz, Kayvan Niazi, Shahrooz Rabizadeh, Patricia Spilman, Andreas Mackensen, 
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Judith Bausenwein, Sascha Kretschmann, Marieke Griffioen, Jeffrey Schlom, James L. 
Gulley, Karin L. Lee, Duane H. Hamilton, Patrick Soon-Shiong, Peter A. Fasching, Anita 
N. Kremer 
 
METHODS 

In vitro peptide HLA-A2 binding assay 
 
For the determination of the in vitro HLA-A2 binding affinity of synthesized peptides, 

T2A2 cells were cultured with 50 g/mL of the indicated peptides overnight at 37oC. The 
binding of exogenous peptide stabilizes the HLA-A2 complex on the surface of the TAP-
deficient T2A2 cells. The affinity of the peptide to bind the HLA-A2 molecule is assessed 
via flow cytometry as function of increased HLA-A2 mean fluorescent intensity. FITC-
labeled anti-HLA antibodies were purchased from One Lamda, and data was acquired 
using a FACS Calibur Flow cytometer (BD Biosciences).  
 
In vitro generation of neoepitope-specific T cells from healthy donors 
 
Peripheral blood from healthy donors was obtained under the appropriate Institutional 
Review Board (IRB) approval and with informed consent. Neoepitope-specific T cells 
were generated from HLA-A2 expressing healthy donor peripheral blood mononuclear 
cells (PBMCs) using three rounds of in vitro stimulation. For each round of stimulation, 
dendritic cells (DCs) were prepared from PBMCs by plating 2 x 107 cells/well in 6-well 
plates in AIM V medium (Invitrogen). Cells were allowed to adhere for 2 to 4 hours at 
37oC. Following incubation, non-adherent cells were removed, and remaining cells were 
washed once with PBS and incubated in AIM V media containing 100 ng/mL 
granulocyte-macrophage colony-stimulating factor (GM-CSF; Peprotech) and 20 ng/mL 
interleukin-4 (IL-4; Peprotech). Cytokine-containing media was changed every 48 hours 
for 5 days. On day 5, DCs were matured for 1 to 2 days with CD40L (0.5 μg/mL; Enzo 
Life Sciences) in the presence of a cross-linking enhancer (1 μg/mL). After maturation, 
DCs were peptide-pulsed with MDA-MB-231 derived 9-mer neoepitopes (20 μg/mL) in 
RPMI media containing 10% (v/v) human AB serum for 1 hour. For the first round of in 
vitro stimulation, 2 x 106 autologous PBMCs were added per well following peptide 
incubation. After 48 hours, 100 ng/mL each of IL-15 (Peprotech) and IL-7 (Peprotech) 
were added to each well and cytokines were replenished every 2 to 3 days for 7 days. 
For subsequent rounds of in vitro stimulation, DCs were peptide pulsed for 1 hour as 
described above. T cells were harvested from the previous round of in vitro stimulation, 
counted, and added to new DCs in 2 mL media. IL-15 and IL-7 were added to media 
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every 2 days. Following the third round of in vitro stimulation, CD8+ T cells were 
isolated using a negative selection (Miltenyi Biotec). Purified CD8 cells rested in media 
containing IL-15 and IL-7 prior to assessment of either their cytotoxicity or antigen-

dependent IFN- secretion. 
 
Neoepitope prediction for two TILGen subjects 
 
Preclinical validation of neoepitope prediction in BC patients 
 
From two TILGen study1,2 patients, peripheral blood and tumor tissue were obtained 
after approval by the internal Institutional Review Board (IRB) and with informed patient 
consent according to the Declaration of Helsinki. Briefly, the TILGen (TILs and 
genomics) study was a predefined substudy of the iMODE-B (imaging and molecular 
detection of breast cancer) study. iMODE-B is concerned with molecular markers at the 
time of breast cancer diagnosis or progression, molecular detection, and imaging 
detection of breast cancer. The TILGen study focused on the identification of antigen-
specific TILs in TNBC and HER2-positive breast cancer patients in order to identify 
immunogenic targets that could help to improve cancer immunotherapy. Patients were 
eligible for inclusion in the iMODE-B study if an indication existed for a diagnostic biopsy 
because of a suspicious breast lesion.1,2 Peripheral blood was obtained for the isolation 
of germline DNA and generation of antigen-presenting cells (APC) (Epstein-Barr Virus 
(EBV)‒transformed B cells and monocyte-derived DCs). Tumor material was obtained 
by ultrasound guided needle-core biopsy for DNA extraction and expansion of TILs. 
One patient with HER2+ BC (TILGen 1) and another with TNBC (TILGen 2) were the 
initial patients tested for neoantigen-reactivity. Both received neoadjuvant 
chemotherapy according to standard of care and had pathological complete responses. 
For patient 1, resected tissue from the primary breast tumor site after neoadjuvant 
chemotherapy was available in addition to the initial biopsy and underwent analysis.  
 
Generation of autologous dendritic cells (DCs) 
 
DCs of the two breast cancer patients were generated from monocytes isolated from 
autologous PBMCs by magnetic separation as described in the Data Supplement. 
Monocytes (1 x 106 /mL RPMI) were incubated with 560 U/mL GM-CSF(Miltenyi 
Biotech) and 500 U/mL IL-4 (Peprotech). On day 5, 200 U/mL TNFα, 2000 U/mL IL-1β, 
1600 U/mL IL-6, 560 U/mL GM-CSF, 500 U/mL IFN-γ (all Miltenyi Biotech) and 1 µg/ml 
PGE-2 (Enzo) were added. DCs were harvested on day 6 to 7 and subsequently used 
for stimulation. 
 
Peptide pulsing of stimulator cells   
 
Before pulsing, peptides were dissolved in DMSO and diluted in RPMI. Peptide pulsing 
was performed by incubating stimulator cells for 2 hours with synthetic peptides (1 
µg/mL or as indicated) in RPMI containing 2% human serum. Peptide-pulsed cells were 
washed and subsequently used as stimulator cells. Alternatively, MCF-7 cells (5 x 106 / 
ml RPMI) were lysed in three subsequent freeze-thawing cycles (liquid nitrogen to 37°C) 
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followed by loading of 100 μL of those cell lysates onto EBV-LCLs. T-cell activation was 

measured either as cytokine release by IFN- ELISA (Invitrogen) according to the 
manufacturer’s instructions or as upregulation of CD137 in flow cytometry. For blocking 
experiments, HLA class I (W6/32; Biolegend) and HLA class II (PdV5.2; Santa Cruz 
Biotechnology) blocking antibodies were added at 2 µg/mL to the co-culture 30 minutes 
before addition of the T-cell clone. 
 
Retroviral transduction of BC-derived neoantigens and HLA alleles 
 
To confirm processing and presentation of neoantigens when endogenously expressed, 
total RNA from patient-derived EBV-LCLs was obtained using RNeasy Mini columns 
(Qiagen) and transcribed into cDNA by reverse transcriptase using the One Taq RT-
PCR Kit (New England Biolabs, Germany). HLA restriction molecules and RBMX, 
PNMAL1 and CARS2 wildtype (wt) were amplified with specific primers and PNMAL1 
P100R, CARS2 Q171H and RBMX T55I were generated by a 2-step PCR with oligos 
encoding the single nucleotide mutation (see all oligos and plasmids in Table S4). HLA-

DQ and -DP - and - chains were fused by a T2A linker. PCR products were cloned 
into retroviral vector MP71 or pLZRS, including the marker genes ΔNGFR or GFP. 
Inserted PCR products were verified by sequencing. Wild-type φnx A packaging cells 
were transfected with these vectors as described previously. 3 Viral supernatants were 
used for transduction of EBV-LCL, class II negative HeLa or MCF-7 cells on plates 
coated with 30 µg/ml recombinant human fibronectin CH296 (RetroNectin;Takara Bio). 
Expression of the transgenes was verified by marker gene expression and/or surface 
expression of HLA class II alleles. 
 
Flow cytometry 
 
For flow cytometric analysis and/or isolation of cells, the following antibodies were used: 
CD3 labelled with FITC or BV (Brilliant Violet) 510, APC-Cy7 or APC-labeled CD8, 
BV421-labelled CD4, PE-labelled CD137 and NGFR (all BD Sciences), as well as PE-

labelled HLA-DP (Leinco). IFN- producing cells were PE-labelled by using the cytokine 
secretion assay (Miltenyl Biotech) followed by flow cytometric sorting (Aria II, BD). The 
IOTest Beta Mark TCR Vβ Repertoire Kit (Beckman Coulter), which enables the 
identification of 24 different specificities, was used to determine the T-Cell Receptor 
(TCR) variable beta chain of different T-cell clones. 
 
TCR sequencing and clonotypic PCR 
 
For TCR sequencing, RNA of T-cell clones was isolated using an RNeasy mini kit 
according to the manufacturer’s protocol, including QIA shredder and DNase digestion 
(all Qiagen). cDNA was generated using SMARTScribe Reverse Transcriptase 
(Clontech) and 1 μM dNTPs (Roche) with an oligo in the constant β chain region (5’-
CAGTATCTGGAGTCATTGA-3’) and a target switching RNA anchor with added 
ribosomal guanine residues (5’-AAGCAGTGGTATCAACGCAGAGTACggg-3’) as 
described previously. 4 In a second PCR step, amplification of the variable region was 
performed by using the Pwo SuperYield DNA Polymerase (Roche) according to the 
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manufacturer’s instructions. Oligos included an anchor specific primer (5’-
AAGCAGTGGTATCAACGCAGAGT-3’) used in combination with a more proximal 
primer within the constant region (5’-CACGTGGTCGGGGWAGAAGC-3’). PCR was 
performed with 33 cycles, an annealing temperature of 59°C, and 1 minute of extension 
time. Resulting PCR bands were purified via gel electrophoresis, excised, and 

sequenced. Sequencing was performed using 5 L of DNA (100 ng/L) mixed with 5 L 
of the respective primer followed by Sanger sequencing at GATC Biotech (Germany). 
Analysis of the resulting sequences was performed using the International 
Immunogenetics Information Systems. 5 
       For clonotypic PCR, forward primers were designed to bind in the highly variable 
CDR3 region, while reverse primers bound in a distance of 70 to 120 bp. The following 
primers were used: 3E1 fw: 5’-CAATGGCTACAATGTCTCCAGATTAA-3’, 3E1 rv: 5’-
AGGCACTGCTGGCACAGA-3’; E15 fw: 5’-TCAGGGCGCCAGTTCTCTAA-3’, E15 rv: 
5’-CCTAAGCTGCTGGCGCAAA-3’; G44 fw: 5’-CAGGAATGCCAAAGGAACGATT-3’, 
G44 rv: 5’-CTGGTGAGCTGGCACAGAA-3’; 1A35 fw: 5’-
ATCCGTCTCCACTCTGAAGATC-3’, rv: 5’-TTCAGTGTTGCTCCCTAAGCT-3’. PCR 
was done in 10 μL reaction mix containing 100 ng of cDNA with 100 nM of each primer 
and 5 μL of the SYBR Select Master Mix (Thermo Scientific). Amplification was 
performed with 2 minutes at 50°C, 2 minutes at 95°C, followed by 65 cycles of 3 
seconds at 95°C, 30 seconds at 59°C. β-Actin was used as a housekeeping gene: fw: 
5’-CCGAGGACTTTGATTGCACA-3’, rv: 5’-AGTGGGGTGGCTTTTAGGAT-3’. To verify 
specific amplification of qPCR products, they were Sanger sequenced using the 
described primers. 
 
Immunoblotting 
 
Cells (5 × 106 cells/sample) were lysed on ice in 70 μL RIPA buffer (50 mM Tris, 150 
mM NaCl, 1% Triton X-100, 50 mM NaF, 0,2 mM Na3VO4, pH 7.4) supplemented with 
protease inhibitors (Roche) for 30 minutes. Cytosolic proteins were isolated from 
supernatants after centrifugation at 16.000 x g (20 min, 4°C) and protein concentration 
was determined by Pierce BCA Protein Assay Kits (Thermo Fischer Scientific). Protein 
lysate (15 μg) was separated by SDS-PAGE for 1 hour at 120 V using precast Mini-
PROTEAN TGX 4–15% gradient gels (Bio-Rad) and blotted on 0.2 μm Trans-Blot Turbo 
polyvinylidene difluoride membranes (Bio-Rad). Proteins were detected by rabbit anti-
CARS2 antibody (Sigma-Aldrich), mouse IgG1 anti β-Aktin (Santa Cruz), and visualized 
by the WesternDot 625 goat anti-rabbit Western blot kit according to the manufacturer’s 
protocol (Life Technologies). 
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Table S1. HLA-A2 restricted neoepitopes identified in the MDA-MB-231 cell line. 
Highlighted rows indicate the 20 peptides that were synthesized for further in vitro 
analysis. 
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Table S2. All peptides used for screening T-cell reactivities in HER2+ TILGen patient 1 
are shown. For HLA class I, all predicted neoepitopes were used as 9-mer peptides. For 
HLA class II, fusion peptides were generated for each mutation predicted to bind. 
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Table S3. All peptides used for screening T-cell reactivities in TNBC TILGen patient 2 
are shown. For HLA class I (left), all predicted neoepitopes were used as 9-mer 
peptides. For HLA class II (right), fusion peptides were generated for each mutation 
predicted to bind. 
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Table S4. All oligonucleotides and plasmids used for cloning and amplification are 
shown. 

 

 

 

Construct Cloning oligos Sequence (5‘ → 3‘) Plasmid Marker gene

A1*1101
HLA 1101 For CGCGGATCCACCATG GCCGTCATGGCGCC

pLZRS NGFR

HLA 1101Rev CCGGAATTCTCACACTTTACAAGCTGTGAG

DRB1*

1501

HLA DRB For CGCGGATCCACCATGGTGTGTCTGAAGCTCC
MP71 NGFR

HLA DRB Rev CCGGAATTCTCAGCTCAGGAATCCTGTTGG

DPB1*

0201

HLA DPA1 0103 For CGCGGATCCACCATGCGCCCTGAAGACAGAATG

pLZRS NGFR

HLA DPA1 0103 Rev 
CTCCACGTCACCGCATGTTAGAAGACTTCCTCTGCCCTCCAGGGTCCCCT

GGGCCC

HLA DPB1 0201 For
TCTAACATGCGGTGACGTGGAGGAGAATCCCGGCCCTATGATGGTTCTG

CAGGTTTCT

HLA DPB1 0201 Rev CCGGAATTCTTATGCAGATCCTCGTTGAAC

DPB1*

0401

HLA DPA1 0103 For CGCGGATCCACCATGCGCCCTGAAGACAGA ATG

pLZRS NGFR

HLA DPA1 0103 Rev
CTCCACGTCACCGCATGTTAGAAGACTTCCTCTGCCCTCCAGGGTCCCCT

GGGCCC

HLA DPB1 0401 For
TCTAACATGCGGTGACGTGGAGGAGAATCCCGGCCCTATGATGGTTCTG

CAGGTTTCT

HLA DPB1 0401 Rev CCGGAATTCTTATGCAGATCCTCGTTGAAC

DRB1*

0701

HLA DRB1 0701 For CGCGGATCCACCATG GTGTGTCTGAAGCTCC

pLZRS NGFR
HLA DRB1 0701 Rev CCGGAATTC TCAGCTCAGGAATCCTGTTGG

DQB1*

0202

HLA DQA1 0201 For CGCAGATCTACCATGATCCTAAACAAAGCTCTG

pLZRS NGFR

HLA DQA1 0201 Rev
CTCCACGTCACCGCATGTTAGAAGACTTCCTCTGCCCTCCAAGGGCCCTT

GGTGTCTG

HLA DQB1 0202 For
TCTAACATGCGGTGACGTGGAGGAGAATCCCGGCCCT 

ATGTCTTGGAAAAAGGCTT

HLA DQB1 0202 Rev CCGGAATTCTCAGTGCAGGAG CCCTTTC

RBMX 

wt/T55I

RBMX Start For CGCGGATCCACCATGGTTGAAGCAGATCGCC

MP71 GFP
RBMX Stop Rev CCGGAATTCTAGTATCTGCTTCTGCCTCC

RBMX T55I

RBMX mut For GCTTTTGTCATCTTTGAAAGCCCAGC

MP71 GFP
RBMX mut Rev GGGCTTTCAAAGATGACAAAAGCAAATCC

PNMAL

wt/P100R

PNMAL Start For CGCACGCGTCCACCATGTCCAAGACCATGGCGATG

MP71 GFP

PNMAL Stop Rev CGCCTCGAGTCAAACCTTTCTGGATTCATTGGT

PNMAL

P100R

PNMAL mut For CTGTAGAGACCGTACCCAGGATGCTGAG
MP71 GFP

PNMAL mut Rev CATCCTGGGTACGGTCTCTACAGACCAC

CARS

wt/Q171H

CARS2 Start For CGCACGCGTCCACCATGTTGAGGACTAC

MP71 GFP

CARS2 Stop Rev CGCCTCGAGTCAGCCCGCTGATTTTTGG

CARS2 Q171H

CARS2 mut For GAAAATATTCCTCACATAATTTCTTTCATTG

MP71 GFP
CARS2 mut Rev GAAAGAAATTATGTGAGGAATATTTTCGGTTAC
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Figures and legends 

Figure S1 

 
Fig. S1. Peptides of the respective MHC class I or II pool were subpooled and tested for 

recognition by the T-cell clones in an IFN- ELISA. The IFN- assay results are shown 
for (A) PNMAL1, (B) CARS2, and (C) RBMX. (D) Upregulation of CD137 as measured 
by flow cytometry upon peptide stimulation is shown for RBMX. 
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Figure S2 

 
Fig. S2. Additional peptide pool reactive CD8+ T-cell clones from patient 2 (n=30) and 
CD4+ T-cell clones from patient 1 (n=2) were tested against PNMAL1 P100R (A) and 

RBMX T55I (B) peptides in an IFN- ELISA. For patient 2, two exemplary clones are 
depicted. NC (negative control): autologous EBV-LCL. 
 
Figure S3 
 

 
Fig. S3 The core epitope of RBMX T55I was identified for all three T-cell clones (A) 
3E1, (B) E15, and (C) G44 by testing recognition of truncated peptides (D) loaded onto 

autologous EBV-LCL as measured in an IFN- ELISA. The means and SEM of 
duplicates are shown. 
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Figure S4 
 

 
Fig. S4. T-cell recognition of HeLa cells retrovirally transduced with the predicted HLA-
DRB1*0701/DRA1*0102 (A) and HLA-DRB1*1501/HLA-DRA*0102 (B). Depicted are 
the mean and SEM of triplicates (A) or duplicates (B) as measured after loading with 
CARS2 Q171H (A) and RBMX T55I (B) peptide. HLA compatible peptide-loaded EBV-
LCLs were used as controls. 
 
Figure S5 

 
Fig. S5. RBMX T55I specific T-cell responses persist after neoadjuvant chemotherapy. 
(A) CD4+ T-cell clone 1A35 isolated from resected tumor tissue after neoadjuvant 
chemotherapy specifically recognizes RBMX T55I but not wt RBMX as measured in an 

IFN- ELISA against peptide-loaded autologous EBV-LCL from patient 1. Depicted are 
the mean and SEM of triplicates. NC: negative control (unloaded autologous EBV-LCL). 
(B) 1A35 recognizes peptide loaded HeLa cells retrovirally transduced with HLA-

DPB1*0401, but not HLA-DPB1*0201 in the IFN- ELISA. Depicted are the mean and 
SEM of duplicates. (C) TCR sequencing of T-cell clone 1A35 reveals a differential 
variable beta chain and a unique CDR3 region. Clonotypic qPCR of all four RBMX T55I 
specific T-cell clones in blood (D) and tumor tissue (E) before and after neoadjuvant 
chemotherapy. 
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Figure S6 
 
 

 
 
Fig. S6. (A) Western blot analysis of whole cell lysates of CARS2 mut/wt transduced 
and untransduced cells as control: 1- EBV-LCL 050; 2 - EBV-LCL 050 CARS2 mut; 3 - 
EBV-LCL CARS2 wt; 4 - MCF-7 wt; 5 - MCF-7 CARS2 mut; and 6 - MCF-7 CARS2 wt. 
Beta-actin serves as loading control. (B) T-cell recognition of CARS2 specific T-cell 
clone 55 of MCF-7 cell transduced with CARS2 Q171H and the HLA-DQ restriction 
molecule and additionally pulsed with the indicated peptide variants of CARS2 (wt or 

mut) as measured by IFN- ELISA. 
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