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Precision-activated T-cell engagers targeting 
HER2 or EGFR and CD3 mitigate on-target, 
off-tumor toxicity for immunotherapy in 
solid tumors

Fiore Cattaruzza, Ayesha Nazeer, Milton To, Mikhail Hammond, Caitlin Koski, 
Lucas Y. Liu, V. Pete Yeung, Deena A. Rennerfeldt, Angela Henkensiefken, 
Michael Fox, Sharon Lam, Kari M. Morrissey, Zachary Lange, Vladimir N. Podust, 
Mika K. Derynck, Bryan A. Irving & Volker Schellenberger     

To enhance the therapeutic index of T-cell engagers (TCEs), we engineered 
masked, precision-activated TCEs (XPAT proteins), targeting a tumor 
antigen (human epidermal growth factor receptor 2 (HER2) or epidermal 
growth factor receptor (EGFR)) and CD3. Unstructured XTEN polypeptide 
masks flank the N and C termini of the TCE and are designed to be released by 
proteases in the tumor microenvironment. In vitro, unmasked HER2-XPAT 
(uTCE) demonstrates potent cytotoxicity, with XTEN polypeptide masking 
providing up to 4-log-fold protection. In vivo, HER2-XPAT protein induces 
protease-dependent antitumor activity and is proteolytically stable in 
healthy tissues. In non-human primates, HER2-XPAT protein demonstrates 
a strong safety margin (>400-fold increase in tolerated maximum 
concentration versus uTCE). HER2-XPAT protein cleavage is low and similar 
in plasma samples from healthy and diseased humans and non-human 
primates, supporting translatability of stability to patients. EGFR-XPAT 
protein confirmed the utility of XPAT technology for tumor targets more 
widely expressed in healthy tissues.

Therapies exploiting the endogenous immune system to enhance 
tumor regression are providing important advances in oncology1. 
Immune-checkpoint inhibitors promote T-cell-mediated responses 
across many solid tumor types but require tumor-specific T-cell immu-
nity; thus, large patient subsets and tumor types do not respond2,3. TCEs 
are highly potent modalities directing T-cell cytotoxicity toward tumors 
expressing a selected tumor-associated antigen (TAA) while bypassing 
T-cell recognition requirements of major histocompatibility complex 
(MHC)-bound tumor antigen peptides1. TCE potency arises from cyto-
toxicity induction and cytokine-driven actions downstream of T-cell 
activation that enhance and amplify the antitumor immune response4. 

TCEs demonstrate impressive clinical activity in hematologic cancers 
and ‘cold’ solid tumors unresponsive to other immune therapies1,5,6.

The clinical utility of current bispecific TCEs for the treatment of 
solid tumors is hampered by on-target, off-tumor toxicity, which limits 
the achievement of a favorable therapeutic index1,7–9. To expand the 
therapeutic index of bispecific TCEs and mitigate off-tumor toxicity, 
we developed a protease-releasable masking technology (Pro-XTEN) 
to create precision-activated TCEs attached to XTEN proteins (XPAT 
proteins). An XPAT protein comprises a TCE core with two single-chain 
variable fragments (scFv) targeting a TAA and CD3. Each scFv is linked 
to an XTEN mask via a protease-cleavable linker, designed to be cleaved 
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further details). XTEN masks were used previously as an alternative 
to PEGylation to extend the half-life of human growth hormones and 
clotting factor VIII (FVIII). Clinical testing of these applications has 
demonstrated favorable safety and low immunogenicity potential of 
XTEN sequences10–14.

by three protease classes (matrix metalloproteinases, serine proteases 
and cysteine proteases). XTEN masks are unstructured, hydrophilic 
polypeptides that act as modular, tunable masks and extend the TCE 
half-life. The structure and proposed mechanism of action of XPAT 
proteins are shown in Fig. 1 (Supplementary Tables 1 and 2 provide 
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Fig. 1 | Structure and mechanism of action of XPAT therapeutics. a, An XPAT 
protein comprises a TCE core with two scFvs, one targeting CD3 and the other, 
a TAA. Each scFv is masked by a protease-releasable XTEN mask, unstructured, 
hydrophilic polypeptides that act as modular, tunable masks, in addition to 
extending the half-life of the TCE. Each XTEN mask connects to the TCE core via 
a protease-cleavable linker, designed to be cleavable by any of eight proteases 
from three different classes (matrix metalloproteinases, serine proteases and 
cysteine proteases) involved in cancer progression41. b, Predicted structure 
of HER2-XPAT protein visualized using AlphaFold2 v.2.0, a machine-learning-
based computational method for predicting protein structures with reasonable 
accuracy42. Colors indicate anti-HER2 domain, pale green; anti-CD3 domain, 
light orange; XTEN masks, blue; protease-cleavable linker, red; linkers, gray. 
The model represents a static picture showing a plausible conformation of the 
unstructured XTEN masks and the length of unstructured XTEN relative to the 
folded antibody domains in an XPAT protein. c, XPAT proteins are expect 

ed to remain largely intact in healthy tissues, where protease activity is well 
controlled by protease inhibitors. XPAT protein unmasking occurs in two steps 
via one of two potential paths to the fully unmasked state. The two requisite 
cleavage events can occur in either order and each sequence (either the top or 
bottom paths shown) is equally likely. In aggregate, both 1x-N and 1x-C partially 
unmasked forms will exist, depending on the cleavage path. Removal of both 
XTEN masks liberates the unmasked HER2-TCE (uTCE). d, XPAT proteins are 
designed to exploit the dysregulated protease activity present in tumors versus 
healthy tissues and expand the therapeutic index of TCEs through preferential 
unmasking in the TME. The active uTCE promotes the formation of immunologic 
synapses between tumor and T cells, resulting in potent cytotoxicity. Notably, the 
uTCE has a short half-life and should be rapidly cleared, thereby sparing healthy 
tissues when the uTCE diffuses away from the TME. By design, the molecular 
weight of the uTCE (∼59 kDa) is sufficiently small to allow rapid  
kidney filtration43.
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We report the design and nonclinical characterization of XPAT 
proteins targeting well-validated TAAs: HER2 and EGFR. HER2-XPAT 
protein demonstrates potent in vivo antitumor activity similar to that 
of its uTCE counterpart, while achieving >400-fold higher tolerated 
maximum concentration (Cmax) in non-human primates (NHPs). Pref-
erential cleavage of the XPAT protein to the uTCE form occurs within 
tumor xenografts in mice with minimal cleavage in healthy tissues. 
EGFR-XPAT protein achieved in vivo antitumor activity and >200-fold 
higher tolerated Cmax in NHPs versus its uTCE. Key to the safety of XPAT 
proteins, HER2-XPAT protein stability with minimal cleavage in vitro in 
plasma from healthy and diseased humans and NHPs and in vivo in NHPs 
is demonstrated. These results provide nonclinical proof of concept 
for the XPAT protein mechanism of action and support phase I clinical 
evaluation of HER2-XPAT protein in solid tumors.

Results
XPAT protein design and production
XPAT proteins are produced as single contiguous polypeptides in 
Escherichia coli in a secreted and fully folded form. E. coli production 
precludes glycosylation that commonly occurs in Fc-containing TCEs 
produced in mammalian expression systems. Therefore, XPAT pro-
teins can be purified as highly homogeneous proteins observed as 
single-peak species by intact mass spectrometry analysis. The XPAT 
protein design relies on the small size of scFvs (and other antibody 
fragments) to form the two binding sites of the TCE. scFvs are prone to 
form multimers due to intermolecular pairing of the multiple immu-
noglobulin domains; however, the large size and hydrophilic nature 
of XTEN polypeptides ssubstantially reduces the tendency of XPAT 
proteins to form such multimers and other aggregates. The net nega-
tive charge of XTEN polypeptides enables efficient purification of fully 
masked monomeric XPAT molecules. The XPAT protein prototypes 
evaluated in these studies targeted TAAs that are well-established 
clinical targets in oncology (HER2, EGFR and epithelial cell adhesion 
molecule (EpCAM); structural details of the XPAT proteins evaluated 
are provided in Supplementary Tables 1 and 2). Further details about the 
design and production of XPAT proteins are provided in the Methods.

HER2-XPAT binding affinities and cytotoxicity
The effect of XTEN polypeptide masking on binding and in vitro activity 
was investigated via HER2-targeted XPAT protein. Kinetic analysis by 
surface plasmon resonance evaluated the affinity of HER2-XPAT pro-
tein and its active metabolites for human HER2 and CD3ε (Fig. 2a). The 
presence of XTEN masks reduced target affinities tenfold for HER2 and 
approximately sixfold for CD3 compared to unmasked HER2-TCE. The 
affinity (KD) of HER2-XPAT protein for human HER2 was 24.9 ± 4.3 nM 
and for human CD3 was 160.0 ± 19.5 nM. The affinity of the unmasked 
HER2-TCE for HER2 was 2.5 ± 0.9 nM and for CD3 was 26.3 ± 2.2 nM. The 
affinities of HER2-XPAT protein and its metabolites were similar for 
cynomolgus monkey HER2 and CD3 (Extended Data Fig. 1).

In vitro cytotoxicity of HER2-XPAT protein and its metabolites was 
investigated using co-cultures of human peripheral blood mononuclear 
cells (huPBMCs) with HER2-expressing human tumor cell lines. The 
proteolytically activated, unmasked HER2-TCE demonstrated highly 
potent cytotoxicity against high HER2-expressing tumor cells, SKOV3 
(∼650,000 HER2 receptors per cell; Fig. 2b) and BT-474 (∼975,000 
HER2 receptors per cell; Fig. 2c), showing nearly complete target cell 
killing with 50% effective concentrations (EC50) in the single-digit pico-
molar range. Cytotoxicity was strongly attenuated with fully masked 
HER2-XPAT protein (average EC50 shifted by ~4 logs), demonstrating the 
robust functional protection provided by the two XTEN polypeptide 
masks. Unmasked HER2-TCE was also cytotoxic in the medium-low 
HER2-expressing cell line, MCF7 (∼12,500 receptors per cell), although 
with a 7–16-fold higher EC50 than seen with high HER2-expressing cells 
(Fig. 2d). With MCF7, a similar >4-log attenuation of cytotoxicity was 
observed with masked HER2-XPAT protein versus unmasked HER2-TCE. 

A single mask on HER2-XPAT protein (at the C- or N-terminal end of 
the TCE) was associated with an intermediate cytotoxicity level in the 
BT-474 cell line (Fig. 2e).

The low cytotoxicity level with HER2-XPAT protein in 
HER2-expressing tumor cell lines was partly due to a low degree of 
proteolytic cleavage during the in vitro assay. This is supported by 
further reduction in cytotoxicity seen with HER2-XPAT protein lack-
ing one or both of its protease cleavage sites (HER2-XPAT-NoClvSite 
variants) (Fig. 2f).

Target-dependent T-cell activation with HER2-XPAT protein
T-cell activation by HER2-XPAT protein and its proteolytically activated 
unmasked HER2-TCE was characterized utilizing primary huPBMCs 
co-cultured with SKOV3 tumor cells (HER2-high). Incubation with 
unmasked HER2-TCE for 72 h led to dose-dependent upregulation of 
the activation marker CD69 on T cells (Fig. 2g) and secretion of the 
pro-inflammatory cytokine interleukin (IL)-2 (Fig. 2h). CD69 expression 
and IL-2 secretion were markedly attenuated with HER2-XPAT protein 
versus unmasked HER2-TCE.

T-cell activation by HER2-XPAT protein and its proteolytically 
activated metabolites was characterized using Jurkat NFAT-luciferase 
reporter T cells co-cultured with BT-474 tumor cells (Fig. 2i). Unmasked 
HER2-TCE activated Jurkat NFAT-luciferase reporter T cells in the pres-
ence of BT-474 cells with EC50 values in the sub-nanomolar range (accu-
rate EC50 values were not obtained due to incomplete saturation of the 
response). A 4-log differential in the concentrations required to initiate 
signaling was observed between HER2-XPAT protein and unmasked 
HER2-TCE. HER2-XPAT protein at 3 μM achieved maximal activation of 
only ∼10% of that observed with unmasked HER2-TCE, confirming the 
ability of XTEN polypeptide masking to reduce T-cell receptor (TCR) 
activation. The presence of a single mask (at the C- or N-terminal end 
of the TCE) showed intermediate activation. HER2-XPAT-NoClvSite 
induced no detectable T-cell activation, indicating the minimal 
response with HER2-XPAT protein was likely driven by cleavage result-
ing from active proteases released during the assay.

T-cell activation by unmasked HER2-TCE was negligible in the 
absence of HER2-expressing BT-474 tumor cells, demonstrating that 
monovalent engagement of CD3 was insufficient for activation (see 
Extended Data Fig. 2).

HER2-XPAT protein in HER2-positive human tumor xenograft 
models
In vivo antitumor activity of HER2-XPAT protein was assessed in the 
HER2-high BT-474 human breast tumor model (∼975,000 HER2 recep-
tors per cell) and HER2-low HT-55 colorectal cancer model (∼25,000 
HER2 receptors per cell) inoculated subcutaneously (s.c.) into immu-
nodeficient mice and engrafted with huPBMCs as a source of T cells.

Equimolar HER2-XPAT protein (2.1 mg kg−1) or unmasked 
HER2-TCE-induced robust and complete tumor regression within 
35 d of dosing (P < 0.001 for both versus vehicle control at day 35) 
(Fig. 3a) in HER2-high BT-474-bearing mice. Tumor regression was 
protease activity-dependent, evidenced by the lack of efficacy with 
HER2-XPAT-NoClvSite versus vehicle. The average body weight of the 
mice remained generally stable for the experiment duration following 
dosing with HER2-XPAT proteins or vehicle control (Fig. 3a).

In mice harboring HER2-low HT-55 xenografts, equimolar doses of 
HER2-XPAT protein (5.1 mg kg−1) and unmasked HER2-TCE (0.9 mg kg−1) 
led to significant tumor growth inhibition (TGI) (P = 0.013 versus vehicle 
control for both) (Fig. 3b). HER2-XPAT protein at 2.1 mg kg−1 resulted in 
an intermediate antitumor response (P = 0.047 versus vehicle control). 
All eight vehicle-treated mice developed large tumors >1,000 mm3 
by day 39, whereas only 38% (3 of 8) and 0% (0 of 8) in the 2.1 mg kg−1 
and 5.1 mg kg−1 HER2-XPAT protein groups, respectively, had tumors 
>500 mm3. HER2-XPAT-NoClvSite had no impact on tumor growth rela-
tive to vehicle. The average body weight of the mice remained generally 
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stable during the experiment, following dosing with HER2-XPAT pro-
teins or vehicle control (Fig. 3b).

T-cell activation in BT-474 tumor-bearing mice was assessed on 
day 18 after treatment with equimolar doses of HER2-XPAT protein and 
unmasked HER2-TCE. HER2-XPAT protein and unmasked HER2-TCE 
promoted similar T-cell activation in the tumor microenvironment 
(TME), indicated by increased expression of activation marker CD25 
on both helper and cytotoxic T cells (Fig. 3c). T cells were not activated 
in peripheral blood where human HER2 is not expressed, consistent 
with the requirement for HER2 and CD3 dual engagement to activate 
T cells and redirect their killing.

In vivo cleavage of XPAT proteins: tumor and healthy organs
Two fluorophore-labeled XPAT proteins, XPAT(DyLight 800 (DyL800)) 
and XPAT(Alexa Fluor 680 (AF680)), were prepared to quantify unmask-
ing in vivo in immunodeficient mice bearing patient-derived xenografts 
(PDX) (Fig. 4a). Two days after dosing with XPAT protein(DyL800), 
tumors and other organs were excised and prepared, with XPAT 
protein(AF680) added to monitor cleavage during sample process-
ing, followed by analysis.

A typical sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS–PAGE) analysis of fluorophore-labeled cleavage prod-
ucts from HER2-XPAT is shown in Fig. 4b. Four bands representing 
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Fig. 2 | Binding and in vitro activity of HER2-XPAT protein, its partially 
unmasked metabolites and unmasked HER2-TCE. a, Binding affinities to 
human HER2 and CD3 at 37 °C by surface plasmon resonance. Data are KD 
(n = 12 technical replicates of a single experiment for HER2-XPAT protein 
and HER2(1x-N); n = 8 for HER2(1x-C) and uTCE). Surface plasmon resonance 
sensorgrams for these data are provided in Supplementary Figs. 3–10. b–d, In 
vitro tumor cytotoxicity of HER2-XPAT protein and its metabolites following 
a 48-h incubation with co-cultures of huPBMCs and the high HER2-expressing 
human tumor cell lines (1:1 effector–target ratio) SKOV3 (b), BT-474 (c) or the 
medium-low HER2-expressing MCF7 cell line (d). e, In vitro cytotoxicity of HER2-
XPAT protein and its metabolites against BT-474 cells co-cultured with huPBMCs 

(1:1 effector–target ratio). f, Impact of the protease-cleavable linker on in vitro 
cytotoxicity versus BT-474 cells co-cultured with huPBMCs. g,h, CD69-positive  
T cells (g) and IL-2 secretion (h) following 72-h incubation of huPBMC/ 
SKOV3 co-cultures with HER2-XPAT protein or its unmasked form (uTCE).  
i, Target-dependent T-cell activation with HER2-XPAT protein and its metabolites. 
CD3-expressing Jurkat reporter T cells were incubated with BT-474 cells at a 
5:1 effector–target ratio for 6 h, followed by quantification of NFAT-induced 
luciferase activity and measured in relative luminescence units (RLUs). Mean data 
for n = 2 technical replicates within one single experiment (b–i). Extended Data 
Table 1 provides a summary of EC50 values for the different forms of the HER2-
XPAT proteins in the cytotoxicity and reporter T-cell activation assays.
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Fig. 3 | Effects of HER2-XPAT protein and unmasked HER2-TCE in HER2-
high BT-474 human breast cancer and HER2-low HT-55 colorectal cancer 
xenografts, engrafted with huPBMCs. a, TGI ± s.e.m. (n = 8 mice for each 
concentration tested within one single experiment) promoted by the i.v. 
administration of equimolar doses (every week (QW) for 3 weeks) of HER2-XPAT 
protein (2.1 mg kg−1) or uTCE to NOG mice bearing established (maximum 
tolerated volume (MTV) ~185 mm3) BT-474 human tumors. The dependence of 
tumor-resident proteases for activity was demonstrated by the lack of significant 
TGI in mice treated with HER2-XPAT-NoClvSite. The average body weight of the 
mice bearing tumor xenografts remained generally stable for the duration of 
the experiment following dosing with the HER2-XPAT proteins or the vehicle 
control. b,TGI ± s.e.m. (n = 8 mice for each concentration tested within one single 
experiment) in established human HT-55 xenografts (MTV ∼150 mm3) following 

i.v. administration of HER2-XPAT protein (QW for 4 weeks) and HER2-uTCE 
(0.9 mg kg−1 three times a week (TIW) for 4 weeks). HER2-XPAT-NoClvSite (QW for 
4 weeks) had no impact on tumor growth. The average body weight ± s.e.m. of the 
mice bearing tumor xenografts remained generally stable for the duration of the 
experiment following dosing with the HER2-XPAT proteins or the vehicle control. 
c, T-cell activation in BT-474 human tumor xenografts and peripheral blood 
evaluated by flow cytometry on day 18 following equimolar TIW i.v. dosing with 
HER2-XPAT protein and HER2-uTCE (day 40 following tumor inoculation). HER2-
XPAT and HER2-uTCE induced robust and comparable activation of intratumoral 
CD4+ and CD8+ T cells, whereas no trends for T-cell activation were apparent in 
blood samples in which HER2 was not present. Statistical differences in TGI and 
T-cell activation for test compounds versus vehicle were assessed using mixed-
effects multiple comparison analyses followed by Tukey’s post hoc test.
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HER2-XPAT protein and three unmasked forms are clearly visible in 
the tumor sample (XPAT protein(DyL800) green channel) while the 
other (XPAT protein(AF680) red channel) showed minimal unmasking, 
suggesting limited cleavage ex vivo during sample processing. Lim-
ited unmasking was detected in healthy organs, with fully unmasked 
HER2-TCE undetectable in healthy tissues.

In vivo XPAT protein unmasking was assessed in five PDX tumor 
models with HER2-XPAT protein and an additional five PDX models with 
an XPAT prototype targeting human EpCAM (EpCAM-XPAT) (Supple-
mentary Table 3). Unmasked TCE in tumors averaged 23.8% (s.d. 20.6%; 
s.e.m. 4.6%; range 2.4–61.7%) of all XPAT protein forms; while in healthy 
tissues, uTCE was below the limit of detection (Fig. 4c). Tumor tissues 

had substantial levels of partially unmasked XPAT protein, (1x-C) and 
(1x-N), with lower or undetectable levels in healthy organs.

Toxicity of HER2-XPAT protein and unmasked HER2-TCE in NHPs
HER2-XPAT protein binds to human and NHP HER2 and CD3 with com-
parable affinities. An NHP dose-escalation study assessed the pharma-
cokinetics (PK), tolerability and maximum tolerated dose (MTD) of 
HER2-XPAT protein and its unmasked counterpart. HER2-XPAT protein 
showed minimal toxicity at a dose ≤42 mg kg−1 (defined as the MTD, sin-
gle dose), with severe toxicity (unrelated to cytokine release syndrome 
(CRS)) evident at 50 mg kg−1 (Fig. 5a). A second dose of HER2-XPAT 
protein 50 mg kg−1 led to toxicity in one of two NHPs dosed, manifesting 

c

a

Pe
rc

en
ta

ge
 o

f a
ll 

fo
ur

 m
et

ab
ol

ite
s

100

60

80

90

70

50

40

30

20

10

0

BL
Q

4.
84

 *

BL
Q1.1
4 

*

1.6
4 

*

BL
Q

BL
Q

BL
Q

BL
Q

BL
Q

BL
Q

BL
Q

BL
Q

BL
Q1.8

2 
*

1.5
8 

*

8.
20

23
.8

1

uTCE(1x–N)(1x–C)XPAT protein

Collect organs

Visualize metabolites
(LI-COR)

Homogenize +
protease inhibitors

Tu
m

or

M
ar

ke
r

Br
ai

n

H
ea

rt

Li
ve

r

Lu
ng

Sp
le

en

b

2 days after
injection

XPAT protein(DyL800)

XPAT protein(AF680)

Mouse bearing PDX tumor

Tu
m

or

Br
ai

n

H
ea

rt

Lu
ng

Li
ve

r

Sp
le

en

Tu
m

or

Br
ai

n

H
ea

rt

Lu
ng

Li
ve

r

Sp
le

en

Tu
m

or

Br
ai

n

H
ea

rt

Lu
ng

Li
ve

r

Sp
le

en

Tu
m

or

Br
ai

n

H
ea

rt

Lu
ng

Li
ve

r

Sp
le

en

260
160
125
90

70

50

38

260
160
125
90

70

50

38

kDa

Control HER2-XPAT protein(AF680)

HER2-XPAT protein(DyL800)

HER2-XPAT
protein
(1x–C)

(1x–N)

HER2-uTCE

HER2-XPAT
protein
(1x–C)

(1x–N)

HER2-uTCE

Fig. 4 | Preferential XPAT protein unmasking in tumor tissue. a, Fluorescent 
dye-labeled HER2-XPAT or EpCAM-XPAT protein was used to track proteolytic 
cleavage in PDX tumor-bearing mice. b, A representative SDS–PAGE gel showing 
XPAT protein cleavage forms arising in a single PDX-bearing mouse, after imaging 
by LI-COR Biosciences. Four bands representing HER2-XPAT protein and its three 
unmasked forms are visible in the tumor sample (green channel) while the other 
(red channel) predominantly shows the XPAT protein form. c, Concentration of 

XPAT protein forms in tumors and healthy tissues. Results are the mean ± s.d. 
from 20 mice within one single experiment, with tumors consisting of ten 
different PDX (Supplementary Table 3); mice were injected with fluorescent 
dye-labeled HER2-XPAT or EpCAM-XPAT protein. Note that tissues for which ≥14 
samples were below the limit of quantification (BLQ) were reported as ‘BLQ.’ 
Tissues with averages calculated using some samples with BLQ readings are 
marked with an asterisk.
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as multiple findings, including evidence of decreased cellularity in 
lymphoid tissues, moderate-to-severe colonic inflammation associated 
with infection with intralesional protozoa and bacterial pneumonia. 
Lymphoid depletion, resulting in the severe infections, was considered 
related to HER2-XPAT protein.

No major CRS-associated clinical symptoms or toxicity were 
seen at any HER2-XPAT protein dose administered (including MTD 
42 mg kg−1). Low-dose unmasked HER2-TCE (0.3 mg kg−1 d−1) induced 
CRS-associated death (Fig. 5b), consistent with literature showing that 
most TCEs induce significant toxicity in NHPs at doses <1 mg kg−1 (ref. 9). 

With HER2-XPAT protein, we observed transient and dose-dependent 
evidence of decreased lymphocytes, increased neutrophils and small 
increases in C-reactive protein (CRP) and CD4+ T-cell activation in 
plasma. With HER2-XPAT protein doses ≤42 mg kg−1, the only adverse 
histopathological finding was thymic atrophy. No gross or microscopic 
findings were found in HER2-expressing tissues, including the heart, 
where other HER2-targeted agents demonstrated toxicity15.

Plasma concentrations over time of HER2-XPAT protein (sin-
gle intravenous (i.v.) infusion) and unmasked HER2-TCE (48-h i.v. 
infusion) are shown in Fig. 5c. HER2-XPAT protein demonstrated a 
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d,e, Activation of circulating CD4+ T cells (d) and CD8+ T cells (e) 24 h after drug 
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represent a single sample from each NHP receiving the test material within each 
single experiment. TNF, tumor necrosis factor; IFN, interferon.
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biphasic pharmacokinetic (PK) profile, with dose-proportional expo-
sure increases observed across all evaluated dose levels. The estimated 
half-life of HER2-XPAT protein in a 3-kg NHP was ~3 d, similar to that of 
other proteins fused to XTEN polypeptides in NHPs16. The estimated 
half-life of unmasked HER2-TCE was ~2 h in a 3-kg NHP. At their MTDs, 
peak concentrations of HER2-XPAT protein (42 mg kg−1) were >400-fold 
higher than unmasked HER2-TCE (0.2 mg kg−1 d−1).

HER2-XPAT protein and unmasked HER2-TCE induce different 
pharmacodynamic (PD) responses in NHPs (Fig. 5d–h). NHPs receiving 
unmasked HER2-TCE beyond the MTD indicated overt CRS described 
with other TCEs17,18, including elevated inflammatory cytokines, CRP 
and blood markers of liver and kidney damage (aspartate transaminase, 
alanine transaminase, bilirubin and blood urea nitrogen). HER2-XPAT 
protein, even at the highest doses tested, induced limited systemic 
T-cell activation (Fig. 5d,e) and cytokine responses (Fig. 5f–h). At its 
toxic dose (50 mg kg−1), HER2-XPAT protein exerted local toxicity and 
systemic release of cytokines remained low.

Stability of HER2-XPAT protease-cleavable linker in plasma
In vivo proteolytic stability was evaluated by comparing the PK 
profiles of HER2-XPAT protein and HER2-XPAT-NoClvSite in NHPs 
(Fig. 6a). Concentration–time profiles of HER2-XPAT protein and 
HER2-XPAT-NoClvSite were similar: dose-normalized area under the 
curve from day 0 to day 7 (AUC0–7) was 757 ± 158 day•nΜ/(mg kg−1 
dose) for HER2-XPAT protein and 804 ± 79 day•nM/(mg kg−1 dose) 
for HER2-XPAT-NoClvSite. Considerable cleavage of HER2-XPAT 
protein would accelerate elimination versus its non-cleavable coun-
terpart. The comparable PK curves indicate that HER2-XPAT protein 
is predominately stable in vivo, with very low cleavage levels at its 
protease-cleavable linkers in systemic circulation.

After high doses of HER2-XPAT protein (25 mg kg−1 and 42 mg kg−1), 
concentrations of partially unmasked metabolites increased over time 
(Fig. 6b). Molar concentrations of (1x-N) and (1x-C) reached only ≤3.3% 
and ≤2.5%, respectively, of total material fused to XTEN polypeptides. 
Fully unmasked HER2-TCE was below the limit of detection (3 nM).

HER2-XPAT protein stability was evaluated in spiked plasma 
samples from humans (healthy volunteers; patients with cancer or 
inflammatory disease) and NHPs (healthy monkeys and monkeys 
with drug-induced systemic inflammation). After 1-week incubation 
in human plasma (37 °C), fluorophore-labeled HER2-XPAT protein 
remained predominantly intact. Reduced-length metabolites suggest 
cleavage occurs at the protease-cleavable linkers and throughout the 
XTEN mask. Metabolites with molecular weight similar to unmasked 
HER2-TCE were evident (Fig. 6c). Cleavage products represented only 
~2–4% of the spiked fluorophore-labeled HER2-XPAT protein in samples 
from healthy subjects, cancer patients and patients with inflammatory 
diseases, respectively. Notably, the metabolite profile was similar fol-
lowing incubation in plasma from humans and NHPs, supporting NHPs 
as a relevant species for assessing peripheral cleavage and toxicology 
of HER2-XPAT protein.

PD and PK evaluation of an EGFR-XPAT prototype
An EGFR-XPAT prototype was generated based on the variable 
sequences of panitumumab and humanized SP34 (CD3-binding 
domain). EGFR-XPAT protein binding affinities suggest cross-reactivity 
between EGFR and CD3 from humans and cynomolgus monkeys 
(Extended Data Fig. 3). Strong masking of in vitro T-cell killing by >4 
logs was observed with EGFR-XPAT protein versus unmasked EGFR-TCE 
(Fig. 7a), with XTEN polypeptide masking showing similar protection as 
with HER2-XPAT. EGFR-XPAT protein showed potent in vivo antitumor 
activity in huPBMC-engrafted mice bearing HT-29 (BRAFmut) human 
colorectal tumors (Fig. 7b).

In NHPs, EGFR-XPAT protein 0.46 mg kg−1 (single i.v. dose) trig-
gered minor toxicity and cytokine release; 1 mg kg−1 (MTD) induced 
a much stronger response (Fig. 7c). The MTD of unmasked EGFR-TCE 

(48-h continuous i.v. infusion) was 33 μg kg−1 d−1; a 1-h i.v. infusion of 
8 μg kg−1 followed by continuous infusion of 66 μg kg−1 d−1 (terminated 
after 25 h) resulted in severe CRS-associated toxicities. At their MTDs, 
EGFR-XPAT protein (1 mg kg−1) had a ≥ 200-fold higher Cmax versus 
unmasked EGFR-TCE (0.033 mg kg−1), demonstrating that XTEN masks 
can improve the safety margin (and potentially widen the therapeutic 
window) for TCEs targeting broadly expressed targets.

Discussion
We developed bispecific TCEs with protease-releasable mask-
ing technology (XTEN polypeptides) to create XPAT proteins, 
precision-activated TCEs designed for preferential activation in 
solid tumors versus healthy tissues. XTEN masks reduce binding of 
unmasked TCE to the CD3 and TAA targets via steric hindrance and 
prolong the masked TCE half-life. Proteolytic unmasking restores 
potency and the short half-life in vivo of the unmasked TCE, minimiz-
ing systemic exposure risk should cleavage occur outside the tumor 
or if the unmasked TCE diffuses away from the TME. Fully masked 
XPAT proteins provided ≤4-log protection against TCE cytotoxicity 
in vitro versus their unmasked TCE counterparts. Mouse xenograft 
studies confirmed that XPAT proteins penetrate tumors, where they 
are preferentially unmasked. Exposure to fully cleaved, active uTCE 
was limited in the healthy tissues of mice injected with XPAT proteins. 
The anti-TAA and anti-CD3 scFvs in the XPAT protein do not cross-react 
with the mouse analogs. In mouse models, human TAAs were only pre-
sent in the transplanted tumor tissue, not in healthy mouse tissue. The 
in vivo localization of XPAT proteins could differ in human patients. 
The XPAT protein anti-TAA and anti-CD3 scFvs cross-react with their 
targets in NHPs, so the toxicology of XPAT proteins was evaluated in 
NHPs. In NHPs, the presence of the masks on TCEs provided a strong 
safety margin, showing 200- and 400-fold increases in the tolerated 
Cmax at the MTDs of HER2-XPAT and EGFR-XPAT proteins relative to 
their unmasked TCE forms, respectively. These are impressively wide 
predicted safety margins in a relevant toxicology species, with HER2 
having more potential given a more limited expression profile in nor-
mal tissues versus EGFR. Clinical studies are needed to understand 
whether these safety margins are adequate for HER2 and EGFR. XPAT 
proteins demonstrated high proteolytic stability, with minimal cleav-
age in plasma in vitro and in vivo in humans and NHPs. XPAT proteins 
show potential to substantially widen therapeutic index by retaining 
antitumor efficacy with marked reduction of toxicity, a major barrier 
for unmasked TCEs in clinical development.

Progress applying bispecific TCEs as treatments for solid tumors 
was hampered by on-target, off-tumor toxicity in healthy tissues 
expressing even low levels of TAA1. Ertumaxomab (non-humanized 
HER2-TCE) demonstrated two partial responses and one complete 
response, with an MTD of 100 μg QW for three doses19. CRS symptoms 
were dose-limiting and formation of anti-drug antibodies hampered 
further development19. Another HER2-TCE in clinical development,  
GBR 1302, was also associated with dose-limiting CRS at doses 
≥100 ng kg−1 (ref. 20).

Application of XTEN polypeptide masks to improve the half-life 
and therapeutic index of a TCE is based on a clinically validated 
approach. XTEN masks were initially engineered as an alternative 
to PEGylation for extending the half-life of biologics11,16,21,22. The util-
ity of XTEN polypeptides (without a protease-cleavable linker) for 
prolonging plasma half-life and pharmacologic effects was demon-
strated with growth hormone-XTEN and exendin-4-XTEN in preclinical 
and clinical studies23–25. The utility of XTEN polypeptide masks with 
protease-cleavable linkers was demonstrated for FVIII and factor IX26,27. 
Both XTEN polypeptide fusion products contain sequences cleaved 
by a protease during coagulation activation. A phase 3 clinical trial 
(XTEND-1; ClinicalTrials.org identifier NCT04161495) suggests that 
efanesoctocog alfa (recombinant FVIII Fc-von Willebrand factor-XTEN) 
has a class-leading plasma half-life in patients with hemophilia A13.  
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The low immunogenicity potential of XTEN masks was confirmed after 
≤3 years of treatment with growth hormone-XTEN in children with 
growth hormone deficiency14,28.

With TCEs, the cross-linking of TCR-drug complexes by anti-drug 
antibodies (ADAs) can stimulate receptor activation and cytokine 
release29. TCEs designed with affinity-based masks contain blocking 
peptides that mask the antibody-binding sites30,31. These affinity-based 

masks utilize blocking domains uniquely developed for each binding 
domain and each has a unique risk for eliciting an immune response. 
The low immunogenicity of the XTEN polypeptide-masked XPAT pro-
tein may reduce the risk of ADA formation. The hydrophilic, unstruc-
tured nature of the XTEN polymer minimizes interactions with other 
proteins, including the peptide-binding pockets of MHC class II mol-
ecules32,33, supporting reduced immunogenicity risk.
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There was an apparent discordance in the degree of protection 
provided by XPAT proteins in reducing target-directed cytotoxicity 
versus the lesser impact of XTEN polypeptide masking on XPAT protein 
binding to each target. In vitro HER2-XPAT protein studies show that 
XTEN polypeptide masks reduced cytotoxic activity (>4-logs reduction 
in BT-474 tumor cells) by a much larger magnitude than their effect 

on target binding (tenfold and sixfold reduction in affinity for human 
HER2 and CD3, respectively). In the absence of proteolytic cleavage, 
the functional masking is associated with even greater (>4 logs) attenu-
ation of cytotoxic activity versus uTCE, as seen when protease cleavage 
sites are removed from HER2-XPAT protein. This discordance may 
be explained by the multivalent nature of the immune synapse that 

Li
ve

 ta
rg

et
 c

el
ls

 (%
)

a HT-29 EGFR-XPAT protein

Concentration (pM)

150

100

50

0

10–2 106100 102 104

Tu
m

or
 v

ol
um

e 
(m

m
3 ) 

± 
s.

e.
m

.

b HT-29 EGFR-XPAT protein

Day after tumor
implantation

1,000

600

400

800

200

0

17 47322722 37 42

EGFR-uTCE EGFR-XPAT protein

>10,000

Vehicle

Pl
as

m
a 

co
nc

en
tr

at
io

n 
(n

M
)

Time after infusion (days)

1,000

100

10

1

0.1

0.01

–1 76543210

c

EGFR-XPAT protein
EGFR-uTCE

1 mg kg−1 (MTD; n = 1)

0.46 mg kg−1 (n = 2)
0.23 mg kg−1 (n = 2)
0.0255 mg kg−1 (n = 2)

0.0085 mg kg−1 (n = 2)

0.033 mg kg−1 d−1

(MTD; n = 1)

>2
00

 fo
ld

EGFR-XPAT protein (2.5 mg kg−1)
P < 0.0001

EGFR-XPAT protein (1 mg kg−1)
P < 0.0001

EGFR-uTCE (0.35 mg kg−1)
P < 0.0001

Anti-tumor activity in vitro

Tumor growth inhibition in vivo Body weight

M
ea

n 
bo

dy
 w

ei
gh

t (
g)

 ±
 s

.e
.m

.

Day after tumor
implantation

24

22

20

18

16

14

17 37 42 47322722

Vehicle

EGFR-XPAT protein
(2.5 mg kg−1)

EGFR-XPAT protein
(1 mg kg−1)

EGFR-uTCE
(0.35 mg kg−1)

Fig. 7 | Evaluation of the antitumor activity and in vivo PK of EGFR-XPAT 
prototype. a, In vitro activity of the EGFR-XPAT protein and its corresponding 
unmasked EGFR-TCE (EGFR−uTCE) against HT-29 (BRAFmut) cells (effector–target 
ratio, 5:1; n = 2 technical replicates at each concentration tested within one 
single experiment). Extended Data Table 1 provides a summary of EC50 values for 
unmasked EGFR-TCE and EGFR-XPAT protein in the cytotoxicity assays. b, TGI 
in the HT-29 huPBMC-engrafted xenograft model following i.v. administration 
of EGFR-XPAT protein (TIW dosing starting on day 14 post-tumor implantation; 
n = 6 mice for each concentration tested within one single experiment) and 
EGFR-uTCE (TIW dosing starting on day 14 post-tumor implantation; n = 6 
mice for each concentration tested within one single experiment); P < 0.0001 
for both versus vehicle at day 26 (mixed-effects multiple comparison analyses 

followed by Tukey’s post hoc test). The average body weight of the mice 
bearing tumor xenografts remained generally stable for the duration of the 
experiment following dosing with the EGFR-XPAT proteins or the vehicle 
control. c, PK following a single dose of EGFR-XPAT protein and EGFR-uTCE in 
NHPs. Sparse data were available for the unmasked EGFR-TCE due to PK assay 
sensitivity (lower limit of quantification ∼540 pM). Data represent mean plasma 
concentration based on a single plasma sample collected per time point from 
each NHP following administration of EGFR-XPAT protein (1 mg kg−1, n = 1 NHP; 
0.46 mg kg−1, n = 2 NHPs; 0.23 mg kg−1, n = 2 NHPs; 0.0255 mg kg−1, n = 2 NHPs; 
0.0085 mg kg−1, n = 2 NHPs) or EGFR-uTCE (0.033 mg kg−1 d−1, n = 1 NHP) within 
one single experiment.

http://www.nature.com/natcancer


Nature Cancer | Volume 4 | April 2023 | 485–501 495

Article https://doi.org/10.1038/s43018-023-00536-9

triggers T-cell activation and cytotoxicity (Fig. 8a). In binding experi-
ments, the equilibrium between bound and unbound forms should be 
directly proportional to the association/dissociation rate constants 
(Fig. 8a). Mediation of cytotoxicity requires ligand-driven coalescence 
of ≥3–10 TCRs to form a competent immune synapse between a T cell 
and target cell34,35. Formation of each bridge is likely hindered by the 
XTEN polypeptide mask and compounded by each TCR-bound XPAT 
protein on the T-cell membrane. The minimal number of engaged TCRs 
required for activation also explains why unmasked TCEs with modest 
affinities in the nanomolar range can have EC50 values in the single-digit 

picomolar range, as confirmed by the binding and cytotoxicity data 
with unmasked HER2-TCE and unmasked EGFR-TCE.

XPAT proteins were designed as ‘AND’ gates that require two 
orthogonal triggers for activity (Fig. 8b). If a TAA is expressed in healthy 
tissue, T-cell activation should be minimal as protease activity is likely 
to be low. In inflamed non-cancerous tissue with elevated extracellular 
protease activity, XPAT protein activity is also expected to be low due 
to low TAA expression. In principle, tumor tissue should uniquely meet 
both conditions for XPAT protein activity: high TAA expression and 
high extracellular protease activity.
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Fig. 8 | Regulation of XPAT protein activity. a, Mechanism for XPAT protein 
binding to cells (left) and promoting T-cell engagement. Binding of XPAT 
protein to cells is a bimolecular event in which equilibrium should be directly 
proportional to the binding affinities of the component molecules. In contrast, 
synapse formation (right) is a high-order molecular process that involves many 
individual binding events. b, Proposed mechanisms for differential regulation 

of XPAT protein activity in different tissue compartments are depicted. By 
harnessing the potency of bispecific TCEs with an enhanced therapeutic window, 
XPAT proteins may provide an opportunity to improve clinical outcomes beyond 
those achieved with TAA-targeted monoclonal antibodies or antibody–drug 
conjugates, enabling patients to safely mobilize T cells independent of their 
antigen specificity.
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Our results support that XPAT proteins function as ‘AND’ gates. 
HER2-XPAT protein efficacy depended on cleavage at its protease 
release site and was associated with intratumoral T-cell activation. Cir-
culating HER2-XPAT protein remained proteolytically stable and T cells 
remained quiescent. Preferential unmasking of fluorophore-labeled 
HER2-XPAT and EpCAM-XPAT proteins was evident in tumors 48 h after 
administration to BT-474 and PDX tumor-bearing mice versus heart, 
brain, liver and spleen tissues. This supports the key tenets of local-
ized protease dysregulation in tumors and the dominance of protease 
inhibition in normal tissues.

HER2-XPAT protein and EGFR-XPAT prototype showed robust 
safety margins versus their unmasked TCE counterparts in NHPs. XPAT 
protein unmasking in circulation and normal tissues resulted in lim-
ited quantities of the (1x-C) and (1x-N) intermediates in plasma, with 
fully unmasked TCE below the level of detection. Overt CRS was not 
seen with HER2-XPAT protein, even at (or above) the 42 mg kg−1 MTD. 
Unmasked HER2-TCE at its MTD (0.2 mg kg−1) resulted in high plasma 
cytokine levels, with CRS-associated death occurring with a low dose 
(0.3 mg kg−1). Plasma stability data for HER2-XPAT protein suggest that 
leakage of active proteases from tumors in patients is unlikely to result 
in systemic unmasking of HER2-XPAT protein.

In conclusion, XPAT proteins are TCEs preferentially activated in 
the TME to drive potent tumor cell killing while minimizing on-target, 
off-tumor toxicity damaging to healthy tissues or causing CRS. By har-
nessing the potency of bispecific TCEs with an enhanced therapeutic 
window, XPAT proteins may provide an opportunity to improve clinical 
outcomes beyond those achieved with TAA-targeted monoclonal anti-
bodies or antibody–drug conjugates, enabling patients to safely mobi-
lize T cells independent of their antigen specificity. The adaptability of 
the XPAT protein format for targeting different TAAs was demonstrated 
by the EGFR-XPAT prototype, which showed potent in vivo efficacy in 
the HT-29 xenograft model while using the same protease-cleavable 
linkers and XTEN masks as HER2-XPAT protein. A clinical study of 
HER2-XPAT protein (ClinicalTrials.org identifier NCT05356741) has 
been initiated to evaluate XPAT technology in humans. Additional XPAT 
proteins are being designed to address the unmet need for targeted 
immunotherapy across different solid tumors.

Methods
The studies reported here were conducted to characterize the specific-
ity and binding characteristics of HER2-XPAT protein and an EGFR-XPAT 
prototype (and their metabolites), as well as their PK, PD and toxicity 
profiles in vivo in mice and NHPs. Further information on research 
design is available in the Nature Portfolio Reporting Summary linked 
to this article. Informed consent was obtained from all human research 
participants.

Ethical regulations and animal studies
All studies involving animals were conducted at specialist research 
centers, which were accredited by the Association for Assessment 
and Accreditation of Laboratory Animal Care. The study protocols 
were approved by The Institutional Animal Care and Use Committees 
(IACUC) of BioDuro Sundia (IACUC protocol FFS-001), Crown Biosci-
ence (IACUC protocol AN-1903-05-1759) and Explora BioLabs (IACUC 
protocol EB17-010).

All mice used were female, aged 6–8 weeks and housed in microi-
solator cages with a maximum of five mice per cage. For tumor xeno-
graft experiments, the maximal tumor size/burden was prespecified 
as 2,000 mm3; if the tumor burden reached this maximal volume,  
the individual animal was humanely killed. The genetic strains and 
source of the mice used are specified below in the descriptions of 
experimental methods.

Single-dose toxicokinetic studies evaluating XPAT proteins and 
their equivalent unmasked TCEs were conducted in NHPs at special-
ist centers (Charles River Laboratories; WuXi AppTec (Suzhou)). 

Experimentally naive male and female cynomolgus monkeys of Cambo-
dian or Chinese origin were used in the studies. The age of the animals 
at the initiation of dosing was between 35 and 43 months. The animals 
were acclimated to laboratory housing for at least 7 d before the ini-
tiation of dosing. Housing setup was as specified in the USDA Animal 
Welfare Act (Code of Federal Regulations, Title 9) and as described in 
the Guide for the Care and Use of Laboratory36.

Design and production of XPAT proteins
A series of XPAT protein prototypes were evaluated in these studies, 
which targeted HER2, EGFR and EpCAM. HER2-XPAT protein includes a 
tumor-binding anti-HER2 domain that is based on the variable domains 
of pertuzumab, a domain that has been extensively studied in clinical 
trials37. The CD3-binding domain of HER2-XPAT protein is based on the 
sequence of SP34 (ref. 38), which is the parent domain for many TCEs 
that are currently undergoing clinical evaluation8. The CD3-binding 
domain in HER2-XPAT protein is a proprietary variant of SP34 that 
was engineered for increased stability and reduced affinity for CD3.

The clinical candidate HER2-XPAT protein contains XTEN mask 
lengths of 306 and 586 residues at its N and C termini, respectively. 
The XTEN mask lengths include an N-terminal polyhistidine tag, a 
C-terminal E-P-E-A tag (C-tag), as well as the portion of the release site 
undergoing protease cleavage. HER2-XPAT protein contains two identi-
cal protease-cleavable linkers that were optimized for cleavability by 
multiple proteases, including matrix metalloproteinases (MMPs), the 
serine proteases urokinase plasminogen activator and matriptase and 
the cysteine protease legumain. The length of the released XTEN mask 
varies slightly depending on which class of protease releases the mask.

An EGFR-XPAT prototype was designed to incorporate the vari-
able sequences of humanized SP34 and the anti-EGFR monoclonal 
antibody panitumumab. Some of the in vivo unmasking studies in PDX 
models utilized an EpCAM-XPAT prototype due to the high prevalence 
of EpCAM expression in human carcinomas. An EpCAM-XPAT proto-
type was engineered based on the EpCAM-binding scFv described 
previously39.

Production of XPAT products in Escherichia coli
XPAT proteins were expressed in E. coli, which was transformed with the 
expression vector and grown in fermentation. Fermentation cultures 
were grown with animal-free complex medium at 37 °C and temperature 
shifted to 26 °C before phosphate depletion, which triggered induc-
tion (PhoA). Target protein was partitioned into the periplasm via an 
N-terminal secretory leader sequence (MKKNIAFLLASMFVFSIATNAYA), 
which was cleaved during translocation. During collection, fermenta-
tion whole broth was centrifuged to pellet the product-containing cells, 
which were retained and frozen at ≤−70 °C. The frozen cell pellet was 
resuspended and, once homogenous, the resuspension was mechani-
cally lysed. The chilled flocculate was centrifuged (12,000 RCF, 10 °C, 
30 min) and the supernatant was decanted and retained, while the 
pellet was discarded. The following day, centrifugation was performed 
again (12,000 RCF, 10 °C, 30 min) and the supernatant was decanted, 
submicron filtered and purified via a chromatographic process com-
prising an Anion Exchange (AEX) chromatography step.

XPAT proteins and their derivatives were prepared as aqueous 
solutions and stored frozen at ≤−70 °C and, after thawing, at tempera-
tures between 2 °C and 8 °C.

Kinetic analysis using surface plasmon resonance
Kinetic studies were performed by surface plasmon resonance at 37 °C 
to determine binding KD of HER2-XPAT protein and its metabolites to 
human and cynomolgus monkey HER2 and CD3.

A Biacore 4000 SPR biosensor (Cytiva) was used to measure bind-
ing kinetics of HER2-XPAT protein and its metabolites to the Fc-tag of 
the target ligands, human and cynomolgus monkey HER2 and CD3. 
Data were collected by capturing each ligand at four surface densities 
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onto a Protein A sensor chip, prepared by coupling Protein A to ∼1,000 
response units onto a C1 (flat) sensor chip using standard activation 
with N-hydroxysuccinimide/(1-ethyl-3-(3-dimethylamino) propyl car-
bodiimide. Protein A was diluted to 50 μg ml−1 into 10 mM NaAc pH 4.5 
and injected for 300 s. Surfaces were blocked with a 300-s injection of 
1 M ethanolamine.

Ligands and test samples were diluted in running buffer (Dul-
becco’s PBS containing 1% bovine serum albumin and 0.05% surfactant 
p20, pH 7.4). Human and cynomolgus HER2-Fc and CD3ε-Fc samples 
were diluted to 100 nM as the highest concentration and captured in 
a threefold dilution series over four sensor spots, resulting in capture 
densities ranging from ∼100 to ∼800 resonance units. Test samples of 
HER2-XPAT protein and metabolites were diluted in a threefold titration 
series up to 1 μM. Response data for each sample were globally fitted 
to a 1:1 interaction model to determine binding kinetics.

Binding affinities of EGFR-XPAT protein were measured by using 
Biacore T200 (Cytiva). C1 chip (Cytiva) was immobilized with ProA 
(Thermo Fisher) with response ≤150 response units. EGFR-XPAT pro-
tein was titrated in threefold from 37 nM to 1.37 nM and 1,000 nM to 
1.37 nM against CD3ε and EGFR, respectively. The study was performed 
at 37 °C in a running buffer (PBS-P with 0.1% BSA) with association and 
disassociation times of 60 s and 360 s, respectively.

In vitro cytotoxicity assays
huPBMCs from healthy donors were used as effector cells to determine 
the in vitro cytotoxicity of XPAT protein and its metabolites. huPBMCs 
were isolated from either whole blood or lymphocyte-enriched buffy 
coat preparations (obtained from BioIVT).

Human tumor cell lines (American Type Culture Collection; ATCC) 
were cultured in recommended growth medium containing 10% fetal 
bovine serum (FBS) and l-glutamine at 37 °C in 5% CO2 in a humidified 
incubator.

For HER2-XPAT protein, target cells were the high HER2-expressing 
tumor cell lines, BT-474 (ATCC HTB-20) and SKOV3 (ATCC HTB-77) and 
the medium-low HER2-expressing cell line MCF7 (ATCC HTB-22). A 
total of 20,000 tumor cells were incubated overnight in 96-well, flat, 
clear-bottom plates. huPBMCs were thawed, rested overnight and 
then added to the assay plates at an effector–target ratio of 1:1 (except 
for assays with HER2-XPAT-NoClvSite, in which the effector−target 
ratio was 5:1), followed by serially diluted HER2-XPAT protein or its 
metabolites.

For in vitro cytotoxicity assays, huPBMCs and the HT-29 (BRAFmut; 
ATCC HTB-38), with an effector–target ratio of 5:1, were incubated for 
48 h. Co-cultures were treated with increasing concentrations of the 
EGFR-XPAT prototype or unmasked EGFR-TCE.

After a 48-h incubation with XPAT protein, cells were washed and 
CellTiter-Glo luminescent substrate solution was added to quantitate 
the number of viable cells present in the wells. The mean of the signal 
from all non-treatment wells was calculated and used to determine the 
percentage of live cells from treatment wells ((Treatment Signal/Mean 
of Non-Treatment Signal) × 100 = % live). The percentage of live target 
cells was plotted by concentration.

HER2 receptors on tumor cell lines: flow cytometry
A phycoerythrin (PE)-labeled detection antibody against HER2 (CD340 
(erbB2/HER2) antibody, BioLegend, 324406) was prepared at different 
dilutions in fluorescence-activated cell sorter (FACS) buffer. A diluted 
detection antibody of 100 μl was added to 1 × 106 tumor cells and incu-
bated on ice for 45 min at 4 °C, after which the cells were washed and 
centrifuged (1,200 r.p.m., 5 min). A tube of BD QuantiBRITE PE beads 
(PE Fluorescence Quantitation kit, 340495, BD Biosciences) was recon-
stituted in 0.5 ml FACS buffer and run on a Cytoflex flow cytometer 
(Beckman-Coulter) to determine setting thresholds for forward and 
side scatter. The stained tumor cells were acquired using the same set-
tings and 10,000 events were collected. Linear regression analysis was 

used to determine receptor density of the cell lines from the geometric 
mean fluorescence intensity of the bead populations.

In vitro activation of NFAT-luciferase Jurkat reporter cells
The activation of CD3+ Jurkat T cells (Promega, J1625, J1601) by 
HER2-XPAT protein and unmasked HER2-TCE was assessed. Jurkat 
T cells genetically engineered to express a luciferase reporter driven 
by an NFAT-response element were used to determine the level of T-cell 
activation via measurement of luciferase present in the wells after 
treatment. HER2-expressing BT-474 tumor target cells (20,000 cells per 
well) were incubated overnight at 37 °C, in 5% CO2. Control wells with 
only cell medium were included to assess activation of Jurkat cells in 
the absence of HER2-expressing cells. Before the end of the overnight 
incubation, serial dilutions of HER2-XPAT protein and its proteolytic 
metabolites were prepared, including a non-treatment control. Jurkat 
cells were seeded at an effector−target ratio of 5:1. After 6 h incubation, 
Bio-Glo Luciferase (Promega, G7940) substrate solution was added to 
quantify the number of viable Jurkat cells present.

Human tumor cell line xenograft models
Mice were maintained under a 12-h light/dark cycle and kept in indi-
vidual ventilation cages at a temperature of 24 ± 2 °C and humidity of 
55 ± 10% with a maximum of five animals per cage. Animal viability and 
behavior were observed daily. Body weights were measured twice a 
week. The length and width of the tumor were measured twice a week 
with calipers. Individual mice were terminated if the tumor size reached 
the 2,000 mm3 humane limit, or if a tumor was ulcerated, necrotic, 
bleeding or impaired the nutrition or health of the mice. Other clinical 
signs of animal stress, illness or impaired mobility were additional end 
points requiring euthanasia.

For the BT-74 model, non-obese diabetic (NOD)/Shiscid IL2rgam-
manull (NOG) mice (Taconic) were inoculated s.c. with 2 × 107 BT-474 
tumor cells in 200 μl RPMI 1640 culture medium with Matrigel (1:1) on 
day 0. On day 6, mice were engrafted i.v. with 1 × 107 huPBMCs. Treat-
ment with HER2-XPAT protein or one of its metabolites began when 
MTV reached 185 mm3. The test substances were injected via the tail 
vein at equimolar doses QW for 3 weeks.

For the HT-55 model, 7−8-week-old NOD-PrkdcscidIl2rgnull (NPSG; 
Phenotek Biotechnologies) mice were inoculated s.c. with 5 × 106 HT-55 
tumor cells (Cobioer, CBP60012) and engrafted with 1 × 107 huPBMCs 
on day 6. On day 10 (at MTV of ∼130 mm3), mice were injected via the 
tail vein with HER2-XPAT protein (QW), unmasked HER2-TCE (TIW; 
due to its shorter half-life) and HER2-XPAT-NonClv (QW), with dosing 
continued for 4 weeks.

For the HT-29 model, female 6–8-week-old NOG mice were inoc-
ulated s.c. with 1 × 107 HT-29 tumor cells and engrafted with 1 × 107 
huPBMCs i.v. on day 15. Once tumors reached ∼150 mm3, test articles 
were administered i.v. via the tail vein, either QW or TIW (as indicated 
in Results) for 3 weeks.

T-cell activation in HER2-high BT-474 human tumor xenografts
T-cell activation was assessed in NOG mice with HER2-high BT-474 
xenografts, which underwent similar procedures as described in the 
previous section and were treated with equimolar doses of HER2-XPAT 
protein (2.1 mg kg−1) QW and unmasked HER2-TCE (0.9 mg kg−1) TIW. 
Mice were killed on day 18 following dosing (day 40 following tumor 
inoculation) to measure T-cell activation in tumors and blood by flow 
cytometry. Tumors and blood were collected and processed to measure 
surface activation markers CD25 and CD69 on CD4+ and CD8+ T-cell 
subsets by flow cytometry.

Blood was collected from mice by intracardiac puncture, as a 
terminal procedure under deep isoflurane gas anesthesia, into col-
lection tubes with anticoagulant (K2-ethylenediaminetetraacetic acid 
(K2EDTA)) for flow cytometry analysis. Excised tumors were dissected 
into smaller fragments using scalpels, further dissociated into single 
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cell suspensions in a non-enzymatic cell dissociation buffer, incubated 
at 37 °C for 30 min and mechanically separated through a 70-μm cell 
strainer. Viable cells were then enriched using Ficoll-based gradient 
centrifugation.

Blood (50 μl if possible) was directly distributed per staining well 
per tube. Before staining, red blood cells were lysed with Versalyse 
lysing buffer. Before cell-surface staining, cell suspensions were enu-
merated and one million cells (when possible) were distributed per 
well per tube. Cells were stained in a final staining volume of 100 μl 
per well (unless specified).

The first step performed was staining with a viability dye to allow 
dead cell exclusion at the analysis. Nonspecific binding was minimized 
using the Fc receptor blocking reagent. Fluorescence-labeled surface 
target antibodies were added, according to the procedure described 
by the supplier for each antibody. The mixture was incubated for 20 min 
at room temperature protected from light, washed and then fixed with 
200 μl 1% formaldehyde in PBS containing PKH26 beads. All samples were 
stored at +4 °C and protected from light until acquisition on cytometer.

For identification of positive and negative populations, the fluo-
rescence minus one (FMO) principle was used to account for back-
ground antibody fluorescence. FMO controls were used for controls, 
for each organ, using mice from group 0 (residual mice). Compensation 
was performed using compensation beads and/or single stained cells.

Details about the antibodies used for flow cytometry are included 
in the Reporting Summary and Supplementary Fig. 1 shows the gating 
strategy applied to each panel in the flow cytometry immunopheno-
typing analyses in mice.

Evaluation of in vivo unmasking of XPAT proteins
Variants of the HER2-XPAT and EpCAM-XPAT proteins were constructed 
containing an additional unpaired cysteine between the TCE and the 
C-terminal protease release site. Maleimide derivatives of fluorescent 
dyes, either AF680 or DyL800, were conjugated to the XPAT protein 
variants with a stoichiometry of ∼1:1. Limited proteolysis of HER2-XPAT 
protein(DyL800) showed the expected metabolites on SDS–PAGE 
gel, with the same bands detected by Coomassie Blue staining and 
the LI-COR Odyssey CLx Imager (with Image Studio Lite v.2 software; 
data not shown). Dye-labeling had a negligible impact on the rate of 
HER2-XPAT protein cleavage by MMP-9 (data not shown).

XPAT protein(DyL800) was injected into mice bearing PDX via the 
tail vein (these animal studies were performed at Champions Oncol-
ogy). The details of the PDX models evaluated are provided in Supple-
mentary Table 3. After 2 d, mice were perfused with PBS via the heart. 
Tumors and organs (brain, heart, lung, liver and spleen) were then 
collected and homogenized in the presence of protease inhibitors and 
the XPAT protein(AF680)-labeled internal control (red).

Fluorophore-labeled XPAT metabolites in mice bearing PDX
Collected mouse organs and tumor tissue were weighed, thawed and 
homogenized using an approximate ratio of 1:5 tissue mass:volume 
homogenization buffer. Homogenization was performed in a Pre-
cellys Evolution with Cryolys, using CKMix lysing tubes (Bertin Corp) 
at 3 × 5,800 r.p.m. for 30 s with a 15-s pause. Insoluble material was 
cleared by centrifugation at 15,000g for 10 min and protein extracts 
were taken from the supernatant.

Clarified protein extracts were diluted 1:10 in radioimmunopre-
cipitation buffer (Thermo Fisher Scientific), mixed with 4× Protein 
Sample Loading Buffer (LI-COR) to a final concentration of 1× and run 
on NuPAGE 4‒12% Bis-Tris protein gels in NuPAGE MES running buffer 
(Thermo Fisher Scientific). A six-point standard curve was run on 
each gel containing XPAT protein(DyLight 800 (DyL800)) and XPAT 
protein(Alexa Fluor 680 (AF680)) using a fivefold dilution series from 
a concentration of 1,000 pM to 0.32 pM. Gels were directly scanned on 
a LI-COR Odyssey CLx Imager using automatic image intensity (Image 
Studio Lite v.2 software).

Bands corresponding to the XPAT protein and its metabolites, 
XPAT(1x-C), XPAT(1x-N) and uTCE were quantified using a weighted 
linear regression, which used a weighting formula of 1 / Y2 against 
the concentration of the known full-length standards. To account for 
unmasking during processing, the XPAT protein(AF680)-labeled inter-
nal control was used to calculate a correction factor for the full-length 
XPAT protein and for each metabolite. The calculated concentrations 
were multiplied by the respective correction factors and the lower 
limit of quantification was applied to the calculated concentrations 
after the correction factor. Relative percent unmasking was calculated 
using the concentrations of each metabolite as a percentage of total 
XPAT protein-derived material present in each organ. Averages for 
tissues with <14 samples BLQ were calculated by using the lower limit 
of quantification concentration for the BLQ samples. Thus, the actual 
average concentration may be even lower than shown in the graph. Tis-
sues with averages calculated using some samples with BLQ readings 
are marked with an asterisk.

Dose-escalation and toxicokinetic single-dose studies in NHPs
For a single-dose-escalation study in NHPs, HER2-XPAT protein was 
administered as a single 1-h i.v. infusion on study day 1 (PK day 0). 
Unmasked HER2-TCE was administered as a 48-h continuous i.v. infu-
sion through a surgically implanted catheter inserted into a femoral 
vein. For HER2-XPAT protein studies, an HER2-XPAT prototype was used 
for initial dose levels (≤15 mg kg−1); the clinical candidate HER2-XPAT 
protein was used for doses ≥21 mg kg−1.

Animals were observed during the 1-week period following dosing. 
Study end points were clinical signs, body weight, food consumption, 
body temperature, clinical pathology parameters (hematology and 
clinical chemistry), creatine kinase isoenzyme analysis, cytokines, 
immunophenotyping, gross necropsy findings and histopathological 
examination.

Blood for PK analysis was collected into tubes with anticoagulant 
sodium heparin or K2EDTA. Test article concentrations were measured 
in plasma using an electrochemiluminescence immunoassay. Raw 
data were analyzed using a weighted(1 / signal2) four-parameter logis-
tic non-linear regression curve fit on SoftMax Pro v.7.0 data analysis 
software.

Blood for cytokine analysis was collected into tubes with anti-
coagulant sodium heparin or K2EDTA. Concentrations of TNF-α, IL-6 
and IFN-γ were measured in plasma using a magnetic bead-based 
multiplex assay for the Luminex platform on the MAGPIX system. 
Raw data were analyzed using a weighted (1 / signal2) five-parameter 
logistic non-linear regression curve fit on xPONENT v.4.3.229.0 data  
analysis software.

Changes in immune profiles in peripheral blood were analyzed by 
flow cytometry in blood collected pre-dose and at 24 h and 48 h after 
infusion. Further details of the flow cytometry methods are below.

Quantitative western blots in NHP plasma
The concentration of the singly cleaved metabolites, HER2-XPAT(1x-C) 
and HER2-XPAT(1x-N), in the plasma of NHPs administered HER2-XPAT 
protein was measured using a quantitative western blot method.  
A sample of 10 μl, standard (known concentrations of HER2-XPAT(1x-C) 
and HER2-XPAT(1x-N) diluted in plasma) or quality control in plasma was 
combined on ice with 20.0 μl of PBS with 2× concentration of protease 
inhibitors (HALT Protease Inhibitors, Pierce 78438). Ten microliters of  
4× NuPAGE LDS (Invitrogen NP0007) with 50 mM dithiothreitol was 
added to each diluted sample on ice and thoroughly mixed. For SDS–
PAGE, 5 μl of the final mixture was loaded to each lane of a 26-well 
NuPAGE 4–12% Bis-Tris Midi protein gel (Invitrogen WG1403A). The gel 
was run at 200 V for 50 min. SDS–PAGE gels were incubated in NuPAGE 
Transfer Buffer (Invitrogen NP00061) before blotting onto nitrocel-
lulose membranes using the Invitrogen iBlot 2 system (Invitrogen 
IB23001). The nitrocellulose membranes were then dried, re-hydrated 
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with Tris-buffered saline (TBS) and blocked using LI-COR Protein-Free 
Blocking Buffer (LI-COR 927-80001). A monoclonal mouse antibody 
recognizing the anti-HER2 scFv (aaHER2-M7) was conjugated to XPAT 
protein(DyL800) (XPAT tagged with the fluorescent dye DyL800) for 
detection of HER2-XPAT protein metabolites. The detection antibody 
was prepared in LI-COR Intercept T20 (TBS) antibody diluent (LI-COR, 
927-650001) at 0.1 μg ml−1. The blocked blots were briefly rinsed with 
TBS before incubating with 35 ml detection antibody at room tempera-
ture, rocking and protected from light. Blots were thoroughly washed 
with TBS containing 0.1% polysorbate 20 and rinsed with TBS before 
scanning on the LI-COR Odyssey CLx. Image Studio Lite (with Image 
Studio Lite v.2 software) was used to quantitate relative fluorescence 
signal for the HER2-XPAT(1x-C) and HER2-XPAT(1x-N) bands. Relative 
fluorescence signal for standards were processed in SoftMax Pro using a 
four-parameter logistic standard curve regression with 1 / Y2 weighting to 
establish a dose–response curve. HER2-XPAT(1x-C) and HER2-XPAT(1x-N) 
concentrations for quality control and study samples were determined 
by interpolation to the dose–response curve. Samples with concentra-
tions below the lowest standard point of 7.81 nM were reported as BLQ.

Flow cytometry: immune profiles in NHPs
Changes in immune profiles in peripheral blood were analyzed by flow 
cytometry in the single-dose toxicokinetic studies evaluating XPAT 
proteins and their equivalent unmasked TCEs in NHPs. Blood was col-
lected pre-dose and at 24 h and 48 h after infusion. The cellular antigens 
and cell populations shown in Supplementary Table 4 were quantified, 
using specific antibodies against the marker antigens.

Blood samples were incubated with blocking buffer (CRL, Envol 
Biomedical), labeled with fluorochrome-labeled surface antibodies 
(Reporting Summary). Red blood cells were lysed and, after centrifu-
gation the cell pellet was resuspended in FBS-containing buffer. Cen-
trifugation and resuspension in FBS-containing buffer was repeated. 
The samples were mixed, the cell suspension was transferred to a 
96-well v-bottom plate and acquired utilizing the BD FACSCanto II flow 
cytometer and BD FACSDiva software v.9.0.

Absolute lymphocyte counts for each cell subset population were 
derived by applying the values derived from a hematology analyzer to 
the relative percentage output from the flow cytometer.

The gating strategy for the flow cytometry analyses is shown in 
Supplementary Fig. 2.

Stability of HER2-XPAT protease-cleavable linker in plasma
To evaluate the in vivo stability and proteolytic cleavage of HER2-XPAT 
protein, the PK profiles of fully masked HER2-XPAT protein and 
HER2-XPAT-NoClvSite (a version of HER2-XPAT protein without the 
proteolytic cleavage sites) were compared following administration 
of high doses (HER2-XPAT protein 25 mg kg−1 or 42 mg kg−1 (n = 6); 
HER2-XPAT-NoClvSite 25 mg kg−1 or 42 mg kg−1 (n = 4)) as single i.v. 
infusions. Heparin-treated or K2EDTA-treated plasma samples were 
collected at different time points after infusion. The concentration of 
HER2-XPAT protein singly cleaved metabolites, HER2-XPAT(1x-C) and 
HER2-XPAT(1x-N), in NHP plasma was measured using a quantitative 
western blot method (as described above).

The stability of HER2-XPAT protein was evaluated in plasma from 
humans (four healthy volunteers, seven patients with lung cancer, 
three patients with breast cancer, one patient with colon cancer, eight 
patients with rheumatoid arthritis, six patients with multiple sclerosis, 
eight patients with systemic lupus erythematosus and five patients 
with inflammatory bowel disease; Supplementary Table 5) and NHPs 
(healthy monkeys and monkeys with drug-induced systemic inflam-
mation). Fluorophore-labeled HER2-XPAT protein was spiked into 
plasma, incubated for 7 d at 37 °C and HER2-XPAT a protein and its 
cleavage products were quantified by SDS–PAGE using LI-COR tech-
nology. Products with a similar length to HER2-XPAT protein and each 
of its metabolites were quantified according to their size range on 

SDS–PAGE gels. The percentage of product is presented as relative to 
the total fluorescent signal of HER2-XPAT-derived species present in 
the plasma samples. Plasma samples from NHPs with systemic inflam-
mation were collected from NHPs with drug-induced CRS from high 
doses of unmasked EGFR-TCE or unmasked HER2-TCE.

Statistics and reproducibility
The number of replicates in each experiment are noted on the figures 
or in the figure legends. Sample sizes for animal experiments were 
selected based on the animal model used and the predicted variability 
of the parameters being evaluated. The method used for determining 
the sample size for the mouse tumor xenograft models was as described 
previously40.

For tumor xenograft studies, randomization was performed using 
a tumor volume-stratified randomization method. Each test within an 
in vitro experiment was conducted under identical test conditions and 
no randomization or blinding was applied. No animals or data points 
were excluded from data analyses for any of the experiments. Data 
distribution was assumed to be normal, but this was not formally tested.

Statistical analyses were performed using GraphPad Prism soft-
ware v.9.5.0. Results were determined to be significant at P < 0.05. EC50 
values were derived with a four-parameter logistic regression equation 
using GraphPad Prism software. Mixed-effects multiple comparison 
analyses followed by Tukey’s post hoc test were used to evaluate sta-
tistical differences between the treatment groups versus vehicle in the 
mouse in vivo studies. Unpaired t-tests were used to evaluate differ-
ences between XPAT protein cleavage products following incubation 
in healthy human and healthy cynomolgus plasma and plasma from 
humans and NHPs with inflammation.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Raw data for Figs. 2–7 and Extended Data Figs. 1–3 have been provided 
within the source data file. All other data supporting the findings of 
this study are available from the corresponding author on reasonable 
request. In response to reasonable requests, noncommercially avail-
able materials and experimental protocols that Amunix Pharmaceu-
ticals has the right to provide will be made available to not-for-profit 
or academic requesters upon completion of a material transfer agree-
ment. Requests can be made at bd@amunix.com. Source data are 
provided with this paper.
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Extended Data Fig. 1 | Binding affinity of HER2-XPAT protein and its partially 
and fully unmasked metabolites to cynomolgus monkey HER2 and CD3. 
Binding was assessed in vitro at 37°C by surface plasmon resonance. Data are 
KD (n=8 to 12 technical replicates of a single experiment; individual data points 

are displayed on the graph). Surface plasmon resonance sensorgrams for these 
data are provided in Supplementary Figs. 11–18. HER2, human epidermal growth 
factor receptor 2; uTCE, unmasked HER2 T-cell engager; XPAT proteins, TCEs 
fused to XTEN polypeptides.
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Extended Data Fig. 2 | Target-dependent T-cell activation with HER2-XPAT 
protein and unmasked HER2-TCE. CD3+ Jurkat reporter T cells were incubated 
with or without BT-474 cells at a 5ː1 effector-target ratio for 6 hours, followed by 
quantification of NFAT-induced luciferase activity. The graph shows individual 
data points from a single representative experiment. There were n = 2 biological 

repeats at each concentration tested within the same experiment for each 
cell line. HER2, human epidermal growth factor receptor 2; RLU, relative 
luminescence unit; uTCE, unmasked T-cell engager; XPAT proteins, TCE fused to 
XTEN polypeptides.
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Extended Data Fig. 3 | Binding affinity of EGFR-XPAT protein to human 
and cynomolgus monkey EGFR and CD3. Binding was assessed in vitro at 
37°C by surface plasmon resonance. Data are KD (n=12 technical replicates 
of a single experiment). Surface plasmon resonance sensorgrams for these 

data are provided in Supplementary Figs. 19–22. cy, cynomolgus; hu, human; 
EGFR, epidermal growth factor receptor; XPAT proteins, TCEs fused to XTEN 
polypeptides.
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Extended Data Table. 1 | EC50 values from cell culture experiments with HER2-XPAT and EGFR-XPAT proteins

 In vitro tumor cytotoxicity of HER2-XPAT protein and its metabolites was investigated using co-cultures of huPBMCs with HER2-expressing human tumor cell lines. The impact of the 
protease-cleavable linker on in vitro cytotoxicity was investigated in BT-474 cells co-cultured with huPBMCs. T-cell activation by HER2-XPAT protein and its proteolytically activated 
metabolites was characterized using Jurkat NFAT-luciferase reporter T cells co-cultured with BT-474 tumor cells. In vitro cytotoxicity of the EGFR-XPAT protein and EGFR-uTCE was evaluated 
using HT-29 (BRAFmut) cells. This table presents the EC50 values for these cytotoxicity and reporter T-cell activation assays. (1x–C), singly masked XPAT protein with C-terminal XTEN mask 
intact; (1x–N), singly masked XPAT protein with N-terminal XTEN mask intact; CI, confidence interval; EC50, 50% effective concentration; EGFR, endothelial growth factor receptor; HER2, 
human epidermal growth factor receptor 2; NoClvSite, XPAT protein lacking the protease cleavage linker; uTCE, unmasked T-cell engager; XPAT, TCE fused to XTEN polypeptides.
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Data collection SoftMax Pro v7.1, MSD DISCOVERY WORKBENCH (Mesoscale Discovery) - Model 1300, Luminex xPONENT v4.3.229.0 on MAGPIX System, LI-
COR Odyssey CLx, LI-COR Image Studio Lite v.2, Biacore 4000, BD FACSCanto™ II flow cytometer, BD FACSDiva® software v9.0; AlphaFold v2.0; 
GraphPad Prism V 9.5.0 (730; San Diego, CA)

Data analysis Statistical analyses were performed using GraphPad Prism software V 9.5.0 (730; San Diego, CA); flow cytometry, binding kinetics and imaging 
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Source data for Fig. 2–7 and Extended Data Fig. 1–3 have been provided in the Source Data file. All other data supporting the findings of this study are available 
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Population characteristics Please refer to BioIVT, Champions Oncology, Oncodesign Precision Medicine, Crown Bioscience, and Etablissement Francais 
du Sang. Clinical information about the healthy volunteers and patients with cancer and inflammatory disease (whose plasma 
samples were used to assess plasma stability of HER2-XPAT protein) is summarized in Supplementary Table 5.

Recruitment Please refer to BioIVT, Champions Oncology, Oncodesign Precision Medicine, Crown Bioscience, and Etablissement Francais 
du Sang.

Ethics oversight Human PBMCs and healthy volunteer/patient serum were purchased by BioIVT, Champions Oncology, Oncodesign Precision 
Medicine, Crown Bioscience, and Etablissement Francais du Sang, who collected informed consent from the patients.
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Sample size Minimum numbers were determined based on pertinent literature for comparable studies in these models in which desired effect sizes were 
shown to be statistically significant.  
The following information was used to determine the sample size for the mouse tumor xenograft models. Maximum human donor PBMC 
availability needed for the study plus the anticipated variability in response and heterogeneity of tumor growth for the particular tumor model 
were key determining factors in choosing the amount of animals per group. The following publication gave some insight into proper statistical 
powering: 
How to calculate sample size in animal studies? J Pharmacol Pharmacotherapeutics. 2013 Oct-Dec; 4(4): 303–306. 
Their proposed formula of E = (Total number of animals) – (Total number of groups) stipulates that an E>10 is adequately powered. In the 
case of the three in-vivo studies performed in this manuscript, the E is calculated as between 25-28, signifying that the studies were 
adequately powered. The highly significant p-values for the tumor growth inhibition also signify that the group sizes were adequately 
powered.  

Data exclusions No animals or data points were excluded from data analyses for any of the experiments

Replication The number of replicates per experiment were sufficient to establish the treatment effects (and statistical significance, where appropriate). 
Experiments were not further replicated.

Randomization For tumor xenograft studies, randomization was performed using a tumor volume-stratified randomization method. Each test within an in-
vitro experiment was conducted under identical test conditions, with the only variable being the test material. Therefore, randomization was 
not implemented and there was no need to adjust for any covariates in the data analysis.

Blinding Blinding was not possible due to the Contract Research Organization needing to identify test articles for reconstitution with the vehicle diluent 
control, with the same party responsible for treatment allocation and data collection/analysis.



3

nature portfolio  |  reporting sum
m

ary
M

arch 2021

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Viobility 405/452 Fixable Dye eq BV421, Miltenyi Biotec, 130-110-205, 1 μL for 107 cells/100 μL 

CD45 Viogreen, Miltenyi Biotec, 130-110-803, REA737, mouse, 1:50 
CD45 FITC, BD Biosciences, 555482, HI30, human, 1:5 
CD4 PE, BD Biosciences, 555347, RPA-T4, human, 1:5 
CD8 PE Vio615, Miltenyi Biotec, 130-110-685, REA734, human, 1:50 
HLA DR PerCP-Vio700, Miltenyi Biotec, 130-111-793, REA805, human, 1:50 
CD25 PE-Vio770, Miltenyi Biotec, 130-116-205, REA945, human, 1:50 
CD3 APC, BD Biosciences, 555335, UCHT1, human, 1:5 
CD69 APC-vio770, Miltenyi Biotec, 130-112-616, REA824, human, 1:50 
 
Antibodies Clone Fluorophore Channels 
CD3 SP34.2 FITC FL1 
CD4 L200 APC FL8 
CD8 BW135-80 PECy7 FL5 
CD16 3G8 PECy7 FL5 
CD69 FN50 PE FL2 
CD25 M-A251 PerCPCy5.5 FL4

Validation All antibodies used were validated by the supplier for their application. Validation statements and relevant references for the 
antibodies used are available on the manufacturers' websites.

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) SKOV3 (ATCC HTB-77), BT-474 (ATCC HTB-20), MCF-7 (ATCC HTB-22) and HT-29 (ATCC HTB-38) cell lines were purchased 
from ATCC. HT-55 cell lines were obtained from Cobioer, Nanjing, China, (CBP60012). JURKAT reporter T cells were 
purchased from Promega (J1625, J1601).

Authentication IDEXX, STR

Mycoplasma contamination Cell lines were tested negative for mycoplasma 

Commonly misidentified lines
(See ICLAC register)

None of the cell lines used are on the list of known misidentified cell lines.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Female mIce aged 6 to 8 weeks: non-obese diabetic/Shiscid IL2rgammanull (NOG), non-obese diabetic (NOD)-PrkdcscidIl2rgnull 
(NPSG), and NOD.Cg-Prkdc<scid> Il2rg<tm1Wjl>/SzJ mice  
For tumor xenograft experiments, the maximal tumor size/burden was prespecified as 2000 mm3, and individual animals measured 
with a tumor burden exceeding this volume were humanely euthanized.  
Cynomolgus monkeys (Chinese, Cambodian), including both male and female animals, were used in the toxicology studies. The age of 
the animals at the initiation of dosing was between 35 to 43 months.
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Wild animals The study did not involve wild animals

Reporting on sex Female mice

Field-collected samples The study did not involve samples collected from the field

Ethics oversight All studies involving animals were conducted at specialist research centers, which were accredited by the Association for Assessment 
and Accreditation of Laboratory Animal Care. The study protocols were approved by The Institutional Animal Care and Use 
Committees of BioDuro Sundia (IACUC protocol FFS-001), Crown Bioscience (IACUC protocol AN-1903-05-1759) and Explora BioLabs 
(IACUC protocol EB17-010).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation T-cell activation was assessed in mice bearing tumor xenografts. Mouse blood was collected in tubes with anticoagulant (K2 
EDTA) by intra-cardiac puncture, as a terminal procedure under deep isoflurane gas anesthesia. Red blood cells were lysed 
with Versalyse lysing buffer. Excised mouse tumors were dissected into smaller fragments using scalpels and further 
dissociated into single cell suspensions in a non-enzymatic cell dissociation buffer, incubated at 37°C for 30 minutes, and 
mechanically separated through a 70 μm cell strainer. Viable cells were enriched using ficoll-based gradient centrifugation. 
T-cell surface activation markers, CD25 and CD69 on CD4+ and CD8+ T-cell subsets, were measured by flow cytometry. 
 
Changes in immune profiles in peripheral blood were analyzed by flow cytometry in the single-dose toxicokinetic studies 
evaluating XPAT proteins and their equivalent unmasked TCEs in NHPs. Blood was collected at the time points described, and 
centrifuged to separate the cells and then treated with Lysis buffer to remove RBCS. The samples were then stained with the 
cocktail of detection antibodies in staining buffer, washed and read on the Flow Cytometer. The flow cytometry experiments 
were performed by a Contract Research Organization (CRL, Envol Biomedical).

Instrument Cyan ADP Flow Cytometer; LSR Fortessa X20; BD FACSCanto™ II flow cytometer 

Software Summit Software; FlowJo; BD FACSDiva® software v9.0

Cell population abundance Cell sorting was not performed

Gating strategy CD3/CD45/CD4/CD8 gated cell populations were analyzed 
In the FSC-A v SSC-A plot, debris was excluded to determine cells of interest. These cells were gated for singlet (FSC-H v FSC-A 
and SSC-H v SSC-A) and viable cells (Viobility 405/452 Fixable Dye negative v SSC-A/FSC-A. The positive signal is determined 
against unstained cells). All positive immune cell and activation markers were determined by a combination of isotype and 
FMO controls.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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