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SUMMARY

Tumor endothelial marker 1 (TEM1) is an emerging cancer target with a unique dual expression profile. First,
TEM1 is expressed in the stroma and neo-vasculature of many human carcinomas but is largely absent from
healthy adult tissues. Second, TEM1 is expressed by tumor cells of mesenchymal origin, notably sarcoma.
Here, we present two fully human anti-TEM1 single-chain variable fragment (scFv) reagents, namely,
1C1m and 7G22, that recognize distinct regions of the extracellular domain and possess substantially
different affinities. In contrast to other, well-described anti-TEM1 binders, these fragments confer cytolytic
activity when expressed as 2nd generation chimeric antigen receptors (CARs). Moreover, both molecules
selectively redirect human T cell effector functions toward TEM1+ tumor cells when incorporated into experimental soluble bispecific trivalent engagers that we term TriloBiTEs (tBs). Furthermore, systemic delivery of
1C1m-tB prevents the establishment of Ewing sarcoma tumors in a xenograft model. Our observations
confirm TEM1 as a promising target for cancer immunotherapy and illustrate the prospective translational
potential of certain scFv-based reagents.
INTRODUCTION
Over the last two decades, the options for treating cancer have
been revolutionized by the rapidly expanding field of human
immunotherapy. Natural and engineered cytotoxic T lymphocytes represent a potentially powerful weapon in the arsenal of
current anti-cancer therapies. Strategies aimed at efficiently
mobilizing patient-autologous effector T cells have achieved significant responses in several clinical settings.1–5 Beyond canonical peptide-major histocompatibility complex (MHC) restriction,
recent approaches have exploited the redirection of bulk T cells
toward diverse cell surface tumor antigens recognized by antibodies or other synthetic affinity reagents. The promise of such
immunotherapeutic strategies in overcoming the limitations of
the natural anti-tumor immune response has led to the development of two dominant paradigms: (1) the adoptive transfer of
T cells engineered with a tumor-targeting chimeric antigen receptor (CAR); and (2) the non-selective recruitment and
‘‘engagement’’ of native T cells by systemically delivered, soluble bispecific ‘‘bridging’’ proteins. Both strategies seek to activate a polyclonal population of T cells in the absence of natural
cognate T cell receptor (TCR)-MHC signaling.6–8

CARs are synthetic immune receptors that combine an extracellular ligand-binding domain, typically a single-chain variable
fragment (scFv), with an intracellular signaling module containing
immunoreceptor tyrosine-based activation motifs (ITAMs),
commonly those found in CD3z, together with additional costimulatory endodomains.9,10 Several pioneering studies have
revealed the clinical potential of CAR-T cells directed against
CD19 expressed on (malignant) B cells, resulting in the
approval of CD19-CARs by the US and European regulatory
authorities.1–3
T-cell-engaging bispecifics represent an attractive off-theshelf alternative to CAR-T cell therapy. Such molecules generally
comprise a tumor-targeting moiety fused to an anti-CD3 recognition domain for the engagement of T cells.11,12 In this way, Tcell-engaging bispecifics bridge bystander T cells to tumor cells,
facilitating the creation of an immunological synapse and triggering the effector-driven lysis of target cells.13 The most
advanced molecules of this class are the so-called bispecific
T cell engagers (BiTEs), which are based on two distinct scFvs
separated by a flexible linker.11,12 Validating the concept of
T cell retargeting with a bispecific mediator, the CD19xCD3
BiTE blinatumomab (Blincyto) has been approved by the US
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Food and Drug Administration (USFDA) for the treatment of severe relapsed B cell malignancies following impressive results
in clinical trials.4,5,14 In addition, a plethora of potential targets
and molecular formats are currently in development, covering
a wide range of indications and conferring different binding geometries and molecular properties.15
Because both strategies unleash the considerable cytotoxic
potential of T cells, therapy with CAR-T cells and BiTEs can be
accompanied by severe adverse events, notably cytokine
release syndrome (CRS) and neurotoxicities.11,16 Such outcomes are at least in part dependent on the chosen tumor-associated antigen since many antigens are also expressed on
healthy cells, albeit often to a lesser extent. This is especially
the case for many epithelial tumor targets, such as Her2, EpCAM, and CEACAM5, and such ‘‘on-target off-tumor’’ activity
can represent a major obstacle to the treatment of solid tumors.17,18 There exists, therefore, substantial interest in identifying additional tumor-associated or tumor-specific antigens
(TAAs) that may facilitate the improved selective targeting of tumor tissue.
Tumor endothelial marker 1 (TEM1; endosialin, CD248) is a cell
surface antigen shown to be conserved between mice and humans that is frequently expressed in the stroma and neo-vasculature of many solid tumors.19–22 In this context, TEM1 has been
shown to localize to several cell types including pericytes,19
endothelial precursor cells,23 tumor stroma fibroblasts, and
smooth muscle cells.24 Furthermore, TEM1 is expressed directly
on tumor cells in a large proportion of high-grade human sarcomas25. Although its molecular function remains elusive,
TEM1 is implicated in vascular cell adhesion and migration,
angiogenesis, and tumor progression.26,27 Outside of its tumor
association, the TEM1 protein has been shown to be absent
from most mature adult healthy tissues, with significantly
restricted expression profiles when compared to several current
tumor therapeutic targets such as Her2, EGFR, and VEGF (Human Protein Atlas, https://www.proteinatlas.org/). Safety and
validation studies have revealed that homozygous knockout
(KO) mice appear fully viable and display apparently normal
wound healing and reproductive function.27 Interestingly however, such mice show impaired tumor growth and invasiveness,
suggesting that TEM1 has pro-tumorigenic activity. Furthermore, a vaccination study using a mouse TEM1-TetTox cDNA
fusion vaccine was shown to break self-tolerance to TEM1,
inducing a strong cellular CD3+ T cell response that led to the
control of TEM1+ tumors without the induction of visible auto-pathology or impacts on wound healing and reproduction.28 These
and other in vivo validation data have, in recent years, stimulated
significant interest in exploiting TEM1 as a tumor target.19,20,22,29
For example, ontuxizumab (MORAb-004), a humanized monoclonal antibody, has shown favorable safety characteristics in
discrete phase II clinical trials.30–34 However, no objective efficacy with regard to progression-free survival was observed
despite the molecule being formatted as an ADCC-competent
immunoglobulin G1 (IgG1) isotype.30–34 More recently, pre-clinical proof-of-concept studies have demonstrated the potential
utility of fully human scFv-based radio- and NR-conjugates for
theranostic TEM1+ tumor targeting.35–38 Additionally, antiTEM1 moieties conjugated to both small molecule and proteina-
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ceous cytotoxins have also been described for the treatment of
human sarcomas.29,39,40 However, therapeutic interventions
that redirect and/or recruit T cells toward TEM1+ tumors have,
to the best of our knowledge, not been explored. Such an
approach is compelling, as TEM1-activated T cells offer the potential to disrupt global tumor architecture by targeting tumor islets, stromal compartments, and neo-vasculature and by driving
epitope spreading and tumor regression28.
Here, we report that anti-TEM1 recognition by fully human
scFvs can be leveraged for effective T cell redirection. Surprisingly, we observe that not all existing anti-TEM1 scFvs function
in this regard, with activity appearing highly dependent on the
discrete properties of the scFv molecule. Additionally, we evaluate a prototype soluble engager with a stabilized heterodimeric
tri-valent structure that may offer advantages over classical BiTE
and bispecific antibody formats.
RESULTS
Previously described anti-TEM1 binders show
functional impairment in a CAR format
Initially, our investigations centered on whether an anti-TEM1
scFv could show functionality in a second-generation CAR
format. To this end, the previously described anti-TEM1 scFv
sc78 and a scFv derived from MORAb-004 (ontuxizumab) were
incorporated into a modular second-generation CAR construct
comprising the spacer, TM, and cytosolic domains of CD28
fused to CD3z ITAM signaling elements and an in-frame monomeric GFP reporter.37,41
Surprisingly, neither sc78 nor MORAb-004 scFv showed activity in this generic CAR context. Specifically, HEK293-6E cells engineered to express these CAR constructs did not recognize the
recombinant cognate TEM1 target antigen (Figure S1A). Furthermore, the sc78-CAR did not induce ITAM-driven NFAT signaling
nor specific T cell activation or killing in the presence of TEM1+
target cells (Figures S1B–S1D). In the absence of a validated
benchmark CAR clone, TEM1 therefore lacks a proof-of-concept
for the therapeutic paradigm of T cell retargeting.
Identification and characterization of new scFvs
recognizing distinct TEM1 extracellular epitopes
To explore the generality of these unexpected observations, we
therefore decided to isolate, de novo, additional fully human antiTEM1 scFvs. MORAb-004 and sc78, respectively, arose from rodents inoculated with TEM1+ human fibroblasts and from the recombinant hTEM1 extracellular domain (ECD) expressed and
purified from Escherichia coli. In contrast, we expressed a truncated secreted ECD fragment of hTEM1 from a human host cell
line to ensure correct folding and the presence of native posttranslational modifications.42 From the resulting phagedisplayderived scFv panel, one clone, namely, 1C1m (previously
described as HS06mut)42, was successfully affinity matured, resulting in a high-affinity human/murine cross-reactive binder with
a monovalent affinity of 1 nM toward hTEM1 and 6 nM toward
mTEM1 (Figure S2A). Although the epitope of 1C1m resides in
the relatively membrane-distal, tertiary-ordered region of the
hTEM1 ECD,42 another promising binder, 7G22, was raised
against the isolated membrane-proximal sialomucin stalk
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domain.43 This clone is specific for hTEM1 and has a modest
monovalent binding affinity of approximately 360 nM (Figure S2B). Several studies have shown that targeting a more
membrane-proximal epitope and thus decreasing the bridging
distance between T cell and target cell can improve T cell activation both by CARs and soluble engager molecules.44–48 Thus, we
decided to investigate clone 7G22 alongside the better characterized candidate 1C1m.
To assess the selectivity of these binders, the clones were reformatted as scFv-Fc fusions and tested for binding to a large
human proteome array. Clone 1C1m appeared to be highly
selective for TEM1, recognizing no other predicted cell surface
protein and only a handful of other intracellular/nuclear proteins
(Figures 1A and S3A). Although the binding profile of the membrane-proximal binder 7G22 was less restricted, TEM1 was still
among the 30 strongest hits and few other membrane proteins
were recognized (Figures 1B and S3B).
We next sought to further evaluate the specificity of 1C1m by
staining TEM1-expressing cells in tissues with prominent neovascularization. Thus, the developing murine retina was stained
using 1C1m-Fc as the detection antibody. In agreement with previous studies that reported TEM1 expression on a subset of pericytes in developing tissues,19,49 the staining signal originating
from 1C1m-Fc was seen to co-localize to neonatal pericytes,
which also expressed the pericyte marker NG2 (Figure 1C). In
the tumor setting, multiple cell types have been shown to express
TEM1, such as pericytes and fibroblasts.19–21,49,50 In line with this
more diffuse expression pattern, 1C1m-Fc predominantly stained
perivascular cells and also stromal cells in sections of Lewis lung
carcinoma and MC38 colon carcinoma tissue (Figure 1D). As was
the case in the developing retina, the 1C1m staining signal colocalized with the pericyte marker NG2.
Finally, we evaluated the specificity of 1C1m-Fc and 7G22-Fc
using A673 Ewing sarcoma cells depleted for endogenous TEM1
through CRISPR-Cas9 genetic deletion. The resulting cell pool
was maintained as a polyclonal population with approximately
90% of cells edited for CD248/TEM1, as determined from gene
sequencing (data not shown). Comparative cell binding data
for wild-type (WT) versus the KO cell pool further confirmed the
TEM1 specificity of these two anti-TEM1 clones (Figure 1E). In
contrast, the previously described sc78-Fc showed substantial
binding to the TEM1-depleted cell pool. Additionally, we
observed that the 1C1m-Fc staining ratio for A673 WT versus
the TEM1-depleted KO line is indistinct from that of the clinically
investigated MORAb-004 (Figure S2F). Our data would therefore
indicate that the 1C1m and 7G22 scFvs are suitable reagents for
the selective recognition of native cell surface TEM1.
CAR-T cells equipped with anti-TEM1 scFv clones
specifically redirect human T cells to cognate target
cells
To assess the potential of 1C1m and 7G22 as CARs, we incorporated these scFvs into the same CAR cassette described above
and transduced them into human T cells. The transduction efficiency was typically between 60% and 80% for all CARs (data
not shown). The resulting 1C1m-CAR-T cells clearly recognized
the recombinant soluble antigen, in contrast to the previously
tested sc78-CAR (Figure 2A).

OPEN ACCESS

Although 7G22-CAR-T cells showed only weak binding to the
soluble recombinant sialomucin stalk domain of TEM1, both
1C1m- and 7G22-CARs induced NFAT signaling in fluorescent
Jurkat reporter cells when stimulated with TEM1+ target cells
(Figure 2B). Similarly, both anti-TEM1 CARs activated primary
human T cells in the presence of cognate target cells, leading
to the specific lysis of TEM1+ tumor cells (Figures 2C and 2D).
Importantly, TEM1-negative control cells were spared in both
cases. In line with our previous observations, the sc78-CAR
did not activate T cells nor did it mediate specific cytotoxicity.
In addition, 1C1m-CAR-T cells and, to a lesser extent, 7G22CAR-T cells secreted Th1 effector cytokines interferon gamma
(IFN-g), interleukin-2 (IL-2), and transforming growth factor a
(TNF-a) when co-cultured with TEM1+ target cells (Figure 2E).
Collectively, these data are consistent with the selective
immunotherapeutic targeting of TEM1 by CAR-T cells. However,
although 1C1m- and 7G22-CARs clearly mediated target-cellspecific cytotoxicity, the amplitudes of the respective T cell
signaling and cytokine productivity responses appeared modest
compared with those observed for the archetypal anti-CD19
CAR reference (Figures 2B, 2C, and S4). For instance, the level
of IFN-g secreted in response to cognate target cells was greater
than 10-fold reduced in 1C1m TEM1-CAR T cells when
compared alongside the FMC63 anti-CD19 control CAR (Figure S4C). A possible explanation for this finding is that the common CD28 extra-membrane spacer used in this construct results
in a sub-optimal CAR bridging geometry for 1C1m. To investigate this idea further, we constructed a panel of 1C1m CARs
with 12 distinct spacer moieties of varying lengths and complexities (ranging from 13 amino acid [aa]/1.3 kDa to 246 aa/
27.6 kDa). However, none of these linker variants conferred a
significant improvement in either NFAT activation or effector
cytokine production when compared alongside the CD28derived spacer (linker f; Figures S4A and S4C).
A soluble heterodimeric anti-TEM1 engager format
specifically redirects T cell effector functions
We next asked whether uncoupling the anti-TEM1 targeting moiety from the T cell surface in the form of a soluble T cell engager
could improve the apparent efficacy of 1C1m and 7G22, overcoming any possible mechanistic constraints of the CAR format.
We thus devised a T cell engager, intermediate in size between a
classical BiTE and a bispecific IgG, that would allow bivalent
avidity-driven target binding. Adapting a previously reported
scaffold based around the (murine) Fab domain, we constructed
a human Fab constant domain CH1/Ck dimerization core that we
further stabilized by introducing buried interface mutations.51,52
To this we fused the variable domains of a humanized antihCD3 antibody (UCHT1) to generate a monomeric anti-CD3
Fab targeting moiety. Flexible linker sequences were included
at the C terminus of both CH1 and Ck, to which scFv domains
directed against a tumor antigen of interest could be fused by
modular cloning. The result was a heterodimeric bispecific trivalent molecule, which we term a ‘‘TriloBiTE’’ (Tri-lobed Bi-specific
T cell Engager [tB]; Figure 3A).
As an investigational molecule, we first engineered a bivalent
CD19-specific TriloBiTE by fusing the clinically validated murine
anti-CD19 scFv clone FMC63 to both chains of the anti-CD3 Fab
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Figure 1. Two fully human scFv-Fc clones with high selectivity for human TEM1
(A and B) Protein array probing the binding of the scFv-Fc clones 1C1m (A) and 7G22 (B) to 23,100 expressed human open reading frames (ORFs; degeneracy on
the array results in ~16,000 unique proteins). Top panels represent the top 1,000 binding signals, and bottom panels show the strongest hits for each clone. Note
that full-length TEM1 is spotted in triplicate on the array. Corrected protein-specific fluorescence signals (Prot s-c), obtained by subtracting the average signal
from the corresponding protein on the negative control array, are plotted. See Figure S3 for the corresponding Z and i scores from this analysis.
(C) Whole-mount staining of the developing murine retina (P5). 1C1m staining (white) co-localizes with a subset of pericytes (stained against NG2; red).
(D) Cryo-sections of Lewis lung carcinoma (left) and MC38 colon carcinoma (right) xenografts were stained with 1C1m-Fc (red) or anti-NG2 (white). Endothelial
cells are stained in green (pecam), and nuclei are visualized with DAPI. Scale bars in (C) and (D) represent 50 mm.
(E) Binding of scFv-Fc clones (1 mg/ml) to endogenous TEM1-expressing A673 cells (left) or a genetically engineered A673 TEM1KO line. Of note, this line is
polyclonal and contains a proportion of residual TEM1+ cells. Representative histograms of n = 2 experiments shown in (E). See also Figures S2 and S3.
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Figure 2. CAR-T cells equipped with anti-TEM1 scFv domains specifically recognize TEM1+ target cells
(A) CAR expression and antigen binding by primary human T cells transduced with 2nd generation anti-TEM1-CAR constructs. Binding of cognate biotinylated
recombinant antigen (sc78: mTEM1(ECD); 1C1m: hTEM1(ECD); 7G22: TEM1(Dn)-SpyC-bioSpyT) is shown.
(B) Jurkat NFAT-reporter cells transduced with anti-TEM1 CARs express mCherry in response to stimulation with cognate target cells A673 (TEM1+) and Raji
(CD19+) for the anti-CD19 CAR FMC63, which served as a positive control. Irrelevant HEK293-6E cells served as a negative control.
(C) Expression of early activation markers CD69 and CD25 by anti-TEM1 CAR-T cells after 16 h of co-culture with TEM1+ A673 cells or TEM1 AsPC-1 cells. AntiCD19 CAR-T cells (FMC63) served as a positive control and were co-cultured with CD19+ Raji cells.

(legend continued on next page)
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arm.53 Similarly, anti-TEM1 tBs were engineered using the 1C1m
and 7G22 scFv binders and the ‘‘benchmark’’ clone sc78. Transient expression from co-transfected HEK293-6E cells followed
by affinity chromatography yielded good protein quantities
(z20 mg/L) with apparent homogeneity of up to 95%, depending
on the clone (Figures 3B and 3C). Interestingly, the purified sc78-tB
comprised a significant oligomeric or aggregated component in
PBS buffer as revealed by SEC. Encouragingly, the absence of a
faster eluting leading peak or shoulder in the analytical SEC profiles
indicates a quantitative association of the two tB heterodimeric
chains. We speculate that the engineered CH1/Ck interface is sufficiently stable so that it is not an obligate requirement for the two
native cysteines, retained at the Fab C-termini to covalently associate. Hence, a proportion of tB contains heterodimer that can be
dissociated by SDS under non-reducing conditions, resulting in
the 58-kDa component visible in Figure 3B. Finally, differential
scanning fluorimetry (DSF) of these anti-TEM1 tBs indicated
encouraging thermostability of the tB tertiary structure, with transitional melting temperatures comparable to those obtained with the
corresponding scFv-Fc clones (Figure 3D; data not shown).
We next investigated whether these anti-TEM1 tBs were able
to recognize their cognate target cells. As expected, all tB variants recognized CD3+ Jurkat cells and specifically bound to
endogenous hTEM1-expressing A673 cells (Figure S5A).
Consistent with its behavior in the scFv-Fc format, the sc78-tB
also bound significantly to A673 TEMKO cells, whereas 1C1mtB stained only the residual fraction of TEM1-expressing cells
within this polyclonal cell pool. The lower affinity 7G22-tB only
stained the WT A673 cells. No binding was observed to two
additional TEM1-negative cell lines (AsPC-1 and MS1;
Figure S5A).
The potential of the tB format to redirect T cells specifically to a
tumor antigen of choice was investigated using CD19 as a proofof-concept target. To assess the efficacy of T cell engagement
and activation by the TCR/CD3 complex, we used a Jurkat cell
line engineered to correlate the strength and duration of CD3
ITAM signaling to the level of luciferase expression driven by
an NFAT-responsive promotor. Using this system, we found
that FMC63-tB induced NFAT signaling in a concentrationdependent manner and only in the presence of CD19+ Raji cells
(Figure 3E). We next sought to assess the potential of the
FMC63-tB to redirect the effector functions of primary human
T cells. In co-culture, the FMC63-tB specifically activated a polyclonal population of primary human CD8+ T cells, which then
lysed CD19+ Raji cells but spared CD19-negative HEK293 cells
(Figure 3F). Moreover, T cells activated with the FMC63-tB
secreted relevant effector cytokines with the magnitude of the
cytokine response being dependent on the tB concentration
(Figure 3G).
Taken together, these data validate the tB as an attractive
structural format for soluble, productive T cell engagement.
Moreover, the anti-TEM1 tBs appear to possess not only promising expression and biophysical properties but also the func-
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tionality required to recognize and cross-link TEM1+ tumor and
human T cells.
Anti-TEM1 tBs redirect primary human T cell effector
functions toward cognate TEM1+ target cells
We next asked whether the anti-TEM1 tBs could redirect human
T cell effector activity toward TEM1+ cell lines and ultimately
drive target-specific killing. Encouragingly, in co-culture, all
anti-TEM1 tBs activated primary human T cells in a TEM1+target-selective manner (Figure 4A). This activation was accompanied by only a modest upregulation of the exhaustion marker PD1 (Figure 4B). As expected, the TEM1-depleted KO cell pool
triggered substantially lower levels of activation (Figure 4C).
Furthermore, all three anti-TEM1 tBs redirected T cells to kill relevant endogenous TEM1-expressing target cells (Figure 4D) and
induced the expression of granzyme B and perforin (Figure S5C),
as well as effector cytokines (Figure 4E). Interestingly, stimulation with 7G22-tB led to a much stronger cytokine response
than exposure to the other anti-TEM1 tBs, despite the otherwise
comparable T cell activation and fixed time point cytotoxicity
response (Figures 4A, 4C, and 4D). This effect was particularly
pronounced for TNF-a and IL-2, the release of which commonly
requires a higher TCR signaling threshold than that for IFN-g.54
Because 7G22 recognizes its epitope with substantially weaker
affinity than sc78 and 1C1m (360 nM versus 5.6 or 1 nM, respectively), such observations suggest that epitope location, rather
than raw affinity of the scFv, is likely to prove the key determinant
for optimal tB-mediated engagement of T effectors with TEM1+
target cells.
In addition to fixed time point cell killing, we also characterized tB-mediated kinetic killing profiles by using a time-lapse
microscopy-based assay. Despite the above observed differences in cytokine production, all three anti-TEM1 tBs were
shown to mediate the rapid and complete lysis of TEM1+
A673 cells (Figure 4F). However, in this kinetic assay format,
the 1C1m-tB stimulated significant redirected T cell killing at picomolar concentrations, whereas approximately 100-times
higher doses were required with 7G22- and sc78-tB (Figure 4G).
Again, Tcell-mediated cytotoxicity was dependent on the presence of TEM1. In addition, a null-tB using an irrelevant scFv as
the targeting moiety did not induce any cell killing, excluding a
non-specific Tcellactivating effect of the anti-CD3 arm
(Figure S5D).
The modular design of the tB enables the incorporation of
either one or two tumor-targeting scFvs, in principle facilitating
the optimization of functional activity and selectivity through
the manipulation of affinity and/or avidity. To illustrate this principle, we expressed mono- and bivalent tB variants of both the
low-affinity parental 1C1 and the single-amino-acid-substituted
high-affinity 1C1m and compared their cytotoxic engager activity in co-culture assays (Figure S5E). Against A673 Ewing
sarcoma cells expressing endogenous levels of TEM1, the bivalent 1C1m-tB triggered potent cytotoxicity at the lowest

(D) Real-time kinetics of target cell killing (TEM1+ A673 cells) by anti-TEM1-CAR-T cells over the course of 30 h (E:T ratio 5:1).
(E) Cytokine production by anti-TEM1-CAR-T cells after 24 h of co-culture with TEM1+ target cells (E:T ratio 5:1) was measured by cytometric bead array.
Cytokine concentrations in the culture media were determined from a standard curve. Data are represented as mean ± SD. Representative results of n = 2
independent experiments are shown. See also Figure S4.
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Figure 3. The soluble TriloBiTE (tB) heterodimer can redirect T cell effector functions
(A) Schematic representation of the TriloBiTE (tB) format. The structural composite was generated in PyMOL (version 2.0, Schrödinger, LLC) using domains from
PDB: 1HZH.
(B) Reducing and non-reducing SDS-PAGE of various tBs (1 mg). Expected molecular weight is ~55 kDa for reduced tB and ~110 kDa for non-reduced protein.
(C) Analytical size-exclusion chromatography of purified TriloBiTE variants in PBS (pH 7.4) following a single freeze-thaw cycle.
(D) Thermostability of purified tBs in PBS was determined by differential scanning fluorimetry. Melting temperatures were calculated based on the minima of the
derivative of fluorescence as a function of temperature for the first unfolding transition.

(legend continued on next page)

Cell Reports Medicine 2, 100362, August 17, 2021 7

ll
OPEN ACCESS

concentrations and mediated rapid cell killing. However,
although the low-affinity monovalent variant was largely ineffective at concentrations below 1 nM, the bivalent lower-affinity tB
(1C1-tB) showed killing kinetics comparable to that of the highaffinity monovalent variant.
A further comparison of the two high affinity clones 1C1m-tB
and sc78-tB at two discrete concentrations revealed the former
to be significantly more potent. At a concentration of 0.6 nM,
both clones, as expected, rapidly redirected primary human
T cells to specifically lyse relevant target cells (Figures 5A and
5B). However, at a 10-fold lower tB concentration, only the
1C1m-tB could maintain an appreciable and rapid killing kinetic,
consistent with the titration data shown in Figure 4G. As both
clones possess comparable single-digit nanomolar dissociation
constants (KDs), this differential potency likely relates to the
intrinsic properties of their respective target epitopes on the
TEM1 ECD. Interestingly, although stimulation with sc78-tB
achieved higher levels of cytokine production overall, 1C1m-tB
induced measurable dose-dependent IFN-g secretion at far
lower concentrations (Figure 5C).
1C1m-tB prevents the establishment of A673 tumors
in vivo
In light of the observed in vitro potency achieved with 1C1m-tB,
we next investigated its potential to redirect T cell activity in vivo.
A preliminary serum clearance study (intravenous [i.v.]) was conducted using 1mg/kg 1C1-tB (see STAR Methods). A peak
serum concentration of 4.6 mg/ml was reached after 60 min
with levels achieving near-clearance after 48 h and a practical
half-life of 11 h (Figures 6A and 6B).
We next implanted 106 human sarcoma A673 cells subcutaneously (s.c.) into the right flank of female NOD/SCID/IL-2Rg KO
(NSG) mice, either alone or mixed with 107 purified and
expanded primary human donor T cells. One hour after tumor implantation, the mice received 1mg/kg 1C1m-tB or PBS vehicle
control administered i.v. into the tail vein. The tB dose was
repeated twice, at 24 h and 48 h after tumor implantation. Subsequently, the outgrowth of s.c. tumors was followed for
45 days or until animals had to be euthanized for ethical reasons.
Neither the injection of human T cells nor the administration of
1C1m-tB had an impact on body weight, and no apparent toxicities were observed during the experiment (Figure 6C). As expected, the A673 cells rapidly formed tumors in the untreated animals (Figure 6D). The co-administration of human T cells
together with the tumor cells substantially delayed tumor
outgrowth, but all animals eventually developed tumors (Figure 6E). In contrast, the treatment with systemically delivered
1C1m-tB prevented tumor establishment or significantly suppressed tumor formation compared to the Tcellonly group (Figures 6F–6H). In this group, 5 out of the 10 mice did not develop
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tumors, indicating that all tumor cells were eradicated (Figures
6G and 6H). Other animals only developed flat, scar-like lesions,
which never developed into a three-dimensional tumor mass.
Hence, this study suggests that 1C1m-tB is active systemically
in vivo, redirecting human T cells to kill TEM1-expressing target
cells and therefore preventing the establishment of A673 tumors.
DISCUSSION
The focus of the current study was to explore the potential of the
TEM1tumor-associated antigen as a target for Tcellredirected
immunotherapy. Although we observe that previously reported
TEM1 binders appear to have deficiencies in this regard, two fully
human anti-TEM1 scFv clones that we have recently isolated
show encouraging T cell recruitment behavior. Using these clones
as tumor recognition domains, we demonstrate their efficacy both
in a generic CAR context and when incorporated into humanized
heterodimeric soluble T cell engagers, which we term TriloBiTEs
(tBs). The resulting anti-TEM1 tBs selectively redirect human
T cells toward TEM1-expressing cells in vitro and in vivo, stimulating T cell effector functions and mediating tumor cell lysis.
Given its exclusive expression within the tumor stroma and
neo-vasculature, TEM1 represents an ideal biomarker for the
detection and monitoring of cancerous lesions. In this context,
the previously reported MORAb-004 and sc78 molecules have
been evaluated as tools for both PET and near-infrared (NIR) optical imaging and show strong localization to TEM1+ tumors,
supporting the validation of TEM1 as a tumor target.36,55 Besides
tumor stromal and vasculature cells, cancer cells of mesenchymal origin, notably sarcoma, have been found to express
TEM1 directly.25,40 Although a heterogeneous group of tumors,
sarcomas often share an aggressive pathological behavior and
resistance to chemotherapy. This, coupled with the observed
high prevalence of TEM1 expression across different sarcoma
subtypes, has encouraged the development of several exploratory antibody-drug conjugates (ADCs).29,35,39,40
Engineered immunotherapy, targeting principally lineagerestricted cell-surface markers such as CD19, has shown
great promise for the treatment of hematological
malignancies.1,2,4,11,53,56 However, with a few exceptions, the
clinical impact against many solid tumors has proven less
encouraging. This issue is generally attributed to the cumulative
impact of multiple confounding factors that include (1) the relative paucity of truly tumor-selective antigens, (2) the (often) broad
heterogeneity of target antigen distribution and abundance, and
(3) the physical and powerful immunosuppressive barriers resident within the TME6. Conceptually, targeting TEM1 could
address some of these aspects. First, TEM1 has a very restricted
expression profile in normal somatic tissues but is expressed
with high incidence on the surface of various sarcoma

(E) Jurkat-NFAT reporter assay showing target- and concentration-dependent induction of luciferase activity by the anti-CD19 tB (0.01 pM–0.5 nM) at an E:T ratio
of 5:1.
(F) Specific killing of CD19+ target cells by purified human CD8+ T cells in response to stimulation with FMC63-tB (0.01 pM–0.5 nM). Cell death was assessed
using a caspase 3/7-cleavable fluorescent dye after 4 h of co-culture at an E:T ratio of 5:1.
(G) Quantification of effector cytokines secreted by human CD8+ T cells activated with FMC63-tB (0.01 pM–0.5 nM) in the presence of CD19+ Raji cells (E:T ratio
5:1). (E–G) Data are represented as mean ± SD. Representative curves of n = 2 independent experiments are shown. HEK293-6E data represent a CD19 control.
See also Figure S5.
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Figure 4. Anti-TEM1 tBs redirect primary human T cell effector functions toward TEM1+ target cells
(A and B) Anti-TEM1-tBs specifically activate primary human T cells in the presence of TEM1-expressing A673 and SK-N-AS cells. Upregulation of early activation
markers CD69 and CD25 (A) and the inhibitory co-receptor PD1 (B) was measured by flow cytometry after 16 h of co-culture (E:T ratio 1:1, 1 nM tB).
(C) Upregulation of CD69 and CD25 by CD8+ T cells co-cultured with TEM1+ A673 WT cells or TEM1-depleted A673 TEM1KO cells in the presence of anti-TEM1tBs.
(D) Anti-TEM1-tBs redirect primary human T cells to kill endogenous TEM1-expressing cells (A673 or SK-N-AS), but spare TEM1-negative AsPC-1 cells. tBs were
added at 1 nM, and specific cell killing was calculated as a percentage of complete lysis achieved with 1% Triton X-100. Statistical test was a 2-way ANOVA with
multiple comparisons. The significance rating is based on the comparison of the test sample to the ‘‘no tB’’control for each cell line.

(legend continued on next page)
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Figure 5. 1C1m-tB is highly potent in vitro
(A) Real-time kinetics of cell killing by primary T cells activated with 0.6 nM or 60 pM tB. An increase in Cytotox red signal indicates lysis of TEM1+ A673 cells
(closed symbols), whereas TEM1-negative AsPC-1 cells (open symbols) are spared.
(B) Time-dependent killing of TEM1-positive A673 cells by primary human T cells in the presence of 0.6 nM 1C1m-tB. Clusters of dead cells emit red fluorescence.
(C) Induction of effector cytokine production in human pan-T cells with increasing concentrations of anti-TEM1 tB. Cytokine levels in the supernatant were
measured after 24 h of co-culture with TEM1+ A673 cells. Data are represented as mean ± SD. Representative results of n = 3 experiments using T cells from
different donors are shown.

cells.22,25,40,50 Second, the widespread expression of TEM1
within the neo-vasculature of many human carcinomas provides
a conceptual mechanism for physically disrupting global tumor
integrity in the relative absence of stroma-mediated immunosuppression.19,21,57 Indeed, a vaccine-based strategy targeting
vascular TEM1 demonstrated that vascular disruption and elimination of TEM1-expressing stromal elements also led to in situ
vaccination by facilitating the epitope spreading of tumor cell antigens.28 Although beyond the scope of our study, this consideration offers the opportunity of widespread tumor targeting irrespective of the tissue of origin.
The efficiency of T cell retargeting with both CARs and soluble
engager molecules is critically impacted by a number of design
parameters, such as binding strength (affinity/avidity), epitope
location, and format architecture. Previous reports suggest that,
for a given epitope, the potency of bispecific engagers is corre-

lated with targeting affinity, especially for targets with very low
cell-surface abundance.58 However, our data also confirm that a
bivalent targeting scaffold such as the tB described here can, to
some extent, both compensate for modest clone affinity and
shed light on the relative functional ‘‘quality’’ of distinct TEM1 epitopes. Clone 7G22 was uniquely selected against the membraneproximal sialomucin stalk domain of human TEM1 and, as a clone
isolated directly from an IgM/D-derived naive library, its affinity
was found to be rather low (Figure S2). Nevertheless, in tB format,
this clone demonstrated cell killing activities comparable to those
seen with the higher affinity clones 1C1m and sc78 and notably
mediated a strong cytokine response (Figure 4). Targeting a
more membrane-proximal epitope has been shown to improve
the potency of both soluble T cell engagers and CARs directed
against several large protein ECDs.44–48 Underlying these observations is the architecture of the immune synapse, where the

(E) Quantification of effector cytokines secreted by polyclonal human T cells stimulated with anti-TEM1 tBs in the presence of TEM1-expressing A673 or SK-N-AS
cells or irrelevant AsPC-1 cells for 24 h (E:T ratio 5:1). IFN-g and TNF-a secretion were quantified after stimulation with 1 nM tB, and IL-2 was measured after
activation with 10 nM tB.
(F ang G) Cytotoxicity exerted by human T cells that were redirected with anti-TEM1 tBs is dependent on TEM1. Filled symbols, TEM1+ A673 WT cells; open
symbols, A673 TEM1KO cells. (F) Real-time kinetics of cell killing by pan-T cells redirected by different anti-TEM1 tBs (0.1 nM) over the course of 30 h (E:T ratio 5:1).
(G) Cell killing was assessed after 24 h of co-culture (E:T ratio 5:1) as a function of tB concentration. Data are represented as mean ± SD. Representative results of
n = 3 experiments (A–C, F, and G) or n = 2 experiments (D and E) using T cells from different donors are shown. See also Figure S5.
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Figure 6. 1C1m-tB prevents A673 tumor formation in an A673 xenograft study
(A and B) Serum clearance of 1C1-tB in female NSG mice was analyzed after administration of 1 mg/kg 1C1-tB i.v.
(B) Serum concentrations were calculated using a standard curve (A). Serum samples from two animals were pooled for each time point. The following parameters
were calculated: cmax = 4.604 mg/ml at tmax = 1 h; AUC = 8859; t1/2 = 11 h.
(C–H) The potential of 1C1m-tB to induce the lysis of A673 cells by primary human T cells was assessed in a s.c. xenograft model. A total of 106 A673 Ewing’s
sarcoma cells were implanted s.c. into the right flank of 10-week-old female NSG mice, either alone or admixed with 107 purified human pan-T cells. At 1 h, 24 h,
and 48 h after tumor implantation, mice received 1 mg/kg 1C1m-tB in 100 ml PBS or PBS only administered i.v. (C) No apparent toxicities were observed upon tB
administration, and body weight remained comparable between the groups throughout the study. (D–F) Tumor volume measurements for individual animals are
shown as lines. Arrows indicate the time of tB administration. (G) Mean tumor growth in the three experimental groups. Data are represented as mean ± SD.
Statistical significance (multiple paired t test) between the ‘‘T cells only’’ and ‘‘1C1m-tB’’ treatment groups was reached at day 15 (p = 0.016916) and maintained
until the end of the study (p = 0.000045 on day 45). (H) Tumor volume was compared at end point day 45 for ‘‘T cells only’’ and ‘‘1C1m-tB’’ treatment groups and
day 22–29 for the untreated group. Statistical significance was assessed with a paired two-tailed t test. p value (untreated versus 1C1m-tB) < 0.0001; p value (T
cells only versus 1C1m-tB) = 0.0002. n = 10 animals per group.

membranes of T cell and target cell/APC have to be brought into
close proximity to exclude large phosphatases such as CD45.59
Given the relatively large size of the multidomain TEM1 ECD, the
presumed reduction in bridging distance may explain the surprising efficacy of the unoptimized 7G22 scFv.
As a class, bispecific engagers acting by CD3 ligation are
extraordinarily potent, typically with narrow therapeutic win-

dows. Hence, minimizing systemic toxicities is critical for
advancing new molecules toward the clinic. Here, the design
and molecular features of the T cell engager can play a crucial
role. Depending on the antigen of interest, the modularity of
the tB format offers the flexibility of monovalent affinity-driven
recognition of single antigens or epitopes or of bivalent combinations that exploit avidity to stabilize target interactions. In
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principle, by using lower-affinity targeting scFvs, tBs could be
configured or ‘‘tuned’’ to only trigger T cell activation in the presence of high(er) antigen expression densities encountered in the
tumor and not the low(er) constitutive levels intrinsic to healthy
tissues. Classical high-affinity monovalent engagers are arguably less discriminatory in this regard and can render recruited
T cells sensitive to low antigen levels.60
Moreover, the therapeutic potential and safety of soluble T cell
engagers may be determined by the persistence and duration of
the T cell response.2 To achieve sustained T cell activation, the
dosing regimen has to be adapted according to the pharmacokinetic properties of the molecular format. Formats with molecular
weights at or below the glomerular filtration threshold, such as
the classical tandem scFv BiTEs, are rapidly cleared from the circulation and thus require administration by continuous infusion.61 The increased mass and Stokes radius of the tB structure
potentially balance the advantages of an increased half-life with
clearance rates still sufficiently rapid to limit the duration of any
unexpected severe adverse events.
Although the 1C1m scFv clearly redirects cytotoxic effector
functions in vitro and in vivo, we observe only modest activation-induced cytokine levels, particularly when compared
alongside a classical anti-CD19 clone such as the FMC63
used as a control in our study. However, although lower levels
of cytokines may limit the expansion and persistence of CAR-T
cells,54,62 a repeatedly administered soluble T cell engager
would be expected to constantly (re)trigger a localized polyclonal T cell response in lymphocyte-infiltrated tumors without
the requirement for long-term persistence of individual T cell
clones. In this case, the required levels, thresholds, and functional roles played by individual cytokines are less clear. It
should be noted, however, that CRS is a frequently reported
adverse event observed in response to T cell redirection therapy.14,63 Interestingly, a recent study found that TNF-a, which
is elevated in response to BiTE therapy and responsible for
driving high IL-6 production and triggering CRS, is dispensable
for efficient cytotoxic activity mediated by T cell engaging bispecifics.64 Indeed, the authors propose to block TNF-a
signaling prior to the administration of an engager molecule
to prevent CRS. Our 1C1m-tB observations likewise would
indicate that effective redirected cytotoxicity is not conditional
on a strong accompanying cytokine response. The in vivo/clinical significance of engager molecules possessing properties
that intrinsically limit or attenuate cytokine cascades remains
to be established.
In conclusion, our work suggests that TEM1 may represent an
amenable target for immunotherapeutic T cell redirection strategies. Moreover, we present the soluble heterodimeric TriloBiTE
as a validated experimental T cell engager format with convenient and flexible tumor-targeting utility.

TEM1, the anti-CD3 effector arm recognizes only the human
CD3 complex, thus limiting its in vivo applicability to either human hybrid CD3-engineered or immune-reconstituted and
limited-duration xenograft models such as the NSG mice we
used in the current study. In the absence of an equivalent murine surrogate of 1C1m-tB (compatible with true syngeneic immune-competent models), we are thus unable to evaluate the
potential for ‘‘on-target off-tumor’’ or off-target toxicity attributed to 1C1m-tB. Additionally, published evidence suggests
that TEM1 tissue expression profiles may vary across species.
For example, 8% of naive human CD8+ T cells have been
shown to express detectable levels of TEM1, which is not
the case in mice.65 The implications of ablating this specific
subset in a primate or human setting have not been explored
but should be considered in the context of future in vivo toxicological studies.

Limitations of study
Although we have shown that the specific and potent killing
potential of primary human T cells can be redirected toward
human tumor cell lines expressing endogenous levels of
TEM1, unanswered questions remain concerning the clinical
safety of this approach. For example, despite our 1C1m-tB
candidate possessing strong cross-reactivity with murine
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RESOURCE AVAILABILITY
Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Steven
M. Dunn (steven.dunn@chuv.ch).
Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.
Data and code availability
This study did not generate or analyze datasets or code.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines
A-673 (Homo sapiens, female, ATCC CRL-1598; RRID:CVCL_0080), 2H11 (Mus musculus, male, ATCC CRL-2163;
RRID:CVCL_6762) and MS1 (Mus musculus, sex unknown, ATCC CRL-2279; RRID:CVCL_6502) cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with GlutaMAX and 10% fetal bovine serum (FBS). A673 TEM1KO cells were purchased from Synthego and cultured in DMEM/10% FBS. TEM1 was deleted genetically using CRISPR-Cas9 and the absence of
TEM1 mRNA/protein in 95% of the line was confirmed by RT-PCR/flow cytometry. SK-N-AS (Homo sapiens, female, ATCC
CRL-2137; RRID:CVCL_1700) cells were additionally supplemented with 0.1 mM non-essential amino acids (GIBCO, Life Technologies, Cat #11140050). HEK293T (Homo sapiens, fetus, ATCC CRL-11268; RRID:CVCL_0063) cells were cultured in DMEM, 10%
FBS and 100 U/ml penicillin/streptomycin (GIBCO, Life Technologies, Cat#15140122). AsPC-1 (Homo sapiens, female, ATCC
CRL-1682; RRID:CVCL_0152), Raji (Homo sapiens, male, ATCC CCL-86; RRID:CVCL_0511) and Jurkat NFAT reporter cells
(Homo sapiens, male, NFAT: Invivogen, Cat#jktl-nfat; RRID:CVCL_KS47, mCherry: kindly provided by Melita Irving, Ludwig Center
for Cancer Research Lausanne) were cultured in RPMI-1640 Glutamax (Life Technologies, Cat#61870010) containing 10% FBS.
Jurkat Lucia cells were maintained under selective pressure using 100 mg/ml zeocin (Invivogen, Cat#ant-zn-1). All cells were maintained at 37 C, 5% CO2 in a humidified incubator and the absence of mycoplasma from all cell lines was confirmed by regular testing
(GATC service). Cell line authentication has not been performed.
Primary T cell cultures
For the isolation of primary T cells, peripheral blood mono-nucleated cells (PBMCs) were isolated from fresh buffy coats obtained
from healthy volunteer donors (Service de transfusion, Epalinges, Switzerland). PBMCs were separated by density centrifugation using Lymphoprep (Axonlab, Cat#1114545). Pan-T cells were subsequently extracted by magnetic separation using a human pan-T cell
isolation kit (Miltenyi Biotec, Cat#130-096-535) and stimulated with human T cell activator CD3/CD28 beads (Life Technologies,
Cat#11161D) and 50 RU IL-2 (Peprotech, Cat#200-02-50UG) for 5 days. After the removal of the beads, primary T cells were further
expanded with IL-7 and IL-15 (Miltenyi Biotec, Cat#130-095-367 and Cat#130-095-765) for a further 5–10 days.
In vivo studies
All animal experimentation was performed in accordance with the guidelines of the Swiss Federal Veterinary Office and approved by
the Cantonal Veterinary Office under the license number 2797.1. Female NOD/SCID/IL-2Rg KO (NSG) mice were bred and housed
under specific- and opportunistic pathogen-free (SOPF) conditions.
To gain insights into the pharmacokinetics (PK) of TriloBiTE (tB) molecules, 1 mg/kg 1C1-tB was injected into the tail vein of ten 8week-old female NOD/SCID/IL-2Rg KO (NSG) mice (bred in house, RRID:IMSR_NM-NSG-001). The tB was purified and prepared as
described above and injected in a total volume of 100 ml, in PBS. Blood was collected by tail vein puncture at two time points per
animal, resulting in 10 different duplicate time points (10 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 24 h, 48 h and 1 week after tB injection).
In addition, prior to tB administration, a sample was taken from the facial vein of each animal. Serum was obtained by centrifugation
and stored at 80 C.
For the A673 xenograft experiment, 30 female NSG mice (10-weeks old, RRID:IMSR_NM-NSG-001) were implanted with 106 A673
cells (ATCC CRL-1598; RRID:CVCL_0080, cultured and expanded as described above) s.c. on the right flank. 10 out of the 30 animals
received only A673 cells and 20 mice received the tumor cells mixed with 107 primary human T cells. Human pan-T cells were isolated
from a fresh buffy coat and expanded using CD3/CD28 beads as described previously. One hour after tumor implantation, 10 of the
T cell-implanted mice received 1 mg/kg 1C1m-tB in 100 ml PBS into the tail vein. Control groups (n = 10) received 100 ml PBS. The i.v.
dosing of 1C1m-tB or PBS vehicle control was repeated 24 h and 48 h after tumor implantation. Subsequently, mice were monitored
thrice weekly and tumors were measured using calipers for a total of 45 days, or until the tumor volume approached 1000 mm3.
Littermates of the same sex were allocated randomly to the different experimental groups. Tumor volume measurements were
collected in a blinded manner.
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METHOD DETAILS
Recombinant protein expression and purification
ScFv candidates were reformatted into a pTT expression vector containing the constant region of human IgG1 to produce scFv-Fc
fusion proteins. To generate the TriloBiTE (tB) construct, heavy and light chain of the humanized and chimeric anti-CD3 clone UCHT1
were synthesized in Fab format (GeneArt, Thermo Fisher Scientific). Stabilizing mutations have been introduced into the human CH1CK interface51. Both heavy and light chain of the resulting chimeric molecule were separately cloned into a pTT-based mammalian
episomal expression vector. Both constructs contained modular cloning sites (NcoI/SalI) to accommodate scFv clones, which were
C-terminally fused to the CH1 or CK domain of UCHT1 via a flexible (GS)-linker: GGGGSGGGSGGGS for CK and
DKTHTGGGGSGGGGS for CH1. The sequence of the anti-CD19 scFv (FMC63) was extracted from Sequence 2, patent
US7446179. Recombinant protein was produced using the HEK293-6E/pTT expression system and FectoPRO transfection protocol
(Polyplus, #116-010), as described previously42. ScFv-Fc fusions were purified from clarified expression media using a HiTrap MabSelect column (GE Healthcare, Cat#11003494), followed by extensive dialysis against phosphate-buffered saline (PBS; Slide-ALyzer G2 dialysis cassettes; Life Technologies, Cat#87731). tBs were purified from clarified expression media by immobilized metal
ion affinity chromatography (IMAC) using a HisTrap excel column (GE Healthcase, Cat#17371205) at a flow-rate of 1 ml/min. The column was equilibrated with 50 mM Tris, 0.5 M NaCl, 10 mM imidazole, pH 7.5 and protein was eluted with 50 mM Tris, 0.5 M NaCl,
300 mM imidazole, pH 7.4 in 1 mL fractions. Monomeric peak fractions were immediately separated by preparative size-exclusion
chromatography using a Superdex 200 Increase 10/300 GL column (GE Healthcare, Cat#28990944) at a flow-rate of 0.75 ml/min.
PBS (0.01 M phosphate, 0.14 M NaCl, pH 7.4) was used as sample diluent and eluent. All chromatography experiments were run
on an ÄKTApure chromatography system (GE Healthcare).
The mouse IgG2a parental clone of the anti-TEM1 benchmark MORAb-004 was produced from the hybridoma cell line FB5, obtained from the MSKCC, Antibody & Bioresource Core facility, (417 E. 68th Street, NY 10065). Hybridoma cell culture and antibody
production in serum-free medium (ThermoFisher Scientific, Cat#12045-076) were performed as recommended by the supplier. The
IgG was purified from clarified expression media using a HiTrap MabSelect column (Cytiva, Cat#11003494), followed by dialysis
against PBS (PBS; Slide-A-Lyzer G2 dialysis cassette; Life Technologies, Cat#87731).
Biophysical protein characterization
Purified protein samples were typically quality controlled by SDS-PAGE, loading 2 mg per sample on a Novex 4%–12% Bis-Tris gel
(Life Technologies, Cat#NP0321) under reducing/non-reducing conditions. Samples were heated at 70 C for 10 min, loaded onto the
gel and separated for 38 min at 200 V. Separated protein bands were visualized by Coomassie Blue staining (InstantBlue; Expedeon,
Cat#ISB1L).
Additionally, the homogeneity of purified tBs was assessed and controlled by analytical size-exclusion chromatography. To this
end, 100 ml concentrated (z1 mg/ml) protein sample was injected and separated over a Superdex 200 Increase 5/150 GL analytical
grade column (GE Healthcare, Cat#28990945) at a flow rate of 0.45 ml/min. PBS (0.01 M phosphate, 0.14 M NaCl, pH 7.4) was used
as sample diluent and eluent.
ScFv stability in the tB format was confirmed by differential scanning fluorimetry following the Protein Thermal Shift Assay protocol
from Applied Biosystems (Cat#4461146), following the manufacturer’s instructions. Melting curves were generated with a 7500 Fast
RT-PCR machine (Applied Biosystems), starting at 25 C and gradually increasing the temperature by 0.05 C/s until reaching 99 C
and data analysis was carried out using Applied Biosystems 7500 Fast RT-PCR software. Samples were formulated in PBS.
Surface plasmon resonance (SPR) analysis was performed on a Biacore T200 instrument (GE Healthcare), as described previously42. Briefly, mTEM1-SpyC:bio-SpyT or hTEM1(Dn)-SpyC:bio-SpyT antigen complexes were immobilized on a Series S SA
sensor chip (GE Healthcare, Cat#BR-1005-31) at a density of 150 RU and monovalent 1C1m or 7G22 analyte was injected/dissociated at 30 ml/min in the following concentrations: 0 nM, 1.25 nM, 2.5 nM, 5 nM and 10 nM for 1C1m and 0 nM, 1 nM, 2 nM, 4 nM and
8 nM for 7G22. Surfaces were regenerated between cycles/experiments by injecting 10 mM glycine-HCl, pH 1.5 for 30 s.
Protein array
The analysis of antibody specificity was performed by Cambridge Protein Arrays Ltd. (UK), using the HuProtTM v4.0 Human Proteome Microarray which contains the expression products (as GST-fusions) of over 23,000 clones encoding human recombinant proteins, representing more than 16,000 different genes that cover 80% of the annotated human protein coding genome. Briefly, the
scFv-Fc samples were incubated with separate, pre-blocked arrays at a concentration of 33 nM (3.5 mg/ml), diluted in blocking buffer
(PBS/0.05% Tween/2% BSA) and binding was detected using an anti-human Fc-550 fluorescent probe (2.5 mg/ml in blocking buffer).
Wash steps were performed after incubation with samples and secondary antibodies, using 3x PBS/0.05% Tween followed by 1x
5 min wash with PBS/0.05% Tween. The dried array slides were scanned on a Tecan LS400 microarray scanner at 532 nm and
633 nm excitation. For data analysis, fluorescence signals obtained from the corresponding protein on a negative control array
were subtracted and signal strength was analyzed in relation to the amount of immobilized protein, assessed by staining for the
GST-tag of the immobilized proteins (anti-GST-650; 0.5 mg/ml in blocking buffer).
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Quantifying TEM1 mRNA expression by RT-qPCR
For mRNA isolation, 107 cells were seeded into a T75 tissue culture flask and harvested after 24 h with trypsin-EDTA. Detached cells
were collected by centrifugation (5 min at 250x g) and washed once in ice-cold PBS. The cell pellets were either snap-frozen on dry
ice and stored at 80 C or immediately processed for mRNA isolation. Cells were lysed by adding 600 ml buffer RLT and samples
were homogenized by passing the lysate through an RNase-free syringe with 20-gauge needle (Braun). Subsequently, mRNA was
isolated by absorption of RNA longer than 200 bases to the silica-based membrane of microspin columns using the QIAGEN RNeasy
Mini kit (QIAGEN, Cat #74106), following the manufacturer’s instructions. Reverse transcription of mRNA into cDNA was performed
using the Takara Primescript First Strand cDNA synthesis kit (Takara, Cat #6110B). Briefly, 5 mM oligo dT primer were annealed with
1 mg total mRNA in a total volume of 10 ml containing dNTPs (1 mM each) at 65 C for 5 min. 20 units of RNase inhibitor and 200 U of
PrimeScript reverse transcriptase were then added to the annealed RNA/primer mixture and the reaction incubated for 1 h at 42 C.
The reaction was stopped by heating to 70 C for 15 min and the samples were immediately cooled on ice before snap-freezing on dry
ice for storage (at 80 C) or analysis by qPCR. For TaqMan qPCR, approximately 50 ng cDNA were mixed with 10 ml TaqMan Fast
Universal Master Mix (Applied Biosystems, Cat #4352042) and 1 ml TaqMan probe in a total reaction volume of 20 ml. FAM-MGB-TaqMan probes (ThermoFisher Scientific) were used to detect target and reference genes: hCD248 (Cat #4331182_Hs00535586_s1),
hGAPDH (Cat #4331182_Hs02786624_g1). Real-time PCR amplification of target and housekeeping genes was performed in a
7500 Fast RT-PCR machine (Applied Biosystems) and relative gene expression levels in different cell lines were analyzed by comparative threshold cycle (Ct) quantification. Expression levels are presented relative to GAPDH.
Immunohistochemistry
Retinas were collected from 5-day old pups, fixed in 4% paraformaldehyde (PFA) for 4 h at 4 C, washed with PBS and blocked overnight at 4 C with 5% donkey serum, 0.5% BSA, 0.3% Triton X-100, 0.1% sodium azide/PBS. For tumor staining experiments, 5x 105
Lewis lung carcinoma (ATCC, Cat# CRL-1642) or MC38 colon carcinoma (kindly gifted by Jeffrey Schlom, NIH) cells were resuspended in 100 ml PBS and injected subcutaneously into the right flank of adult C57BL/6 mice. Mice were sacrificed when tumors
reached 1 cm3. Mice were sacrificed with 15 ml/g of 10% Ketasol, 8% Xylasol and were perfused intracardially with PBS and 4%
PFA. Tumors were collected and further fixed overnight in 4% PFA. Washed tumors were then incubated in 30% sucrose for 12 h
before embedding in optimal cutting temperature (OCT) compound (Tissue-Tek, Cat# 4583) for frozen sectioning. 8 mm cryosections
were prepared at the histology facility of UNIL and blocked as described above. For the staining, both retinas and tumor sections
were incubated overnight at 4 C with 5 mg/ml 1C1m-Fc, rat anti-mouse CD31 antibody (Biolegend, Cat# 338002, 1:500) and rabbit
anti-mouse NG2 antibody (Merck Millipore, Cat# AB5320, 1:1000), all diluted in blocking buffer. The following day, the retinas were
washed 5x 10 min and the tumor sections 3x 10 min with blocking buffer and then incubated overnight at 4 C with the following secondary antibodies: Alexa Fluor 555-conjugated goat anti-human antibody (Invitrogen, Cat# A21433), Alexa Fluor 488-conjugated
donkey anti-rat antibody (Life Technologies, Cat# A21208) and Alexa Fluor 647-conjugated donkey anti-rabbit antibody (Life Technologies, Cat# A31573), all diluted 1:500 in blocking buffer. Wash steps were repeated and imaged were acquired using an upright
Zeiss Axio Imager Z1 microscope.
Manufacturing of CAR-T cells
For the manufacturing of CAR-T cells, scFv sequences encoding anti-TEM1 molecules were constructed for clones sc78 (extracted
from Zhao et al.37) and MORAb-004 (extracted from US07807382B2), and anti-CD19 (FMC63; sequence extracted from patent
US7446179). These scFvs were fused to a spacer/hinge transmembrane region and intracellular costimulatory domain derived
from hCD28, followed by an intracellular hCD3z signaling domain. The resulting 2nd generation CAR cassettes were cloned in-frame
to a monomeric green fluorescent protein ORF (TagGFP2, Evrogen) into a modified pRRL lentiviral vector (originally developed by
Didier Trono, EPFL). Lentivirus was produced by transient transfection of HEK293T cells using pCMVR8.74 and pMD2.G plasmids
for packaging (origin: Didier Trono lab, EPFL) and Turbofect transfection reagent (Life Technologies, Cat# R0532). Virus-containing
supernatant was harvested after 48 h, concentrated by ultracentrifugation and 100 ml were added directly to 5 3 106 Jurkat-NFAT
reporter cells or primary human T cells pre-plated in 48-well plates on the previous day. Primary T cells were transduced the day after
isolation. All transduced cells were expanded for 10–14 days before performing functional assays.
Flow cytometry assays
For typical binding experiments, adherent cells were detached using 10 mM EDTA and 0.5x106 pre-blocked cells were resuspended
in 100 ml purified TriloBiTE or scFv-Fc (diluted to 1 mg/ml in 5% FBS, PBS). After 45 min of incubation on ice, the wells were washed 3x
with FACS buffer. 50 ml Alexa Fluor 647-conjugated goat anti-human Fab antibody (Jackson ImmunoResearch, Cat# 109-605-097)
was added for 30 min on ice to detect binding TriloBiTEs. Binding of scFv-Fc molecules was detected using an Alexa Fluor 647 AffiniPure Goat Anti-Human IgG probe (Jackson Immunoresearch, Cat# 109-605-098, 1:200 dilution). Then, the samples were washed
again 3x with FACS buffer. Binding of the murine parent of MORAb-004 (FB5) to A673 wt and TEM1KO cells was detected using a PEconjugated goat anti-mouse IgG (H+L) antibody (ThermoFisher Scientific, Cat# A10543; diluted 1/50in FACS buffer.
For measuring early T cell activation, 0.5x106 target cells were seeded into 24-well plates. Subsequently, 0.5x106 purified and
expanded (CAR-)T cells were added the wells. When measuring TriloBiTE-mediated T cell activation, purified tB protein was added
to a final concentration of 1 nM. After 16-18 h of co-culture, the stimulated T cells were recovered and washed once in FACS buffer.
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Cells were blocked with FACS buffer for 20 min on ice and incubated with the following staining mix: APC anti-hCD8 (Biolegend Cat#
344722), BV785 anti-hCD4 (Biolegend #317441), Alexa Fluor 700 anti-hCD69 (Biolegend Cat# 310922), PE anti-hCD25 (Biolegend
Cat# 302606), BV605 anti-hPD1 (Biolegend Cat# 329923). After 30 min of incubation on ice, the cells were washed again three times.
For perforin/granzyme B staining, the cells were stained with FITC anti-hCD3 (Biolegend Cat# 317305), BV421 anti-human perforin
(Biolegend Cat# 353307) and PE anti-human granzyme B (BD Biosciences Cat# 561142).
Antigen binding by CAR-T cells was assessed by incubating 0.5x106 CAR-T cells with 1 mg/ml bio-h/mTEM1 (produced in-house)
and APC-conjugated streptavidin (1:2000; Biolegend Cat# 405207), both diluted and mixed in FACS buffer. Mammalian expression
supernatant containing TEM1(Dn)-SpyC fusion protein was mixed with 1 mM of bio-SpyT at RT for 2 h with gentle rotation. The resulting covalent TEM1-SpyC:bSpyT complex was separated from free bSpyT by buffer-exchange into PBS using a spin column
with a 10 KDa cut-off (Vivaspin 6; GE Healthcare, Cat# 28932296).The resulting biotinylayed SpyT-SpyC-antigen complex was
used as the staining antigen for 7G22-CAR-T cells. The cells were incubated with the staining mix for 30 min on ice and subsequently
washed three times with FACS buffer. Immediately before data acquisition, dead cells were stained with 40 ,6-Diamidino-2-phenylindole (DAPI, 1:2000 dilution). Data was acquired using an LSR-II flow cytometer equipped with FACSDIVA software (BD Biosciences). Data analysis and plotting were carried out using FlowJo v10 (FlowJo LLC).
Jurkat NFAT activation reporter cell assays
In order to measure anti-CD19 TriloBiTE-mediated NFAT activation responses, 105 Raji target cells were seeded in 96-well U-bottom
plates. Subsequently, 105 Jurkat NFAT-Lucia reporter cells (Invivogen), were added to each well. Purified TriloBiTEs (diluted in PBS)
were added in 3-fold serial dilution, starting from 1 nM. Phorbol myristate acetate (PMA)/ionomycin was included as a positive
response control. After 24 h of co-culture, the supernatants were collected and mixed with an equal volume of QUANTI-Luc luciferase
substrate (Invivogen, Cat# rep-qlc-1). Luminescence was measured immediately using a BioTec H1MFG Synergy plate reader.
For the assessment of CAR-induced ITAM-signaling, Jurkat-NFAT-mCherry reporter cells (kindly provided by Melita Irving, Ludwig
Cancer Research Lausanne) were transduced with CAR-GFP constructs as described above. 10-14 days after transduction, 106
CAR-GFP transduced Jurkat reporters were seeded in 24-well plates together with 106 target cells. After 24 h of co-culture, Jurkat-NFAT-mCherry cells were harvested by pipetting, washed in FACS buffer (5% FBS, PBS) and analyzed for GFP and mCherry
expression by flow cytometry.
Primary T cell cytotoxicity assays
Target cell killing mediated by the FMC63-tB was assessed using a Caspase 3/7 flow cytometry assay (Life technologies, Cat#
C10427). Specifically, 105 target cells and 0.5x106 primary human CD8+ T cells (isolated using a human CD8 T cell isolation kit; Miltenyi Biotec, Cat# 130-096-495) were mixed in 96-well assay plates. Anti-CD19 tBs were added in 3-fold serial dilution starting at
5 nM. Additionally, cells in control wells were lysed with 20% ethanol. After 4 h of incubation, the supernatant was removed and
the cells were resuspended in 20 ml Caspase 3/7 solution (previously diluted 1:1000 in FACS buffer, as recommended by the manufacturer). Cells were incubated with the caspase dye for 30 min at 37 C and the sample plate was read directly on an Intellicyt iQue TM
Screener PLUS instrument (10 s sampling; 1 ml/s).
For the assessment of specific target cell killing using real-time kinetic cell imaging, 2x104 adherent target cells were seeded in 96well flat-bottom plates and allowed to attach for 20 h. When approximately 30% confluency was observed, soluble tBs were added
as 3-fold serial dilutions, typically starting from 5 nM. Positive control wells were lysed using 1% Triton X-100. 1.25x106 purified and
expanded primary human T cells were added to the plate to reach an E:T ratio of around 5:1. Transduced and expanded CAR-T cells
(prepared as described above) were equally added at 1.25x106 cells/well, in this case omitting the soluble engager molecules. Cytotox Red reagent (Essen Bioscience, Cat# 4632) was added to a final dilution of 1:4000, and resultant cell death was monitored as an
increase in fluorescence over time.
Alternatively, specific target cell killing was assessed by measuring LDH release with the CytoTox 96 kit from Promega (Cat#
G1780), following the manufacturer’s instructions. Target cells, (CAR-)T cells and tBs were prepared as described above and the
assay was incubated for 24 h at 37 C. Control wells were lysed using 10% Triton X-100. Subsequently, 50 ml clarified culture supernatant was mixed with 50 ml CytoTox 96 Reagent and incubated at RT for 30 min (protected from light). The reaction was stopped by
adding 50 ml stop solution and LDH activity was quantified colorimetrically, measuring absorbance at 490 nm on a BioTek H1MFG
Synergy plate reader. Background signal was subtracted from all samples and corrected cell killing (spontaneous release by targets
and effectors subtracted) were calculated as a percentage of maximum lysis.
Quantification of effector cytokines
Supernatants of co-cultures set up as described above were tested for the presence of T cell-secreted effector cytokines. Cytokines
were either quantified by sandwich ELISA (human IFN-g or IL-2 ELISA MAX Standard kits, Biolegend Cat# 430102 and Cat# 431801)
or by cytokine bead array (MultiCyt QBeads customized Human 3-Plex [IFN-g, IL-2, TNF-a], Bucher Biotec/Sartorius Cat# 90603).
Both assays were performed according to the manufacturer’s instructions. In both cases, standard curves were prepared to quantify
secreted cytokines. ELISA-based assays were read out on a BioTek H1MFG Synergy plate reader using TMB as a substrate for the
HRP-conjugated secondary antibody. Plates for the MultiCyt bead array were analyzed on an Intellicyt iQue TM Screener PLUS instrument (10 s sampling; 1 ml/s).
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PK elisa
Nunc maxisorb plates were pre-coated with neutravidin, blocked, and coated with 0.5 mg/ml biotinylated hTEM1-ECD protein, according to the standard ELISA protocol described in chapter 2. A tB standard curve was prepared by 2-fold dilution of purified 1C1-tB
in 2% pooled murine serum (baseline)/ PBST/ 1% BSA, starting at 10 mg/ml. Serum samples from duplicate animals were pooled and
diluted 1/50 in 1% BSA/ PBST. Both samples and standard curve were added to the coated ELISA plate and incubated for 1 h at RT.
tBs were detected using an HRP-conjugated anti-human Fab antibody (Jackson ImmunoResearch, Cat# 209-035-097; 1:10000).
ELISA plates were read on a BioTek H1MFG Synergy plate reader using TMB as a substrate. 1C1-tB serum concentrations were
calculated based on the obtained standard curve.
QUANTIFICATION AND STATISTICAL ANALYSIS
For statistical analyses, the Student’s t test was used for comparison between two datasets. Excel or Prism software was used for
statistical analysis. Data are presented as mean ± standard deviation as indicated in figure legends. A p value of < 0.05 is considered
statistically significant and is denoted by *. Images shown were randomly chosen within a well of interest. Other statistical details can
be found in figure legends. No data were excluded.
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