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Abstract

Robust preclinical testing is essential to predict clinical safety and efficacy and provide data

to determine safe dose for first-in-man studies. There are a growing number of examples

where the preclinical development of drugs failed to adequately predict clinical adverse

events in part due to their assessment with inappropriate preclinical models. Preclinical

investigations of T cell receptor (TCR)-based immunotherapies prove particularly challeng-

ing as these biologics are human-specific and thus the conventional testing in animal mod-

els is inadequate. As these molecules harness the full force of the immune system, and

demonstrate tremendous potency, we set out to design a preclinical package that would

ensure adequate evaluation of these therapeutics. Immune Mobilising Monoclonal TCR

Against Cancer (ImmTAC) molecules are bi-specific biologics formed of an affinity-

enhanced TCR fused to an anti-CD3 effector function. ImmTAC molecules are designed to

activate human T lymphocytes and target peptides within the context of a human leukocyte

antigen (HLA), thus require an intact human immune system and peptidome for suitable pre-

clinical screening. Here we draw upon the preclinical testing of four ImmTAC molecules,

including IMCgp100, the first ImmTAC molecule to reach the clinic, to present our compre-

hensive, informative and robust approach to in vitro preclinical efficacy and safety screen-

ing. This package comprises a broad range of cellular and molecular assays using human

tissues and cultured cells to test efficacy, safety and specificity, and hence predict human

responses in clinical trials. We propose that this entirely in vitro package offers a potential

model to be applied to screening other TCR-based biologics.
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Introduction

The immune system, when harnessed, is the most powerful weapon we have against cancer.

Aberrant tumour cells, however, are capable of immune evasion. Extensive efforts over the last

few decades have led to the emergence of diverse immunotherapeutic strategies aimed at re-

engaging immune cells to enhance the recognition and elimination of tumour cells [1, 2].

Therapies that activate the immune system, such as IL-2, TNFα or monoclonal antibodies

against immune checkpoint molecules CTLA-4 and PD-1, have demonstrated long-lasting

clinical benefit [3]. Immune checkpoint modulators have shown particular promise, function-

ing to release the brakes on the immune system and restore T cell cytotoxic anti-tumour activ-

ity [4]. Additionally, antigen-targeted approaches in the form of monoclonal antibodies,

bispecific molecules, chimeric antigen receptor (CAR) T cells or T cell receptor (TCR)-based

therapies have shown varied success against specific cancers [2, 5].

Amongst the TCR-based therapeutics are the Immune Mobilising Monoclonal TCRs

Against Cancer (ImmTAC) molecules, which comprise a soluble affinity enhanced TCR fused

to an anti-CD3 single chain variable fragment (scFv). ImmTAC molecules engage peptides

presented in the context of human leukocyte antigen (HLA), thus offering exquisite specificity.

ImmTAC molecules have been shown to re-direct endogenous T cells specifically to tumour

cells presenting target peptide:HLA [6].

Therapies that use T cells, be they adoptively transferred or recruited through the introduc-

tion of bispecific biologics such as ImmTAC molecules, have demonstrated tremendous

potency, which, if misdirected, have the potential to cause serious toxicities [7]. Several fatal

incidences following adoptive cell therapy have been reported, highlighting the need for con-

tinual re-assessment of preclinical evaluation strategies [7–9]. A key challenge in the preclinical

evaluation of T cell-based therapeutics, is the species-specific nature of the cellular and protein

components of the human immune system. In the case of ImmTAC molecules, both ends of

the bispecific protein are exquisitely human-specific, with the TCR engaging human peptide:

HLA (pHLA) and the anti-CD3 domain activating only human T lymphocytes.

Strategies used to preclinically assess the risk of T cell-based therapies include species-spe-

cific surrogate molecules (as opposed to the human-specific clinical molecule) tested in animal

models or human-specific molecules tested in humanised mouse models or non-human pri-

mates. Some biologics, including monoclonal antibodies or bispecific reagents, have been suc-

cessfully tested in animal models using surrogate counterparts, while many others have

suffered from poor predictability [10–16].

Animal models are not deemed suitable for ImmTAC testing for a number of reasons: (i)

the human immune system differs markedly from other species and hence immune responses

observed in animals may not predict human responses, (ii) proteomes across species show lim-

ited overlap and may fail to present the same antigens, (iii) the TCR portion of a surrogate

ImmTAC molecule would differ in specificity and binding profile to the human TCR.

The absence of HLA is a particular hurdle for the testing of TCR-based therapies in mouse

models, given the exquisite specificity of these molecules to the human pHLA complex [17].

Mice engineered to express HLA have been developed but still present murine peptides and

lack the human peptide processing machinery [18]. It is estimated that ~40% of the mouse

MHC Class I peptidome is identical to humans (our unpublished data), therefore the remain-

ing 60% of human pHLA molecules would not be presented for cross-reactivity testing and

thus such a model would be uninformative. Preclinical assessment of immunotherapeutic mol-

ecules in non-human primates has also posed a significant challenge due to poor translation to

human safety [19, 20]. For example, comparison of immunogenicity (measured by the
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formation of anti-drug antibodies (ADAs)) across a panel of clinically-relevant monoclonal

antibodies (mAbs) showed only 59% correlation between non-human primates and humans

[21].

Efforts to improve existing animal models have yet to successfully recapitulate the full com-

plexity of the human immune system and proteome [20, 22]. The Wistar meeting on future

prospects of preclinical studies of melanoma highlighted that a fully functional human

immune system is indispensable to effectively study immune modulatory therapies [23]. Guid-

ance set in relation to preclinical testing of new drug candidates at the International Confer-

ence on Harmonization ICHS6 and ICHS9 outlined that preclinical studies should be carried

out in relevant species in which the test material is pharmacologically active. Where no such

species are available, in vitro assessments should be considered. Furthermore, the selection of a

starting dose based on MABEL (Minimal Anticipated Biological Effective Level) was advised

to be considered as an alternative to NOAEL (No Observable Adverse Effect Levels).

A growing body of evidence suggests that human-specific in vitro studies can generate

informative, predictive data [24]. A range of in silico and in vitro assays are routinely per-

formed to preclinically assess toxicity, specificity and cross-reactivity of drug candidates [25].

Pharmacological activity of a test molecules can be assessed using clinically relevant in vitro
and ex vivo models that assess cell activation, suppression, cytokine production and immune

modulation, and incorporate human cells and tissues [25].

Here we describe how the understanding of an ImmTAC molecules mechanism of action

has enabled the development of a systematic package of in vitro assays to assess the potency

and specificity (safety) of this novel biological entity. This package involves (i) human cell test-

ing utilising a wide-range of normal and cancer cells and (ii) molecular analysis of the

ImmTAC peptide binding motif to identify cross-reactive ‘mimic’ peptides in the genome.

Collectively these data inform on the therapeutic potential, specificity and safety consider-

ations, as well as a clinical starting dose for an ImmTAC molecule [26]. Augmentation of the

preclinical package to further improve safety predictions and mitigate the risk of off-target

effects have been incorporated as a result of our increased understanding of TCR cross-

reactivity.

To exemplify the application of this paradigm, this report draws on the preclinical testing of

four example ImmTAC molecules, including IMCgp100, the first ImmTAC molecule to reach

the clinic. We propose that this entirely in vitro preclinical assessment package represents a

potential paradigm shift in the approach to preclinical assessment of TCR-based therapies by

providing a more physiologically relevant substitute for traditional in vivo preclinical testing.

Materials and methods

Cell lines and cell culture

Cell lines used in this study were grown according to the manufacturers’ instructions (S1

Table). CAMA-1 cells express a low level of HLA-A2 that result in very low surface levels, thus

this cell line was transduced in-house with a lentivirus containing HLA-A2 and beta 2-micro-

globulin (CAMA-1 A2b2m) for assays with ImmTAC-nybr1. Cell line authentication and

mycoplasma testing were routinely carried out by the LGC Standards Cell line Authentication

Service (www.lgcstandards.com) and Mycoplasma Experience Ltd (www.mycoplasma-exp.

com), respectively. Unless stated, peripheral blood mononuclear cells (PBMCs) were obtained

from healthy volunteers. Where indicated, PBMCs were obtained from a patient with mela-

noma, kindly provided by Neil Steven from University of Birmingham. The Oxford A REC

approved protocols 13/SC/0226 (Immunocore study protocol number IMCres02) was used to
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obtain written consent for all blood donations and was fully approved by the National

Research Ethics Committee (NRES) South Central.

ImmTAC molecules

ImmTAC molecules used in this study were (i) ImmTAC-gp100, recognising a gp100 peptide

in the context of HLA-A�02, referred to in the clinic as IMCgp100 [6]; (ii) ImmTAC-mageA3,

recognising a MAGE-A3 peptide in the context of HLA-A�01[27, 28]; (iii) ImmTAC-nybr1,

recognising an NYBR1 peptide in the context of HLA-A�02 and (iv) ImmTAC-nyeso, recog-

nising an NY-ESO-1 peptide in the context of HLA-A�02, referred to in previous publications

as NYCAN0 [29]. ImmTAC molecules were generated as previously described [6].

Quantitative real-time PCR (qPCR)

Total RNA was extracted from cells using RNeasy mini kit (Qiagen). RNA quantity, purity and

integrity were assessed with Nanodrop 2000 and Tape Station 4200 (Applied Biosystems).

RNA was reverse-transcribed into cDNA using the iScript Advanced cDNA Synthesis kit (Bio-

Rad). Hydrolysis probe-based qPCR assays custom designed for gp100 (forward 5’-TTCTG
CACCAGATACTGAAGGGT-3’; reverse 5’-GATAAGCTGGGTGCTGACCACT-3’; probe

5’-[FAM]-ACATACTGCCTCAATGTG-[NFQ-MGB]-3’) (TaqMan, Life Technologies)

were used with the QuantiTect Probe PCR kit (Qiagen). qPCR reactions were performed in

duplicate (Quantstudio 6 real-time PCR system, Life Technologies). A standard curve of serial

1:10 dilutions of a known copy number of DNA template were analysed in parallel and the

number of transcripts quantified using absolute quantification. Data were normalised to

two reference genes: RPL32 and HPRT1 and the data presented as Normalised Relative

Quantity (NRQ). NRQ = (RQ target gene/geometric mean RQ housekeeping genes) x 104,

RQ = Efficiency-CT.

Flow cytometry

Cells were incubated with anti-HLA-A2-FITC antibody (BioLegend, cat. 343304) or anti-

IgG2b-FITC isotype control antibody (BioLegend, cat. 401206) diluted at 1:50 in PBS for 30

min at 4˚C. Cells were washed and resuspended in 50 μl of FACS buffer (PBS + 0.5% BSA + 4

Mm EDTA). Data was acquired using BD Accuri C6 platform (BD Biosciences) and repre-

sented as relative abundance in mean fluorescence intensity (MFI) relative to isotype/

unstained ratio.

IncuCyte assay

Killing assays were carried out using the IncuCyte FLR-Platform (EssenBioSciences) as

described previously [30]. Briefly, target cells and effector cell CD8+ T effector cells were

plated in flat bottomed 96-well plates with decreasing concentrations of ImmTAC-gp100 (0

pM -1000 pM). Cellular apoptosis was detected using NucView reagent (Biotium). Images

were taken every 2 hours for 52 hours using CellPlayer. Vybrant DyeCycle Green Stain (Ther-

moFisher Scientific) was added at the end of each experiment (when object counts/mm2

reached a plateau) to determine the apoptotic index, measured as a ratio of apoptotic cells to

the total number of cells in a field of view.

IFNγ ELISpot

IFNγ ELISpot assays were performed according to the manufacturer’s instructions (BD Biosci-

ences). Briefly, target cells were plated at ~5x104 cells/per well and incubated with PBMC
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effector cells at a donor-dependant density. For alloreactivity assays, target cells were sourced

to cover an extensive panel of HLA-types including all HLA-types that exist at frequencies of

>10% of the target population. Cells were integrated from multiple sources, all of know HLA-

type, including a range of; B cells isolated from frozen PBMCs from healthy donors, lympho-

blastoid cell lines (Leiden University) and cancer cell lines (ATCC). ImmTAC molecules were

added at the indicated concentration and plates were incubated overnight at 37˚C/5% CO2.

IFNγ-release was quantified using the BD ELISpot reader (Immunospot Series 5 Analyzer, Cel-

lular Technology Ltd).

LDH release killing assay

CytoTox 96 Non-Radioactive Cytotoxicity Assays were performed according to the manufac-

turer’s instructions (Promega). Briefly, Ag+ and Ag- target cells were seeded at ~1x104 cells/

per well and incubated with PBMCs obtained from healthy donors. ImmTAC molecules were

added at the indicated concentrations and plates were incubated at 37˚C/5% CO2 for 24h.

Results were collected using the VersaMax microplate reader.

Cytokine analysis

Whole blood of healthy HLA-A�02-positive donors was incubated with the indicated concen-

trations of ImmTAC-nybr1 or anti-CD3 (Biolegend, clone UCHT-1, cat. 300414) and anti-

CD28 (BD Biosciences, clone CD28.2, cat. 555725) at 5 μg/ml. Cytokine release (IL-6, TNF-α,

IL-2 and IFNγ) was measured using the Meso Scale Discovery (MSD) immunoassay.

Alanine scanning mutagenesis

Alanine-scanning mutagenesis (ALA-scan) was performed for ImmTAC-nyeso molecule rec-

ognising the native NY-ESO-1 peptide SLLMWITQC [26]. Variants of the NY-ESO-1 peptide

SLLMWITQC, in which each amino acid position was sequentially replaced with alanine, were

obtained from Peptide Protein Research Ltd, UK. Synthetic peptides were tested for cross-

reactivity using IFNγ ELISpot assay. Target HLA-A�02+ T2 antigen presenting cells were

pulsed with native or alanine-substituted peptides and incubated with PBMC effector cells in

the presence of 0.1 nM ImmTAC-nyeso. All conditions were performed in triplicate. Alanine-

substituted positions that caused a 20% or greater decrease in IFNγ release, compared to the

native NY-ESO-1 peptide, were considered essential and provided a binding motif. The bind-

ing motif for ImmTAC-nyeso was XLXMWIXQX, where X is any amino acid. The ScanProsite

tool (http://prosite.expasy.org/scanprosite) was used to search the UniProtKB/Swiss-Prot data-

base for proteins which contain the motif identified above. The search was limited to human

sequences.

X-scanning mutagenesis

X-scanning mutagenesis (X-scan) was carried out using NY-ESO-1 peptide (SLLMWITQC)

where each amino acid position was sequentially replaced with all 19 alternative naturally-

occurring amino acids (171 peptides in total) [26]. Each peptide was presented on T2 cells and

IFNγ-release was measured in the presence of PBMC effector cells and 0.1 nM ImmTAC-

nyeso using the ELISpot assay, as described for ALA-scan. Essential amino acid positions were

defined as greater than 20% reduction in T cell activity relative to the native peptide. The Scan-

Prosite tool (https://prosite.expasy.org/scanprosite/) was used to search for proteins contain-

ing the tolerated residues at the indicated positions (entered as [SVTYMFAGHNQKPRWLI]-

[LI]-[LVAMICQNH]-[MQVTN]-W-[ITLMS]-[TSD]-[QG]-[CLVMSTGAI]).
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Results

Here we detail our in vitro preclinical testing regimen that incorporates both human cell testing

and molecular analysis to assess the efficacy, safety and specificity of ImmTAC molecules (Fig 1).

To assess efficacy, indication-relevant tumour cells expressing pHLA antigen (Ag+) target are

screened using a range of sensitive T cell activation and T cell-mediated killing assays (Fig 1A). To

perform safety assessments, Ag+/HLA-relevant normal cells are tested, as well as Ag- normal cells,

to determine cross-reactivity (Fig 1B). The potential of a TCR to recognise peptide presented by

an alternative HLA-type is assessed using alloreactivity assays. Furthermore, systemic cross-reac-

tivity in the blood, by either broad immune-cell activation (e.g. cytokine release syndrome) or

effects on other key blood components such as platelets, is evaluated (Fig 1B). Stringent molecular

analyses enriches cellular testing by predicting cross-reactive peptides through sequence analysis

of the short, linear peptide in combination with in silico prediction. Any identified, potentially

cross reactive peptides are tested in further safety screening (Fig 1C).

Data generated from the preclinical assessment of four ImmTAC molecules that progressed

to different stages of development are presented. ImmTAC-gp100, ImmTAC-nybr1,

ImmTAC-mageA3 and ImmTAC-nyeso, binding to gp100-HLA-A�02, NYBR1-HLA-A�02,

MAGE-A3-HLA-A�01 and NY-ESO-1-HLA-A�02 complexes, respectively [28, 30].

ImmTAC-gp100 advanced into clinical trials, while ImmTAC-nybr1, ImmTAC-mageA3 and

ImmTAC-nyeso molecules did not progress to investigational new drug (IND) submission.

Different aspects of the preclinical evaluation of these molecules detailed in Fig 1 are discussed,

along with their potential clinical implications and predictive nature.

Cellular assessment of efficacy

T cell activation. The correlation between target cell killing and redirected activation of T

cells following incubation with an ImmTAC molecule is an important aspect of efficacy

Fig 1. Schematic representation of a systematic pre-clinical package to assess the (A) efficacy, (B) safety and (C)

specificity of ImmTAC molecules for clinical development. (A) The efficacy of ImmTAC molecules against a wide

range of indication relevant cells presenting target peptide-HLA is assessed. These cellular assays include both patient

primary tumour cells and patient T cells relevant to the indication of interest. Cytokine and chemokine analysis form a

key element of efficacy measurements. (B) The safety profile of ImmTAC molecules is measured using an array of

cellular assays that screen a large panel of normal and specialised antigen-positive and antigen-negative cells.

ImmTAC-induced cytokine release and platelet activation is measured in whole blood. Allo-reactivity assays test cross-

reactivity against different HLA-subtypes. (C) A thorough peptide screening package is used to assess potential peptide

cross-reactivity, incorporating computational BLAST searches and alanine- and x-scanning peptide mutagenesis.

Potential off-target peptides that are identified as closely related to the target peptide (peptide ‘missmatch’) are further

screened in cellular assays to assess cross-reactivity.

https://doi.org/10.1371/journal.pone.0205491.g001
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testing. IFNγ release was used as a measure of redirected T cell activation (using both healthy

and cancer patient T cells) against Ag+ cell lines in the presence of antigen-specific ImmTAC

molecules (Fig 2).

ImmTAC-mediated IFNγ-secretion was detected at concentrations of 1 pM, ImmTAC-

gp100; 1 pM, ImmTAC-nybr1; 10 pM, ImmTAC-mageA3 and 10 pM, ImmTAC-nyeso. Maxi-

mal response was determined as 1 nM for all four ImmTAC molecules. Incubation with a high

ImmTAC concentration (1 nM -10 nM) resulted in activation of T cells in the presence of cell

Fig 2. ImmTAC-mediated T cell activation and cytotoxicity. Effector cells (E = PBMCs) obtained from a melanoma

patient (for ImmTAC-gp100) or healthy donors (for ImmTAC-nybr1, ImmTAC-mageA3 and ImmTAC-nyeso) were

incubated with Ag+ cell lines that present target peptide-HLA or Ag- cell lines that are HLA-relevant but do not

present target peptide. Cells were incubated in the presence or absence of ImmTAC molecules. IFNγ release was

assessed by ELISpot assay. Ag+ cells: Mel526, CAMA1 A2b2m, EJM and IM9 for ImmTAC-gp100, ImmTAC-nybr1,

ImmTAC-mageA3 and ImmTAC-nyeso respectively. Ag- cells: A375, MDA MB 231, Colo205 and Mel526 for

ImmTAC-gp100, ImmTAC-nybr1, ImmTAC-mageA3 and ImmTAC-nyeso, respectively. Statistical differences

between Ag+ and Ag- cells in the presence of effector cells (E) + ImmTAC was measured using a Two-way ANOVA

where ��� p<0.0001, ��p<0.01. If unmarked, results were not significant.

https://doi.org/10.1371/journal.pone.0205491.g002
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lines devoid of the antigen, indicating a non-specific response; however, minimal levels of

IFNγ were detected at this high ImmTAC concentration (Fig 2). Both healthy and cancer

patients’ PBMCs enabled effective ImmTAC-mediated responses.

Epitope presentation and cytotoxicity. Another aspect of ImmTAC efficacy testing is

examining the level of target antigen presented by the indication-relevant tumour cells. Here,

we demonstrate the correlation between transcript level, HLA-surface expression and target

cell killing (Fig 3).

ImmTAC-gp100 mediated dose-dependent T cell-driven apoptosis of gp100-positive target

cells, while gp100-negative cells (A375) were not targeted (Fig 3C). High levels of T cell-driven

apoptosis observed for Mel526 and Mel624 cells correlated with high gp100 mRNA levels and

HLA-A�02 protein presentation. Comparable levels of apoptosis between Mel526 and Mel624

cells is supported by our previously published data that showed comparable levels of gp100

peptide epitopes on the cell surface (~37 and ~37, respectively) [31]. MeWo cells also showed

an abundance of gp100 transcripts (Fig 3A), though HLA-A�02 protein levels were low (Fig

3B), likely accounting for their relatively moderate levels of cell death (Fig 3C). Conversely,

WM266-4 cells showed high HLA-A�02 protein levels (Fig 3B) but low gp100 mRNA levels

(Fig 3A) translating to lower levels of T-cell driven apoptosis (Fig 3C).

Together these data demonstrate that peptide expression is dictated by both cellular mRNA

levels and HLA-A�02 protein expression, which together inform on the efficacy of a given

ImmTAC molecule.

In vitro MABEL. Calculation of MABEL is used as a conservative approach to derive a

safe starting dose for clinical testing, drawing on multiple assays to identify the most sensitive

measurement of efficacy. To determine a safe clinical starting dose for ImmTAC-gp100, data

from IFNγ-release, epitope presentation and killing capacity using lactate dehydrogenase

(LDH) release as a sensitive kinetic measure of cell cytotoxicity, were assessed [32].

LDH release data for ImmTAC-gp100 correlated with both the efficiency of killing in the

IncuCyte assay (S1 Fig and Fig 3C) and redirected T cell activation, measured by IFNγ release

(Fig 2). Maximum killing of the target cells and the peak of specific cell lysis were achieved at

around the same concentration of ImmTAC-gp100 across assays (0.1 nM—1 nM).

These data contributed to the determination of MABEL for ImmTAC-gp100 as 1 pM, the

lowest tested concentration of ImmTAC-gp100 that caused a detectable biological effect in an

assay, in this case, an increase in IFNγ- and LDH-release over the baseline (Fig 2 and S1 Fig).

Above 1 nM ImmTAC-gp100, cytolysis of gp100-negative cells (A375) was detected (Fig 2),

albeit markedly lower than gp100-positive cells. This non-specific response determined the

upper dose threshold as 1nM.

Cellular assessment of safety and specificity

On-target, off-tumour activity. The assessment of on-target, off-tumour effects requires

a thorough understanding of the target antigen expression profile, which for gp100 is not con-

fined to tumour cells, but is also present in healthy melanocytes. To better understand and pre-

dict the nature for potential toxicity in the clinic, ImmTAC-gp100-dependent activation of

redirected T cells was assessed by measuring IFNγ-release in the presence of melanocytes

derived from gp100-positive, HLA-A�02-positive donors, alongside a reference melanoma cell

line (Mel526) (Fig 4).

The most reactive PBMC donor is presented and was considered a guideline for the poten-

tial on-target, off-tumour activity of ImmTAC-gp100 in patients (Fig 4). Responses for all

melanocyte donors were ImmTAC-gp100 dose-dependent (0.1 pM to 10 nM) and consistently

lower than for Mel526 Ag+ cells. No T cell mediated response was observed for melanocytes or
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melanoma cells when incubated in the absence of ImmTAC. Loss of ImmTAC specificity was

observed between 1 nM and 10 nM, detected by IFNγ-release from the A375 antigen-negative

cell line.

Three melanocyte donors (NHEM2-4) induced an initial T cell response between 10 pM

and 100 pM, whilst melanocytes from the most sensitive donor (NMEM1) triggered IFNγ
release between 1 pM and 10 pM of ImmTAC-gp100. These data suggest that adverse events

related to skin could be expected from 1 pM -10 pM in the most sensitive donors and in the 10

pM -100 pM range for the majority of patients treated with ImmTAC-gp100.

Fig 3. ImmTAC-mediated killing capacity is dependent on the levels of target antigen presentation. (A) gp100 mRNA levels measured in

specified cell lines using qRT-PCR. Expression is presented as Normalised Relative Quantity (NRQ) relative to housekeeping genes (RPL32 and

HPRT1). NRQ = (RQ target gene/geometric mean RQ housekeeping genes) x 104, RQ = Efficiency-CT. n = 3, 4, 5, 3 and 2 for Mel526, Mel624,

MeWo, WM266-4 and A375, respectively. (B) Levels of HLA-A�02 protein on the cell surface of specified cell lines measured by flow cytometry

(mean fluorescence intensity (MFI) adjusted to the isotype control). n = 8, 9, 4 and 3 for Mel526, Mel624, MeWo, VM266-4 and A375,

respectively. (C) Killing capacity of ImmTAC-gp100-redirected T cells assessed using the IncuCyte assay. A range of cell lines expressing different

levels of gp100-HLA-A�02 complexes were incubated with decreasing concentrations of ImmTAC-gp100. The apoptotic index was determined

by calculating the % ratio of apoptotic cells to the total number of target melanoma cells at the experimental endpoint (52 hours). n = 2–3.

Statistical differences in apoptotic index between Ag+ (Mel 526, Mel624, MeWo and WM266-4) and Ag- (A375) cell lines were individually

measured at each concentration of ImmTAC molecule using an unpaired T-test where ��� p<0.0001, ��p<0.01 and �p<0.05. If unmarked,

results were not significant.

https://doi.org/10.1371/journal.pone.0205491.g003
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Based on MABEL, determined as 1 pM, and the loss of ImmTAC specificity at 1 nM, the

therapeutic window as defined by these observations is predicted to be sufficiently wide to

treat patients with an expansion clinical dose in the range of 10 pM– 100 pM. Given the

Fig 4. On-target, off-tumour activity of ImmTAC-gp100 against skin melanocytes. IFNγ release was measured by ELISpot assay

from normal human epidermal melanocytes (NHEMs) from four HLA-A�02-positive healthy donors (Melanocyte Donors 1–4), gp100

+ve (Ag+) melanoma cells (Mel526 cell line) and gp100 –ve (Ag-) control melanoma cells (A375 cell line) incubated with polyclonal

(non-tumour specific) PBMCs effector cells (E) in the presence or absence of increasing concentrations of gp100-specific ImmTAC

molecule (ImmTAC-gp100). Results presented represent the most reactive PBMC donor tested. Statistical differences in IFN γ release

between donor NHEM cells and Ag- melanoma cells in the presence of effector cells (E) + ImmTAC molecule was measured using a

Two-way ANOVA where ��� p<0.0001, ��p<0.01. If marked, results were not significant.

https://doi.org/10.1371/journal.pone.0205491.g004
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potential benefits of ImmTAC-gp100 therapy, a degree of on-target off-tumour activity against

skin melanocytes was deemed an acceptable risk, particularly with the incorporation of appro-

priate safety management in a clinical trial setting.

Assessing off-target, off-tumour activity. The most likely source of off target effects is

recognition of an alternative, yet similar peptide, complexed to the compatible or different

HLA-type. As part of this safety assessment, the potential for ImmTAC molecules to elicit

broad immune activation is determined by measuring cytokine release in whole blood. Cyto-

kine release data in whole blood is shown for the example ImmTAC molecule ImmTAC-

nybr1 (Fig 5). ImmTAC-nybr1, at a concentration of 2 nM or lower, did not trigger the release

of cytokines IL-2, IL-6, IFNγ or TNFα above the levels observed in the absence of ImmTAC-

nybr1 (Fig 5). Low levels of cytokine release were observed at high concentrations of

ImmTAC-nybr1 (10 nM), a concentration ten-fold above that required to deliver maximal T

cell activation (Fig 2).

To determine the potential of an ImmTAC molecule to recognise non-target HLA subtypes,

ImmTAC-mageA3 recognising MAGE-A3 peptide in the context of HLA-A�01 was used as an

example ImmTAC molecule to assess alloreactivity potential of redirected T cells against a

broad panel of cells/cell lines, each of a unique HLA-type. The comprehensive panel covers all

HLA-types that exist at frequencies of>10% of the target population. ImmTAC-mageA3

caused no significant IFNγ-release across the panel of donor cells tested (Fig 6).

Molecular assessment of safety and specificity

As a minimal approach to molecular analysis of TCR peptide recognition, in silico analysis can

be performed (for example using BLAST program) to identify peptides within the human

genome that share a high percentage of sequence identity to the target. However, in silico anal-

ysis is not always sufficient, as exemplified by the MAGE-A3 TCR designed for adoptive cell

therapy that caused fatal toxicity in two patients due to cross-reactivity against a peptide

mimic from the titin protein presented on cardiac tissue [28, 33].

More in depth molecular assessment can be performed using ALA-scan; replacing each

residue in the target peptide with alanine and testing the potential of each mutated peptide

presented on a T2 antigen presenting cell to cause T cell activation. An example of an

ALA-scan is presented for NY-ESO-1 peptide (Fig 7A). ImmTAC-nyeso recognised pep-

tides with a mutated amino acid at positions: 1, 3, 7 and 9 as indicated by IFNγ release lev-

els of at least 20% of the cognate peptide, highlighting these positions as potentially cross-

reactive.

More comprehensive TCR motif assessment is achieved using an X-scan, substituting each

amino acid of the target peptide to one of the 19 remaining amino acids (Fig 7B) [26]. Posi-

tions identified as restrictive from ALA-scan were not always restrictive in the more extensive

X-scan. For example, substitution of Ile at position 6 in NY-ESO-1 peptide with Cys, Leu, Met,

Asn, Ser, Thr or Val resulted in ImmTAC-nyeso recognition and IFNγ release.

Combined information from ALA-scan and X-scan allows a motif to be determined that is

subject to in silico analysis, cross-referencing against an internal database containing mass

spectrometry-identified peptides presented by an extensive range of human cell lines. Any

peptides from BLAST searches that conform to the TCR binding motif and have direct evi-

dence for presentation on HLA are considered potentially cross-reactive and subject to further

cell testing. Based partly on the learnings from the fatally cross-reactive MAGE-A3 TCR [28],

cellular testing of ImmTAC molecules has extended to include specialised human cell cultures,

including induced pluripotent stem cells (iPSC), to capture an even wider scope of the human

peptidome.
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Discussion

ImmTAC molecules are entirely human-specific, targeting human pHLA complexes with an

anti-CD3 effector function that specifically activates human T cells, thus conventional preclini-

cal animal models are inappropriate to support clinical studies. Here, we detail a novel, vali-

dated approach to preclinical testing that can also be applied to other TCR-based therapeutics

to facilitate calculation of safe clinical starting dose, predict potential clinical toxicities and

inform on appropriate clinical trial design. Our entirely in vitro preclinical package is exempli-

fied by drawing upon experience from preclinical testing of multiple example ImmTAC mole-

cules, including ImmTAC-gp100 (referred to in the clinic as IMCgp100) that advanced into

clinical trials.

Applying ImmTAC-gp100 as an example ImmTAC molecule for efficacy assessment, we

describe a clear correlation between ImmTAC potency and target antigen (pHLA) presenta-

tion, which is further dependant on the abundance of the target mRNA transcript levels and

expression of the appropriate HLA subtype. We previously published that fewer than 20 epi-

topes displayed on the surface of a cell are sufficient to trigger potent ImmTAC-driven apopto-

sis [6, 34]. Thus ImmTAC molecules are able to overcome the limitations of natural TCRs and

target immune-evading cancer cells that often present low levels of pHLA. The ability to

Fig 5. Cellular safety and specificity of ImmTAC-nybr1 in whole blood. Whole blood freshly isolated from four

healthy HLA-A�02-positive donors was incubated with increasing concentrations (0.1 nM -10 nM) of NYBR1-specific

ImmTAC molecule (ImmTAC-nybr1) and the release of cytokines (IL-2, IL-6, IFNγ and TNFα) was measured using

the Meso Scale Discovery (MSD) assay. Whole blood incubated with an anti-CD3 antibody alone or in combination

with anti-CD28 antibody were used as positive controls. Representative results from one donor are presented.

Statistical differences in cytokine release in the presence or absence of ImmTAC molecule at each concentration tested

(0.1 nM—10 nM) were measured using a One-way ANOVA where ��� p<0.0001. If unmarked, results were not

significant.

https://doi.org/10.1371/journal.pone.0205491.g005

Fig 6. Alloreactivity assessment of ImmTAC molecules. Alloreactivity potential of ImmTAC-mageA3 recognising

MAGE-A3 peptide in the context of HLA-A�01 was measured across cells from donors (D1-25) bearing a range of

HLA types using the IFNγ ELISpot assay. Donor cells were isolated and incubated with polyclonal CD8+ T cells in the

presence or absence of 0.2 nM ImmTAC-mageA3. IFNγ-release recorded in the absence of ImmTAC-mageA3 was

subtracted from measurements (n = 3) and plotted as means. EJM (Ag+ & HLA-A�01+) and Colo205 (Ag- &

HLA-A�01+) cell lines were used as controls. No statistical differences in IFNγ-release were observed across donor cell

types when compared to IFNγ-release in the absence of ImmTAC molecule, measured using paired, one-tailed t-tests.

https://doi.org/10.1371/journal.pone.0205491.g006
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effectively target low level pHLA antigens maximises the therapeutic potential of ImmTAC

molecules, enabling access to a substantially broader repertoire of antigenic targets than is

available to traditional antibody-based therapies.

In this study, the two most sensitive measurements of efficacy studied; target cell killing by

cell lysis or cell apoptosis, were used as part of an example method to anticipate safe starting

dose for first-in-human trials. Using the most sensitive assay, a predictive MABEL for

ImmTAC-gp100 could be determined (1pM). Notably, effector T cells from healthy donors

and cancer patients mounted comparable immune responses against target cells indicating

that cancer patients’ immune systems were not compromised.

Based on the efficacy assessment observations, the therapeutic window for ImmTAC-gp100

was predicted to allow dose expansion in the range of 10 pM to 100 pM. With this in mind, the

dose-dependent on-target off-tumour reactivity of ImmTAC-gp100 against skin melanocytes,

Fig 7. Molecular analysis of ImmTAC specificity for NY-ESO-1 peptide (SLLMWITQC). (A) Each amino acid in

the target peptide sequence was individually replaced by alanine (alanine-scanning mutagenesis) and each of the 9

single-mutated peptides were pulsed onto T2 HLA-A�02+ cells. Pulsed T2 cells presenting peptide were incubated with

PBMCs from three healthy donors with 0.1 nM ImmTAC-nyeso molecule and IFNγ-release was measured by ELISpot

assay. Representative results from one donor are presented. Dotted lines indicate 20% of cognate peptide reactivity (B)

Each amino acid in the peptide sequence was exchanged by each of the 19 amino acids (X-scanning mutagenesis).

Activation of PBMCs by peptide pulsed T2 cells in the presence of 0.1 nM ImmTAC-nyeso was measured by IFNγ
ELISpot assay.

https://doi.org/10.1371/journal.pone.0205491.g007
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know to present gp100 peptide, was investigated using primary melanocyte cultures to further

inform on the potential therapeutic window for ImmTAC-gp100 in the clinic. It was antici-

pated that skin toxicity may be clinically observed in the most sensitive patients from 1 pM to

10 pM of ImmTAC-gp100. Given the relative low abundance of melanocytes in the skin (up to

5% of the cells in epidermis) [35] and the relative tolerance to toxicity in this organ, it is antici-

pated that a proinflammatory response in this compartment would be tolerated and managed

in the clinic.

The potential of immune-modulating therapies to elicit off-target off-tumour adverse sys-

temic activity is a key safety consideration. There are accumulating examples where immuno-

therapeutic agents have resulted in severe adverse events and fatal toxicities, often resulting

from systemic cytokine release syndrome, that were not sufficiently predicted from preclinical

evaluation. Among the reported adverse incidences of cytokine release syndrome are the

severe toxicities observed in multiple healthy volunteers in the immune-activating TGN1412

anti-CD28 monoclonal antibody trial, incidences of neurotoxicity in patients treated with the

anti-CD19/anti-CD3 monoclonal antibody bispecific blinatumomab, as well as reports of neu-

rotoxicity and fatalities in patients across adoptive cell transfer of CD19 chimeric antigen

receptor (CAR) trials [15, 36, 37]. To mitigate the risk of systemic cytokine storm, whole blood

in vitro assays exist in multiple formats as an essential, widely used and validated component

of preclinical safety testing [38, 39]. In this study, the release of key proinflammatory cytokines,

IL-6, TNFα, IL-2, IFNγ, were assessed in response to ImmTAC administration. ImmTAC-

nybr1 demonstrated only minimal cytokine release at the highest ImmTAC concentration

tested, a concentration ten-fold above that required to deliver maximal T cell activation.

A final element of preclinical testing concerns safety and specificity screening that assesses

the potential for an ImmTAC molecule to cross react with different HLA subtypes and/or pep-

tide ‘mimics’. Although ImmTAC molecules are specifically engineered to recognise the target

peptide complexed to a specific HLA subtype, extensive measures are taken to ensure that the

risk of cross-reactivity is minimised. A comprehensive panel of HLA subtypes are meticulously

selected based on the target patient population and screened against ImmTAC molecules. To

better interrogate the potential for cross-reactivity against ‘mimic’ peptides, ALA-scan and X-

scan assays used introduced to define a TCR-binding motif, allowing potential cross-reactivitiy

to be assessed in the most stringent manner. Unlike antibody-antigen recognition, ImmTAC

molecules recognise a short linear peptide antigen sequence to which a complete binding

motif can be generated and the entire landscape of potential mimetic peptides can be defined

and empirically tested. When searched against the known human proteome, the TCR binding

motif can identify potentially cross-reactive peptides. Whilst this remains a hypothetical risk

(as only a fraction of any given amino acid sequence will be processed and presented on class I

HLA), various additional tools are used to mitigate and/or understand this potential risk fur-

ther. By searching an in-house mass spectrometry database for the existence of any hypotheti-

cal peptide sequence identified through either the ALA- or X-scans, we can determine if there

is evidence for processing and presentation of that peptide sequence. Peptides with evidence of

presentation can be further tested in the relevant cellular assays.

An alternative approach to cross-reactivity testing is the application of tissue immunohis-

tochemistry (IHC) for which regulatory bodies such as the FDA define key lists of normal tis-

sues (regulatory body-dependent) in which biologics are recommended to be screened against.

However, a key challenge when applying high affinity TCRs as a probe is the low abundance

(10s-100s copies per cell) of target peptide that is insufficient for IHC detection and sensitivity

[6]. Although ImmTAC molecules are routinely screened using tissue cross-reactivity panels,

ImmTAC-mageA3 failed to react with either testis (where the target antigen is expressed) or

cardiac and muscle tissues (where the known off-target titin peptide is expressed), while cross-
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reactivity of ImmTAC-mageA3 could be determined using ALA-scan methodology [27].

These findings support the hypothesis that the in vitro functional tests described here are more

sensitive and reliable than tissue IHC assays in assessing safety of TCR-based therapeutics,

with currently available methods.

The molecular component of the in vitro package is designed to be a comprehensive repre-

sentation of the peptidome existing in different contexts. Thus, an important extension to the

cellular safety assays moving forward is the inclusion of more specialised cell types within the

normal cell panels that add to the rigor of the in vitro safety package and help predict toxicities

that may occur in vivo. For example, induced pluripotent stem cells (iPSC) and 3D cultures

can provide additional coverage and representation of specific in vivo cellular expression pat-

terns that might be lost in normal cultured cells. For example, in the case of the adoptively

transferred affinity enhanced engineered TCR targeting MAGE-A3, which showed fatal cross-

reactivity against the cardiac peptide derived from the titin protein in humans; no concerns

were identified in normal cardiac myocytes, only against cardiac iCells [27, 28].

Although iPSCs create a potentially more physiologically relevant system that may signifi-

cantly differ or drift in protein expression from normal cell cultures, the caveat of these models

is that the cells differentiated from human pluripotent stem cells often differ from their adult

counterparts. For example, cardiomyocytes derived from stem cells do not only display func-

tional features of foetal cells but also present a gene expression profile similar to that of a first

trimester foetal heart [40]. This means that iPSC cultures may present pHLA complexes that

are unlikely to be found on the surface of adult cells and therefore irrelevant in terms of safety

and specificity screening of a therapeutic. Consequently, iPSC models should complement the

standard normal cultures rather than replace them and results from these studies need to be

carefully investigated and confirmed.

Our preclinical package overcomes the species limitations of traditional preclinical testing

by using human tissues, cells and in vitro models. A similar in vitro strategy to investigate

cross-reactivity of biologics is being developed by others such as Retrogenix, whose human cell

microarray technology for identifying off-target effects has been successfully applied to test

antibodies, bispecifics, whole CAR-T cells, peptides or labelled small molecules [41]. Many of

the emerging immunotherapeutics, whose biological properties cannot be fully assessed by in
vivo testing with conventional animal toxicology models, will require testing with human tis-

sues and cells as described here. We believe that our preclinical package can be adapted for effi-

cacy/safety screening of other human-specific biologics, and in particular for TCR-based

therapies.

Supporting information

S1 Table. Cell lines used in this study. R10; 10% RPMI, 1% FCS, 1% Penicillin/Streptomycin

and 1% Glutamine. EMEM; Eagle’s Minimum Essential Medium. DMEM; Dulbecco’s Modi-

fied Eagles Medium. IMDM; Iscove’s Modified Dulbecco’s Media. MGM M2; serum-free,

PMA-free optimal Melanocyte Growth Media. MGM-4; Melanocyte Growth Medium-4.

(TIF)

S1 Fig. ImmTAC-mediated cytotoxicity measured Lactate Dehydrogenase (LDH) release.

Ag+ cell lines (Mel526) that present target peptide-HLA and Ag- cell lines (A375) that do not

present peptide-HLA were incubated with PBMC effector cells (E) from healthy donors in the

presence or absence of ImmTAC-gp100 at increasing concentrations and LDH release was

measured. Statistical difference between Ag+ and Ag- cells in the presence of effector cells (E)

+ ImmTAC was measured using a Two-way ANOVA with Sidak’s multiple comparison test
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where ��� p<0.0001, ��p<0.01.

(TIF)

S1 Dataset. Raw Data.xlsx.

(XLSX)
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