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Identification of non-mutated neoantigens presented

by TAP-deficient tumors

Koen A. Marijt!@®, Laura Blijleven?, Els M.E. Verdegaal!@®, Michel G. Kester?, Daniel J. Kowalewski**, Hans-Georg Rammensee3*®,
Stefan Stevanovié>*@®, Mirjam H.M. Heemskerk?®, Sjoerd H. van der Burg'®, and Thorbald van Hall!@®

Most T cell-based immunotherapies of cancer depend on intact antigen presentation by HLA class | molecules (HLA-1).
However, defects in the antigen-processing machinery can cause downregulation of HLA-I, rendering tumor cells resistant
to CD8* T cells. Previously, we demonstrated that a unique category of cancer antigens is selectively presented by tumor
cells deficient for the peptide transporter TAP, enabling a specific attack of such tumors without causing immunopathology
in mouse models. With a novel combinatorial screening approach, we now identify 16 antigens of this category in humans.
These HLA-A*02:01 presented peptides do not derive from the mutanome of cancers, but are of “self” origin and therefore
constitute universal neoantigens. Indeed, CD8* T cells specific for the leader peptide of the ubiquitously expressed LRP

AP1 protein recognized TAP-deficient, HLA-I' lymphomas, melanomas, and renal and colon carcinomas, but not healthy
counterparts. In contrast to personalized mutanome-targeted therapies, these conserved neoantigens and their cognate
receptors can be exploited for immune-escaped cancers across diverse histological origins.

Introduction

Many T cell-based immunotherapies for cancer are based on
recognition of tumor antigens presented in HLA class I (HLA-I)
molecules by tumor cells (Robbins et al., 2013; Schumacher and
Schreiber, 2015). Success of immune checkpoint blockade ther-
apy is strongly correlated with mutational load and mismatch
repair-deficient cancers, irrespective of tumor type (Snyder et
al., 2014; Lauss et al., 2017). Point-mutated peptides indeed con-
stitute formidable tumor antigens due to their nonself nature, for
which a noncurtailed T cell repertoire is available. An absolute
requirement for such T cells to exert their action against cancer
is the display of HLA-I at the surface of tumor cells. However,
HLA-I down-modulation on cancer cells is observed in many im-
mune-escaped cancers, often caused by epigenetic silencing of
antigen-processing components, like the transporter associated
with antigen processing (TAP; Setiadi et al., 2007; Garrido et al.,
2016; Ritter et al., 2017). Recent studies implicated that acquired
resistance to checkpoint therapy can occur through alterations in
genes relevant for antigen processing and presentation (Patel et
al., 2017; Sucker et al., 2017). For instance, mutations in the JAK1/
JAK2 IFN signaling pathway represented acquired and primary
resistance mechanisms in cancer patients who relapsed from or
did not respond at all to checkpoint therapy, respectively. Nota-
bly, these mutations resulted in the inability to respond to IFN-y

and thus to upregulate antigen processing and presentation by
HLA-I (Gao et al., 2016; Zaretsky et al., 2016; Shin et al., 2017).
Our group previously discovered a novel category of tumor
antigens, referred to as TEIPP (T cell epitopes associated with
peptide processing), that are presented at the surface of tumor
cells carrying defects in antigen processing (Marijt et al., 2018).
In mouse tumor models in which MHC-I display is down-mod-
ulated by defects in the peptide transporter TAP, we showed a
selective presentation of TEIPP peptides and successful tar-
geting of immune-escaped tumor variants by TEIPP-specific T
cells (Doorduijn et al., 2016, 2018a). Thus, targeting TEIPP neo-
antigens is a potent strategy to induce antitumor responses for
tumors with low MHC-I expression. TEIPPs are derived from
ubiquitously expressed non-mutated “self” proteins; however,
their processed peptides fail to be loaded into MHC-I in healthy
cells. Their surface presentation is highly promoted by defects in
the antigen-processing machinery, especially in the absence of
the peptide transporter TAP. Due to this virtue, TEIPP peptides
constitute tumor-specific antigens. We have shown that the
CD8* T cell repertoire against TEIPP neoantigens is positively
selected in the thymus and that these cells remain naive, even
in tumor-bearing mice, making this subset fully exploitable for
T cell-based therapies against immune-escaped cancers without
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any signs of autoimmune reactivity (Doorduijn et al., 2018a). As
of yet, only one human TEIPP neoantigen has been identified at
the molecular level (El Hage et al., 2008; Durgeau et al., 2011).
To identify multiple human TEIPP antigens, we developed a
systematic hybrid forward-reversed immunology screen to iden-
tify human TEIPP antigens. This approach encompassed an in
silico prediction of TEIPP neoantigen candidates from the whole
humane proteome, matching candidates to the cancer-specific
peptidome, and an ex vivo screen to confirm the presence of a
TEIPP T cell repertoire in healthy donors. Here, we present data
on 16 identified HLA-A*02:01-binding TEIPP epitopes and a full
characterization of the T cell reactivity against one of them.

Results

Strategy for target identification from the

complete human proteome

To identify human TEIPP antigens that are presented by TAP-de-
ficient cancer cells, we developed a hybrid forward-reversed
immunology identification approach based on alternative anti-
gen-processing rules in combination with cancer-specific pepti-
dome database matching (Fig. 1 A). The whole human proteome
was chosen as a starting point, since TEIPP antigens are non-mu-
tated self antigens that are preferentially displayed on cells with
deficiency in the peptide transporter TAP. This TAP-independent
loading in HLA-I molecules can occur via two known alternative
processing pathways: liberation of N-terminal “signal peptides”
and C-terminal “tail peptides” (Martoglio and Dobberstein, 1998;
Yewdell et al., 1998; Neefjes et al., 2011; Blum et al., 2013; Oliveira
et al., 2013; Fig. 1, A and B). A list of signal peptide-containing
proteins was selected from the human proteome with the use of
aweb-based algorithm that predicts the signal peptidase cleavage
site (Kéll etal., 2004). Most of these leader peptides need further
processing by the proteolytic enzyme signal peptide peptidase in
order to release them from the ER membrane and thereby gen-
erate peptides of different lengths suitable for loading in HLA-I
(Martoglio and Dobberstein, 1998; Blum et al., 2013). This sig-
nal peptide search yielded 111,525 different 9- and 10-mer TEIPP
candidates. Additionally, C-terminal tail peptides were selected
using information on the topology of transmembrane proteins
in the same web-based algorithm, knowing that liberation and
TAP-independent processing of C-termini can be exerted by pro-
teases like furin and signal peptide peptidase (Tiwari etal., 2007;
Medina et al., 2009; Leonhardt et al., 2010, 2011; Oliveira et al.,
2013). This search resulted in 6,674 tail peptides (Fig. 1, A and B).
Next, we filtered these combined peptides for a predicted high
HLA-I binding affinity (IC50 < 500 nM) to one of the so-called
HLA “supertypes,” representing most alleles in the Caucasian
population (HLA-A*01:01, HLA-A*02:01, HLA-A*03:01, HLA-
B*07:02, HLA-B*40:01, and HLA-A*24:02; Sette and Sidney, 1999;
Nielsen et al., 2003; Sidney et al., 2008; Andreatta and Nielsen,
2016). This final list of 13,731 TEIPP candidates was then cross-
matched with a large peptidome database containing peptides
eluted from >200 tumor samples and 120 healthy tissue control
samples (Table S1). Thereby, we focused on those TEIPP candi-
dates that were endogenously processed and exclusively pre-
sented by tumor cells (Fig. 1 C). This strategy yielded a short list
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of 65 TEIPP neoantigen candidates, of which 40 had a predicted
binding to the HLA-A*02:01 allele (Fig. S1, A-D). These 40 HLA-
A*02:01-binding peptides were chosen to explore the existence
of cognate CD8* T cells (Fig. 1A).

Detectable frequencies of CD8* T cells against 16 out of 40
HLA-A*02:01-binding TEIPP neoantigens

To validate that T cells against these TEIPP neoantigens were
present in the repertoire of healthy donors, we grouped 40 dif-
ferent HLA-A*02:01 tetramers containing the TEIPP neoantigens
in eight pools of five peptides each, based on predicted binding
affinity (from high in “peptide pool 1” to low in “peptide pool 8”).
Next, CD8* T cell cultures were started with tetramer-assisted
“pull-downs” from peripheral blood mononuclear cells (PBMCs).
These enriched CD8* T cell pools were stimulated with the five
respective synthetic peptides of that particular pool for several
rounds and analyzed for the presence of peptide-specific T cells
by flow cytometry (Fig. 2 A). In an initial screen of three different
HLA-A*02:01-positive healthy donors, we observed T cell reper-
toires for 16 out of 40 TEIPP neoantigen candidates (Fig. 2 A).
Frequencies of tetramer-stained CD8* T cells varied from 0.1%
up to 78% in these short-term expanded cultures. These per-
centages differed between the three tested donors, indicating
that this protocol enabled the detection of TEIPP-specific CD8* T
cells, but that the observed frequencies reflected variation of the
in vitro steps of enrichment and expansion. Additional donors
were examined for the 16 positive peptides to evaluate the con-
sistency of this finding, and, against most peptides, CD8* T cells
were detected in the majority of the donors (Fig. 2 Band Table 1).
Collectively, these data indicated that our TEIPP identification
strategy had a high success rate to identify human antigens in
which a CD8* T cell repertoire existed in healthy individuals.

Most TEIPP-specific CD8* T cells reside in the naive repertoire

Previous investigations in our mouse tumor model of TEIPP
showed that TEIPP-specific T cells remain naive, even in the
presence of TAP-deficient tumor cells (Doorduijn et al., 2018a).
This was shown to be an advantage for their exploitability in
therapeutic interventions (Doorduijn et al., 2018a). To test this
aspect for human TEIPP-specific T cells, we again enriched te-
tramer-positive CD8* T cells from PBMCs for the five peptides
(p14, p29, p34, p35, and p55) that were frequently positive in our
screen. Naive CD8* T cells were directly separated from anti-
gen-experienced CD8* T cells by flow cytometry sorting, based
on differentiation markers CD62L and CD45RA at the cell surface
(Fig. S2 A). After this ex vivo sorting, the two populations were
expanded by three rounds of in vitro stimulation and analyzed
for the presence of tetramer-positive CD8* T cells (Fig. 3, A and
B). Importantly, T cells against pl4, p34, and p35 were exclusively
found in the sorted naive population in all tested donors, indicat-
ing that these specificities had never encountered cognate anti-
gen in these healthy individuals. In addition, T cells against p29
and p55 were found in the naive subset of some donors, while
in other donors, these specificities were detected in the anti-
gen-experienced repertoire (Fig. 3 B). These data indicated that
some TEIPP-specific CD8* T cells already had been primed in a
few healthy individuals, but that the majority of them reside in
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Figure 1. Identification approach of TEIPP neoantigens associated with immune-edited cancers. (A) A schematic overview of the applied screening
approach. Human peptide sequences were selected via algorithms-based predictions on the whole human proteome for presentation by HLA-I molecules
independent of the peptide transporter TAP. Two main unraveled pathways have been described for which algorithms are available: the processing of signal
peptides and of C-terminal tail peptides (red). The resulting peptide selection was matched with a large database of naturally presented peptides from human
cancers and healthy tissue (blue). The subsequent short list of candidates with a predicted binding to HLA-A*02:01 was subjected to functional testing for T
cellimmunogenicity and recognition of tumor cells deficient for the peptide transporter (green). (B) Graphical display of the two molecularly described TAP-in-
dependent processing mechanisms. Top: Signal peptides containing proteins are processed in the ER membrane by the proteolytic enzymes signal peptidase
(SP) and signal peptide peptidase (SPP), resulting in the liberation of small peptides in the lumen of the ER, where they can bind to HLA-I molecules. Bottom:
Proteins with their C-terminal tail protruding in the ER can be cleaved by proteases like furins or single peptide peptidase. (C) Venn diagram of in silico predicted

TEIPP neoantigens matched with databases comprising naturally presented peptides from tumor tissues or healthy tissues.

a naive state. We speculated that this priming could have been
triggered by bacterial species in the gut with antigens that show
striking sequence similarity with peptide 29 and 55 (Fig. S2 B). In
summary, these data demonstrate a universal existence of naive
T cells with TEIPP specificity in healthy individuals.

Functional avidity of clonal CD8" T cell cultures

To functionally study TEIPP-specific CD8* T cells, we generated
clonal cultures against the five TEIPP peptides pl4, p29, p34, p35,
and p55. Four of these peptides were derived from N-terminal
signal sequences of proteins, and one was derived from a C-termi-
nal tail peptide (Fig. S2 C). We evaluated the binding affinity and
stability of these five peptides to HLA-A*02:01 since these deter-
minants are critically involved in immunogenicity for T cells (van
der Burg et al., 1996; Miillbacher et al., 1999). Four of the five pep-
tides displayed an intermediate affinity and formed complexes
with HLA-A*02:01 for at least 4 h; however, p29 surprisingly failed
to show binding in these cellular assays (Fig. S2, D and E). Multiple
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T cell clones were generated using an antigen-independent ex-
pansion protocol of tetramer-positive CD8* T cells after single-cell
sorting. Since the functional avidity correlates with high affinity
TCRs and thus for in vivo efficacy (Dutoit et al., 2001; Snyder et
al., 2003; McKee et al., 2005; Vigand et al., 2012), we assessed
the peptide concentrations resulting in half-maximum cytokine
response (EC50) of the several TEIPP-specific T cell clones when
exposed to APCs pulsed with titrated concentrations of cognate
peptide (Fig. 3 C). Allisolated T cell clones exhibited a functional
avidity between 0.4 and 66 nM, with the highest avidity for clones
recognizing p34 and p55. The other clones, like those against p14,
were considered to display moderate avidity. Of note, all clones
with the same peptide specificity used different TCRB V-seg-
ments, pointing at their independent origin and the availability
of abroad repertoire (Fig. S2 F). These results demonstrated that
the broad repertoire of TEIPP-specific T cells in healthy individ-
uals exhibits a usual functional avidity for their cognate peptide
and is competent to respond upon antigen encounter.
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Figure 2. Detection of CD8* T cells against TEIPP neoantigens in PBMCs of healthy donors. PBMCs of healthy donors were screened with HLA-A*02:01
tetramers to identify whether a T cell repertoire is present for TEIPP neoantigens. HLA-A*02:01 tetramers folded with the selected 40 TEIPP neoantigen candi-
dates were arranged in eight pools based on predicted peptide binding. (A) TEIPP-enriched T cell pools were analyzed by flow cytometry (n = 3). Representative
dot plots of TEIPP neoantigen-specific CD8* T cells are shown. (B) PBMCs of additional healthy donors were tested to validate the presence of a TEIPP T cell
repertoire. All 40 TEIPP neoantigen candidates were tested in at least three different donors. Shown are data of all tested donors. Each bar represents one
TEIPP neoantigen candidate. Blue indicates the percentage of T cell-positive donors based on flow cytometry analysis. Numbers above each bar indicate the

fraction of positive donors out of total tested.

CD8" T cells against p14 recognize TAP-deficient tumors across
diverse histological origin

In search for TEIPP antigens on immune-escaped cancers, we se-
lected the p14 peptide-epitope with sequence FLGPWPAAS from
the ubiquitously expressed LRPAP1 protein (from now on called
LRPAPI,, 3,) for in-depth examination (Table 1). First, we con-
firmed specificity for the LRPAPI,, 30 epitope for T cell clone 1A8
by testing different peptide length variants of the LRPAPI signal
peptide (Fig. S3 A). Although unconventional, this examination
confirmed the serine amino acid as C-terminus for this HLA-
A*02:01allele. Next, LRPAPI gene expression data were collected
from the Cancer Genome Atlas database for different tumor types,
revealing that its expression is ubiquitous with exceptionally high
expression levels in skin melanomas (Fig. 4 A). We therefore se-
lected the HLA-A*02:01-positive skin melanoma cell line 518A2
and confirmed the expression of the LRPAPI gene (Fig. 4 A and
Fig. S3 B). For this cell line, a TAP1 KO variant, a CRISPR/CAS9
control TAP1-WT variant, and a TAP1/antigen double KO variant
were generated by CRISPR/CAS9 technology; these gene-edited
variants were tested for recognition by the LRPAPI,, 30-specific
CD8* T cell clone 1A8 (Fig. 4 B and Fig. S3, C and D). Surface dis-
play of HLA-A*02:01 decreased after knocking out the gene for
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the peptide transporter TAPI (Fig. 4 C). The LRPAPI,, 5,-specific
CD8* T cell clone selectively recognized the TAP1-deficient variant
of 518A2. This suggested that the LRPAPI,, 5, signal peptide was
only presented by the TAP-deficient tumor variant, despite equal
expression of the LRPAP] gene and lower HLA-A*02:01 levels on
these cells (Fig. 4 D). Furthermore, selective KO of the epitope
(LRPAPIy,.3, Ag-KO) resulted in complete abrogation of T cell rec-
ognition (Fig. 4 D). To control for artificial CRISPR/CAS9-induced
immunogenicity, we included a previously established T cell clone
(HSS1 PRAME) that recognizes the TAP-dependent PRAME (SLL
QHLIGL) tumor antigen. This PRAME ,5_433-specific CD8* T cell
only recognized 518A2 WT cells, whereas it completely failed to
respond toward the TAP KO variant. In contrast, LRPAP1; 3,-spe-
cific T cells displayed a clear preference for the TAP KO variant
(Fig. 4 E). Collectively, these data confirmed that the applied
tetramer-based selection approach allows the isolation of func-
tional CD8* T cells with a bona fide specificity for the antigen
from which the TEIPP was derived. Moreover, these data excluded
potential cross-reactivity of T cell clone 1A8 against other pep-
tides presented by the 518A2 melanoma cells. Finally, antibodies
against HLA-I molecules were able to block the tumor recognition
by T cells, demonstrating dependency on peptide/HLA-I (Fig. 4 F).
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Table1. Overview of TEIPP neoantigen candidates

# Gene name Peptide Accession number® HLA-A2 affinity Expression? T cell repertoire

sequence® (1c50)c

Tissue® Normal Cancer

Ubiquitous TEIPP
pl ERGIC3 FLSELQYYL Q9Y282 2 All ++ ++ 4/7
p4 TTYH3 ALFSFVTAL Q9COH2 10 All + + 1/3
p9 1GJ VLAVFIKAV P01591 52 All ++ ++ 1/3
pld LRPAP1 FLGPWPAAS D6REW6 353 All ++ ++ 14/14
p29 ARSA LLALAAGLAV P15289 79 All ++ ++ 9/10
p44 EMILIN2 FLYPFLSHL Q9BXX0 4 All + ++ 4/7
p49 H2AFV ILEYLTAEV E5SRJUL 30 All ++ ++ 6/9
p67 SEP15 LSEKLERI 060613 15 All + + 4/8
Tissue-specific TEIPP
p2 IL12A VLLDHLSLA P29459 7 Mixed + + 3/7
pl7 HPR LLWGRQLFA P00739 24 Liver 4+ + 6/7
pl8 FSTL4 TLLGASLPA Q6MZW?2 27 Mixed + 4 5/7
p30 IFI30 LLLDVPTAAV MO0QZG3 10 Mixed e+ ++ 5/8
p32 (D798 LLLSAEPVPA P40259 41 Lymphoid ~ + . 3/7
p34 PCDHGA6 LTLLGTLWGA Q9Y5G7 24 Mixed +/- +/- 8/8
p35 C200rf141 SVLWLGALGL QI9NUB4 161 Testis + + 16/16
p55 APCS VIIKPLVWV P02743 113 Liver 4 4+ 9/10

2Peptide sequences of the non-mutated neoantigens.

bUniProt accession numbers.

“Predicted peptide affinity binding in HLA-A2:01.

dProtein expression scores are based on data from the Human Protein Atlas.
eProtein expression based on the Cancer Genome Atlas database score.

The ubiquitous expression of the LRPAPI gene in diverse
tumor types prompted us to test T cell recognition of other HLA-
A*02:01-positive melanomas and tumors of other histological or-
igin, including renal cell carcinoma and lymphoma. The panel of
Tland T2 lymphoma cells is known for its characterized genomic
TAP status (Fig. S3 E; Wei and Cresswell, 1992; Anderson et al.,
1993). We confirmed equal LRPAPI gene expression by quantita-
tive PCR (qPCR; Fig. S3 F) and examined recognition by multiple
LRPAPI,, 5,-specific T cell clones (Fig. 4 G). All tested CD8* T cell
clones selectively recognized the TAP-deficient T2 cells, again
displaying a typical TEIPP specificity.

Next, a panel of HLA-A*02:01-positive TAP-deficient mela-
nomas and renal cell carcinomas was generated by genetically
disrupting the TAPI gene. Tumor cell mRNA levels of the LRP
API gene were again comparable as quantified by PCR (Fig. S3
G). Flow cytometry analysis revealed that HLA-A*02:01 levels
varied between the lines, but that these decreased after TAPI
gene KO (Fig. 4 H). As observed for the 518A2 melanoma and
the T2 lymphoma, multiple LRPAPI,, 30-specific T cell clones
exhibited a preferential recognition of the TAP1-deficient tumor
lines (Fig. 4 I). Interestingly, some parental tumors were already
recognized even before silencing the TAPI gene (e.g., melanoma
93.04), implying that low endogenous TAPI levels in some pri-
mary tumors already allow presentation of the LRPAPI,, 3, an-
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tigen. Indeed, qPCR confirmed low TAPI gene expression in the
melanoma 93.04 (Fig. S3 H). In line with this, complete abolish-
ment of the TAPI gene in tumor line 93.04 did not result in much
improved T cell recognition (Fig. 4 I). To further corroborate the
shared character across multiple tumor types, we also tested T cell
recognition of our 1A8 clone against two colon carcinomas (Fig.
S3,1and J). Interestingly, we observed specific T cell responses
toward the TAP KO variants of these two colon carcinoma cell
lines (Fig. S3 K). Overall, these data clearly demonstrated that
the LRPAPI,, 30 TEIPP epitope is universally presented in HLA-
A*02:01 by cancers of diverse histology when the peptide trans-
porter TAP is not functional. TEIPP-specific CD8" T cells enable
targeting of this shared, non-mutated peptide on immune-es-
caped HLA-T°" cancers.

Targeting TEIPP antigens appears safe despite ubiquitous
expression of their proteins in healthy cells

The fact that human TEIPP antigens derive from ubiquitously
expressed non-mutated proteins may raise concerns for auto-
immune pathology. Indeed, the LRPAP1 protein is clearly ex-
pressed in several critical organs of our body, as revealed by
tissue slide staining images available from the Human Protein
Atlas (Fig. 5 A and Fig. S4 A; Uhlén et al., 2015). Therefore, two
primary melanocyte cultures and two immortalized kidney cell
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Figure 3. Most TEIPP-specific CD8" T cells reside in the naive repertoire. The status and functional avidity of TEIPP-specific T cell peptide candidates p14,
p29, p34, p35, and p55 were examined. CD8* T cells to these peptides were most abundantly detected in PBMCs of healthy donors. (A) Representative dot
plots of pHLA-A*02:01 tetramer-stained CD8* T cells cultured from either the naive subset or the experienced subset. Percentages represent pHLA-A*02:01
tetramer-positive cells out of total CD8* T cells. (B) Pie charts for each of the TEIPP neoantigen candidates. Five donors were tested, and each slice represents
one donor. The relative percentage of naive cells (blue) and percentage of experienced cells (red) are calculated out of total pHLA-A*02:01 tetramer-positive
CD8* cells. (C) T cell clones against these peptides were generated by single-cell sorting on HLA-A*02:01 tetramer-positive cells and subsequent expansion.
Functional T cell avidity was examined by measuring cytokine production of activated T cells recognizing TEIPP peptide-pulsed, HLA-A*02:01-positive T2
cells with different concentrations of peptide. EC50 was determined by calculating the peptide concentration (nanomolar) corresponding to the 50% cytokine
production of the maximum response. Individual clones were tested at least three times.

lines were tested for CD8* T cell recognition. These nontrans-
formed cells contained similar high levels of LRPAPI transcripts
as the 518A2 tumor (Fig. 5 B) and displayed sufficient levels of
HLA-A*02:01 at their cell surface (Fig. 5 C). Despite these opti-
mal conditions, LRPAP1,, 3,-specific T cells did not respond to
these healthy cells (Fig. 5 D). Exogenous loading of synthetic
LRPAPI peptide to the cells, however, did lead to LRPAP1-spe-
cific T cell response, suggesting that healthy cells were capable
of presenting peptides (Fig. 5 E). These data confirmed a crucial
role for low TAP function for the presentation of TEIPP anti-
gens and suggested that TEIPP targeting might be considered a
safe therapy, even though these proteins are present in healthy
tissues as well.

Marijt et al.
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In summary, our data reveal an array of novel non-mutated
tumor antigens displayed by tumors with (partial) TAP defi-
ciency (Table 1). Some of these are tissue restricted, but others,
like the LRPAPI signal peptide, are ubiquitously expressed and
represent universal HLA-presented tumor antigens on cancers
with impaired antigen processing.

Discussion

We developed a screening approach to identify human antigens
belonging to the novel category of non-mutated neoantigens
of self origin called TEIPP. Our screen yielded 65 potential TEI
PP candidates, which are exclusively present in the peptidome
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Figure 4. CD8"T cells against p14 recognize TAP-deficient tumors of different histological origin. T cell clones were tested for their specificity to selec-
tively recognize the LRPAP1,, 3o TEIPP epitope presented on TAP-impaired tumors. (A) Whisker plots of LRPAP1 gene expression in human cancers collected
from the Cancer Genome Atlas database. (B) The TAP1 gene in the melanoma 518A2 was knocked out (TAP KO) using CRISPR/CAS9. In addition, the LRPAP1,,.3
epitope was knocked out in these cells (ag KO). mRNA expression of LRPAP1 was examined by qPCR. Data are shown as mean + SD of triplicates. Significance
testing: unpaired Student’s t test; n.s., not significant; ***, P < 0.001 (n = 3). (C) HLA-A*02:01 surface expression on 518A2 melanoma variants measured by
flow cytometry. Plots are representative of three independent experiments. (D) GM-CSF production of T cell clone 1A8 upon 518A2 TAP KO recognition. When
LRPAP1,; 39 epitope was knocked out (ag KO), recognition by the T cells was abolished. Representative data of three independent experiments are shown.
Each dot represents a technical replicate. Significance testing: Student’s unpaired t test; ***, P < 0.001. (E) To control for artificial CRISPR/CAS9-mediated
immunogenicity, we cocultured T cell clones specific for LRPAP1,;.30 (TAP-independent epitope) or PRAME435.433 (TAP-dependent epitope) together with the
518A2 melanoma (WT versus TAP KO). GM-CSF cytokine response was measured. Each dot represents one independent experiment with technical triplicates.
(F) HLA dependency was tested using HLA-ABC- or HLA-A*02:01-blocking antibodies. Representative data of two independent experiments are shown. Each
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of cancer cells. Analysis of the 40 HLA-A*02:01-binding TEIPP
candidates revealed a consistent CD8* T cell repertoire to 16 of
these 40 peptides. Additional analyses demonstrated that these
CD8* T cells were present in the naive pool for five peptide can-
didates and that they were not affected by central or peripheral
tolerance. Monoclonal T cell cultures against the TEIPP epitope
LRPAPI,, 3 selectively recognized TAPI-deficient cancers from
different histological origins, including lymphoma, melanoma,
colon carcinoma, and renal cell carcinoma, whereas TAP-pro-
ficient primary cells were spared from T cell recognition. This
emphasizes the attractiveness of targeting TEIPP neoantigens
on HLA-I®" cancers, namely for its shared character on those
tumor cells. Thus far, we focused on HLA-A*02:01-binding TEI
PP peptides, but our screen also predicted a broad array of anti-
gens presented by other HLA types. Furthermore, we realize that
this proof-of-concept approach is far from complete. Most likely,
many more undiscovered pathways enable the presentation of
TAP-independent processed TEIPP neoantigens.

We observed that knocking out the TAPI gene rendered all
tested cancer cell lines vulnerable for TEIPP-specific T cells.
Importantly, TEIPP-specific T cells exhibited moderate to high
recognition of some WT skin melanomas and renal cell carci-
nomas (e.g., 93.04, mz1257), and CRISPR/CAS9-mediated KO
of the TAPI gene led to only modest improvement of cancer cell
recognition. In other cancer lines (e.g., melanoma 518A2, 08.11),
minimal T cell responses were detected to WT cancer cells, and
knockdown of TAP1 was necessary to induce strong T cell recog-
nition. These data suggested that some cancer cell lines already
down-modulated TAP1 gene expression to such a degree that it
was already sufficient for the presentation of TEIPP neoantigens.
Although only 1-2% of melanomas have deleterious mutations
in TAP1 or TAP2, a high frequency of metastatic melanomas dis-
plays low TAPI expression due to epigenetic silencing (Garrido
et al., 2016; Ritter et al., 2017). At this moment, we have not
determined how low TAPI function needs to be for TEIPP neo-
antigens to be presented on the cell surface of cancer cells. The
exact mechanisms of selective TEIPP neoantigen presentation
on antigen-processing defective cells are still not completely
known. Our previous experiments in mouse models suggested a
competition between peptide antigens in the ER (Oliveira et al.,
2011; Vigano et al., 2012). The peptide-loading complex (PLC) is a
multisubunit membrane complex orchestrating the loading and
editing of peptides in HLA-I molecules, facilitated by the TAP1/
TAP2 channel, and thereby responsible for the translocation of
peptides from the cytosol into the PLC (Blees et al., 2017). The TAP
peptide transporter is incorporated in this efficient PLC, in close
proximity to HLA-I molecules, which could explain why peptides
processed through different mechanisms, independent of TAP,
will not have the chance to bind in HLA-I molecules. Besides TAP

levels, the amount of available antigenic protein also needs to be
taken into account. Interestingly, massive overexpression of a
TEIPP antigen makes it possible to present its TEIPP peptide in
the cell surface even in TAP-proficient cells (Oliveira et al., 2011).
We theorize that these two factors govern the efficiency of TEIPP
neoantigen presentation. Low TAP function allows for low an-
tigen expression, whereas moderate TAP function needs higher
amounts of antigen expression (Durgeau et al., 2011; Oliveira et
al., 2011). Of utmost importance is that TAP function in healthy
cells of our organs is high enough to prevent recognition by TEI
PP-specific T cells (Doorduijn et al., 2016, 2018a).

The presence of a TEIPP T cell repertoire in healthy donors
indicates that no negative selection has occurred in the thymus,
even though gene expression in the thymus was observed for
most of the TEIPP neoantigen candidates (Fig. S4 B). During T cell
education in the thymus, TEIPP-specific T cells are positively se-
lected for low affinity interaction with peptide/MHC in the cor-
tex of the thymus. To prevent autoimmune responses, negative
selection of T cells in the medulla of the thymus is essential to
delete self-reactive T cells. This strengthens the hypothesis that
TAP-proficient medullary thymic epithelial cells might express
the target proteins but do not present TEIPP antigens by their
HLA-I, and thus TEIPP T cells will undergo normal thymic se-
lection. Indeed, TEIPP-specific T cells are deleted from the rep-
ertoire of TAP-deficient mice (Doorduijn et al., 2016). Moreover,
most of the evaluated TEIPP-specific T cells were only found in
the naive pool in the circulation and have not encountered anti-
gen yet, signifying that TAP-proficient healthy cells did not trig-
ger TEIPP-specific immunity. Although not tested, we presume
this T cell repertoire to be naive in cancer patients as well, since
tumor cells are not real APCs and harbor an immune-suppressive
environment. Moreover, some viruses that down-modulate TAP
(e.g., HSV and CMV) might also manipulate other pathways and
therefore not allow TEIPP T cell priming. Ex vivo T cell activation
or in vivo vaccination strategies might be needed to recruit the
TEIPP T cell repertoire for immunotherapy. These assumptions
are based on our earlier observations in a mouse model for TEI
PP (Doorduijn et al., 2018a). It is noteworthy that, in some do-
nors, we observed that T cells against p29 and p55 were derived
from the antigen-experienced pool. We speculate that these TEI
PP specificities had been triggered by cross-reactivity to micro-
biota-derived epitopes leaked from the gut, which can occur
after the use of antibiotics or other intestinal injury (Lee et al.,
2011; Zitvogel et al., 2016). Since the tested healthy donors did
not suffer from severe autoimmune reactivity, even antigen-ex-
perienced TEIPP-specific T cells apparently do not target healthy
TAP-proficient tissues. The safety of TEIPP-targeting therapies
was thoroughly evaluated in mouse tumor models (van Hall et
al., 2006; Chambers et al., 2007; Doorduijn et al., 2016, 2018a,b).

dot represents a technical replicate. Significance testing: unpaired Student’s t test; n.s., not significant; **, P < 0.01; ***, P < 0.001. (G) TEIPP T cell specificity
was determined by coculturing three different T cell clones together with TAP-proficient T1 cells and TAP-deficient T2 lymphoma cells. Cytokine responses were
measured to detect T cell recognition. Representative data of three independent experiments with technical triplicates are shown. (H) HLA-A*02:01 surface
expression of the TAP-impaired tumor panels as measured by flow cytometry (SKCM, melanoma; KIRC, renal carcinoma). Representative data of three indepen-
dent experiments are shown. (1) Cytokine production of indicated T cell clones upon antigen recognition of four melanomas and two renal carcinomas. Each
dot represents one T cell clone specific for the LRPAP1,; 3 epitope. Representative data of three independent experiments with technical triplicates are shown.
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Figure5. Targeting TEIPP antigens is safe despite ubiquitous expression of their proteins in healthy cells. To assess the safety of targeting non-mutated
TEIPP neoantigens, we examined the T cell recognition of healthy cells. (A) Histological tissue stainings for LRPAP1 were collected from an online-accessible
database (the Human Protein Atlas). Positive protein detection was observed in various healthy organs. (B) LRPAPI mRNA levels were determined of two
primary melanocyte cultures and two nontransformed kidney epithelial cell lines by qPCR. Data are shown as mean + SD from one out of two experiments. (C)
Surface HLA-A*02:01 expression of the healthy cells was determined by flow cytometry. Representative data of three independent experiments are shown.
(D) No cytokine responses were detected when T cells specific for LRPAP1,; 30 were cocultured with these healthy cells. (E) To assess the ability of the healthy
cells to present the epitope in HLA-A*02:01, peptide was exogenously loaded. LRPAP1; 35-specific T cell clone 1A8 was cocultured with peptide-pulsed healthy

cells, and GM-CSF cytokine production was measured. (D and E) Representative triplicate data of two independent experiments are shown.

Vaccine-induced TEIPP-specific T cells via synthetic peptides or
dendritic cells, or adoptive transfer of TEIPP-specific T cells, all
reduced outgrowth of TAP-deficient tumors without any sign of
autoimmune reactivity.

TEIPP neoantigens are selectively presented in cancer cells
with deficient function of MHC-I-processing machinery. There-
fore, we anticipate a complementary role for these antigens to
those of other categories, like patient-specific mutanome pep-
tides or cancer-testis antigens. A combination of these might
prevent immune escape via shutdown of HLA-I expression due
to defects in the antigen-processing machinery. A great asset of
TEIPP antigens is their non-mutated status and the fact that the
tumor antigens are broadly shared across many cancer types.
A few validated TEIPP antigens or gene transfer of their cog-
nate-cloned T cell receptors might be sufficient for increased ef-
ficacy of immunotherapy through prevention of tumor escape.
Future investigations need to reveal safety and applicability of
vaccination-based strategies and TCR-based gene transfer ap-
proaches for TEIPP. Together, we propose that TEIPP neoanti-
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gens are an interesting way to reestablish antitumor responses
in human immune-escaped cancers.

Materials and methods

Study design

The aim of this study was to test a systematic, hybrid, forward-re-
versed immunology approach to identify TEIPP-specific T cells
and their cognate antigen (Table 1). For this, we collected the
whole human proteome dataset from UniProt (ID: 9606, Release:
2014_06). For predictions of the N-terminal signal cleavage loca-
tion and the topology prediction for C-terminal tail peptides, the
web-based topology algorithm Phobius was used. For N-termi-
nal peptide candidates, proteins with a predicted signal peptide
probability of >0.5 were included. For C-terminal peptide candi-
dates, proteins with a predicted C-terminal tail located in the ER
were included. Peptide binding affinity to HLA-I molecules was
predicted using MHCnet4.0 (http://www.cbs.dtu.dk/services/
NetMHC/). Peptides with a predicted binding affinity <500 nM
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were included. We used the peptidome elution library (release
2014_10) of the Tiibingen group (Department of Immunology,
University of Tiibingen) to select for biologically processed pep-
tides. Next, in vitro analysis was performed on 40 HLA-A*02:01
TEIPP candidates using healthy donor PBMCs. In-depth analysis
was performed on five TEIPP candidates. To guarantee statistical
power, we performed all experiments on at least three different
PBMC batches isolated from different donors.

Tumor cell lines

Human tumor cell lines were obtained through ATCC or derived
from patient surgery material. The clinical protocol was approved
by the Medical Ethics Committee of the Leiden University Med-
ical Center and conducted in accordance with the Declaration of
Helsinki. All tumor cell lines were cultured at 37°C, 5% CO,, in
DMEM (Invitrogen) containing 8% heat-inactivated FCS, 100 U/
ml penicillin, and 100 pg/ml streptomycin (Life Technologies)
and supplemented with 2 mM glutamine (Invitrogen).

Generation of TEIPP-specific T cell clones

Buffy coats from healthy donors were obtained from Sanquin
(Sanquin blood facility). Informed consent was given in writ-
ing by all participants. PBMCs were isolated using a ficoll gra-
dient (density 1.077 g/ml). Approximately 500 x 106 PBMCs
were incubated with PE-pHLA-A*02:01 tetramers for 30 min
at 4°C. Anti-PE magnetic beads (MACS) were used to pull out
pHLA-A*02:01 tetramer-positive cells over a MACS LS column
as instructed by the manufacturer (Miltenyi Biotech). T cells
were cultured in complete IMDM containing 8% human serum
(Sanquin blood facility) and 100 U/ml IL-2 (Proleukine; Novar-
tis). Bulk T cells were stimulated every 2 wk with a mixture of T
cells (10), 10 uM synthetic peptide, irradiated PBMCs (10° cells,
80 Gy), and EBV-JY (10° cells, 100 Gy) in complete T cell culture
medium supplemented with 100 U/ml IL-2 in 24-well plates (Co-
star). Culture medium was replenished every 2-3 d with fresh
complete T cell medium. After two rounds of specific stimula-
tion, the polyclonal T cell bulk was incubated with PE-labeled
tetramers and single-cell sorted using flow cytometry to obtain
monoclonal T cells. After monoclonal cell sorting, T cell clones
were stimulated with a PHA mixture in 1 well of a 96-well plate:
complete T cell medium supplemented with 800 ng/ml PHA
(Murex Biotech), 100 U/ml IL-2, irradiated PBMCs (50 x 10° cells,
80 Gy), and EBV-JY cells (10 x 10* cells, 100 Gy).

Generation of pHLA-A*02:01 tetramers

Ultra-pure peptides were synthesized by JPT Peptide Technolo-
gies. Recombinant HLA-A*02:01 and human B2m proteins were
in-house synthesized in Escherichia coli (Garboczi et al., 1992;
Burrows et al., 2000). Biotinylated HLA-A*02:01 molecules were
produced containing a UV-sensitive peptide to enable easy trans-
fer of specific peptide, as previously described (Bakker et al.,
2008). In brief, HLA-A*02:01 complexes were purified by gel fil-
tration using fast protein liquid chromatography. pHLA-A*02:01
complexes were exposed to UV light to facilitate peptide ex-
change, resulting in peptide-specific monomers. pHLA-A*02:01
tetramers were formed by coupling biotinylated pHLA-A*02:01
monomers with streptavidin-coupled R-PE (Thermo Fisher). Te-
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tramers were stored at -80°C for long-term storage or 4°C for
short-term storage.

Coculture T cell reactivity assay

Dependent on the T cell clone, GM-CSF (T cell clone 1A8 and PRA
ME) or IFN-y (all other tested T cell clones) ELISA assays (GM-
CSF, MabTech; IFN-y, PeliKine) were used to measure the cyto-
kine production of activated T cells. ELISA plates were coated
with human IFN-y or GM-CSF primary antibody overnight at 4°C.
T cell-conditioned medium was collected and incubated in the
precoated ELISA plates for 2 h at room temperature. Next, ELISA
plates were washed with PBS with 0.1% Tween-20 followed by
incubation with the HRP-conjugated secondary antibody for1h.
ELISA plates were developed with TMB (3,3,5,5-tetramethyl-ben-
zidine liquid substrate supersensitive, for ELISA; Sigma-Aldrich)
and measured at 450 nm using a plate reader (Spectramax id3;
Molecular Devices). Lower cut-off values for cytokine production
were calculated as medium values plus three times the SD. Values
below this threshold were considered negative. All plotted values
were within the upper and lower detection limits of the ELISAs.

Affinity and stability assay

Peptide affinity and stability were determined as previously
described (van der Burg et al., 1996; Harndahl et al., 2012). In
brief, HLA-A*02:01* T2 cells were pulsed with increasing con-
centrations of peptide (1-100 pM) in serum-free RPMI culture
medium for 24 h at 37°C. For MHC:peptide affinity, the maximum
HLA-A*02:01 expression was measured by flow cytometry to cal-
culate the EC50 concentration. For MHC:peptide stability, HLA-
A*02:01-positive T2 cells were pulsed with 100 uM peptide for
24 hat 37°C. Maximum HLA-A*02:01 expression was determined
and followed over time to calculate the t;/, value.

Generation of gene KOs in tumor cells using CRISPR/CAS9
Single guide RNAs (sgRNAs) were designed to target exon 1 of
the human TAPI gene (sgTAPI: 5'-GCTGCTACTTCTCGCCGACT-
3') or the LRPAPI,, 5, epitope located in exon 1 (LRPAPI,, 50: 5'-
AGGGTCAGGTCGTTTCTGCG-3'). The sgRNA target sequence
was cloned into the lentiCRISPR v2 vector (Sanjana et al., 2014).
Virus particles were generated by cotransfecting sgRNA/CAS9
containing plasmid together with PAX2/pMD2.G packaging
vectors into HEK293T cells using Lipofectamine 2000 (Thermo
Fisher). Tumor cells were incubated with medium containing the
virus particles for 24 h, and transduced tumor cells were selected
with 1-5 pg/ml puromycin (Gibco). TAP1 KO efficiency was an-
alyzed by measuring surface HLA-ABC (w6/32; BioLegend) ex-
pression using flow cytometry. Polyclonal TAP KO cell lines were
generated by FACS sorting the HLA-I°" cell population. CRISPR/
CAS9 TAP-WT control cells were generated by FACS sorting the
HLA-TMeh cell population of the polyclonal bulk. TAPI expres-
sion was verified by Western blot using anti-TAP1 antibodies
(Cell Signaling).

Western blot

Proteins from cell cultures were extracted in lysis buffer (ra-
dioimmunoprecipitation assay; Cell Signaling), and protein
concentrations were assessed using the Bradford Protein Assay

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20180577

G20z JequieoaQ GO uo 1senb Aq ypd- 22608102 Wel/6£559/ 1/S5ZEZ/6/S L Z/pd-aonte/wal/Bio ssaidni//:dny woly papeojumoq

2334



Kit (Thermo Fisher). Protein samples were separated on a 4-12%
SDS-PAGE gel and transferred onto nitrocellulose membranes
using semi-dry transfer (Bio-Rad). To prevent nonspecific bind-
ing, membranes were blocked with 5% milk in Tris-buffered
saline with 0.1% Tween-20 for 1h at room temperature. The fol-
lowing antibodies were used: anti-TAP1 (dilution 1:1,000, 4°C;
Cell Signaling), anti-B-actin (dilution 1:1,000, 4°C; Cell Signal-
ing), and HRP-linked mouse anti-rabbit IgG (dilution 1:5,000,
room temperature; Cell Signaling).

Flow cytometry analysis

CD3 (SK7), CD4 (SK3), CD8 (SK1), CD45RO (UCHL1), HLA-A*02:01
(bb7.2; BD Biosciences), and HLA-ABC (MCAS81A), CD45RA
(HI100), CD62L (DREG-56; BioLegend) anti-human mAbs were
used for flow cytometry analysis. Cells were incubated with
mAbs for 30 min at 4°C and washed three times. Unstained cells
were used as negative controls. The V[ repertoire analysis kit
was used to determine the TCR V{ of the different monoclonal
T cells (Beckman Coulter). For T cell specificity analysis, we in-
cubated T cells with pHLA-A*02:01 tetramers for 30 min at room
temperature and washed three times. T cells were considered
tetramer positive when mean fluorescence intensity was at least
10% times higher than unstained control. Cells were measured
using an LSR-II flow cytometer (BD Biosciences) and analyzed
using Flow]Jo software version 10 (Tree Star).

mRNA isolation, cDNA synthesis, and qPCR analysis

Cell pellets were washed twice with PBS and snap-frozen inliquid
nitrogen. RNA was isolated using the RNAeasy Kit (Qiagen) accord-
ing to the manufacturer’s protocol. cDNA was synthesized using
the High Capacity RNA-to-cDNA Kit (Applied Biosystems). qPCR
was done using SYBR Green supermix (Bio-Rad). For qPCR analy-
sis, we used the following primers: GAPDH_f: 5-GTGCTGAGTATG
TCGTGGAGTCTAC-3; GAPDH_r: 5-GGCGGAGATGATGACCCT
TTTGG-3'; TAPL_f: 5-CTTGCAGGGAGAGGTGTTTG-3’; TAPL_r:
5'-GAGCATGATCCCCAAGAGAC-3’; LRPAPI_f: 5'-GACCGAAGA
AATCCACGAGA-3'; LRPAPI_1:5-AGGTCCCACAGGTCAATCAC-3'.

Statistical analysis

All data are presented as means and SD. Statistical analysis was
done using a paired Student’s t test (two-tailed) to determine the
statistical significance of the differences. A minimum of three
technical replicates were used in all experiments and were re-
peated at least two times.

Online supplemental material

Table S1 shows an overview of the number of histological tissue
samples and cancer samples that are used to create the peptide
elution database. In Fig. S1, we plotted the results of the pre-
dicted TEIPP candidate peptide binding in HLA-I. Fig. S2 shows
the characterization of TEIPP T cells, sequence, binding affinity
and stability of the TEIPP antigens, and homology with bacterial
peptides. In Fig. S3, mRNA and protein expression analysis of LRP
AP1 and TAP1 on the tumor panel and functional T cell assays are
shown to support the findings in Fig. 4 in the main text. Fig. S4
illustrates the protein expression analysis of TEIPP candidates in
healthy and cancer tissue.
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