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ABSTRACT

Cellular immunotherapies, such as those utilizing T lymphocytes expressing native or engineered T-cell
Receptors (TCRs), have already demonstrated therapeutic efficacy. However, some high-affinity TCRs have
also proved to be fatal due to off-target immunotoxicity. This process occurs when the immune system acts
against epitopes found on both tumor cells and healthy tissues. Moreover, some TCRs can be cross-reactive to
epitopes with highly dissimilar sequences. To address this issue, we developed ARDitox, a novel in silico method
based on computational immunology and Artificial Intelligence (Al), for predicting and analyzing potential off-
target toxicities. We tested the performance of ARDitox in silico on 4 different epitopes found in the literature
where TCRs were used to target cancer-related antigens as well as on a set of TCR targeting a viral epitope.
Two of them have a specific clinical outcome in which immunotoxicity was reported (MAGEA3112-120 and
MAGEA3168-176 epitopes), one was tested using an X-scan approach (AFP158-166 epitope), and the last one
with no cross-reactive epitopes identified in clinical trials (NY-ESO-1157-165 epitope). Overall, ARDitox has
identified immunotoxic epitopes in line with the data available in the literature. In addition, we investigated
a very promising TCR, which is still in development, against a peptide coded by the NLGN4X gene. For this
epitope, we detected a cross-reactive peptide that otherwise would be difficult to detect in vitro. In conclusion,
in silico approach is a powerful tool that accurately identifies off-target epitopes and should be considered in
preclinical studies, as it can effectively complement the development of safer anti-cancer therapies.
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from a donor to a patient) [6]. Unfortunately, like with any novel
technologies, several difficulties need to be addressed before such
therapies become widely used. One of the main issues, that in
some proved to be life-threatening to treated patients, is off-target
immunotoxicity [7]. The mechanisms of such toxicity include

INTRODUCTION

Recentadvances in the field of immunotherapy are slowly changing
the landscape of available treatments for cancer. This is especially
applicable for hematological malignancies and some solid tumors

[1-3]. Among the most promising, prospective therapies that
boost the body’s natural defenses, are adoptive cell therapies with
T lymphocytes expressing native or engineered T-cell Receptors
(TCRs) as well as TCR mimics (TCRm) antibodies [4,5]. There

are two main approaches to TCR-based therapies: autologous

Tecells acting against both the cancer cells and healthy tissues.

Tecell immune surveillance consists of the TCR scanning of short
peptides presented at the cell surface by receptors called Human
Leukocyte Antigens (HLA) [8]. Importantly, only a small fraction

of all peptides from the human proteome is presented by the
HLA. In a multi-step process, a peptide is loaded onto the HLA

(the expanded T-cells are obtained and administered to the same
cancer patient) and allogeneic (the expanded T-cell clone is given
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and exported to the cell surface [9]. For a given HLA of type
I, it is estimated that the number of unique peptide sequences
presented to Tecells is = 1,000-~ 25,000. However, considering
all theoretical peptides that could appear in the cell (e.g. derived
from cancer mutations or viral proteins), the number of putative
epitopes increases to a set of >209 [10]. As such, assuming that in
the human body there are ~ 108 unique TCRs, a T-cell must be
able to interact with several peptides to cover the whole epitope
set [11,12]. All this results in a situation where a non-autologous
TCR applied to a patient against e.g. a certain tumor-associated
epitope, might lead to an additional interaction between the TCR
and an OffTarget Epitope (OTE) presented on healthy tissue.
Moreover, the risk of cross-reactivity and potential immunotoxicity
may be increased for the TCRs engineered specifically to enhance
peptide-HLA (pHLA) TCR affinity. As previously shown, TCRs
with high affinity towards a single target may exhibit increased
cross-reactivity against other targets.

Off-target toxicity has already proven to be extremely dangerous
to the patient’s health as it resulted in the death of at least four
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people in two independent clinical trials [13]. Importantly, the
sequences of the target epitope and the OTE do not necessarily
have to be very similar. The clinically relevant cases of cross-
reactivity showed that a minimum of 5 identical amino acids is
sufficient for off-target toxicity to occur [14]. Unfortunately, using
experimental methods to test all possible off-targets is costly and
time-consuming thus has to be limited to a restricted subspace of
potential off-target sequences.

Leveraging the recent advances in computational immunology
and Al can augment these efforts, ultimately increasing the
number and safety of available treatments. To this end, we
introduce ARDitox, a novel method for predicting and analyzing
off-target toxicity.

MATERIALS AND METHODS
The ARDitox pipeline

The pipeline of our method consists of 5 consecutive steps as
discussed in the following sections (Figure 1).
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Figure 1: Workflow of ARDitox tool.
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Identification of all putative off-target sequences: ARDitox takes
as an input a target epitope from 8 to 11 amino acids long and its
corresponding HLA-type. The first step of the algorithm consists
of the identification of all epitopes that have at least 5 amino
acids shared with the target epitope. Importantly, only OTEs of
the same length are taken into account as it is considered rare
for epitopes of different lengths to bind to the same TCR [15].
This step generates a large number of putative OTEs, e.g. for an
8 amino acid target epitope there are combinatorially 459360
possible putative OTEs. Each of these putative OTEs is then
checked for presence in the human reference proteome. The
reference for the above-mentioned search can be found on the
UniProt website [16].

Addition of single nucleotide variant epitopes: Single
Nucleotide Polymorphisms (SNPs) are a major source of OTEs
as a given human genome contains ~ 7000 nonsynonymous
germline SNPs. As such, SNPs can be a major source of novel
off-target sites in TCR-based therapies. Unfortunately, both rare
and frequent SNPs are not included in the UniProt proteome
reference sequences. ARDitox tackles this problem by accounting
for frequent nonsynonymous mutations (occurring in more than
1% of at least one studied population) from gnomAD database
based on putative OTEs generated in the previous step [17].
Each identified nonsynonymous frequent SNP occurring in
the sequence corresponding to the OTEs is taken into account
through an additional putative off-target epitope. For the
OTEs derived from SNP, their frequency in the largest human
subpopulation is provided in the final results. This step further
increases the number of OTEs to be analyzed, making the
algorithm more sensitive.

Selection of presented epitopes: The previous steps generate
an enormous number of potential OTEs. However, only a small
fraction of them will be bound and presented via class I HLA. In
order to limit the number of putative OTEs to the ones presented
at the cell surface, we use an in-house developed presentation
model [18]. The model is based on machine learning methods
and trained on curated, publicly available datasets [19-21]. The
datasets consist of the results of mass-spectrometry experiments
conducted on monoallelic human cell lines. The presentation
model is based on artificial neural networks and uses both the
peptide sequence and the HLA type as separate inputs. Overall,
this model can be used to generate predictions for any canonical
class I HLA (i.e., A, B and C). The output consists of pHLA
probability of being presented at the cell surface. Next, peptide-
HLA binding is evaluated on the OTEs using MHCflurry [22].
Only OTEs with a probability of being presented >50% and
binding affinity <2000 nM proceed to the next steps.

Off-target epitopes ranking: In the target epitope, amino acids at
different positions can interact with the HLA and with the TCR.
In order for these interactions to occur, the physico-chemical
properties of the amino acids at certain positions must remain
similar [23]. In this step, we establish the positions of TCR-faced
residues, depending on the HLA type the epitope binds to. The
positions are based on literature and database search that contain
information, which residues are crucial for TCR binding [24-27].
The comparison between the target epitope and the putative
OTE is performed based on the differences in physico-chemical
properties of the TCR-facing residues. To this end, we consider
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physico-chemical properties most relevant to the pHLA:TCR
interaction that are acquired from https://www.genome.jp/.
All the matrices containing these properties were linearized into
vectors. The distance between each target epitope le and the
putative OTE p can be computed.

mRNA and peptide tissue specific expression: Finally, mRNA
expression in Transcripts Per Million (TPM) (Gene and Transcript
Expression (GTEx)) and protein expression level (Human Protein
Atlas (HPA)) of the putative off-target epitopes are added in an
attempt to identify tissues sensitive to off-target toxicity [28,29].

Implementation

The method was implemented using Python 3.7 (scikitlearn,
pandas, and numpy) and R v4.0.2 (dplyr, ggplot2 and BSgenome)
[30-35].

In vitro validation

mRNA electroporation for TCR expression: TCRs were
ordered from TWIST Biosciences in custom vectors. In vitro
transcribed RNA was generated using T7 Scribe Standard RNA
IVT Kit (Biozym #150404). RNA transfection was performed
by electroporation using the 4D-Nucleofector electroporation
system (Lonza).

Cell culture: Jurkat T cells (Leibnitz Institute DSMZ #ACC282)
were cultured in RPMI 1640 Medium (Gibco, #61870143)+10%
heatinactivated FBS (PAN-Biotech) and 1% Penicillin-
Streptomycin (Capricorn Scientific #PS-B). The commercially
available EBV-immortalized BOLETH cell line expressing
HLA-A*02:01 was used as antigen presenting cells. The BOLETH
cells were cultured with 50 mM B-mercaptoethanol, 1 mM sodium
pyruvate (Thermo Fisher Scientific #11360039), and 1X MEM
non-essential amino acids (Gibco, #11140035). BOLETH and T
cells were plated in a 1:3 ratio in a round-bottom 96-well plate
and the respective peptides were added at a final concentration of
10 uM. As a positive control, Jurkat T cells were plated in a well
pre-coated with CD28/CD3 monoclonal antibodies at a 1:400
dilutions. After 16 h of co-culture T cell activation was assessed.

Flow cytometry: Flow cytometry samples were diluted and washed
with FACS buffer (PBS+2 mM EDTA+2% FBS) and centrifuged
at 300 g for 5 min. The supernatants were removed and the cells
were resuspended in 50 pl of staining solution containing the
respective diluted antibodies as indicated in Table 1. Following
20 min incubation at 4°C cells were washed twice with FACS
buffer, pelleted (300 g for 5 min), and resuspended in 100 pL
FACS buffer (Table 1).

Dataset preparation: We selected three groups of peptides
presented on either HLA-A*02:01 or HLA-A*01:01 for the
evaluation of our methodology such as Tumor Associated
Antigen (TAA) epitopes, known immunodominant viral epitopes
and epitopes derived from frameshift mutations. TAA and virus
epitopes were acquired from [EDB frameshift derived epitopes
were obtained from a library of Neo Open Reading Frame
peptides [36,37]. We used ARDisplay to predict frameshift
epitopes presented by HLA-A*02:01, and down sampled the
dataset to 16 epitopes. Importantly, we randomly selected 16
TAAs presented on HLA-A*02:01 in order to compare TAA vs.
frameshift epitopes on equally abundant groups.
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Table 1: List of the antibodies and their respective dilutions.
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Specificity Fluorophore Clone Supplier Product number Dilution
CD2 PerCP/Cy5 RPA-2.10 Biolegend 300216 0.180555556
CD3 Unlabeled OKT3 Biolegend 317325 0.319444444

CD20 PacificBlue 2H7 Biolegend 302320 0.180555556
CD28 Unlabeled E18 Biolegend 122022 0.319444444
CD69 PE/Cy7 FN50 Biolegend 310912 0.180555556
Mouse- TCR-3 PE H57-597 Biolegend 109208 0.180555556

Note: TCR: T cell receptors; PE: Phycoerythrin

RESULTS

ARDitox estimates the safety of the putative OTEs through a
safety score that can vary from O to 14. A score close to 0 means
that the putative OTE and the target epitope are predicted to
have an almost identical pHLA:TCR interaction, and that cross-
reactive binding is highly probable.

Known cross-reactive epitopes

We tested ARDitox on 5 epitopes of TCRs targeting TAA
epitopes and on 1 of a set of T cells targeting a viral peptide are
described below [38-41]. Table 2 shows the target epitopes and
their respective cross-reactive epitopes (Table 2).

Morgan, et al. [13] described a cell therapy based on TCR-
engineered T-cells against the KVAELVHFL epitope derived from
MAGEA3. The clinical study was performed on 9 HLA-A*02:01
positive patients with metastatic cancer expressing both MAGEA3
and MAGEA12. Unfortunately, three patients developed severe
side effects. Two patients went into a coma that ultimately resulted
in their death. One patient developed Parkinson’s disease-like
symptoms that lasted for 4 weeks after the administration of the
drug. Based on molecular assays the authors showed that genes
from the same family as the target, specifically MAGEA12 and to a
lower degree MAGEA1, MAGEAS, and MAGEADO are expressed
in the brain and are probably responsible for the off-target toxicity
effects. A re-evaluation of the OTEs that could be responsible for
the neurotoxicity of this TCR was conducted by Martin, et al.
[42]. They suggested that another epitope (SAAELVHFL) derived
from EPS8L2, a gene highly expressed in the brain, might be
responsible for the observed side effects.

ARDitox, when applied to analyze the initial target, has identified
294 putative OTEs with a high probability of being presented at
the cell surface. Among them, 24 OTEs had a safety score below
3.0 as shown in Figure 2A. Specifically, putative OTE originating
from MAGEA12, MAGEAS, MAGEAY, and EPS8L2 genes were
labeled by ARDitox as OTEs with a high potential to generate
off-target toxicities (having the lowest possible score of 0).
Furthermore, in MAGEA12, MAGEAS, and EPS8L2 genes, the
mRNA expression was observed in different parts of the brain.

Linette, et al. (7] described a offtarget toxicity in a clinical
study conducted on four patients diagnosed with myeloma and
melanoma. The immunotherapy was directed against an epitope
(MAGEA3, EVDPIGHLY) presented by HLA-A*01:01. The first
two patients that received the therapy developed cardiogenic
shock, which resulted in their death within the next few days.
The off-target epitope was not identified prior to the clinical
studies. Only after performing the experiments on cultured
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beating cardiomyocytes, a Titin (TTN) epitope was identified to
be responsible for the toxicity effects.

Application of ARDitox allowed the identification of 84 potential
OTEs, among which nine had a safety score below 3.0 as shown
in Figure 2B. Importantly, the epitope originating from TTN was
one of the top hits with a safety score of 0. The expression of TTN
mRNA and the protein itself was found to be present in muscle
and cardiac cells.

Stadtmaueret, et al. [38] performed a clinical study on 25 high-
risk multiple myeloma patients using T cells engineered against
NY-ESO-1 (SLLMWITQV), a Cancer-Testis Antigen (CTAs) with
expression in multiple types of cancer. The TCR-engineered
Tecells (TCR-T) against NY-ESO-1 are considered one of the
most promising approaches for cancer immunotherapy with no
adverse off-target toxicity detected and its high potential for the
increase in patient survival.

This particular SLLMWITQV epitope is presented by
HLA-A*02:01. For that peptide-HLA combination, ARDitox has
detected 203 putative OTEs, off-target epitopes, however, out of
all the OTEs only a single epitope derived from the LRBA gene
(FLLMFIKQL) had a safety score below 3.0 as shown in Figure
2C.

Cai, et al. [39] tested pre<clinically engineered T cells against
AFP158 TAA(FMNKFIYEI). Based on an in witro X-scan
experiment, two off-target epitopes that could have activated the
T-cell had been identified ENPP1436 and RCLI1215. However,
according to the authors, ENPP1436 is neither processed nor
presented on the human cells.

Results provided by ARDitox showed 39 putative off-target
epitopes for this target. As many as 8 of them were characterized
by a safety score below 3.0. Among them, an experimentally
identified epitope; RCL1215 was identified with a safety score of
2.47 indicating its high off-target toxicity potential as shown in
Figures 2D and 2E. The mRNA expression of RCLI was found to

be present across multiple tissues.

Rist, et al. [41,42] showed that a high proportion of CD8+ T
cells against an EBV epitope from BZLF1 (SELEIKRY) protein
presented by HLA-B*18:01 cross-reacted with a human off-target
epitope CPSF3L (DELEIKAY). The authors hypothesized that

BZLF1 is an example of molecular mimicry.

ARDitox identified 661 putative OTEs for SELEIKRY. Among
them, DELEIKAY was found with a safety score of 3.94 and was

defined as one of the top 15 cross-reactive peptides (Figures 2A-
2E and Table 3).
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Table 2: Target epitopes used for ARDitox validation, together with their properties and status obtained in previous studies.

Case no. Status Targeted peptide ~ Off-target peptide(s) HLA-type Clinical status Toxic side effects on the patients
KVAELVHFL KMAELVHFL
1 Toxic MAGEA3 MAGEAIZ  A®02:01 Terminated afier phase2 1ot 12U changes, comas,
SAAELVHFL EPS8L2
EVDPIGHLY ESDPIVAQY
2 Toxic A*01:01 Terminated after phase 2 Myocardial damage, death
MAGEA3 TTN
SLIMWITQV
3 Safe None A*02:01 Completed phase 2 No adverse effects
NY-ESO-1
FMNKFIYEIL [LNKFIPDI s
4 Unknown status A*02:01 Offrarget based on Not applicable
AFP RCLI Xscan
SELEIKRY DELEIKAY
5 Mimicking B*18:01 Tested in vitro Not applicable
Epstein-Barr BZLF1 CPSF3L
NLDTLMTYV SLDALITHV
6 Unknown status A*02:01 Preclinical studies Not applicable
NLGN4X ADHIA

Note: HLA: Human Leukocyte Antigen

§
4
§
£a
]
f
i
s
E
3

Count of potentiall off-target epitopes

Brain Spinal cord cervical

gmwn Putamen basal ganglia.

Tastis

Heart atrial Appendage
Brezst Mammary Tissue

Brain Substantia nigra,

Brain Hypothalsmus.

8

8

3

H
£
|2
E
=
B
%
£
8

o

8

3

Countof putontioh ftarge sptopos

i

o
B
g o I

f5
e [ .

I

é

2 71
mRNA expression level

mMRNA expression level

Figure 2: Distribution of ARDitox safety scores for putative off-target epitopes. (A): Case 1-MAGEA3 (KVAELVHFL); (B): Case 2-MAGEA3
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Table 3: Lack of presentation of epitope PLDPLITHV derived from Adhl a mouse ortholog gene of ADHIA.

Homo sapiens

Mus musculus

Presentation probability Epitope sequence Gene Presentation probability  Epitope sequence Gene
0.917 NLDTLMTYV NLGN4X Not available Not available Not available
0.929 SLDALITHV ADHIA 0.138 PLDPLITHV Adhl

Lastly, we validated ARDitox predictions in in wvitro experiments
by using NLGN4X131-139 (NLDTLMTYV) that has been
reported as a promising recurrent TAA in glioblastoma. A more
recent study reported a TCR targeting the NLGN4X epitope
as part of IMA950 trial [43]. Thus, a prospective safety analysis
was performed to evaluate the suitability of this epitope as a cell
therapy target.

This particular epitope is presented by HLA-A*02:01. For that
peptide-HLA combination, ARDitox was able to detect a single
putative off-target epitope: NLGN4Y with a safety score below 3.0
and 16 additional putative off-target epitopes with a safety score
below 5 as shown in Figures 3A-3D. It is worth noting that the on-
target NLGN4X epitope itself is not reported as a target because
it has a low presentation probability on healthy cells (<0.5) in
contrast to its high expression on tumor cells. All the epitopes
with a safety score <5 were further verified in vitro as described in
the method section. This resulted in the identification of an off-
target epitope with a score of 4.87 (SLDALITHV; ADH1A) that
weakly activated the examined TCR (Figures 3A-3D).

OTE trends

TAA epitopes vs. virus epitopes: We employed ARDitox to
analyze 148 epitopes from TAA and viruses presented either
by HLA-A*02:01 or HLA-A*01:01. As expected, due to the
evolutionary distance between the tested peptides, the number
of putative OTEs for TAA epitopes was higher (31854) than
OTE peptides of viral origin (22279). The t-test conducted on
the safety scores suggested a significant difference between the
distributions (mean TAA=7.39, mean virus=7.62, pvalue<2.2e-16).
On the other hand, Cohen’s d (:0.1514) suggested a rather negligible
difference [44]. The above values, together with the similar shapes of
distributions of TAA and virus OTE as shown in Figure 4A suggest
that the distribution of safety scores is comparable between the
two groups. However, if only OTEs with safety scores below 3 are
considered, we see a 6.4-fold enrichment of TAA ws. viral epitopes.

TAA epitopes vs. frameshift epitopes: Lastly, ARDitox was
tested on 16 frameshift epitopes and 16 randomly subsampled
TAA peptides, which were predicted by our model to be
presented by HLA-A*02:01. Importantly, only 336 putative
OTEs were identified for the frameshift-derived fragments, while
as many as 3911 putative OTEs were found in the TAA group.
The t-test conducted on the safety scores was significant with a
pvalue=2.544e06 (mean TAA=7.21, mean frameshift=7.67),
while Cohen’s d value was low (0.28) as shown in Figure 4B.
Interestingly, no OTE derived from frameshift variants with a
score below 3 was found (Figures 4A and 4B).

DISCUSSION
Cellular cancer immunotherapy (e.g., TILs, Engineered TCRs)

J Proteomics Bioinform, Vol. 16 Iss. 03 No: 1000651

is a promising alternative or a complementary approach to
surgery, radiotherapy, and chemotherapy in cancer treatment
[45]. However, before it is fully embraced as a form of cancer
treatment several shortcomings need to be addressed. One of the
main issues is the adverse effect caused by off-target toxicity [46].
To help mitigate this problem we have introduced ARDitox, a
novel method for analyzing potential cross-reactivity for a given
pHLA, that includes the identification of off-target epitopes that
differ significantly from the targeted epitope.

So far very few computational algorithms for predicting off-target
binding in TCR-based cellular cancer immunotherapies have been
proposed. Similarly, to ARDitox, Expitope and iVax approaches
start with querying human proteome for peptides homologous
to the target with a predefined number of mismatches allowed
[47]. However, iVax does not consider the presentation of
recognized putative OTEs in the process of ranking them and
Expitope estimates peptide presentation on HLA with a proxy
by the combination of the proteasomal cleavage probability and
transporter associated with antigen processing as well as HLA
binding. This means that ARDitox is the first available method
leveraging a model for predicting peptide presentation by HLA
molecules and unlike Expitope includes recognition of the
TCR facing residues in order to evaluate the safety of the cross-
reactive epitopes. Overall, ARDitox is a novel approach to OTEs
identification with a unique pipeline that includes an in-house Al
trained presentation model, a unique scoring function focused
on physico-chemical properties of the TCR-facing residues and
an extended search of peptides derived from frequent mutations.

We tested ARDitox on four clinically validated TCRs targeting
TAA epitopes, one TCR in a preclinical stage and one virus
epitope as well as on two datasets such as TAA vs. Virus epitopes
and TAA os. frameshift derived epitopes. In all analysis with
reported side effects, ARDitox correctly identified the OTEs that
caused the toxicity in the treated patients as shown in Table 4.
Moreover, in case, where no risky OTEs were found experimentally,
ARDitox found only one cross-reactive epitope with a safety score
<3, which was in accordance with clinical trials. We have successfully
identified an OTE that might lead to autoimmunity as a result
of molecular mimicry after EBV infection, showing ARDitox’s
potential usefulness in the development of vaccines, while taking into
account molecular mimicry. Lastly, we have experimentally found
the ADHIA epitope, an offtarget that would not be identified in
mouse models due to the lack of its presentation, of the orthologue
epitope derived from Adh1 (PLDPLITHYV) making it impossible to
find this OTE with this model. Importantly, ADHIA had a safety
score close to 5, which corresponded with a weak binding of the
TCR. Early identification of this OTE is valuable as additional safety
measures can be considered to ensure that activation of the T cell
against ADH 1A will not occur during clinical trials (Table 4).
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HLA-A*01:01; (B): Distribution of ARDitox safety scores of OTEs from 16 TAA epitopes and 16 frameshift epitopes presented on HLA-A*02:01.
Note: (F): TAA virus; (F) Frameshift variant TAA
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Table 4: Estimation of targeted peptide toxicity by ARDitox based on three main variables.

Experimental ARDitox
Case no. and status Targeted peptide OTE No. OTE with safety No. of all OTE RNA expression O,f the off
scores <3 target peptide
KVAELVHFL KMAELVHFL
1) Toxic MAGEA3 MAGEA12 18 294 Low expression in the brain
SAAELVHFL EPS8L2
2) Toxic EVDPIGHLY ESDPIVAQY 8 84 High expression in muscle and
MAGEA3 TTN heart
SLLMWITQV
3) Safe NA 1 203 Not applicable
NY-ESO-1
4) Preclinical studies FMNKFIYH (LNKHPDI 8 39 Equally expressed across all
AFP RCL1 tissues
5) Probably leads to SELEIKRY DELEIKAY ) 661 Equally expressed across
autoimmune disease Epstein-Barr BZLFI CPSE3L several tissues
NLDTLMTYV KLDSLMTLL Equally expressed across
6) Probably safe 3 97 several tissues. Protein
Y NLGN4X ADHIA? expressed in small intestine,

liver and duodenum

Note: RNA: Ribonucleic Acid

When using ARDitox to assess the risk of the therapy, we strongly
recommend to check three variables addressed by the software
such as number of all OTEs, number of OTEs with a safety score
<3 and expression of OTEs with a safety score <3. Furthermore,
we highly recommend testing in vitro all OTEs with a score <5
as some weak TCR off-target interactions might have negative
consequences for the patient’s health. It should be stressed out
that the importance of the variables mentioned above should
not be neglected as exemplified by TTN’s OTE in use. The
number of all putative OTEs was considered as moderate as only
84 were identified. Based on this variable, the TCR against this
target epitope seemed to be very promising, however, when the
distribution of the safety scores was verified, it turned out that ~
10% of the putative OTEs had a score <3. The cross-reactivity of
each of these OTEs should be checked experimentally because
low safety scores indicate that the TCR may bind to both the
target and the OTE in a similar fashion. Lastly, checking the
expression status of each putative OTE with a safety score <3
should indicate which tissue types are of particular interest for the
experimental verification. This would have been important, as
during the preclinical in vitro studies no toxicity towards the tested
heart muscle cell line was detected, as TTN protein is expressed
only in contracting cardiac myocytes. Identifying TTN as OTE
upfront could have enforced the addition of appropriate cell
lines to the test panel. The potential shortcoming of our model
is that currently, for some less frequent HLA-types, incorrect
amino acids may be scored as the ones facing the TCR. However,
this problem is minor as it occurs only for HLA-types that have
generally low frequency. Furthermore, it can be mitigated as more
data regarding TCR-faced amino acid positions for rare HLAs
becomes available.
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In order to assess the effectiveness of the proteome search for
OTEs and the proposed scoring methodology, we compared the
analysis performed on TAAs and viral epitopes. The dataset used
was composed of an equal number of TAA and viral derived
epitopes, presented by either HLA-A*02:01 or HLA-A*01:01. As
expected, we saw fewer hits from viral epitopes in comparison
to the number of OTE found for TAA epitopes, because viral
proteins differ substantially from proteins present in the human
reference genome. This indicates that the first step of the ARDitox
pipeline works efficiently. On the other hand, the overall safety
score distribution is similar between both groups, with a Cohen’s
d equal to -0.15. As expected, the mean safety score is lower for
TAA epitopes, but the difference between means is negligible
(0.23). However, if only OTEs with safety scores <3 are considered,
we see a 6.4-fold enrichment of TAA (64 TAA OTEs vs. 10 Viral
OTEs) which is a much higher ratio when compared to 1.43
(31854 TAA OTEs/22279 Viral OTEs) obtained when results
with all values of the safety score are concerned. These results are
in line with our previous suggestion regarding the interpretation
of the ARDitox results. The main focus, when assessing the risk
of the target causing off-target toxicity, should be emphasized on
the verification of the number of putative OTEs with a safety
score <3.

Lastly, we wanted to check whether frameshift mutations are
promising targets for immunotherapeutic strategies, since they
give a rise to multiple, out-offrame, random protein products that
should not map to the reference proteome [48]. Furthermore,
frameshift derived epitopes usually do not share functional
domains with other genes found in the human genome and
as such the general number of putative OTEs should be both
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lower and with higher safety scores. In order to verify this, we
used a database composed of 16 frameshift-derived neoepitopes
that were predicted as presented by our presentation model.
When compared to 16 TAA epitopes, the number of OTEs from
frameshift neoepitopes was 10X lower (frameshift OTEs: 336 ws.
TAA OTEs: 3911). Furthermore, none of the putative frameshift
OTEs had a safety score <3. As such, ARDitox results strongly
confirm that, as long as nonsense-mediated decay does not occur
for a particular variant, frameshift neoepitopes are safe and
promising alternatives to TAA epitopes in TCR therapies.

CONCLUSION

In conclusion, we have developed a method for the identification
of offtarget toxicity that can be successfully applied in the
development of cellular immunotherapies. Our tool, ARDitox,
takes into account peptide processing, pHLA binding, pHLA
presentation probability, determination and similarity of TCR-
faced amino acids, frequent variants as a source of off-target
epitopes and gene mRNA and protein expression levels. The
potential shortcoming of our model is that currently, for some
less frequent HLA types, incorrect amino acids may be scored
as the ones facing the TCR, however, this problem is minor as
it occurs only for HLA types that have generally low frequency.
Furthermore, with time, this issue can be mitigated as more data
regarding TCR-faced amino acid positions for rare HLAs becomes
available. Most importantly, the application of our platform,
ARDitox, to process data from several use case studies allowed
efficient identification of OTEs, which proves its applicability in
the development of TCR-based cancer immunotherapies.
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