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Abstract

Engineering T-cells to express receptors specific for antigens present on tumour tissue is
proving a highly effective treatment for some leukaemias. However, extending this to solid
tumours requires antigens that can be safely and effectively targeted. TEM8, a marker over-
expressed on the vasculature of some solid tumours, has been proposed as one such target.
A recent report stated that T-cells engineered to express a TEM8-specific chimeric antigen
receptor (CAR), when injected into mouse models of triple negative breast cancer, are both
safe and effective in controlling tumour growth. Here we report contrasting data with a panel
of TEM8-specific CAR-T-cells including one generated from the same antibody used in the
other study. We found that the CAR-T-cells demonstrated clear TEM8-specific cytotoxic and
cytokine release responses in vitro, but when injected into healthy C57BL6 and NSG mice
they rapidly and selectively disappeared from the circulation and in most cases caused rapid
toxicity. Infusing CAR-T-cells into a TEM8-knockout mouse indicated that selective loss of
cells from the circulation was due to targeting of TEM8 in healthy tissues. Histological analy-
sis of mice treated with a TEM8-specific CAR revealed evidence of inflammation in the lung
and spleen with large collections of infiltrating neutrophils. Therefore our data raise concerns
over potential on-target off-tumour toxicity with CARs targeting TEM8 and these should be
considered carefully before embarking upon clinical trials with such agents.

Introduction

Adoptive therapy using tumour-specific T-cells can be a very effective treatment for human
cancer, but naturally occurring T-cells with the appropriate tumour specificity are rare. There-
fore more recent work has employed genetic engineering techniques to rapidly and reliably
introduce genes encoding receptors specific for defined tumour antigens[1]. This includes
engineering T-cells to induce expression of a chimeric antigen receptor (CAR), which gener-
ally combines the antigen-binding domains of an antibody in the form of a single chain vari-
able fragment (scFv) linked to the signalling domain (CD3( chain) from the T-cell receptor
complex. Such CARs based on an antibody specific for the B cell marker CD19 have proven
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highly effective in treating some leukaemias[2-4], leading to recent FDA approval for some of
these therapies. Unsurprisingly, these CD19-specific CARs mediate so called “on-target, oft-
tumour” effects since the target antigen is also expressed on healthy B cells leading to B-cell
aplasia and hypogammaglobulinaemia, but this can be managed clinically by regular infusions
with immunoglobulin.

Given the clinical success of CAR T-cell therapy for leukaemias, there is considerable inter-
est in extending its use to the more common solid tumours. However, this is proving more
challenging, partly because of the hostile tumour microenvironment that can include multiple
immune evasion mechanisms but also because of the lack of suitable target antigens. Targeting
the tumour stroma such as the tumour vasculature, rather than the malignant cells directly, is
an attractive alternative approach since it is readily accessed by circulating T-cells and is less
genetically unstable than malignant cells[5], reducing the likelihood of antigen-loss variants
[6]. Furthermore, targeting the tumour vasculature should not only damage the surrounding
tumour tissue but also malignant tissue downstream of that vessel. This approach again
requires the identification of specific antigens, and a growing list of tumour endothelial mark-
ers (TEMs) have been described.

TEMS was originally identified as a TEM in colorectal carcinoma[7] and although it is
expressed in the endothelial cells of developing mouse embryos[8], it was not detectable in
healthy tissues of adult mice[9]. Equally, studies in human tissues failed to detect it during
physiological angiogenesis required for corpus luteum development and wound healing[7].
TEMS is a single-pass cell surface glycoprotein 564 amino acids long, with a von Willebrand
factor type A (vWA) domain in its extracellular region[10]. It is highly conserved with 96%
amino acid sequence identity between mouse and man[8]. TEM8 binds collagen and promotes
endothelial cell migration in vitro and is thereby thought to play an important role in angio-
genesis[11, 12]. TEMS also acts as a receptor for anthrax toxin[13], and is known as anthrax
toxin receptor 1 (ANTXR1).

In addition to colorectal cancer, TEMS8 is upregulated on vessels in various human and
mouse tumour types[8, 11, 14], and in some cases is also expressed by the malignant cells[8,
15, 16]. Its importance in cancer has been demonstrated using TEM8 knockout mice that
show impaired tumour growth[9, 17]. Furthermore, targeting this molecule in mice using
TEMS vaccines[18, 19], an anti-TEM8/truncated tissue factor fusion protein[14] and sublethal
doses of anthrax toxin[20] can inhibit angiogenesis and tumour growth, as well as prolong
survival. In 2012, a study using antibody phage display reported the generation of five TEMS8-
specific human antibodies (L1, L2, L3, L5 and 1D2) which inhibited tumour-induced angio-
genesis as well as cancer growth in several mouse tumour models[9]. More recently, the safety
and therapeutic potential of a TEM8-specific CAR based on the L2 antibody was explored
using mouse models of triple negative breast cancer[21]. These studies showed that not only
could infusion of these L2 CAR T-cells inhibit tumour growth, but there were no toxic effects
reported.

Here we present contrasting findings using a panel of TEM8-specific CARs based on the
same antibodies. Some of these, including L2, caused significant toxicity in healthy mice,
apparently through targeting of TEMS8 in healthy tissue, thus raising concerns over the use of
such CARs for human studies.

Results
Generation and expression of TEM8-specific CARs

The gene sequences encoding scFv domains based on the TEM8-specific human antibodies
L1,L2,L3,L5and 1D2 were cloned into retroviral vectors to encode second generation CARs
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Fig 1. Generation and expression of CAR constructs in T-cells. (A) Schematic representation of recombinant
retroviral vectors encoding TEM8-specific CARs. Recombinant retroviral vectors coexpressed a truncated human
CD34 marker and an scFv fragment from one of 5 different TEM8-specific monoclonal antibodies linked to a CD28
costimulatory domain and a CD3 zeta chain. The 2A peptide linker ensured equimolar expression of both gene
constructs. (B) Expression of all 5 TEM8-specific CARs (based on monoclonal antibodies L1, L2, L3, L5 and 1D2) in T
cells was demonstrated by flow cytometry staining for the coexpressed CD34 marker. % values show proportion of
cells stained for CD34 in transduced T cells (black line) compared to mock-transduced T cells (shaded).

https://doi.org/10.1371/journal.pone.0224015.9001

with a CD28 costimulatory domain upstream of the CD3( chain as illustrated in Fig 1A. In
addition, the CAR gene was separated from a truncated CD34 marker gene by a foot-and-
mouth disease virus 2A peptide linker, ensuring equimolar expression of both genes. In this
way CD34 expression could be used as a marker for CAR expression. Following transduction
of human T-cells using these retroviral vectors, the CD34 marker gene was clearly detectable
by flow cytometry for all five CAR constructs, indicating that all five CARs are readily
expressed (Fig 1B).

In vitro testing of TEM8-specific CAR T-cells

To explore the function of human T-cells expressing the five different CARs, they were co-cul-
tured with the LS174T tumour cell line which is naturally TEM8-negative[9] but which we
engineered to stably express the mouse form of TEM8 (S1 Fig). As shown in Fig 2A, when test-
ing for secretion of interferon-gamma (IFN-gamma), T-cells expressing four out of the five
CARSs specifically responded to the TEM8-expressing LS174T cells, with the strongest
responses seen with L1 and L2 CARs. The only CAR that failed to show a clear response was
that based on the 1D2 antibody. Further studies explored the cytotoxic activity of the different
CAR T-cells using the same target cells and showed a similar pattern of response, with the
highest levels of cytotoxicity seen with L1, L2 and L3 CARs, but no specific cytotoxicity with
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Fig 2. CART cell responses to mouse and human TEMS8. Human T cells engineered to express TEM8-specific CARs (L1, L2, L3, L5, 1D2) or mock-
transduced T cell controls were tested for response to LS174T cells engineered to express full-length mouse TEM8. Antigen specific responses were
detected using (A) IFN-gamma ELISA and (B) cytotoxicity assay (tested at effector:target (E:T) ratios of 10:1 and 5:1). (C) Responses to titrated
concentrations of recombinant human and mouse TEMS protein were assessed by IFN gamma release. In all cases CAR-T cell lines were diluted with
mock T cells to equalise for transduction efficiency. Graphs show the mean of triplicate cultures (+ standard deviation, SD) and are each representative
of 3 experiments.

https://doi.org/10.1371/journal.pone.0224015.g002

the 1D2 CAR (Fig 2B). Using recombinant human and mouse TEMS proteins, titration studies
showed that the CAR T-cell response (measured by secretion of IFNY) was strongest with L1

and L2 CARs, and somewhat weaker responses seen with L3 and L5 CARs. However, although
the 1D2 CAR showed low but detectable responses to the human TEMS8 protein when tested at
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higher concentrations, there was no detectable response to the mouse protein (Fig 2C). These
results compare well with the binding affinities of these antibodies, since the affinities of L1,
L2, L3 and L5 for human and mouse TEMS are all within the range of 0.18-0.36nM. In con-
trast, the affinity of 1D2 for human TEMS is only 7.6nM, and for mouse TEMS it is 31.2nM,
approximately 100 times lower than each of the other four antibodies[9]. Data demonstrating
the expression and antigen-specific function of these CARs in mouse T-cells are shown in S2
Fig.

In vivo testing of TEM8-specific CAR T-cells

Having demonstrated TEM8-specific function for four of the CARs, we then began a series of
small toxicity studies in healthy mice. In the first experiment, C57BL/6 mice were treated with
a single intravenous infusion of 20 million total T-cells derived from a congenic (CD45.17)
mouse strain with 55%, 64%, 40% or 55% of these cells expressing the L1, L2, L3 or L5 CARs
respectively. Not only were mice monitored closely for signs of toxicity, but the persistence of
the infused CAR T-cells was also monitored by serial tail bleeds using the CD34 marker as an
indicator of CAR expression and CD45.1 as a marker of the infused T-cell population. After
24hrs, mice injected with the L2 and L3 CAR showed signs of toxicity with a hunched posture,
piloerection and greatly reduced levels of activity which necessitated culling of the animals.
The remaining mice treated with L1 and L5 CARs did not show such signs, but tail bleeds indi-
cated that although more than half of the infused T-cells initially expressed the CAR, within 3
days post-infusion nearly all of the L1 and L5 CAR-expressing cells were no longer detectable
in the circulation. In contrast, infused T-cells that did not express the CAR (i.e. CD34
CD45.1") were clearly detectable and represented 35-42% of the total circulating T-cell pool at
3 and 7 days post infusion. The selective loss of CAR-expressing T-cells continued until day 28
when the experiment was ended (Fig 3A).

In the second in vivo experiment, congenic mouse T-cells expressing the L1 or L5 CARs
were again tested in healthy C57BL/6 mice but this time we also tested the 1D2 CAR, and T-
cells expressing a control CAR that lacked a scFv domain (no scFv) and therefore should not
target an antigen. Mice were infused with 20 million total T-cells of which 81%, 70%, 84% and
77% expressed the L1, L5, 1D2 and no scFv CARs respectively. None of the mice showed signs
of overt toxicity, but all mice treated with the L1 and L5 CARs again showed rapid and selec-
tive depletion of the CAR expressing T-cells such that these cells became almost undetectable
from day 9 (Fig 3B). In contrast, T-cells infused into these L1 and L5-treated mice that did not
express the CAR (i.e. CD34  CD45.1") were again clearly detectable and represented >35% of
the total circulating T-cell pool. Mice treated with T-cells expressing the no scFv control CAR
showed an initial drop in the percentage of infused cells expressing this CAR, but this stabilised
4 days post-infusion and remained at ~50% for the next 17 days. 1D2 CAR T-cells were selec-
tively depleted during the first week but then remained at ~20% for the rest of the experiment.

The third in vivo experiment used human T-cells injected into healthy immunocompro-
mised NSG mice. Three mice received 20 million total T-cells of which 21% expressed the L2
CAR and again within 24hrs they all showed the same signs of toxicity seen in the first in vivo
experiment, which necessitated culling of the animals. In contrast, mice (n = 3 per group)
treated with 20 million total human T-cells expressing the 1D2 CAR or the no scFv CAR con-
trol showed no signs of toxicity even when infused again on day 5 and day 9 with the same
cells. Note 1D2 and no scFv CARs were expressed on 25% and 22% of the infused T cells
respectively. Tail bleed analysis again showed that the 1D2 CAR T-cells persisted in the circula-
tion to the same extent as the no scFv control CAR (Fig 3C). The fourth in vivo experiment
largely repeated the third although L2 and no scFv CARs were expressed on 56% and 63% of
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within 24hrs post treatment. (B) Mouse T cells engineered to express TEMS8-specific CARs (L1, 81% transduced; L5, 70% transduced; 1D2, 84% transduced) or a
control CAR (no scFv, 77% transduced) were injected (20 million total T cells/mouse) into healthy C57BL/6 mice (n = 2 per group) and persistence measured by
sequential tail bleeds. (C) Human T cells engineered to express TEM8-specific CARs (L2, 21% transduced; 1D2, 25% transduced) or a control CAR (no scFv, 22%
transduced) were injected (20 million total T cells/mouse) into healthy NSG mice (n = 3 per group) on 3 occasions (indicated with black arrowheads) and
persistence measured by sequential tail bleeds. Note mice treated with L2 CARs are not shown as they had to be culled 24hrs post treatment. (D) Human T cells
engineered to express TEM8-specific CARs (L2, 55.6% transduced) or a control CAR (no scFv, 63% transduced) were injected (20 million total T cells/mouse) into
healthy NSG mice (n = 3 per group) and persistence measured by tail bleeds. Changes in body weight of these mice are shown in (E). Graphs A-D show CAR T cells
(CD34") as a percentage of the total infused T cell population. Results shown in B are the mean of duplicate values and results shown in C, D and E are the mean of
triplicate values (+ SD).

https://doi.org/10.1371/journal.pone.0224015.9003

20 million total infused T-cells respectively, and 1D2 CAR was not tested. Toxicity was again
observed in all three L2 CAR-treated mice (hunched posture, piloerection and greatly reduced
levels of activity) this time 3 days post infusion. In contrast, mice treated with the control (no
scFv) CAR showed no toxicity. Three days post infusion, mice were analysed for persistence of
infused cells and again there was clear evidence for selective loss of TEM8-specific CAR T-cells
from the peripheral blood (Fig 3D). The L2 CAR-treated mice in this fourth in vivo experi-
ment also showed a clear loss in body weight whereas no such change was seen in control (no
scFv) CAR treated mice (Fig 3E). Three days post infusion all mice in this fourth experiment
were culled and tissues taken for histological analysis. Haematoxylin and eosin stained sections
were analysed by an experienced pathologist who was unaware of the treatment received by
each mouse. Brain, colon, liver, kidney, pancreas, and heart tissues showed no pathology in
either group of mice, but lung and spleen tissues showed evidence of inflammation in all L2
CAR treated animals, with numerous neutrophils present both in the red pulp of the spleen
and surrounding the blood vessels and bronchioles in the lung. In contrast, there was no infil-
tration of neutrophils in the lung or spleen tissues of any mice treated with the control (no
scFv) CAR (Fig 4 and S3 Fig).

Finally, to explore whether these effects were dependent on TEM8 expression, we used a
TEMS knockout mouse. Mouse T-cells from a congenic strain were engineered to express the
L2 TEM8-specific CAR or a control (no scFv) CAR and injected intravenously into healthy
wild type and TEM8 knockout C57BL/6 mice. On this occasion, the L2 CAR T-cells did not
mediate a toxic reaction even though the number of infused T-cells that expressed the CAR
was similar to previous experiments. Nevertheless, these CAR T cells were again selectively lost
from the circulation in wild type mice as had been observed with all the high affinity TEMS--
specific CARs in the mouse experiments described above. Importantly, however, L2 CAR T-
cells persisted in the circulation of TEM8 knockout mice. The control CAR T-cells persisted in
the circulation of both mouse strains. Thus selective loss of L2 CARs from the circulation was
TEMS8-dependent (Fig 5).

Discussion

Studying a panel of CARs specific for the tumour endothelial marker TEMS, we identified sig-
nificant toxicity when some of them were tested in healthy mice. Furthermore, we also demon-
strated selective and rapid depletion of all high avidity TEM8-specific CAR T-cells from the
circulation. This suggested the CARs were targeting TEMS or cross-reacting with another anti-
gen expressed on healthy tissue(s) which resulted in toxicity and/or migration of the CAR T-
cells out of the bloodstream and into the target tissue(s). Histological analysis of TEM8-specific
CAR T-cell-treated mice also revealed evidence of inflammation in lung and spleen tissue.
Studies using a TEM8 knockout mouse subsequently showed that selective loss of the CAR T-
cells from the circulation was TEM8 dependent, strongly suggesting that the CAR T-cells are
recognising TEM8 expressed on healthy tissue(s). Thus, despite elevated levels of TEM8
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Fig 4. Histological analysis of mice treated with TEM8-specific or control CAR T-cells. Representative images of
haematoxylin and eosin stained lung and spleen tissues from the fourth in vivo experiment where NSG mice were
treated with human T cells engineered to express TEM8-specific CARs (L2) or a control CAR (no scFv). Mice (n =3
per group) were injected with 20 million total T cells/mouse of which 11.1 million and 12.6 million expressed the L2
and no scFv CARs respectively. Tissues were taken 3 days later and showed evidence of neutrophil infiltration in all L2
CAR treated mice but none of the control CAR treated mice. (Magnification = x400).

https://doi.org/10.1371/journal.pone.0224015.9004

expression in tumour tissues, levels on healthy tissues can still be sufficient to be targeted by a
potent agent such as a high avidity multivalent CAR T-cell.

This finding is particularly significant given a recent publication demonstrating safety and
anti-tumour efficacy in a mouse model of triple negative breast cancer using a CAR based on
the same L2 antibody that mediated toxicity in 7/11 wild type mice in our studies[21]. Reasons
for these contradictory findings could lie in subtle changes in the design of the CAR. For exam-
ple, different retroviral vectors may have led to different levels of CAR expression per cell.
Also, the scFv domain in our study comprised the heavy chain antibody sequence followed by
the light chain, whereas in the other study the genes encoding these antibody chains were in
reverse order. Equally, the other study tested two versions of L2 CAR that included a costimu-
latory region from CD28 with or without an additional costimulatory domain from 4-1BB.
Most of their in vivo studies focused on the second CAR and showed no toxicity using doses of
up to 10 million cells (70% transduced). Nevertheless, no toxicity was reported when the CAR
with the CD28 domain alone was injected intratumourally at a dose of 25 million cells/mouse.
Whatever the reasons for the lack of toxicity in this other study, our results demonstrating tox-
icity with an L2 CAR even at doses of 4 million CAR-expressing T-cells per mouse, combined
with evidence for TEM8-mediated selective loss of high avidity CAR T-cells from the circula-
tion of healthy mice, highlights the risk of on-target, off-tumour effects should a TEM8-speci-
fic CAR, especially one based on the L2 antibody, be tested in patients. This is of particular
concern if strategies are employed to enhance the anti-tumour effects of the CAR, for example
through dose escalation or increasing the levels of CAR expression and/or function. In support
of our findings, it should be noted that toxicity was also reported when the L2 antibody was
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Fig 5. Persistence of TEM8-specific CAR T cells in the circulation of healthy wild type and TEMS8 knockout mice.
Mouse T cells from a congenic strain were engineered to express the L2 TEM8-specific CAR or a control CAR (no
scFv) lacking the scFv antigen-binding domain. T cells were injected intravenously into wild type (black bars) or
TEMS knockout mice (white bars) and tail bleeds sampled to identify the infused cells (CD45.1") that expressed the
CAR (CD34"). Graphs show the results of two separate experiments where tail bleeds were analysed (A) 8 days and (B)
6 days post infusion. All experiments used two mice per group (except where indicated). T cells engineered for these
experiments were >50% transduced, and for data shown in (A) and (B) the number of infused T cells per mouse that
actually expressed a CAR was 5 million and 12 million respectively. Data represent the mean percentage (+ SD) of
infused cells that expressed a CAR.
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used to engineer mouse T-cells to express a secretable bi-specific T-cell engager. This engager
used a TEM8-specific scFv from the L2 antibody linked to a scFv recognizing CD3. Intrave-
nous injection of 10 million of these T-cells resulted in death of 7/10 mice[22].

To reduce the risk of on-target, off-tumour toxicity with such CARs, one possibility is to
use them in a combinatorial approach, where T-cells are engineered to express two distinct recep-
tors, and activation is dependent on encountering both target antigens which are only co-
expressed in tumour tissues[23, 24]. Use of RNA transfection of T-cells for transient expression of
the CAR[25] or use of suicide gene strategies[26] can also limit the risks, or better still a “tunable”
system where CAR expression levels can be regulated through administration of a drug[27]. Alter-
natively, reducing the affinity of the TEMS8-specific CAR might permit discrimination between
levels of the target antigen expressed at the tumour site and levels expressed in healthy tissues as
has been shown for other CARs|[28, 29]. In this regard it is interesting to note that although the
1D2 TEM8-specific antibody has a 100-fold lower affinity than L2 for mouse TEM8[9], and
according to our data T-cells expressing a 1D2 CAR do not respond to the mouse protein, this
antibody has intermediate affinity for human TEMS. Preclinical safety and efficacy testing of a
1D2 CAR in a mouse model would, however, require generation of a human TEM8 knockin.

Methods

Generating human and mouse CAR T cells

The gene sequences encoding each of the TEM8-specific human antibodies L1, L2, L3, L5 and
1D2 were kindly provided by B. St Croix (National Cancer Institute, Frederick, MD) and used
to design synthetic DNA sequences (GenScript) encoding an scFv region and then cloned into
the CAR vector pMP71.tCD34.2A.CD19.IEV{[30] as a Clal, NotI fragment, replacing the
CD19-specific scFv region. These vectors were originally constructed using the MP71 retrovi-
ral expression plasmid (a kind gift from C. Baum, Hannover) and co-expressed a truncated
human CD34 marker gene[31]. The gene sequences of all new constructs were verified.

To generate recombinant retrovirus for transducing mouse T cells, Phoenix ecotropic pack-
aging cells were transfected with the appropriate MP71 retroviral expression vector encoding
the CAR and pCL eco (Imgenex) using FuGENE HD (Roche) according to the manufacturer’s
instructions. Recombinant retrovirus for transducing human T cells was generated in the
same way but using Phoenix amphotropic packaging cells and pCL ampho. Transduction of
mouse T cells was conducted using mouse splenocytes pre-activated for 48 hours with conca-
navalin A (2pg/ml; Sigma) and mouse interleukin-7 (Ing/ml; eBioscience) in RPMI 1640
(Sigma) containing 10% foetal bovine serum (FBS; PAA, Pasching Austria), 2mM L-gluta-
mine, 100 IU/ml penicillin, and 100ug/ml streptomycin (standard medium). For human T
cells, peripheral blood mononuclear cells (PBMCs) were isolated from aphereses cones[32]
collected from healthy adult volunteers (male or female, aged >18 years) who attended the
National Blood Donor Centre, Birmingham. PBMCs were isolated by density gradient centri-
fugation on Lymphoprep (Axis Shield, Oslo, Norway). They were then pre-activated for 48
hours using anti-CD3 antibody (30ng/ml; OKT3 eBioscience), anti-CD28 antibody (30ng/ml;
37407 R&D Systems) and interleukin-2 (IL2, 300 U/ml; Chiron, Emeryville, CA) in standard
medium containing 1% human AB serum (TCS Biosciences, Buckingham, UK). Pre-activated
human and mouse T cells were subsequently transduced (or mock-transduced with condi-
tioned supernatant from non-transfected Phoenix cells) by spinfection in retronectin
(Takara)-coated plates according to the manufacturer’s instructions. After spinfection, mouse
T cells were cultured for 24hrs in standard medium with IL2 (100 U/ml), then purified using
Ficoll-Paque premium 1.084 (GE Healthcare). Human T cells were cultured in standard
medium plus 1% human AB serum with IL2 (100 U/ml).
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Cell lines

LS174T cells[33] were obtained from ATCC and cultured in DMEM containing 10% FBS,
2mM L-glutamine, 100 IU/ml penicillin, and 100pg/mL streptomycin. Stable expression of
mouse TEMS8 within these cells was achieved by transduction using the lentiviral plasmids
psPAX2 (lentiviral packaging; Addgene, Cambridge, MA, USA), pMD2G (envelope plasmid;
Addgene) and pWPI lentiviral mammalian expression plasmid (Addgene) into which we had
cloned the mouse TEM8 gene following digestion using Pacl and Pmel restriction enzymes
(New England BioLabs, MA). Plasmids were transfected into 293T cells (from ATCC) using
FuGENE 6 according to the manufacturer’s instructions in a ratio of 1:2.5:3.3 for pMD2G:
psPAX2:pWPI. LS174T cells were then transduced with lentivirus-containing culture superna-
tant mixed with polybrene (8ug/ml, Merck, Millipore). Cell lines were screened for myco-
plasma using MycoAlert detection kit (Lonza, Basel).

Recombinant TEMS

Genes encoding the human or mouse forms of TEM8 fused to the human Fc protein were
cloned into the pFUSE-mIgG2A-Fc1 vector (InvivoGen, San Diego, CA). TEMS protein pro-
duction was then carried out with the help of the Protein Expression Facility, University of Bir-
mingham. Human TEM8-Fc/pFUSE-mIgG2A or mouse TEM8-Fc/pFUSE-mIgG2A plasmids
were transfected into 293T cells using polyethylenimine (PEI 25000; Polysciences, Warrington,
PA) in Opti-MEM Reduced Serum Medium (Gibco) and 7 days later supernatants were har-
vested and protein purified using Protein A Sepharose CL-4B (GE Healthcare) according to
the manufacturer’s instructions.

IFNy ELISA

LS174T cells (2x10*/well) were co-cultured in triplicate with human CAR T-cells (2x10°/well)
in 96-well flat bottom plates. Alternatively CAR T-cells (2x10°/well) were incubated in wells
pre-coated for 4 hours with recombinant TEM8-Fc protein (or Fc protein alone) at concentra-
tions indicated. Cells were incubated at 37°C/5% CO, in 100ul/well of RPMI supplemented
with 10% FBS, 2mM L-glutamine, 100 IU/ml penicillin, and 100ug/ml streptomycin and IL2
(25 U/ml). After 18 hours, culture supernatant was tested for secreted IFN-gamma using an
ELISA (Pierce Endogen, Rockford, IL) according to the manufacturer’s instructions.

Cytotoxicity assay
Chromium release assays have been described in detail previously[34]. They were set up at
known effector:target ratios (1250 targets/well) and harvested after 7.5 hours.

In vivo studies

Mice were housed in individually ventilated containers with a 12 hour day/night light cycle at
temperatures of 21 +/- 2°C and relative humidity of 55% +/- 5%. All mice were allowed free
access to water and a maintenance diet (EURodent diet 14%). All cages contained wood shav-
ings, bedding material and a plastic house. Six to eight week old female C57BL/6 mice (Charles
River Laboratories) or TEM8-knockout mice[17] (a kind gift from B. St Croix, National Can-
cer Institute, Frederick, MD) received non-myeloablative (5 Gy) total body irradiation (TBI)
and 18 hours later CAR- or mock-transduced T-cells from CD45.1" congenic BoyJ mice
(Charles River Laboratories) were injected into the tail vein. Six to eight week old female NSG
mice (Charles River Laboratories) were injected into the tail vein on up to 3 occasions with 20
million CAR- or mock-transduced human T-cells at the times and doses indicated. All mice
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were monitored every 15 minutes for the first hour post infusion, and then at least once daily
for signs of toxicity. Humane endpoints included >20% body weight loss, hunched posture,
continued piloerection and/or inactivity for a period of 24hrs or dyspnoea. Once humane end-
points were reached they were culled immediately (note no animals died before meeting the
humane endpoint criteria). Mice were assessed for toxicity by experienced animal workers and
to avoid subjective bias they were blinded to the treatment group to which the animal had
been assigned. Immune monitoring was conducted with serial tail bleeds. When staining T
cells from heparinized tail bleeds they were first subjected to red blood cell lysis using BD
Pharm Lyse (Becton Dickinson). They were then washed with PBS and stained with Live/Dead
Fixable Violet Dead Cell Stain Kit (Life Technologies) for 20 mins in the dark, then washed
with flow buffer (0.5% w/v BSA + 2mM EDTA in PBS; pH7.2). If staining for infused mouse
T-cells, they were then stained with anti-mouse CD4-PE (clone H129.19), CD8-FITC (clone
53-6.7) and CD45.1-PE-Cy7 (clone A20) (all from BD Biosciences) for 30mins on ice in the
dark. Alternatively when analysing infused human T-cells, they were stained with anti-human
CD4-FITC (clone RPA-T4, BD Biosciences) and anti-human CD8-PE (clone RPA-T8,
eBioscience). In all cases CAR-expressing cells were identified by co-staining with anti-human
CD34-APC (clone 561, BioLegend). Cells were analysed using a BD LSR II flow cytometer and
Flow]o software (TreeStar Inc, Ashland, OR). Histological analysis was conducted on forma-
lin-fixed tissue stained with haematoxylin and eosin. Tissues were analysed using an Olympus
SC100 microscope with Olympus cellSens Standard software.

Study approval

Studies with human donors were approved by the National Research Ethics Service Committee
West Midlands (Solihull, UK). All donors were adults and gave written informed consent. All
mouse studies were performed under UK Home Office authorisation and all animal workers
were fully trained and held personal licenses granted by the UK Home Office.

Supporting information

S1 Fig. Mouse TEMS expression in engineered LS174T cells. LS174T cells transduced with a
lentivirus expressing the murine form of TEM8 were stained with the TEMS8 specific L2 mono-
clonal antibody (80ug/ml) or a concentration- and isotype-matched antibody control (clone
ZX4, Thermo Fisher Scientific). They were then stained with a phycoerythrin-conjugated goat
anti-mouse IgG antibody (Biorad) and analysed by flow cytometry using an LSRII Cytometer
(Becton Dickinson) and Flow]Jo software (Tree Star).

(TIF)

S2 Fig. CAR expression and function in engineered mouse T-cells. (A) Expression of all 5
TEMS8-specific CARs (L1, L2, L3, L5 and 1D2) and the no scFv control CAR in mouse T cells
was demonstrated by flow cytometry staining for the coexpressed CD34 marker. % values
show proportion of cells stained for CD34 in transduced T cells (black line) compared to
mock-transduced T cells (shaded). (B) Antigen specific responses to LS174T cells expressing
mouse TEMS8 were detected using a mouse IFN-gamma ELISA platinum kit (Invitrogen).
CAR-T cell lines were diluted with mock-transduced T cells to equalise for transduction effi-
ciency. The graph shows the mean of duplicate cultures (+ standard deviation, SD).

(TIF)

S3 Fig. Representative images of haematoxylin and eosin stained tissues from the fourth in
vivo experiment where NSG mice were treated with human T cells engineered to express
TEMS-specific CARs (L2) or a control CAR (no scFv). Mice (n = 3 per group) were injected
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with an effective dose of 11.1 million or 12.6 million T cells that all expressed the L2 or no scFv
CAR respectively. Tissues were taken 3 days later. (Magnification = x200).
(TIF)

Author Contributions

Conceptualization: Steven P. Lee.

Data curation: Steven P. Lee.

Formal analysis: Kristina Petrovic, Abeer Shaaban, Steven P. Lee.
Funding acquisition: Kristina Petrovic.

Investigation: Kristina Petrovic, Joseph Robinson, Katharine Whitworth, Elizabeth Jinks,
Abeer Shaaban, Steven P. Lee.

Project administration: Steven P. Lee.
Supervision: Joseph Robinson, Steven P. Lee.
Writing - original draft: Kristina Petrovic, Steven P. Lee.

Writing - review & editing: Kristina Petrovic, Joseph Robinson, Katharine Whitworth, Eliza-
beth Jinks, Abeer Shaaban, Steven P. Lee.

References

1. Sadelain M, Riviere |, Riddell S. Therapeutic T cell engineering. Nature. 2017; 545(7655):423-31.
https://doi.org/10.1038/nature22395 PMID: 28541315; PubMed Central PMCID: PMC5632949.

2. Maude SL, Frey N, Shaw PA, Aplenc R, Barrett DM, Bunin NJ, et al. Chimeric antigen receptor T cells
for sustained remissions in leukemia. N Engl J Med. 2014; 371(16):1507—17. https://doi.org/10.1056/
NEJMoa1407222 PMID: 25317870.

3. Davila ML, Riviere I, Wang X, Bartido S, Park J, Curran K, et al. Efficacy and toxicity management of
19-28z CAR T cell therapy in B cell acute lymphoblastic leukemia. Science translational medicine.
2014; 6(224):224ra25. https://doi.org/10.1126/scitransimed.3008226 PMID: 24553386.

4. Kochenderfer JN, Dudley ME, Kassim SH, Somerville RP, Carpenter RO, Stetler-Stevenson M, et al.
Chemotherapy-refractory diffuse large B-cell ymphoma and indolent B-cell malignancies can be effec-
tively treated with autologous T cells expressing an anti-CD19 chimeric antigen receptor. J Clin Oncol.
2015; 33(6):540-9. https://doi.org/10.1200/JC0O.2014.56.2025 PMID: 25154820; PubMed Central
PMCID: PMC4322257.

5. Boehm T, Folkman J, Browder T, O’Reilly MS. Antiangiogenic therapy of experimental cancer does not
induce acquired drug resistance. Nature. 1997; 390(6658):404—7. https://doi.org/10.1038/37126 PMID:
9389480.

6. Khong HT, Restifo NP. Natural selection of tumor variants in the generation of "tumor escape" pheno-
types. Nat Immunol. 2002; 3(11):999—-1005. https://doi.org/10.1038/ni1102-999 PMID: 12407407;
PubMed Central PMCID: PMC1508168.

7. StCroix B, Rago C, Velculescu V, Traverso G, Romans KE, Montgomery E, et al. Genes expressed in
human tumor endothelium. Science. 2000; 289(5482):1197—-202. Epub 2000/08/19. https://doi.org/10.
1126/science.289.5482.1197 PMID: 10947988.

8. Carson-Walter EB, Watkins DN, Nanda A, Vogelstein B, Kinzler KW, St Croix B. Cell surface tumor
endothelial markers are conserved in mice and humans. Cancer Res. 2001; 61(18):6649-55. Epub
2001/09/18. PMID: 11559528.

9. Chaudhary A, Hilton MB, Seaman S, Haines DC, Stevenson S, Lemotte PK, et al. TEM8/ANTXR1
blockade inhibits pathological angiogenesis and potentiates tumoricidal responses against multiple can-
cer types. Cancer Cell. 2012; 21(2):212-26. Epub 2012/02/22. https://doi.org/10.1016/j.ccr.2012.01.
004 PMID: 22340594; PubMed Central PMCID: PMC3289547.

10. Chaudhary A, St Croix B. Selective blockade of tumor angiogenesis. Cell Cycle. 2012; 11(12):2253-9.
https://doi.org/10.4161/cc.20374 PMID: 22617387; PubMed Central PMCID: PMC3383587.

PLOS ONE | https://doi.org/10.1371/journal.pone.0224015 October 17, 2019 13/15


https://doi.org/10.1038/nature22395
http://www.ncbi.nlm.nih.gov/pubmed/28541315
https://doi.org/10.1056/NEJMoa1407222
https://doi.org/10.1056/NEJMoa1407222
http://www.ncbi.nlm.nih.gov/pubmed/25317870
https://doi.org/10.1126/scitranslmed.3008226
http://www.ncbi.nlm.nih.gov/pubmed/24553386
https://doi.org/10.1200/JCO.2014.56.2025
http://www.ncbi.nlm.nih.gov/pubmed/25154820
https://doi.org/10.1038/37126
http://www.ncbi.nlm.nih.gov/pubmed/9389480
https://doi.org/10.1038/ni1102-999
http://www.ncbi.nlm.nih.gov/pubmed/12407407
https://doi.org/10.1126/science.289.5482.1197
https://doi.org/10.1126/science.289.5482.1197
http://www.ncbi.nlm.nih.gov/pubmed/10947988
http://www.ncbi.nlm.nih.gov/pubmed/11559528
https://doi.org/10.1016/j.ccr.2012.01.004
https://doi.org/10.1016/j.ccr.2012.01.004
http://www.ncbi.nlm.nih.gov/pubmed/22340594
https://doi.org/10.4161/cc.20374
http://www.ncbi.nlm.nih.gov/pubmed/22617387
https://doi.org/10.1371/journal.pone.0224015

@ PLOS|ONE

TEMB8/ANTXR1-specific CAR T cells mediate toxicity in vivo

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Nanda A, Carson-Walter EB, Seaman S, Barber TD, Stampfl J, Singh S, et al. TEM8 interacts with the
cleaved C5 domain of collagen alpha 3(VI). Cancer Res. 2004; 64(3):817—20. Epub 2004/02/12. PMID:
14871805.

Werner E, Kowalczyk AP, Faundez V. Anthrax toxin receptor 1/tumor endothelium marker 8 mediates
cell spreading by coupling extracellular ligands to the actin cytoskeleton. J Biol Chem. 2006; 281
(32):23227-36. Epub 2006/06/10. https://doi.org/10.1074/jbc.M603676200 PMID: 16762926.

Bradley KA, Mogridge J, Mourez M, Collier RJ, Young JA. Identification of the cellular receptor for
anthrax toxin. Nature. 2001; 414(6860):225-9. https://doi.org/10.1038/n35101999 PMID: 11700562.

Fernando S, Fletcher BS. Targeting tumor endothelial marker 8 in the tumor vasculature of colorectal
carcinomas in mice. Cancer Res. 2009; 69(12):5126—-32. Epub 2009/06/17. https://doi.org/10.1158/
0008-5472.CAN-09-0725 PMID: 19528090.

Yang MY, Chaudhary A, Seaman S, Dunty J, Stevens J, Elzarrad MK, et al. The cell surface structure
of tumor endothelial marker 8 (TEM8) is regulated by the actin cytoskeleton. Biochim Biophys Acta.
2011; 1813(1):39-49. https://doi.org/10.1016/j.bbamcr.2010.11.013 PMID: 21129411; PubMed Central
PMCID: PMC3014418.

Jinnin M, Medici D, Park L, Limaye N, Liu Y, Boscolo E, et al. Suppressed NFAT-dependent VEGFR1
expression and constitutive VEGFR2 signaling in infantile hemangioma. Nat Med. 2008; 14(11):1236—
46. https://doi.org/10.1038/nm.1877 PMID: 18931684; PubMed Central PMCID: PMC2593632.

Cullen M, Seaman S, Chaudhary A, Yang MY, Hilton MB, Logsdon D, et al. Host-derived tumor endo-
thelial marker 8 promotes the growth of melanoma. Cancer Res. 2009; 69(15):6021-6. Epub 2009/07/
23. https://doi.org/10.1158/0008-5472.CAN-09-1086 PMID: 19622764; PubMed Central PMCID:
PMC2721800.

Ruan Z, Yang Z, Wang Y, Wang H, Chen Y, Shang X, et al. DNA vaccine against tumor endothelial
marker 8 inhibits tumor angiogenesis and growth. J Immunother. 2009; 32(5):486—91. Epub 2009/07/
18. https://doi.org/10.1097/CJ1.0b013e3181a1d134 PMID: 19609240.

Yang X, Zhu H, Hu Z. Dendritic cells transduced with TEM8 recombinant adenovirus prevents hepato-
cellular carcinoma angiogenesis and inhibits cells growth. Vaccine. 2010; 28(43):7130-5. https://doi.
org/10.1016/j.vaccine.2010.07.014 PMID: 20650339.

Rouleau C, Menon K, Boutin P, Guyre C, Yoshida H, Kataoka S, et al. The systemic administration of
lethal toxin achieves a growth delay of human melanoma and neuroblastoma xenografts: assessment
of receptor contribution. Int J Oncol. 2008; 32(4):739-48. PMID: 18360701.

Byrd TT, Fousek K, Pignata A, Szot C, Samaha H, Seaman S, et al. TEM8/ANTXR1-Specific CAR T
Cells as a Targeted Therapy for Triple-Negative Breast Cancer. Cancer Res. 2018; 78(2):489-500.
https://doi.org/10.1158/0008-5472.CAN-16-1911 PMID: 29183891; PubMed Central PMCID:
PMC5771806.

Williams LC, Krenciute G, Kalra M, Louis C, Gottschalk S. T cells redirected to TEM8 have antitumor
activity but induce "on target/off cancer toxicity" in preclinical models. Journal for Imnmunotherapy of
Cancer. 2016; 4((Suppl 1)):51.

Kloss CC, Condomines M, Cartellieri M, Bachmann M, Sadelain M. Combinatorial antigen recognition
with balanced signaling promotes selective tumor eradication by engineered T cells. Nat Biotechnol.
2013; 31(1):71-5. Epub 2012/12/18. https://doi.org/10.1038/nbt.2459 PMID: 23242161.

Roybal KT, Rupp LJ, Morsut L, Walker WJ, McNally KA, Park JS, et al. Precision Tumor Recognition by
T Cells With Combinatorial Antigen-Sensing Circuits. Cell. 2016; 164(4):770-9. https://doi.org/10.1016/
j.cell.2016.01.011 PMID: 26830879; PubMed Central PMCID: PMC4752902.

Beatty GL, O’'Hara MH, Lacey SF, Torigian DA, Nazimuddin F, Chen F, et al. Activity of Mesothelin-Spe-
cific Chimeric Antigen Receptor T Cells Against Pancreatic Carcinoma Metastases in a Phase 1 Trial.
Gastroenterology. 2018; 155(1):29-32. https://doi.org/10.1053/j.gastro.2018.03.029 PMID: 29567081;
PubMed Central PMCID: PMC6035088.

Di Stasi A, Tey SK, Dotti G, Fujita Y, Kennedy-Nasser A, Martinez C, et al. Inducible apoptosis as a
safety switch for adoptive cell therapy. N Engl J Med. 2011; 365(18):1673-83. https://doi.org/10.1056/
NEJMoa1106152 PMID: 22047558; PubMed Central PMCID: PMC3236370.

Wu CY, Roybal KT, Puchner EM, Onuffer J, Lim WA. Remote control of therapeutic T cells through a
small molecule-gated chimeric receptor. Science. 2015; 350(6258):aab4077. https://doi.org/10.1126/
science.aab4077 PMID: 26405231; PubMed Central PMCID: PMC4721629.

Arcangeli S, Rotiroti MC, Bardelli M, Simonelli L, Magnani CF, Biondi A, et al. Balance of Anti-CD123
Chimeric Antigen Receptor Binding Affinity and Density for the Targeting of Acute Myeloid Leukemia.
Mol Ther. 2017; 25(8):1933—45. https://doi.org/10.1016/j.ymthe.2017.04.017 PMID: 28479045;
PubMed Central PMCID: PMC5542631.

Drent E, Themeli M, Poels R, de Jong-Korlaar R, Yuan H, de Bruijn J, et al. A Rational Strategy for
Reducing On-Target Off-Tumor Effects of CD38-Chimeric Antigen Receptors by Affinity Optimization.

PLOS ONE | https://doi.org/10.1371/journal.pone.0224015 October 17, 2019 14/15


http://www.ncbi.nlm.nih.gov/pubmed/14871805
https://doi.org/10.1074/jbc.M603676200
http://www.ncbi.nlm.nih.gov/pubmed/16762926
https://doi.org/10.1038/n35101999
http://www.ncbi.nlm.nih.gov/pubmed/11700562
https://doi.org/10.1158/0008-5472.CAN-09-0725
https://doi.org/10.1158/0008-5472.CAN-09-0725
http://www.ncbi.nlm.nih.gov/pubmed/19528090
https://doi.org/10.1016/j.bbamcr.2010.11.013
http://www.ncbi.nlm.nih.gov/pubmed/21129411
https://doi.org/10.1038/nm.1877
http://www.ncbi.nlm.nih.gov/pubmed/18931684
https://doi.org/10.1158/0008-5472.CAN-09-1086
http://www.ncbi.nlm.nih.gov/pubmed/19622764
https://doi.org/10.1097/CJI.0b013e3181a1d134
http://www.ncbi.nlm.nih.gov/pubmed/19609240
https://doi.org/10.1016/j.vaccine.2010.07.014
https://doi.org/10.1016/j.vaccine.2010.07.014
http://www.ncbi.nlm.nih.gov/pubmed/20650339
http://www.ncbi.nlm.nih.gov/pubmed/18360701
https://doi.org/10.1158/0008-5472.CAN-16-1911
http://www.ncbi.nlm.nih.gov/pubmed/29183891
https://doi.org/10.1038/nbt.2459
http://www.ncbi.nlm.nih.gov/pubmed/23242161
https://doi.org/10.1016/j.cell.2016.01.011
https://doi.org/10.1016/j.cell.2016.01.011
http://www.ncbi.nlm.nih.gov/pubmed/26830879
https://doi.org/10.1053/j.gastro.2018.03.029
http://www.ncbi.nlm.nih.gov/pubmed/29567081
https://doi.org/10.1056/NEJMoa1106152
https://doi.org/10.1056/NEJMoa1106152
http://www.ncbi.nlm.nih.gov/pubmed/22047558
https://doi.org/10.1126/science.aab4077
https://doi.org/10.1126/science.aab4077
http://www.ncbi.nlm.nih.gov/pubmed/26405231
https://doi.org/10.1016/j.ymthe.2017.04.017
http://www.ncbi.nlm.nih.gov/pubmed/28479045
https://doi.org/10.1371/journal.pone.0224015

@ PLOS|ONE

TEMB8/ANTXR1-specific CAR T cells mediate toxicity in vivo

30.

31.

32.

33.

34.

Mol Ther. 2017; 25(8):1946-58. https://doi.org/10.1016/j.ymthe.2017.04.024 PMID: 28506593;
PubMed Central PMCID: PMC5542711.

Cheadle EJ, Sheard V, Rothwell DG, Bridgeman JS, Ashton G, Hanson V, et al. Differential role of Th1
and Th2 cytokines in autotoxicity driven by CD19-specific second-generation chimeric antigen receptor
T cells in a mouse model. J Immunol. 2014; 192(8):3654—65. https://doi.org/10.4049/jimmunol. 1302148
PMID: 24623129.

Fehse B, Richters A, Putimtseva-Scharf K, Klump H, Li Z, Ostertag W, et al. CD34 splice variant: an
attractive marker for selection of gene-modified cells. Mol Ther. 2000; 1(5 Pt 1):448-56. Epub 2000/08/
10. https://doi.org/10.1006/mthe.2000.0068S 1525-0016(00)90068-6 [pii]. PMID: 10933966.

Dietz AB, Bulur PA, Emery RL, Winters JL, Epps DE, Zubair AC, et al. A novel source of viable periph-
eral blood mononuclear cells from leukoreduction system chambers. Transfusion. 2006; 46(12):2083—
9. Epub 2006/12/21. TRF01033 [pii] https://doi.org/10.1111/j.1537-2995.2006.01033.x PMID:
17176319.

Tom BH, Rutzky LP, Jakstys MM, Oyasu R, Kaye Cl, Kahan BD. Human colonic adenocarcinoma cells.
|. Establishment and description of a new line. In Vitro. 1976; 12(3):180-91. https://doi.org/10.1007/
bf02796440 PMID: 1262041.

Lee SP, Tierney RJ, Thomas WA, Brooks JM, Rickinson AB. Conserved CTL epitopes within EBV latent
membrane protein 2—A potential target for CTL-based tumor therapy. Journal of Immunology. 1997;
158:3325—-34.

PLOS ONE | https://doi.org/10.1371/journal.pone.0224015 October 17, 2019 15/15


https://doi.org/10.1016/j.ymthe.2017.04.024
http://www.ncbi.nlm.nih.gov/pubmed/28506593
https://doi.org/10.4049/jimmunol.1302148
http://www.ncbi.nlm.nih.gov/pubmed/24623129
https://doi.org/10.1006/mthe.2000.0068S1525-0016(00)90068-6
http://www.ncbi.nlm.nih.gov/pubmed/10933966
https://doi.org/10.1111/j.1537-2995.2006.01033.x
http://www.ncbi.nlm.nih.gov/pubmed/17176319
https://doi.org/10.1007/bf02796440
https://doi.org/10.1007/bf02796440
http://www.ncbi.nlm.nih.gov/pubmed/1262041
https://doi.org/10.1371/journal.pone.0224015

