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The Notch pathway is a conserved signaling system that reg-
ulates metazoan cell fate decisions. In mammals, the core 
Notch signaling network consists of four Notch receptor 

paralogs (Notch1–4) and the activating ligands Delta-like 1 (DLL1), 
Delta-like 4 (DLL4), Jagged1 (JAG1) and Jagged2 (JAG2). Notch sig-
naling occurs when cells expressing Notch proteins (signal receiv-
ers) interact with adjacent cells expressing DLL or JAG ligands 
(signal senders)1–4. Following ligand engagement, endocytosis of 
the DLL or JAG protein into the sender cell exerts a ‘pulling’ force 
that destabilizes the negative regulatory region (NRR) of the Notch 
extracellular domain (ECD)5,6. This mechanical tension exposes 
a proteolytic cleavage site (S2) that is processed by the ADAM10 
metalloprotease7,8. ADAM10 cleavage results in the shedding of the 
Notch ECD, which in turn sensitizes the Notch transmembrane 
domain to cleavage by the intramembrane protease γ-secretase1,9. 
This second proteolytic event releases the Notch intracellular 
domain (NICD) from the plasma membrane and it translocates to 
the nucleus to serve as a transcriptional cofactor1,2,10.

Notch ECDs comprise 29–36 epidermal growth factor (EGF) 
domains and the juxtamembrane NRR. Ligand ECDs also have 
a modular structure and contain an N-terminal C2-like domain 
(C2), a Delta/Serrate/Lag3 (DSL) domain, 6–16 EGF domains 
and a cysteine rich domain that is only present in JAG proteins. 
Structural, biochemical and cell-based studies have determined 
that the C2, DSL and EGF1–3 regions of DLL or JAG engage five 
centrally positioned Notch EGF domains (EGF8–12 in Notch1) 
to initiate signaling4,11–14. Notch:ligand interactions are low affin-
ity4,12,15, and cocrystallization of rat DLL4:Notch1 and JAG1:Notch1 
complexes required the incorporation of affinity-enhancing 
mutations into the ligands13,14. Despite this weak binding, Notch 
signaling occurs productively in vivo because receptor–ligand 
interactions may be strengthened by catch bond formation or mul-
tivalent interactions14,16,17.

Although the Notch transcriptional machinery is conserved, 
preferential interactions may occur between receptor and ligand 
subtypes1. For example, DLL4 binds to Notch1 with higher affinity 
than does DLL1 (ref. 12), and DLL1 activates Notch1 and Notch2 
equivalently15. Signaling through specific Notch:ligand pairs is also 
associated with distinct functional outcomes. During angiogenesis, 
Notch1:DLL4 interactions inhibit tip sprouting and Notch1:JAG1 
interactions promote vessel growth18, and Jagged2:Notch3 inter-
actions stimulate the differentiation of γ/δ T cells19. Comparative 
studies have begun to identify differences in the structures14, bind-
ing affinities12 and signaling dynamics17 of selected ligands that may 
contribute to their unique functional properties. However, the pre-
cise molecular mechanisms controlling receptor- and ligand-specific 
signaling remain unclear.

Depending on cellular context, Notch signaling may induce the 
differentiation or proliferation of stem cells, and the broad influence 
of Notch on stem cell behavior has made the pathway a promis-
ing target for regenerative therapeutics. Moreover, Notch signaling 
has context-dependent tumor suppressor or oncogenic functions in 
human cancers20. The pleiotropic effects of Notch signaling suggest 
that both agonists and antagonists of Notch signaling will be valu-
able for biomedical applications. Several antagonists are currently 
in clinical trials for the treatment of cancer, including γ-secretase 
inhibitors and monoclonal antibodies targeting individual Notch 
ECDs21–23. On the other hand, the development of Notch ago-
nists has been challenging because soluble drugs cannot exert the 
mechanical force necessary for receptor activation. Thus far, a 
single agonist antibody has been described for Notch3, which may 
be uniquely susceptible to antibody-mediated activation due to the 
inherent instability of the Notch3 NRR24,25.

Recombinant DLL or JAG ECDs are attractive ‘one-size-fits-all’ 
candidates for activating or inhibiting Notch signaling. In their sol-
uble form, ligand ECDs act as untethered decoys that bind to Notch 
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receptors and inhibit ligand-mediated activation. The on-target 
specificity of ligand ECDs may also be advantageous given that 
γ-secretase cleaves a myriad of cellular substrates that are unrelated 
to the Notch pathway26. Alternatively, surface-tethered DLL or JAG 
ligands stimulate Notch signaling, presumably because immobili-
zation provides sufficient resistance force for receptor activation. 
Despite their potential to function as universal Notch modulators, 
the intrinsically low affinities of DLL and JAG ligands limits their 
practical utility. Additionally, the preferential binding observed 
between certain receptor:ligand pairs may restrict the activity of a 
given ligand to a subset of Notch paralogs.

To overcome the biochemical limitations of natural Notch 
ligands, we engineered a broadly reactive human DLL4 vari-
ant, named DeltaMAX, that binds with greatly enhanced affinity to 
human and murine Notch receptors. DeltaMAX is a more potent 
Notch activator than wild-type (WT) DLL4 in several commonly 
used ligand-presentation formats. Furthermore, soluble DeltaMAX 
functioned as a potent, ‘pan-Notch’ inhibitor by competing for the 
Notch ligand-binding site. Our collective insights demonstrate that 
affinity-matured Notch ligands are highly effective, multifunctional 
tools for modulating Notch signaling.

Results
Structure-guided engineering of high-affinity DLL4 variants. We 
employed a structure-guided engineering strategy to evolve broadly 
reactive, high-affinity DLL4 variants. Structures of rat DLL4:Notch1 
and JAG1:Notch1 complexes revealed that the ligand C2 and DSL 
domains engage the Notch1 EGF12 and EGF11 domains, respec-
tively. In these structures, the C2:EGF12 interface was named Site 1 
and the DSL:EGF11 interface was named Site 2. However, an addi-
tional ‘Site 3’ binding interface was also visualized in JAG1:Notch1 
and forms between JAG1 EGF1–3 and Notch1 EGF8–10 (refs. 13,14). 
Site 3 contributes substantially to the affinity between Notch1 and 
JAG1 in solution, but has a minimal effect on the binding between 
DLL4 and Notch1 (ref. 14). Therefore, we designed a yeast display 
mutant library to select for DLL4 mutations that recapitulate the 
Site 3 interaction observed in Notch1:JAG1. The library varied nine 
DLL4 residues (H256, N257, T271, L279, F280, T289, S301, N302, 
Q305) analogous to Site 3 interface residues in JAG1 (Fig. 1a). We 
employed a ‘light mutagenesis’ approach in which each residue was 
allowed to encode for the WT DLL4 residue, the equivalent JAG1 
residue or biochemically similar residues (Extended Data Fig. 1a).

The DLL4 library was stained with Notch1 or Notch3 ECD 
constructs containing the ligand-binding domains (Notch1 EGF8–
12, Notch3 EGF5–12) and selections were performed to isolate 
high-affinity binders. The Notch3-selected yeast had the greatest 
enrichment of Notch binders, and sequencing revealed 21 differ-
ent mutations (Fig. 1b and Extended Data Fig. 1). A clone, DLL4.
v2, containing five mutations (N257P, T271L, F280Y, S301R and 
Q305P) was overrepresented in the samples. Analysis of the DLL4.
v2 sequence revealed that F280Y and S301R are novel mutations 
that are not present in other Notch ligands (Extended Data Fig. 2), 
and that N257P, T271L and Q305P had converted to the JAG1 resi-
dues. The other four positions (DLL4 residues H256, L279, T289 
and N302) reverted to the WT sequence (Fig. 1b). Notably, N257P 
was previously introduced into DLL4 to recreate the ‘DOS motif ’ 
found in JAG1 (refs. 2,27), and this substitution increased receptor 
binding and signaling28.

We analyzed the DLL4.v2 mutations in the context of Site 3 of the 
Notch1:JAG1 complex structure to gain insight into their mecha-
nisms of affinity-enhancement (Extended Data Fig. 3). We predict 
that the N257P, T271L and Q305P mutations enhance binding by 
improving hydrophobic packing at the binding interface (Extended 
Data Fig. 3a–c). The F280Y mutation may stabilize the fold of the 
DLL4 protein by replacing the exposed hydrophobic Phe280 phe-
nyl group with a more hydrophilic tyrosyl group (Extended Data  

Fig. 3d). Lastly, we predict that S301R enhances binding by intro-
ducing contacts between the guanidinium group of DLL4 Arg301 and 
the main chain carbonyl of the Notch1 Cys321 or the aliphatic side 
chain of Val322 (Extended Data Fig. 3e).

Generation of a high-affinity DLL4 consensus variant. We com-
bined multiple sets of affinity-enhancing mutations to engineer a 
DLL4 protein with maximal receptor-binding affinity. We used the 
high-affinity DLL4.v2 variant as a starting point for our construct 
design. We then engrafted five affinity-enhancing mutations (G28S, 
F107L, I143F, H194Y and L206P) from our previously reported rat 
DLL4 variant (E12)13 onto the human DLL4.v2 scaffold (Fig. 2a). 
The resulting consensus variant, DeltaMAX, contains 10 total muta-
tions: G28S, F107L, I143F, H194Y, L206P, N257P, T271L, F280Y, 
S301R and Q305P (Fig. 2a).

DLL4 variants bind human and mouse Notch with high affin-
ity. We used surface plasmon resonance (SPR) to determine the 
binding affinity between DeltaMAX and the ligand-binding regions 
of Notch1–4. As a basis for comparison, we also generated a WT 
DLL4 construct, a DLL4.v2 construct and a DLL4.v1 construct 
containing the five E12 mutations (G28S, F107L, I143F, H194Y 
and L206P) (Fig. 2a and Extended Data Fig. 4). Analysis of the SPR 
data revealed that DLL4.v1, DLL4.v2 and DeltaMAX bound to all 
four human Notch receptors with enhanced affinity compared with 
WT DLL4 (Fig. 2b and Extended Data Fig. 5a). DeltaMAX bound to 
Notch1 with a dissociation constant (KD) of 24 nM, Notch2 with a 
KD of 54 nM, Notch3 with a KD of 49 nM and Notch4 with a KD of 
24 nM. Compared with WT DLL4, the nanomolar affinity interac-
tions between DeltaMAX and Notch1–4 represent enhancements of 
1,029-fold, 670-fold, 591-fold and 532-fold, respectively (Extended 
Data Fig. 5a). The rapid dissociation of WT DLL4 precluded kinetic 
fitting of the binding data. However, fitting the SPR sensograms for 
DLL4.v1, DLL4.v2 and DeltaMAX indicated that the increasing affini-
ties are mostly due to progressive decreases in off-rate (Fig. 2c and 
Extended Data Fig. 5b).

We measured the binding affinity between each DLL4 variant 
and the EGF6–13 region of murine Notch1 (mNotch1 EGF6–13) to 
test for cross-species reactivity (Extended Data Figs. 4 and 5a). Each 
ligand bound to murine Notch1 and human Notch1 with compa-
rable affinities, and DeltaMAX bound to mNotch1 EGF6–13 with a KD 
of 25 nM. Lastly, we assessed the binding of DeltaMAX to full-length, 
cell surface-expressed Notch1. We found that the mean fluores-
cence intensity of DeltaMAX binding to Notch1-overexpressing cells 
increased by 4.7-fold compared with WT DLL4 (Extended Data  
Fig. 5c,d).

DeltaMAX has improved expression and thermostability. We tested 
whether the affinity-enhancing mutations impacted the stabil-
ity and expression of DeltaMAX. We performed a thermal denatur-
ation experiment using differential scanning fluorimetry (DSF) to 
compare the melting temperatures of WT DLL4 and DeltaMAX. We 
determined that the melting temperature (Tm) of WT DLL4 was 
47 °C and that the Tm of DeltaMAX was increased by 11 °C to 58 °C 
(Fig. 2d). Furthermore, expression yield of the DeltaMAX protein was 
increased by twofold compared with WT DLL4 (Extended Data Fig. 
4g–i). Taken together, our biochemical experiments indicate that 
DeltaMAX exhibits enhanced affinity, stability and expression while 
maintaining a broad reactivity profile against human and murine 
Notch receptors.

DeltaMAX activates Notch more potently than WT DLL4. We first 
characterized the signaling potency of DeltaMAX using fluorescent 
Notch1 reporter cells (Extended Data Figs. 5d, 6a and 7a)29. As our 
goal was to develop an accessible tool for modulating Notch activ-
ity, we performed this assay by nonspecifically adsorbing equivalent 
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amounts of DLL4 proteins to tissue culture plates (Extended Data 
Fig. 5e). This facile method can be performed with unmodified 
proteins and is an established approach for stimulating Notch 
in vitro. Notch1 reporter cells were cultured on the ligand-coated 
surfaces, and after 24 h, fluorescence was monitored by flow cytom-
etry. The half maximal effective concentration (EC50) values for 
Notch1 activation by WT DLL4 and DeltaMAX were 2.3 ng mm−2 
and 0.009 ng mm−2, respectively, which corresponds to a 250-fold 
improvement in Notch activation efficiency (Fig. 3a). Moreover, 
the Emax induced by DeltaMAX was 20% greater than that induced by  
WT DLL4.

We next tested whether C-terminal anchoring of DLL4 proteins 
improves signaling output. This strategy mimics the orientation the 
proteins adopt on the cell surface and was achieved by biotinylat-
ing the ligand C-termini before attachment to streptavidin-coated 
plates. For both WT DLL4 and DeltaMAX, oriented coupling induced 
a higher maximum level of Notch1 activation than nonspecific 
adsorption (Fig. 3b). In this format, DeltaMAX was also more potent 
than WT DLL4 and activated Notch1 with an EC50 of 1.7 nM  

compared with 16 nM for WT DLL4. We also performed a 
time-course experiment to evaluate the signaling kinetics of 
DeltaMAX. We determined that DeltaMAX activates Notch1 more rap-
idly than WT DLL4, and that this effect is most pronounced in the 
first 4–8 h following ligand stimulation (Fig. 3c).

DeltaMAX strongly activates multiple human Notch receptors. 
We tested the ability of DeltaMAX to activate Notch1, Notch2 and 
Notch3 using an established luciferase reporter assay (Extended 
Data Figs. 5d and 6b)30. Notch4 was excluded from our study as 
it is reportedly unresponsive to ligand-mediated activation31. We 
found that immobilized DeltaMAX activated Notch1–3 more potently 
than WT DLL4 across all concentrations tested. At the highest 
concentration of DLL4 or DeltaMAX (50 nM), Notch1, Notch2 and 
Notch3, signaling was increased by twofold, 2.5-fold and threefold,  
respectively (Fig. 3d).

To determine whether DeltaMAX stimulates increased activation 
in cells expressing endogenous levels of Notch1, we compared the 
signaling of DeltaMAX and WT DLL4 in U2OS (osteosarcoma) and 
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MCF-7 (breast cancer) cells. U2OS and MCF-7 cells were each 
stimulated for 24 h using C-terminally anchored WT DLL4 and 
DeltaMAX, and Notch1 activation was detected by western blotting 
for the cleaved Notch1 ICD (Fig. 3e and Extended Data Fig. 5d). We 
found that DeltaMAX activated Notch signaling much more potently 
than WT DLL4 in both cell lines, indicating that DeltaMAX is a more 
effective agonist regardless of Notch expression level.

To assess the activity of DeltaMAX when expressed in cells, 
we performed a coculture Notch signaling assay. We gener-
ated HEK293T cell lines stably expressing either full-length WT 
DLL4 or DeltaMAX (Extended Data Fig. 7b) and cocultured the 
ligand-expressing cells with Notch1, Notch2 or Notch3 reporter 
cells (Extended Data Fig. 6b) at a 1:1 ratio. We determined that the 
Emax of DeltaMAX signaling through Notch1 and Notch3 was around 
twofold higher than WT DLL4. The luciferase signal for Notch2 

was low for both ligands, although only DeltaMAX induced a signifi-
cant level of Notch2 activation compared with unstimulated cells 
(P = 0.0370) (Fig. 3f).

Comparison of DeltaMAX signaling on plates, beads and cells. 
To our knowledge, the levels of Notch signaling induced by dif-
ferent ligand-presentation formats have not been directly com-
pared in a single study. Here, we evaluated DeltaMAX in five 
different formats to determine an optimal strategy for maxi-
mizing Notch activation. Notch1 reporter cells were cultured 
with yeast-displayed DeltaMAX, 293T cells expressing DeltaMAX, 
DeltaMAX-coated streptavidin-microbeads (1–10 µm), plates coated 
with DeltaMAX (nonspecific coupling) and streptavidin plates 
coated with C-terminally biotinylated DeltaMAX (oriented cou-
pling) (Fig. 3g and Extended Data Fig. 8). We determined that 
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yeast-displayed DeltaMAX did not induce a significant change in 
Notch1 activation. However, the remaining formats induced 15- 
to 50-fold increases in Notch1 activation relative to controls. The 
coculture method induced the lowest level of Notch1 activation 
(15-fold), followed by DeltaMAX-coated beads (21-fold), nonspe-
cific adsorption (23-fold) and oriented coupling (50-fold) (Fig. 3g). 
Taken together, our data reveal that recombinant protein-based 
formats (plate- or bead-bound ligands) induced higher signal-
ing levels than cell-based methods. Furthermore, the increased 
Emax of C-terminally anchored DeltaMAX suggests that the greater 

accessibility of the ligand-binding C2-EGF3 domains is ideal for 
maximizing Notch stimulation.

The size of DLL4-coated streptavidin-microbeads is a key deter-
minant of signaling activity, with 25 µm beads being associated 
with maximal levels of Notch activation in T cells32. Therefore, we 
compared Notch1 activation by 25 µm beads coated with DLL4 and 
DeltaMAX. We found that DeltaMAX microbeads induced 4.5-fold 
higher reporter activity than DLL4 microbeads (Extended Data Fig. 
8e), which is consistent with the increased signaling of DeltaMAX 
across presentation formats.
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Soluble DeltaMAX is a potent pan-Notch inhibitor. In the 
absence of membrane anchor, DLL4 ECDs are predicted to block 
ligand-mediated Notch activation by functioning as soluble decoys. 
To test whether DLL4 variants function as effective inhibitors, we 
cultured CHO-K1 N1-Gal4 reporter cells on WT DLL4-coated 
plates in the presence of soluble competitors. We added increasing 
concentrations of WT DLL4, DLL4.v1, DLL4.v2 and DeltaMAX ECDs 
to the cells and then monitored the reporter signal after 24 h. Among 
the four proteins, only soluble DeltaMAX efficiently blocked Notch1 
activation and inhibited signaling with a half maximal inhibitory 
concentration (IC50) of 0.6 nM (Fig. 4a). By contrast, administration 
of soluble WT DLL4 only reduced reporter activity by ~25% at the 
highest concentration tested (300 nM).

Most small molecule Notch inhibitors are nonspecific and target 
multifunctional ADAM10/17 or γ-secretase proteases required for 
Notch activation22,23,33. Here, we compared the inhibition potency 
of our Notch-selective DeltaMAX protein to the γ-secretase inhibi-
tor DAPT and the metalloprotease/ADAM10 inhibitor BB-94 (Fig. 
4b). We determined that DeltaMAX inhibited Notch1 activation 
with an IC50 of 1 nM, which was 40-fold more potent than DAPT 
(IC50 of 40 nM) and 1,000-fold more potent than BB-94 (IC50 of 
1,000 nM). We also compared the inhibition of DeltaMAX and DAPT 
in a coculture assay. Both DAPT and DeltaMAX inhibited cellular 
DLL4 less potently than plate-bound DLL4, and the IC50 of DAPT 
and DeltaMAX were 100 and 400 nM, respectively (Extended Data 
Fig. 9). Thus, DeltaMAX functions as a potent and selective inhibitor 
of ligand-mediated Notch signaling, and the potency of inhibition 
depends on the format in which the WT ligand is presented.

We also tested the ability of DeltaMAX to inhibit signaling by 
ligands other than DLL4. We generated stable HEK293T cell lines 
expressing DLL1, DLL4, JAG1 and JAG2 (Extended Data Fig. 10) 

and cocultured them with Notch3 reporter cells that were pre-
mixed with a constant (3 μM) concentration of soluble WT DLL4 
or DeltaMAX (Fig. 4c). We determined that DeltaMAX strongly inhib-
ited signaling by DLL1, DLL4, JAG1 and JAG2, with a reduction in 
reporter signal ranging from 70% to 85%. On the other hand, WT 
DLL4 only reduced reporter signal by 10–40%.

Lastly, we assessed whether DeltaMAX could inhibit signaling 
through different Notch paralogs. We incubated Notch1, Notch2 
or Notch3 reporter cells with various concentrations of soluble 
WT DLL4 or DeltaMAX and cultured the cells on plates coated with 
DLL4. We determined that addition of the DeltaMAX competitor led 
to dose-dependent decreases in signaling for Notch1, Notch2 and 
Notch3 (Fig. 4d).

DeltaMAX increases T cell proliferation and effector markers. 
Notch signaling contributes to several aspects of immunobiology 
and influences the proliferation, differentiation and antitumor 
function of CD8+ T cells34,35. Therefore, we developed an assay to 
test the effect of DeltaMAX on activated T cells (Fig. 5a). As stromal 
cells are an established platform for Notch stimulation in T cells, we 
generated artificial antigen-presenting K562 cells (aAPCs) express-
ing the Fc receptor CD32 (renamed K32 cells) and similar surface 
levels of WT DLL4 or DeltaMAX (Fig. 5b)36. We then cocultured these 
ligand-expressing cells with human primary T cells in the presence 
of increasing concentrations of the T cell-activating antibody OKT3. 
CD32 expression enabled OKT3 Fc binding to K32 cells and subse-
quent CD3-TCR activation on T cells. Human CD8+ T cells were 
negatively isolated from peripheral blood and cocultured with K32 
cells preloaded with increasing concentrations of OKT3 to analyze 
T cell proliferation and IFNγ secretion (Fig. 5c,d). DeltaMAX treat-
ment enhanced the percentage of proliferating CD8+ T cells between 
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27% and 15% along the OKT3 concentrations assayed (P = 0.0264), 
while WT DLL4 did not show a significant improvement over the 
stimulation with K32 cells lacking DLL4 ligands (mock) (Fig. 5c). 
Additionally, DeltaMAX increased IFNγ secretion from CD8+ T cells 
10–15% compared with WT DLL4 treatment (P = 0.0473) (Fig. 5d).

Next, we used PCR with reverse transcription (RT–PCR) to 
quantify the messenger RNA (mRNA) levels of Notch and T cell 
effector related markers over 4 days of CD8+ T cell stimulation 
with K32 loaded with 0.0125 μg ml−1 OKT3. We determined that 
DeltaMAX-stimulated T cells had increased levels of effector media-
tors IFNγ and Granzyme B, as well as elevated expression of Notch 
target Hes-4 compared with counterparts conditioned with WT 
DLL4 or mock (Fig. 5e). Finally, we performed a western blot analy-
sis to compare Notch1 and Notch2 activation in T cells that were 
stimulated with WT DLL4 or DeltaMAX. Using an antibody to the 
cleaved Notch1 or Notch2 ICD, we determined that activation of 
both Notch1 and Notch2 was increased for DeltaMAX-treated cells 

relative to WT DLL4. The difference in Notch2 activation was more 
prominent than that of Notch1, which we attribute to the higher 
expression of Notch2 in stimulated T cells as detected by flow 
cytometry (Fig. 5f and Extended Data Fig. 5f). Thus, our results 
show the promotion of CD8+ T cell function induced by aAPCs 
expressing DeltaMAX.

Soluble DeltaMAX promotes neuron differentiation. We next 
sought to determine whether soluble DeltaMAX inhibits Notch in a 
physiological system. Notch signaling helps maintain undifferenti-
ated neural progenitors in a proliferative state, and Notch inhibition 
has been implicated in differentiating neural progenitors into neu-
rons, both in vivo37,38 and in vitro39,40 (Fig. 6a). We found that soluble 
DeltaMAX enhanced the differentiation of human pluripotent stem 
cells (hPSCs) into cerebral cortex neurons. First, hPSCs were dif-
ferentiated into neural progenitors for 7 days, using a modification 
of a previous method40. Second, hPSC-derived neural progenitors 
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were further differentiated into cerebral cortex neurons for 7 addi-
tional days, in the presence of soluble DeltaMAX, soluble WT DLL4, 
DAPT or the absence of any Notch modulator. Without Notch 
inhibition, the neural progenitor marker SOX2 was expressed, and 
neuronal markers were not upregulated (Fig. 6b). Critically, soluble 
DeltaMAX enhanced differentiation into cerebral cortex neurons in 
a concentration-dependent way: it repressed SOX2 and sharply 
increased pan-neuronal markers (MAPT, SNAP25, DCX; Fig. 6c–e), 
glutamatergic markers (VGLUT2, Fig. 6f) and cerebral cortex neu-
ronal markers (TBR1, Fig. 6g). Soluble DeltaMAX (1 μM) was compa-
rable with, if not superior to, 10 μM of DAPT in eliciting neuronal 
differentiation. Importantly, soluble WT DLL4 failed to upregulate 
neuronal markers or to repress neural progenitor markers, thus 
demonstrating the superiority of soluble DeltaMAX. Taken together, 
soluble DeltaMAX is a potent Notch pathway antagonist that drives 
differentiation of hPSC-derived neural progenitors into neurons.

Discussion
Recombinant DLL or JAG ECDs bind weakly to Notch receptors 
and are inefficient modulators of Notch signaling. We engineered 
the synthetic DeltaMAX ligand to be a versatile tool for activating 
or inhibiting mammalian Notch receptors. Compared with WT 
DLL4, immobilized or cellular DeltaMAX exhibits varying degrees 
of increased signaling potency, and soluble DeltaMAX functioned as 
a Notch-specific inhibitor when administered as a soluble decoy. 
Furthermore, the increased thermostability (ΔTm 11 °C) and expres-
sion (twofold higher yield) of DeltaMAX are favorable properties for 
protein biologics. DeltaMAX was generated, in part, by engineering 
the Site 3 binding interface observed in the Notch1:JAG1 struc-
ture14. The Site 3 region is functionally important for DLL4 signal-
ing despite its minimal contribution to the solution binding affinity 
between DLL4 and Notch1 ECDs11,15. This suggests that additional 
biophysical factors, such as clustering or ‘pulling forces’ associated 
with ligand endocytosis, may enforce Site 3 interactions in Notch 
ligands.

The largest difference in signaling potency between WT DLL4 
and DeltaMAX was observed when ligands were nonspecifically 

adsorbed to plastic. The WT DLL4 protein was a poor Notch activa-
tor in this format (EC50 2.3 ng mm−2), while DeltaMAX was remark-
ably potent (EC50 0.009 ng mm−2). The strong signaling activity can 
enable entire flasks or tissue culture plates to be preconditioned 
with DeltaMAX as a high-throughput means of activating Notch in 
cultured cells. Furthermore, nonspecific adsorption requires low 
quantities of protein and can be performed with unmodified ligand 
ECDs, making this method highly accessible for biotechnological 
applications.

We demonstrated that, even at high concentrations, the micro-
molar binding affinity of the WT DLL4 ECD makes it an ineffec-
tive antagonist. By contrast, soluble DeltaMAX potently inhibited 
Notch activation by DLL1, DLL4, JAG1 and JAG2 and effectively 
inhibited Notch-dependent differentiation of neuronal precursors. 
Antibodies targeting the NRR domain have been used to block sig-
naling by individual Notch receptors, which has been associated 
with reduced gastrointestinal toxicity compared with γ-secretase or 
Notch1/2 dual-inhibition41–43. Alternatively, pan-Notch inhibitors, 
such as DAPT or BB-94, nonspecifically block cleavage of numer-
ous substrates besides Notch44,45. Therefore, the ability of DeltaMAX to 
selectively inhibit all human Notch receptor paralogs distinguishes 
it among the known toolkit of Notch-modulating molecules.

We previously demonstrated that constitutive Notch activation 
by overexpression of Notch intracellular domain enhances the anti-
tumor activity of adoptively transferred murine CD8+ T cells46. In 
the present study, we developed an ‘off-the-shelf ’ approach that 
transiently activates Notch using DeltaMAX-expressing K32 cells. 
This circumvents the requirement for constitutive Notch activa-
tion and may be advantageous as Notch hyperactivation has been 
associated with oncogenic transformation in T cells47. Coculture 
with K32-DeltaMAX may also be beneficial for strategies of expan-
sion of CAR (chimeric antigen receptor) T cells or TILs (tumor 
infiltrating lymphocytes) for further adoptive transfer by triggering 
Notch-related metabolic and antitumor signals.

Various ligand-presentation strategies have been developed for 
activating Notch in T cells, and in these systems, the dosage was 
important for achieving optimal outcomes. For example, low doses 
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of DLL1 stimulate the differentiation of hematopoietic stem and 
progenitor cells into lymphoid and myeloid precursors, whereas 
high doses promote the differentiation of only lymphoid precur-
sors48. Additionally, stromal cells that express DLL4, which binds 
to Notch1 with higher affinity than DLL1 (ref. 12), more efficiently 
drive T cell lymphopoiesis49. Given these tunable outcomes, we 
anticipate that the ultrapotent DeltaMAX ligand may be used to opti-
mize Notch activation for T cell-related applications.
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Methods
Reagents, media and cell lines. Mammalian cells were cultured at 37 °C, with a 
humidified atmosphere of 5% CO2, washed with Dulbecco’s PBS (DPBS, Corning), 
and detached with trypsin–EDTA 0.25% (Gibco) for cell subculturing or cell-based 
assays. Notch reporter cell lines CHO-K1 N1-Gal4 were a gift from Dr. M. Elowitz 
(California Institute of Technology)29. HEK293T, U2OS and MCF-7 cells were 
cultured in high-glucose DMEM (Cytiva) supplemented with 10% FBS (peak 
serum) and 2% penicillin/streptomycin (Gibco). The MCF-7 breast cancer cell line 
was a gift from Dr. E. Lau (Moffitt Cancer Center). Hygromycin 100 µg ml−1 was 
added to U2OS reporter30 cell cultures to maintain homogeneous populations of 
Notch-expressing cells. CHO-K1 N1-Gal4 cells were cultured in minimum essential 
medium Eagle-alpha modification (α-MEM, Cytiva) supplemented with 10% FBS 
(peak serum), 2% penicillin/streptomycin (Gibco), 400 µg ml−1 of zeocin (Alfa 
aesar) and 600 µg ml−1 of geneticin (Gibco). K32 cells (K562 cell line expressing 
CD32) were a gift from Dr. J. Conejo-Garcia (Moffitt Cancer Center), and human 
CD8+ T cells were PBMCs (collected from LifeSouth Blood Bank). Cells used for 
T cell experiments were cultured at 37 °C, and 5% CO2, in RPMI-1640 (Gibco) 
supplemented with 2 mM l-glutamine, 10 mM HEPES, 150 U ml−1 streptomycin, 
200 U ml−1 penicillin, 20 mM β-mercaptoethanol and 10% heat-inactivated FBS 
(GeminiBio). All cell lines tested negative for mycoplasma (ATCC), and generated 
stable cell lines were validated by sequencing (Genewiz) after genomic DNA 
extraction (Invitrogen). Antibodies used in this study were: anti-hNotch1 PE 
(phycoerythrin) (Biolegend), anti-hNotch2 AF647 (Biolegend), anti-hNotch3 
PE (Biolegend), anti-hDLL4 PE (Biolegend), anti-hDLL1 PE (Biolegend), 
anti-hJagged1 AF647 (Biolegend), anti-hJagged2 PE (Biolegend), and anti-HA tag 
AF488 (Cell Signaling Technologies), anti-hCD8a Bv785 (Biolegend), anti-hIFNγ 
APC (Biolegend), goat anti-mouse IgG (secondary antibody, KPL), goat anti-rabbit 
IgG (secondary antibody, Vector laboratories), anti-cleaved Notch1 (Val1744, 
Cell Signaling Technology), anti-Notch2 (D76A6, Cell Signaling Technologies), 
anti-β-Actin (Cell Signaling Technology and Sigma) and anti-6xHis-Tag (Bethyl).

Protein expression and purification. The minimum binding region of DLL4 
fragments (N-EGF5) were cloned into the pAcGp67A vector containing an 
N-terminal gp67 signal peptide and C-terminal 8xHis-tag. Non biotinylated 
proteins were human WT DLL4 (N-EGF5, residues 27–400), DLL4.v1 
(N-EGF5), DLL4.v2 (N-EGF5) and DLL4MAX (N-EGF5). Notch biotinylated 
fragments were cloned into pAcGp67A with a N-terminal gp67 signal peptide, 
a C-terminal 3 C protease site followed by biotin-acceptor peptide tag (BAP-tag: 
GLNDIFEAQKIEWHE) and 6xHis-tag. In contrast, DLL4 biotinylated proteins 
contained BAP and His-tags, but lacked 3 C site. Biotinylated proteins were human 
Notch1 (EGF8–12, residues 295–488), hNotch1 (EGF6–13, residues 237–549), 
hNotch2 (EGF6–13, residues 221–530), hNotch3 (EGF5–12, residues 197–505), 
hNotch4 (EGF7–12, residues 276–511), mouse Notch1 (EGF6–13, residues 
221–526), WT DLL4 (N-EGF5, residues 27–400) and DLL4MAX (N-EGF5, residues 
27–400). All baculovirus-based constructs in this work were expressed for 48 h 
by infecting HiFive Trichoplusia ni insect cell cultures (Expression Systems) 
at a density of 2 × 106 cells ml−1 with infective baculovirus particles. Culture 
supernatants were harvested, and proteins purified by IMAC. Ni-NTA agarose 
resin (Qiagen) was washed with HEPES buffered saline (HBS: 20 mM HEPES pH 
7.4, 150 mM NaCl; Buffer A) supplemented with 25 mM imidazole (plus 1 mM 
CaCl2 for Notch preps; Buffer A + C) and eluted with Buffer A (or Buffer A + C for 
Notch samples) containing 250 mM imidazole. Polishing was performed using a 
Superdex 200 Increase 10/300 GL column (GE) equilibrated in Buffer A for DLL4 
proteins, or Superdex 75 Increase 10/300 GL column (GE) equilibrated in Buffer 
A + C for Notch proteins. Biotinylated proteins were site-specifically modified 
in vitro at their C-terminal BAP-tag, using BirA ligase (in-house prepared) and 
polished as described above. Protein purity and integrity were analyzed by SDS–
PAGE using TGX 12% Precast gels (Bio-Rad). All proteins were flash-frozen in 
liquid nitrogen and stored at −80 °C for later use.

Affinity maturation of human DLL4 by directed evolution. Starting point of 
evolution and structure-guided library creation. WT human DLL4 (N-EGF3, 
residues 27–322) was cloned into a modified version of pCT302, as an N-terminal 
fusion to an HA epitope (YPYDVPDYA), c-Myc epitope (EQKLISEEDL) and 
Aga2. A third binding site for DLL4:Notch interaction was designed on the basis 
of the binding interface found in the crystal structure of rJagged1(N-EGF3):rNotc
h1(EGF8–12) complex14. The complex was analyzed with different computational 
tools (PDBePISA ((http://www.ebi.ac.uk/pdbe/prot_int/pistart.html)50, Consurf 
server (Biosof LLC)51 and PyMOL (The PyMOL Molecular Graphics System, 
Version 2.0 Schrödinger, LLC)). Nine interface residues were selected to create 
a structure-guided directed evolution library. Jagged1 homolog residues were 
identified in DLL4 and targeted for mutagenesis. The mutant library was generated 
using assembly PCR with the 10 overlapping oligonucleotides below:

Lib1F:
C AG CC TA TC TG TC TT TC GG GC TG TC AT GA AC AG AA TGGCTACTGCAG 

CAAGC
L ib 2R:
G CC AG CC TG GG CG GC AG AG GC AC TC GG CC GG CT TGCTGCAGTA 

GCCATTC

Lib3F:
TCTGCCGCCCAGGCTGGCAGGGCCGGCTGTGTAACGAATGCATCCCC
L ib 4R:
C CA GG GA GT GC TG CA GG TG CC GT GG CG AC AG CC A DD AW N-

GGGGATGCATTCGTTACACAG
L ib 5F:
C AC CT GC AG CA CT CC CT GG CA AT GT M HT T GT GATGAGGGCTGGGGAG
L ib 6R:
G CA GT AG TT GA GA TC TT GG TC AC A AW RC WK G CC TCCCCAGCCC 

TCATCACA
L ib 7F:
G TG AC CA AG AT CT CA AC TA CT GC R VT C AC CA CT CC CC AT GCAAGAA 

TGGGGCAACGTGC
L ib 8R:
G GC GA CA GG TG CA GG TG TA GC TT CG C NG C CC AC T WT BA-

YKGCACGTTGCCCCATTCTTG
L ib 9F:
C TA CA CC TG CA CC TG TC GC CC GG GC TA CA CT GG TG TG GA CT GTG 

AGGGATCCTACCCATAC
L ib 10 R:
A GATAAGCTTTTGTTCTCCACCAGCGTAATCTGGAACATCGTATGGGT

AGGATCCCTCAC
The primers contained specific degenerate codons (bold underlined) and 20 bp 

overhangs (Eurofins) to promote annealing in the PCR reaction. External primers 
were added to introduce a 40–50 bp recombination area between the mutant 
library region (EGF1–3) and DLL4-pYAL linearized vector. The mutant library 
was in vivo reassembled into yeast by electroporation (BTX electroporator) with 
10 µg of linearized DLL4-pYAL vector and 50 µg of the mutagenic library (ratio 1:5 
vector:library). Yeast transformants were recovered in synthetic dextrose media 
with casamino acids (SDCAA) and DLL4 surface displayed on S. cerevisiae EBY100 
yeast as reported previously13,14. The theoretical library diversity was 4 × 106, and we 
obtained 8 × 106 transformants (twofold theoretical diversity).

Yeast display selections. Before starting each selection round, induced yeast 
cultures were pelleted in logarithmic phase, stained with anti-HA antibody 
conjugated to AF488 (Cell Signaling Technologies, dilution 1/100), and expression 
of DLL4 on yeast surface analyzed by flow cytometry in software BD CSampler 
Plus Software v.1.0.23.1 (BD Accuri C6 Plus). Selection rounds were performed 
in two phases: (1) a negative selection to remove nonspecific binders targeting 
streptavidin and/or Alexa Fluor 647, and (2) a positive selection to rescue 
high-affinity variants specific for Notch. Negative selection was performed by 
combining 100 nM of streptavidin conjugated to Alexa Fluor 647 (SA647, in-house 
prepared) and 250 µl anti-Alexa Fluor 647 magnetic beads (Miltenyi) on ice for 
10 min. Next, the yeast library was washed once in selection buffer (HBS: 20 mM 
HEPES pH 7.4, 150 mM NaCl, 1 mM CaCl2, 0.1% BSA and 10 mM maltose), and 
SA647-coated magnetic beads were added. The tube was wrapped in foil and 
incubated at 4 °C for 30 min. Following this step, the yeast was washed twice with 
selection buffer, resuspended, and flowed over a magnetic-activated cell sorting 
(MACS) LS separation column (Miltenyi) pre-equilibrated in selection buffer. 
The flowthrough was rescued, and positive selections were performed. For round 
zero (Naïve library), 8 × 107 cells (10× library diversity) were used for selection 
against biotinylated Notch1 (EGF8–12) and Notch3 (EGF5–13), independently. 
Tetramers were premade on ice for 10 min by mixing 450 nM of biotinylated 
Notch1 (EGF8–12) or Notch3 (EGF5–12) with 100 nM of SA647 (ratio 4.5:1). Next, 
100 nM tetramers were added to 500 µl of negatively selected yeast in selection 
buffer and incubated for 2 h at 4 °C. Yeast library stained with Notch tetramers 
was washed twice with 500 µl of selection buffer, and further incubated with 50 µl 
of anti-AF647 magnetic beads for 30 min at 4 °C. After incubation, the yeast was 
washed twice with 500 µl of selection buffer and high-affinity binders isolated 
by MACS columns. The isolated yeast cells were pelleted, recovered in 3 ml of 
SDCAA for 48 h and induced in synthetic galactose media with casamino acids 
(SGCAA) for the next round. For round 1, the same conditions were repeated as 
in round zero using Notch1 (EGF8–12) and Notch3 (EGF5–12) 100 nM tetramers 
for positive selections. Isolated populations were rescued in 3 ml SDCAA after 
MACS sorting and induced in SGCAA. For round 2, 5 × 107 yeast cells were 
resuspended in 500 µl of selection buffer in the presence of 2 µM monomer of 
Notch1 (EGF8–12) and Notch3 (EGF5–12), independently. Tubes were wrapped 
in foil and incubated for 2 h at 4 °C. Yeast samples binding Notch were washed 
twice with 500 µl of selection buffer, and incubated in 500 µl of selection buffer 
supplemented with 100 nM of SA647 for 30 min at 4 °C. DLL4 high-affinity binders 
were isolated by MACS following the same approach described for rounds zero and 
1. High-affinity binders for Notch1 and Notch3 were rescued in 3 ml of SDCAA for 
48 h and induced in SGCAA. For round 3, high-affinity populations were isolated 
by fluorescent-activated cell sorting using cell sorter software v.2.1.5 (FACS, 
Sony Sorter SH800S). Only Notch3 (EGF5–12) was used as yeast-staining tests 
showed better population enrichment compared with Notch1 (EGF8–12). Yeast 
cells (1 × 108) were resuspended in 500 µl of selection buffer with premade 100 nM 
tetramers of Notch3 (EGF5–12) and anti-HA488 antibody (double staining, 
anti-HA488 dilution 1/100). The tube was wrapped in foil and incubated for 2 h 
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at 4 °C. Stained yeast was washed two times with 500 µl of selection buffer and 
analyzed by FACS. From the double-positive population (FIT-C+, APC+) showing 
expression of DLL4 (anti-HA488, FIT-C signal) and binding to Notch (SA647, 
APC signal), a sorting gate was set at 1.8% of the maximum signal detected for 
APC channel and Notch binders isolated (Extended Data Fig. 1c). The sorted 
yeast population was washed two times with 5 ml of selection buffer, pelleted 
and recovered in SDCAA for 48 h. Yeast cells were induced again in SGCAA for 
the last round of selection. For round 4, 5 × 107 cells were incubated with 0.2 μM 
monomers of Notch3 (EGF5–12) for 2 h at 4 °C. Yeast cells were then washed twice 
with selection buffer, fluorescent-labeled with SA647 and high-affinity populations 
isolated by MACS following the protocol described for previous rounds.

The isolated yeast populations obtained after round 4 were subjected to 
colony screening and plasmid recovery using a Zymoprep kit (Zymo Research). 
The plasmids were transformed into Escherichia coli and 30 individual colonies 
sequenced with pYAL F (5′-AAATGATAACCATCTCGC) and pYAL R 
(5′-GGGATTTGCTCGCATATAGTTG) primers (Eurofins). Sequencing data 
analysis was performed using SnapGene software (Insightful Science).

Generation of DLL4 variants. We first generated a variant named DLL4.v1 by 
engrafting five affinity-enhancing mutations into human DLL4 scaffold that we 
previously reported for rat DLL4 affinity maturation (Site 1 + Site 2; G28S, F107L, 
I143F, H194Y and L206P)13. Next, the mutations found in this work to create a 
third binding site on human DLL4 (Site 3; N257P, T271L, F280Y, S301R, Q305P) 
were combined with Site 1 + Site 2 mutations into one single DLL4 scaffold, 
creating an ultrapotent DLL4 protein, named DeltaMAX (Site 1 + Site 2; G28S, 
F107L, I143F, H194Y and L206P, and Site 3; N257P, T271L, F280Y, S301R, Q305P).

Thermal denaturation experiments by differential scanning fluorometry. WT 
DLL4 and DeltaMAX (N-EGF5) were diluted at 5 µM in 20 µl of HBS buffer, and then 
combined with 10 μM (5×) SYPRO Orange (Thermo Fisher Scientific) prepared in 
100% DMSO (final DMSO concentration was 0.1%). This mix was equilibrated at 
room temperature for 30 min. Proteins were analyzed in a 96-well microtiter plate 
using a StepOnePlus RT–PCR system with software v.2.3 (Applied Biosystems) 
applying a continuous heating gradient from 25 °C to 99 °C with a step of 1% of 
temperature per minute. Data were normalized and represented as the mean of 
three independent technical replicates. Similar Tm values were obtained for the 
replica measurements.

Determination of equilibrium dissociation constants by surface plasmon 
resonance. Equilibrium KD were determined by SPR using a Biacore T200 
instrument (GE Healthcare). Approximately 100 resonance units (RU) of 
biotinylated Notch extracellular fragments (Notch1 (EGF6–13), Notch2 (EGF6–
13), Notch3 (EGF5–12), Notch4 (EGF7–12) and mouse Notch1 (EGF6–13)) were 
immobilized on individual flow cells at 5 μl min−1 using a streptavidin-coated 
sensor chip (Series S Sensor chip SA, GE Healthcare). Threefold serial dilutions 
of recombinant DLL4 proteins (N-EGF5) starting at 50 μM (WT DLL4), 18 μM 
(DLL4.v2) and 6 μM (DLL4.v1 and DeltaMAX) were flowed over the chip at 
25 °C in SPR buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM CaCl2, 0.1% 
BSA supplemented with 0.005% surfactant P20). Association (‘on-rate’) and 
dissociation (‘off-rate’) phases were performed at 10 μl min−1 for 120 s and 300 s, 
respectively. The sensor chip was regenerated after each injection with 30s washes 
of 2.25 M MgCl2 containing 25% ethylene glycol at 50 μl min−1. Data collection 
rate was performed at 10 Hz, and curves were reference-subtracted from a flow 
cell containing 100 RU of a negative control nonrelated protein (biotinylated 
mouse RNF43 PA domain). The maximum RU for each experiment was 
normalized to a value of 100% and plotted as a function of concentration using 
Prism v.9 software (GraphPad). Steady-state binding and kinetic curves were 
fitted using the Biacore T200 evaluation software v.2.0.1 to a 1:1 Langmuir model 
to determine the KD values.

Generation of stable cell lines. Ectodomains of WT DLL4 and DeltaMAX 
(N-EGF8, residues 27–518) were cloned into an intermediary vector containing 
WT DLL4 signal peptide, juxtamembrane, transmembrane and intracellular 
domain, fused to C-terminal Myc (EQKLISEEDL) and Flag (DYKDDDDK) tags. 
This vector was generated after cloning of a synthetic DNA fragment (Eurofins) 
into pLenti-C-Myc-DDK-IRES-Puro vector (Invitrogen). For stable cell lines 
expressing DLL1 (residues 1–723), Jagged1 (residues 1–1,218) and Jagged2 
(residues 1–1,238), their CDS was cloned into pLenti-C-Myc-DDK-IRES-Puro 
vector fused to c-Myc and Flag C-termini tags. HEK293T mammalian cells 
were used for lentiviral particle production and transductions (kindly donated 
by Dr. E. Lau, Moffitt Cancer Center). Briefly, transfections were carried 
out with packaging vectors VSV-G and d8.9 (kindly donated by Dr. E. Lau, 
Moffitt Cancer Center) in the presence of polyethyleneimine at a ratio of 4:1 
(DNA:polyethyleneimine). Lentiviral particles were harvested after 48–72 h and 
used to transduce HEK293T cells using 1 μg ml−1 polybrene (Millipore). Antibiotic 
selection was performed using puromycin at 5 μg ml−1 (Gibco) for 10–15 days. 
Puromycin-resistant cells expressing WT DLL4 and DeltaMAX were detached with 
trypsin-free dissociation buffer (Gibco), stained in DPBS + 0.5% BSA with dilution 
1/20 of anti-hDLL4 PE antibody for 1 h at 4 °C, and then sorted by FACS (Sony 

sorter SH800S). Sorted cells (mean fluorescence intensity around 1 × 105–3 × 105) 
were washed with DPBS and recovered in DMEM + 10% FBS at 37 °C and 5% 
CO2 for 2 weeks. Expression of WT DLL4 and DeltaMAX on HEK293T surface was 
confirmed by flow cytometry (BD Accuri C6 plus) staining the cell lines with 
anti-hDLL4 PE in DPBS + 0.5% BSA (Extended Data Fig. 7b). DLL1, Jagged1 
and Jagged2 cell lines were stained with specific antibodies (anti-hDLL1 PE, 
anti-hJagged1 AF647 and anti-hJagged2 PE) for 1 h at 4 °C (dilution 1/20) and 
analyzed by flow cytometry (BD Accuri C6 plus); however, these cell lines did not 
require further sorting steps (Extended Data Fig. 10). The flow data were plotted in 
FlowJo v.10.7.2.

K32 cells (K562 cells expressing human CD32) were transduced with lentivirus 
expressing WT DLL4 or DeltaMAX by spin-infection using 8 μg ml−1 polybrene 
(Millipore). Seventy-two hours after transduction, cells were analyzed for DLL4 
expression and further cultured in RPMI + 10% FBS containing 1 µg ml−1 of 
puromycin (Gibco) at 37 °C and 5% CO2. DLL4 expression was monitored by flow 
cytometry in software CytExpert v.2.3 (CytoFLEX II, Beckman Coulter) using 
anti-hDLL4 PE (Biolegend, dilution 1/20) until the culture reached ~100% of 
positive population on PE signal. The expression of DLL4 was plotted in Prism v.9.

Notch activation assays with ligands nonspecifically adsorbed to plates. On 
day one, twofold serial dilutions of nonbiotinylated DLL4 recombinant proteins 
(N-EGF5) were prepared in 100 μl of DPBS and used to coat 96-well plates (Coastar) 
for 1 h at 37 °C. WT DLL4 started at 66.56 ng mm−2 and DeltaMAX at 0.33 ng mm−2. 
Then, the wells were washed three times with 200 μl of DPBS to remove unbound 
proteins. Next, CHO-K1 N1-Gal4 cells in culture were detached with trypsin–
EDTA 0.25% (Gibco) and manually counted. Appropriate dilutions were prepared 
in α-MEM media to ensure 30,000 CHO-K1 N1-Gal4 cells per well in 200 μl. 
Ligand-coated plates and reporter cell lines were incubated for 24 h at 37 °C and 
5% CO2. On day two, CHO-K1 N1-Gal4 cells were washed with 200 µl DPBS, 
detached with 30 µl of trypsin–EDTA 0.25% and quenched with 200 µl of α-MEM 
media. Finally, cells were resuspended and H2B-mCitrine signal was measured by 
flow cytometry (BD Accuri C6 plus). CHO-K1 N1-Gal4 and ligand-lacking wells 
were used as a negative control. The measurements represent the mean fluorescent 
intensity as percentage of Notch activation ± s.d. of three biological replicates. Notch 
activation was reference-subtracted from a well coated with 0.5% BSA containing 
CHO-K1 N1-Gal4 cells. Gating strategies for this experiment are detailed in 
Extended Data Fig. 7a. The data were represented in Prism v.9.

Notch activation with ligand-oriented coupling on streptavidin plates. For 
CHO-K1 N1-Gal4 reporters, on day one, tissue culture 96-well plates (Coastar) 
were pretreated with 100 µl of streptavidin at 10 µg ml−1 (VWR) for 1 h at 37 °C, 
washed three times with 200 µl DPBS (Corning) and blocked with 100 µl BSA 2% 
(VWR) for 1 h at 37 °C. Excess BSA was removed by washing three times with 
200 µl DPBS (Corning), and 100 µl of DPBS containing biotinylated DLL4 proteins 
were coupled to streptavidin for 1 h at 37 °C (twofold serial dilutions starting at 
50 nM). Noncoupled DLL4 proteins were removed by washing three times with 
200 µl DPBS. Next, Notch reporter cells in culture were detached with trypsin–
EDTA 0.25% (Gibco), and 30,000 cells in α-MEM media (200 µl) were added into 
individual wells. Assay plates were incubated for 24 h at 37 °C, and 5% CO2. On day 
two, CHO-K1 N1-Gal4 cells were washed with 200 µl DPBS, detached with 30 µl of 
trypsin–EDTA 0.25% and 200 µl of α-MEM media added. Cells were resuspended 
and Notch activation was measured as a function of fluorescence by flow cytometry 
(BD Accuri C6 plus). CHO-K1 N1-Gal4 cells and lacking-ligand wells were used as 
a negative control. The measurements represent the mean fluorescent intensity as 
percentage of Notch activation ± s.d. of three biological replicates. Notch activation 
was reference-subtracted from a well coated with a nonrelated control protein (PA 
domain of RNF128). The data were represented in Prism v.9.

For U2OS reporter cells, approximately 5 × 105 cells were plated into six-well 
plates (Falcon) and left to adhere overnight at 37 °C, 5% CO2 in DMEM media 
(Cytiva). On day two, the medium was replaced with serum-free DMEM and 
cells transfected with luciferase vectors. Cationic lipoplexes were generated for 
15 min at room temperature by mixing 10 µl of Lipofectamine 2000 (Invitrogen), 
2.5 µg of Gal4-firefly luciferase reporter and 50 ng of pRL-TK Renilla luciferase 
vector as internal control (ratio 1:5, Lipo:DNA). On day three, streptavidin plates 
were coupled with DLL4 ligands as described above using tenfold serial dilutions 
starting at 50 nM, and transfected U2OS cells were detached with trypsin–EDTA, 
washed with DPBS and counted under the microscope. Twenty-thousand reporter 
cells were added to wells using 200 µl of DMEM media containing 2 µg ml−1 of 
doxycycline (Sigma) to induce Notch-Gal4 expression. Next, signaling plates were 
incubated for 24 h at 37 °C and 5% CO2. On day four, luciferase firefly and Renilla 
signals were determined with Dual-Glo luciferase assay system (Promega) using 
a GloMax luminometer with software GloMax Discover v.3.2.3 (Promega). A 
luminescence ratio firefly:Renilla was determined for every well and normalized 
to the signal of a nonrelated control protein (PA domain of RNF128). Notch 
activation is represented as the mean fold-change over the control ± s.d. of three 
independent biological replicates. The data were represented in Prism v.9.

Kinetics for Notch activation assay. Tissue culture plates (96-well, Coastar) were 
precoated using ligand-oriented coupling as described above with 50 nM of DLL4 
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biotinylated variants. CHO-K1 N1-Gal4 reporter cells were detached with trypsin–
EDTA, washed with DPBS and 200 µl of α-MEM media containing 30,000 cells 
were added to wells. Notch activation was analyzed as endpoints for 0, 4, 8, 12, 16, 
20 and 24-h measurements. Desired time point wells containing CHO-K1 N1-Gal4 
reporter cells were washed once with 200 µl DPBS, detached with trypsin–EDTA 
and quenched with 200 µl of α-MEM media. Next, reporter cells were resuspended 
and analyzed by flow cytometry reading the fluorescence of H2B-mCitrine (BD 
Accuri C6 Plus). Every time point represents the mean fluorescence intensity of 
Notch activation as percentage ± s.d. of three independent biological replicates. 
Notch activation was reference-subtracted from a well containing streptavidin, BSA 
and CHO-K1 N1-Gal4 cells. The data were represented in Prism v.9.

Notch activation in coculture format with HEK293T. On day one, U2OS reporter 
cells (signal receiver cells) were detached with trypsin–EDTA, washed with DPBS 
and 5 × 105 cells were added to six-well plates (Falcon) for transfection with 
luciferase reporter vectors. On day two, U2OS cells were transfected as described 
above. On day three, signal receiver cells were detached with trypsin–EDTA, 
and 100 µl of DMEM media containing 20,000 cells were added to tissue culture 
96-well plates (Coastar). In parallel, HEK293T-expressing WT DLL4 or DeltaMAX 
were detached with trypsin–EDTA, counted manually and dilutions prepared 
such that 100 µl of DMEM containing 20,000 signal sender cells were added over 
signal receiver cells (cell ratio 1:1). Doxycycline (Sigma) at 2 µg ml−1 was used to 
induce Notch-Gal4 expression. On day four, luciferase firefly and Renilla signals 
were determined with Dual-Glo luciferase assay system (Promega) using a GloMax 
luminometer (Promega). A luminescence ratio firefly:Renilla was determined for 
every well and normalized to the signal of a well containing U2OS reporter cells 
and HEK293T nonexpressing DLL4 ligands. Notch activation is represented as the 
mean fold-change over the control ± s.d. of three independent biological replicates. 
The data were represented in Prism v.9.

Notch signaling assay using multiple ligand-presentation formats. Notch 
activation was assayed in different formats (Extended Data Fig. 8a) including 
(1) nonspecific orientation (0.1 ng mm−2 of DeltaMAX on well, Fig. 3a), (2) 
ligand-oriented coupling (10 nM of DeltaMAX on well, Fig. 3b), (3) magnetic beads 
coated with biotinylated DeltaMAX (ratio 1:20 reporter cells:beads, optimization of 
ratio is detailed in Extended Data Fig. 8d), (4) HEK293T-expressing DeltaMAX (ratio 
1:1, signal receivers:senders, optimization of ratio can be seen in Extended Data 
Fig. 8c) and (5) yeast expressing DeltaMAX (ratio 1:10, reporter:yeast, optimization 
of ratio is detailed in Extended Data Fig. 8b). On day one, U2OS Notch1-Gal4 cells 
were detached with trypsin–EDTA, counted in the microscope and 5 × 105 cells 
per well transferred to six-well tissue culture plates (Falcon). On day two, U2OS 
cells were transfected as described above. On day three, the different activation 
assays were set up at the same time. For ligand-oriented coupling, streptavidin 
plates were coated with 10 nM of DeltaMAX as described above. For nonspecific 
adsorption, nonbiotinylated DeltaMAX at 0.1 ng mm−1 was coated as described 
previously. For activation using streptavidin beads coated with biotinylated 
DeltaMAX, 200 mg of streptavidin beads (streptavidin MagneSphere paramagnetic 
particles, Promega) were washed three times with 200 µl of DPBS + 0.1% BSA 
using a magnet (Miltenyi), and combined with 20 µg of biotinylated DeltaMAX for 
1.5 h at 4 °C. Next, unbound DeltaMAX was washed out three times with 200 µl 
of DPBS + 0.1% BSA, and 100 µl of complexed beads (prediluted 1/25 in DPBS) 
were added to wells. For coculture activation with HEK293T-expressing DeltaMAX, 
cells were detached with trypsin–EDTA, quenched with DMEM media, washed 
with DPBS and 100 µl containing 20,000 cells in DMEM were added to wells. For 
activation with yeast cells expressing DeltaMAX on surface, pYAL vector encoding 
for DeltaMAX (N-EGF5) was electroporated previously into yeast cells, and DLL4 
expressed in SGCAA as previously described. DeltaMAX expression was induced 
48 h before Notch activation assay set up. One-hundred microliters of yeast cells 
(2 × 106 cells ml−1) in serum-free DMEM were added to the assay plate. Once all the 
wells contained the desired activation assays, U2OS reporter cells were detached 
with trypsin–EDTA, and 20,000 cells in 100 µl of DMEM were added per well. 
All the conditions were supplemented with 2 µg ml−1 of doxycycline to induce 
Notch1-Gal4 expression. The assay plate was incubated for 24 h at 37 °C and 5% 
CO2. On day four, media was aspirated off and a Luciferase Dual-Glo kit (Promega) 
used to detect firefly and Renilla signals in a luminometer (GloMax, Promega). 
Negative controls were BSA 0.5% for nonspecific adsorption, streptavidin and BSA 
2% for ligand-oriented coupling, uncoated streptavidin beads for activation with 
magnetic beads, HEK293T nonexpressing DLL4 for coculture activation and yeast 
expressing PDL-1 ECD for coculture with yeast. The expression of DeltaMAX in 
HEK293T and yeast cells was confirmed by flow cytometry (BD Accuri C6 plus) 
following staining for 1 h at 4 °C with anti-hDLL4 PE antibody (dilution 1/20) 
using DPBS + 0.5% BSA, and selection buffer, respectively (Extended Data Fig. 8 f). 
Notch activation is represented as the mean fold-change over the corresponding 
control ± s.d. of three independent biological replicates. The data were represented 
in Prism v.9.

Notch activation with streptavidin-coated polystyrene beads. Biotinylated WT 
DLL4 or DeltaMAX (26 µg) were coated in 1.33 mg of streptavidin-coated polystyrene 
beads for 1 h at 4 °C in DPBS + 0.1% BSA. The beads were washed three times with 

500 µl of DPBS + 0.1% BSA before and after coating. DLL4 precoated beads were 
counted in the microscope and 100 µl containing 30,000 beads combined in ratio 
1:1 with 100 µl of α-MEM with CHO-K1 N1-Gal4 reporter cell lines in 96-well 
tissue culture plates. The plates were incubated for 24 h at 37 °C, 5% CO2 and Notch 
activation measure by flow cytometry. The data represent Notch activation as a 
function of mean fluorescent intensity ± s.d. of three biological replicates. The data 
were represented in Prism v.9.

Notch inhibition assays with soluble antagonists and WT DLL4-coated 
plates. For CHO-K1 N1-Gal4 reporter cells, on day one, biotinylated WT DLL4 
was precoated in 96-well plates at 50 nM following the protocol as described 
above. Next, CHO-K1 N1-Gal4 cells were detached with trypsin–EDTA, washed 
and diluted at 200,000 cells ml−1 in α-MEM media. Tenfold serial dilutions of 
nonbiotinylated DLL4 ligands (N-EGF5) were prepared in DPBS starting at 
600 nM. Next, soluble inhibitors were mixed in ratio 1:1 with CHO-K1 N1-Gal4 
200,000 cells ml−1 stocks for 15 min at room temperature to preblock Notch 
receptors. Two-hundred microliters of inhibition reactions containing 20,000 
reporter cells were added to WT DLL4-coated wells, and plates incubated 
for 24 h at 37 °C and 5% CO2. When DAPT (γ-secretase inhibitor, (2S)-N-
[(3,5-Difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine 1,1-dimethylethyl ester, 
Sigma) and BB-94 (ADAM metalloprotease inhibitor, (2R,3S)-N4-Hydroxy-N1-
[(1S)-2-(methylamino)-2-oxo-1-(phenylmethyl)ethyl]-2-(2-methylpropyl)-3-
[(2-thienylthio)methyl]butanediamide, Sigma) were used, stock solutions were 
prepared at 100 µM in 8% DMSO. Appropriate DMSO controls were included 
to test Notch activation and cell viability. Final DMSO concentration in the 
experiment was kept below 1%. For comparisons of DeltaMAX with DAPT and 
BB-94, soluble inhibitors were serially diluted (ninefold) in DPBS, incubated 
with CHO-K1 N1-Gal4 reporter cells and added to wells as described above. On 
day two, assay plates were washed with 200 µl of DPBS, CHO-K1 N1-Gal4 cells 
detached with trypsin–EDTA, quenched with 200 µl of α-MEM media and Notch 
activation measured by flow cytometry (BD Accuri C6 Plus). The data represent 
the mean fluorescent intensity as percentage of Notch activation, relative to Notch 
activation in the absence of inhibitors ± s.d. of three independent biological 
replicates. The data were represented in Prism v.9.

For U2OS cells, on day one, 5 × 105 cells were plated in six-well tissue culture 
plates. On day two, U2OS cells were transfected as described above. On day 
three, 96-well plates (Coastar) were coated with streptavidin and biotinylated WT 
DLL4 at 50 nM as described above. Next, U2OS reporter cells were detached with 
trypsin–EDTA and diluted at 200,000 cells ml−1 in DMEM media. Tenfold serial 
dilutions of soluble DLL4 variants starting at 6,000 nM were prepared in DPBS 
and used to preblock reporter cells following the protocol as described above. 
Two-hundred microliters of inhibition reactions were added to 96-well plates 
precoated with biotinylated WT DLL4 ligand at 50 nM, and assay plates incubated 
for 24 h at 37 °C and 5% CO2. On day four, luciferase signals were measured with 
a Dual-Glo luciferase assay system (Promega) using a GloMax luminometer 
(Promega). Doxycycline at 2 µg ml−1 was maintained to ensure binding of soluble 
inhibitors to Notch-pan receptor. A ratio between firefly and Renilla luciferase was 
calculated, and Notch activation normalized to wells where inhibitors were not 
added. The data represent fold-change of Notch activation as percentage, relative to 
Notch activation in the absence of inhibitors ± s.d. of three independent biological 
replicates. The data were represented in Prism v.9.

Notch inhibition assay in coculture format. For inhibition of Notch 
ligand-expressing cell lines, on day one, U2OS Notch3 reporter cells (signal 
receivers) were detached with trypsin–EDTA, washed with DPBS and added to 
six-well plates. On day two, U2OS cells were transfected as described above. On 
day three, signal receiver cells were detached with trypsin–EDTA, and dilutions 
of 400,000 cells ml−1 were prepared in DMEM. On the one hand, soluble DLL4 
variants were prepared at 6,000 nM in DPBS, combined in 1:1 dilution with 
signal receiver cells and incubated for 15 min at room temperature (RT). On the 
other hand, HEK293T-expressing WT DLL4, DLL1, JAG1, JAG2 were detached 
with trypsin–EDTA, washed with DPBS and 200,000 cells ml−1 stocks prepared 
in DMEM. One-hundred microliters of both signal senders and preblocked 
signal receivers were combined in cell ratio 1:1 and incubated for 24 h at 37 °C 
and 5% CO2. On day four, luciferase firefly and Renilla signals were determined 
with Dual-Glo luciferase assay system (Promega) using a GloMax luminometer 
(Promega). Doxycycline at 2 µg m−1 was kept for all the conditions. A luminescence 
ratio firefly:Renilla was determined for every well. Notch activation of each 
Notch3:ligand pair was normalized to the signal of Notch3 reporters in the 
presence of HEK293T lacking ligands. Each Notch signaling pair was set at 100% 
activation and soluble DLL4 incubations were relative to its corresponding pair. 
The data represent fold-change of Notch activation as percentage, relative to 
Notch activation in the absence of inhibitors ± s.d. of three independent biological 
replicates. The data were represented in Prism v.9.

For inhibition of CHO-K1 N1-Gal4 cells with DAPT and DeltaMAX, the 
experiment was set up following the protocol described above with the exception 
that CHO-K1 N1-Gal4 reporters were incubated with HEK293T-expressing WT 
DLL4 for Notch activation. Threefold serial dilutions of soluble DeltaMAX and 
DAPT were prepared in DPBS starting at 6,000 nM. For DAPT, a stock solution of 
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100 µM in 8% DMSO was prepared before serial dilutions in DPBS. Appropriate 
DMSO controls were also assayed for cytotoxicity. Final DMSO concentration 
in the wells was maintained below 1%. Thirty-thousand signal senders and 
preblocked signal receivers (100 µl each) were incubated for 24 h at 37 °C and 5% 
CO2 before analysis by flow cytometry. Maximum Notch activation (100%) was set 
in the absence of soluble inhibitors and normalized to wells containing CHO-K1 
N1-Gal4 cells and HEK293T lacking expression of WT DLL4. Mean fluorescence 
intensity is represented as percentage relative to Notch activation in the absence 
of inhibitors ± s.d. of three independent biological replicates. The data were 
represented in Prism v.9.

Coculture assays for T cell activation and proliferation. Functional assays for 
human CD8+ T cells were performed in coculture with K562 cells expressing 
human CD32 (K32 cells) generated as described before52. Briefly, cells were 
γ-irradiated (100 Gy) and washed twice with PBS before being loaded with 
OKT3 (0.0125–0.5 μg ml−1, BioXcell) antibody at RT for 10 min. Human CD8+ 
T cells were negatively isolated from PBMCs and labeled with 5 μM of Cell Trace 
Violet (Invitrogen) according to the manufacturer’s specifications. Next, CD8+ 
T cells were cocultured with K32 cells at ratio 1:10 (T cell: K32). The frequency 
of proliferating T cells was determined after 96 h by flow cytometry using a 
CytoFLEX II (Beckman Coulter) and anti-CD8a Brilliant Violet 785 antibody 
(dilution 1/20). Zombie Green (Biolegend) was used for life/dead cell staining to 
discard dead cells from the analysis. A set of samples were additionally incubated 
with Golgi stop (BD) at 0.5 μl per well for 5 h and washed with PBS for detection 
of intracellular IFNγ using anti-hIFNγ APC antibody (Biolegend, dilution 1/20). 
The frequency of IFNγ positive cells was analyzed by flow cytometry (CytoFLEX 
II, Beckman Coulter). Dead cells were excluded from the analysis by staining with 
Zombie green (Biolegend). The data represent the mean percentage of proliferating 
T cells or IFNγ+ T cells ± s.e.m. of three independent experiments. The data were 
represented in Prism v.9.

Quantitative real-time PCR. Human CD8+ T cells were cocultured with 
K32-DLL4 cells for 96 h and positively enriched by MACS column (Invitrogen 
Kit). Total RNA was isolated from CD8+ T cells using TRIzol (Life Technologies). 
Reverse transcription reaction was performed using Verso cDNA Synthesis Kit 
(Thermo Scientific). Quantitative PCR reactions were prepared using a Bio-Rad 
SYBR green master mix and performed on an Applied Biosystems thermocycler 
(7900 HT). Relative expression was calculated using the ΔΔCt method and 
normalized to β2M levels. The data represent the mean quantity of mRNA (in-fold) 
for different T cell markers ± s.e.m. of three or four independent biological 
replicates. The data were represented in Prism v.9. Pair primers used were:

Human β2-Microglobulin
Forward: 5′-ATGAGTATGCCTGCCGTGTGA
Reverse: 5′-GGCATCTTCAAACCTCCATG
Human IFNγ
Forward: 5′-GACCAGAGCATCCAAAAGAG
Reverse: 5′-GGACATTCAAGTCAGTTACCGAATA
Human Granzyme B
Forward: 5′-CCCTGGGAAAACACTCACACA
Reverse: 5′-GCACAACTCAATGGTACTGTCG
Human Hes-4
Forward: 5′-ACGGTCATCTCCAGGATGT
Reverse: 5′-CGAGCGCGTATTAACGAGAG

Immunoblot analysis. For detection of Notch activation in CD8+ T cells, 
following coculture with K32 cell lines, CD8+ T cells were positively enriched by 
Magnisort Human CD8+ T cell positive selection Kit (Invitrogen). Nuclear fraction 
was isolated using a NE-PER Nuclear and Cytoplasmic extraction kit (Thermo 
Fisher). Equal protein amounts of nuclear cell lysates were run on 4–20% gradient 
Tris-glycine gels (Novex-Invitrogen), transferred to PVDF membranes using an 
iBlot Gel Transfer Device (Thermo Fisher) and immunoblotted with antibodies 
anti-cleaved Notch1 (Val1744 rabbit mAb, Cell Signaling Technology, 1:1,000), 
anti-Notch2 (D76A6 rabbit mAb, Cell Signaling Technology, 1:1,000) and anti-β 
Actin (mouse mAb, Sigma, 1:20,000). Secondary antibodies anti-IgG (anti-rabbit 
or anti-mouse, GE Healthcare, 1:5,000) conjugated to horseradish peroxidase 
(HRP) were used for detection of proteins using ECL Western Blot Substrate 
Reagent (Thermo Fisher Scientific). Images were acquired using a Chemidoc 
Imaging System and analyzed with Image-Lab v.6 software (Bio-Rad).

For Notch activation in U2OS and MCF-7 cells, WT DLL4 and DeltaMAX 
biotinylated ligands were immobilized at 50 nM in six-well streptavidin-coated 
plates following a scaled-up protocol of the one described before. After 24 h of 
stimulation, cells were lysed in Laemmli serum buffer (40% glycerol, 4% SDS, 
250 mM Tris-HCl, 0.02% bromophenol blue and 20% β-mercaptoethanol). Cell 
lysates were heated at 100 °C for 5 min, centrifuged at 21,000g for 10 min at 4 °C 
and supernatants stored at −20 °C. Proteins were separated by SDS–PAGE (12% 
Mini-PROTEAN TGX Precast Protein Gels, Bio-Rad) and transferred to PVDF 
membranes using an iBlot2 Gel Transfer Device (Thermo Fisher Scientific). The 
membranes were blocked in 3% BSA + 0.1% TBS-Tween. Primary antibodies were 
anti-cleaved Notch1 (Val1744 rabbit mAb, Cell Signaling Technology, 1:1,000) 

and β-Actin (rabbit polyclonal Ab, Cell Signaling Technology, 1:1,000). Secondary 
antibody anti-Rabbit IgG conjugated to HRP (Goat polyclonal Ab, Vector 
Laboratories, 1:8,000) was used for detection of proteins using SuperSignal West 
Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific). Images were 
acquired using an Amersham Imager 600 (GE Healthcare), and contrast adjusted 
with a curves layer in Adobe Photoshop 2022.

ELISA assay. Tenfold serial dilutions of nonbiotinylated WT DLL4 and DeltaMAX 
recombinant proteins (N-EGF5) were prepared in 100 μl of DPBS starting at a 
13.31 ng mm−2, and used to coat 96-well plates (Coastar) for 1 h at 37 °C. Next, 
the wells were washed three times with 200 μl of DPBS to remove unbound 
proteins and then blocked with 100 µl 2% BSA in DPBS (Thermo Scientific) for 
1 h at 37 °C, followed by washing three times with DPBS. The wells were then 
incubated with an anti-6xHis HRP-conjugated antibody (Bethyl, 1:5,000 dilution in 
DPBS + 0.5% BSA) on a microplate tilter for 1 h at RT. The wells were washed three 
times with DPBS and 100 μl of Turbo TMB-ELISA (Thermo Scientific) substrate 
solution was added. After 15 min the reaction was stopped by addition of 100 µl 
2 M hydrochloric acid and the absorbance was measured in a BioTek Synergy 2 
microplate reader at 450 nm. The data represent the mean absorbance ± s.d. of 
three biological replicates. The results were plotted in Prism v.9.

Human pluripotent stem cell culture and differentiation into neurons. H1 
human pluripotent stem cells (hPSCs, WiCell, WA01) were used in this study 
and maintained as previously described53. In brief, undifferentiated hPSCs were 
cultured in mTeSR Plus media (STEMCELL Technologies, 100-0276), with media 
changes every 1–2 days, on tissue culture plates that had been coated with Geltrex 
basement membrane matrix (Thermo Fisher). When undifferentiated hPSCs 
became partially to largely confluent, they were dissociated using Versene (Thermo 
Fisher), manually scraped off the plate and then passaged as small clumps at a 
1:6 ratio onto new Geltrex-coated plates in mTeSR Plus media (without ROCK 
inhibitor). To coat plates with Geltrex, a frozen Geltrex stock was thawed and 
diluted 1:100 in DMEM/F12 (Thermo Fisher), which was then added to the 
bottom of a tissue culture plate for at least 30 min at 37 °C. The remaining Geltrex 
solution was then aspirated, leaving behind a thin film.

For neural differentiation, hPSCs were dissociated into single cells with 
Accutase (Thermo Fisher) and seeded at a density of ~250,000 cells cm−2 (that 
is, 1 × 106 cells/well of a six-well plate) onto Geltrex-coated plates in mTeSR Plus 
media supplemented with thiazovivin (1 μM, a ROCK inhibitor to enhance cell 
survival; Tocris). The following day, mTeSR Plus media was aspirated, the cells were 
briefly washed with DMEM/F12 and neural differentiation media was added.

Neural differentiation of hPSCs was performed in two separate phases over 
14 days. In the first phase, to differentiate hPSCs into neural progenitors for 7 days, 
a modification of a previously reported method40 was used. However, in this study, 
differentiation was conducted in Chemically Defined Media 2 (CDM2) media, the 
composition of which has been described previously53: 50% IMDM + GlutaMAX 
(Thermo Fisher) + 50% F12 + GlutaMAX (Thermo Fisher) + 1 mg ml−1 polyvinyl 
alcohol (Sigma) + 1% v/v chemically defined lipid concentrate (Thermo Fisher) + 
450 μM 1-thioglycerol (Sigma) + 0.7 μg ml−1 recombinant human insulin (Sigma) 
+ 15 μg ml−1 human transferrin (Sigma) + 1% v/v penicillin/streptomycin (Thermo 
Fisher). To create CDM2, polyvinyl alcohol was brought into suspension by gentle 
warming and magnetic stirring, and the media was sterilely filtered (through 
a 0.22 μm filter) before use. Throughout the first 7 days, differentiation media 
was changed every 24 h. The second phase was to differentiate hPSC-derived 
neural progenitors into neurons for 7 days, from the day 8–14 interval. Neuronal 
differentiation media was modified from a previously reported method40. From 
day 8–14, cells were differentiated in BDNF (Brain Derived Neurotrophic Factor, 
20 ng ml−1, PeproTech), GDNF (Glial Cell Derived Neurotrophic Factor, 20 ng ml−1, 
PeproTech), Forskolin (10 μM, Tocris), 2-phospho-l-ascorbic acid (0.2 mM, 
Sigma-Aldrich), with the basal media compositions varying depending on the day 
of differentiation. On day 8, 25% Neurobasal media + 75% CDM2 media was used; 
on day 9, 50% Neurobasal media + 50% CDM2 media was used; on day 10, 75% 
Neurobasal media + 25% CDM2 media was used; on days 11–14, 100% Neurobasal 
media was used. The composition of Neurobasal media was: Neurobasal basal 
media (Thermo Fisher) + 1% v/v N2 (Thermo Fisher) + 2% v/v B27 (Thermo 
Fisher) + 1% v/v penicillin/streptomycin (Thermo Fisher), which was filtered 
through a sterilizing 0.22 µM filter before use. In summary, starting on day 8 of 
differentiation, Neurobasal media was added in an increasing 1/4th increment on 
a daily basis. However, to emphasize, throughout the entire day 8–14 interval, cells 
were exposed to the same concentration of neuronal differentiation signals (BDNF, 
GDNF, forskolin and 2-phospho-l-ascorbic acid), although different basal medias 
were used on different days.

To test the effect of Notch signaling on neuronal differentiation, starting on day 
8, hPSC-derived neural progenitors were treated with the aforementioned neuronal 
differentiation signals in the presence or absence of soluble DeltaMAX (0–1,000 nM), 
soluble wild-type DLL4 (0–1,000 nM) or DAPT (10,000 nM, Tocris).

Quantitative PCR analysis of human pluripotent stem cell-derived neurons. 
After differentiation of hPSCs into neurons as described above, gene expression 
was analyzed using RNA extraction, reverse transcription, and quantitative 
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PCR (qPCR) as previously described53. First, cells were lysed with RNeasy Lysis 
Buffer (Qiagen) and stored at −20 °C. Cell lysates were then thawed, and RNA 
was extracted using the RNeasy Mini Plus Kit (Qiagen) as per the manufacturer’s 
instructions and dissolved in H2O. Next, 300 ng of RNA was reverse transcribed 
into complementary DNA (cDNA) using the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems) according to the manufacturer’s protocol. 
Total cDNA was diluted 1:20 in H2O and qPCR was performed with the SensiFAST 
SYBR Lo-ROX Kit (Bioline) using 10 μl qPCR reactions per well in a 384-well 
plate. Each individual reaction contained 5.0 μl 2x SensiFAST SYBR qPCR Master 
Mix + 4.6 μl cDNA + 0.4 μl of 10 μM primer stock (5 μM forward + 5 μM reverse 
primers).

After qPCR plates were prepared by arraying sample-specific cDNAs and 
gene-specific primers, they were sealed and briefly centrifuged (for 1 min). qPCR 
plates (384-well) and their adhesive sealing sheets were obtained from Thermo 
Fisher. qPCR plates were ran on a QuantStudio 5 qPCR machine (Thermo Fisher) 
with the following cycling parameters: initial dissociation (95 °C, 2 mins) followed 
by 40 cycles of amplification and SYBR signal detection (95 °C dissociation, 5 s; 
60 °C annealing, 10 s; followed by 72 °C extension, 30 s), with a final series of 
steps to generate a dissociation curve at the end of each run. During qPCR data 
analysis, the fluorescence threshold to determine Ct values was set at the linear 
phase of amplification. Expression of all genes was normalized to the levels of 
the reference gene YWHAZ. The data represent the mean quantity of mRNA for 
different markers ± s.e.m. of four independent biological replicates. The data were 
represented in Prism v.9. Pair primers used were:

DCX
Forward: 5′- AGGGCTTTCTTGGGTCAGAGG
Reverse: 5′- GCTGCGAATCTTCAGCACTCA
MAPT
Forward: 5′- CCAAGTGTGGCTCATTAGGCA
Reverse: 5′- CCAATCTTCGACTGGACTCTGT
SNAP25
Forward: 5′- ACCAGTTGGCTGATGAGTCG
Reverse: 5′- CAAAGTCCTGATACCAGCATCTT
SOX2
Forward: 5′- TGGACAGTTACGCGCACAT
Reverse: 5′- CGAGTAGGACATGCTGTAGGT
SYT1
Forward: 5′- GCTGCTGGTAGGGATCATTCA
Reverse: 5′- GTTTTTCGGTGGACTTTTGTCTC
TBR1
Forward: 5′- ACAATTTTCCTGACTCCAAGGAC
Reverse: 5′- ACTGTGACGAAGCTCAGAGAC
VGLUT2
Forward: 5′- GGGAGACAATCGAGCTGACG
Reverse: 5′- TGCAGCGGATACCGAAGGA
YWHAZ
Forward: 5′- GAGCTGGTTCAGAAGGCCAAAC
Reverse: 5′- CCTTGCTCAGTTACAGACTTCATGCA

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

Data availability
The authors declare that all the data generated in this study are available within 
the article, the Extended Data information and Figs. Source data are also provided 
with this article and additional raw data are available from the corresponding 
author upon request. For Figs. 1a, 2a, Extended Data Figs. 1a, 2a and 3, the crystal 
structures Notch1:JAG1 (PDB: 5UK5) and Notch1:DLL4 (PDB: 4XL1) were used 
and they can be accessed from the Protein Data Bank.
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Extended Data Fig. 1 | Mutant library design and selection strategy for isolation of affinity-enhancing mutations in DLL4. a, Table depicting DLL4 
interface residue positions and the mutations allowed at each position, and schematic of DLL4 yeast display construct. Yellow stars indicate mutations. 
Expression of DLL4 was detected by flow with anti-HA tag antibody. b, Flow chart depicting the selection strategy used to isolate high-affinity DLL4 
variants. Red arrows and text indicate negative selections. c, Gating strategy for sorting high-affinity binders to Notch3.
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Extended Data Fig. 2 | Conservation analysis of Site 3 library positions in activating Notch ligands. a, A structural model depicting amino acid 
conservation in DLL1, DLL4, JAG1, and JAG2 residues was generated in Consurf using rat JAG1 as a template (PDB ID: 5UK5). b, Identity matrix indicating 
the sequence identity between human Notch ligands. c, Sequence alignment depicting conservation at each residue position. Residues mutated in the 
DLL4 mutant library are highlighted in red.
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Extended Data Fig. 3 | Structural analysis of DeltaMAX mutations. Cartoon representation showing the structural context of DLL4.v2 mutant in a model of 
the rat JAG1:Notch1 complex (PDB ID: 5UK5). a, b, c, d, and e are zoom panels depicting the residues that surround the mutated position. Numbers and 
dashes in (e) are inter-atomic distances atoms measured in angstroms.
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Extended Data Fig. 4 | Purification of Notch and DLL4 proteins. (a-b) Size-exclusion chromatography (SEC) chromatograms from the purification of 
the ligand-binding regions of human Notch1-4 (a) and murine Notch1 (b). All proteins were purified by nickel affinity chromatography followed by size 
exclusion chromatography using a Superdex S75 column. c, SDS–PAGE gels showing the purity and molecular weight of each Notch construct. d, SEC 
chromatograms from the purification of WT DLL4, DLL4.v1, DLL4.v2, and DeltaMAX proteins. All proteins were purified by nickel affinity chromatography 
followed by size exclusion chromatography using a Superdex S200 column. e, SEC chromatograms from the purification of C-termini biotinylated WT 
DLL4 and DeltaMAX proteins. f, SDS–PAGE gels showing the purity and molecular weight of each DLL4 construct. DLL4-BH3 indicates proteins containing 
C-terminal biotin acceptor peptides and hexahistadine tags. g, SEC chromatograms from 1 L protein preps were overlaid to highlight the increased yield of 
recombinant DeltaMAX compared to WT DLL4. h, SDS–PAGE gels showing the elution profile fractions of WT DLL4 and DeltaMAX preps from panel (g). i, 
Small scale preps of WT DLL4 and DeltaMAX performed in triplicate using the same baculovirus titers. Protein gels in (c), (f), and (h) are representative of 
multiple replicate preps performed to produce all the proteins for binding and signaling assays (n > three biological replicates).
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Extended Data Fig. 5 | SPR binding table and kinetics, binding assay, ligand adsorption, and Notch surface expression. a, The table shows the affinity 
constant values for the interaction between DLL4 variants and Notch receptors, and the fold-enhancement of DeltaMAX affinity relative to WT DLL4. 
b, Table showing the association and dissociation constants measure by SPR for the interaction of DLL4 variants to Notch1 EGF6-13. Half-lives were 
calculated for the complex DLL4:Notch in each case. SPR measurements were determined at 200 nM concentration of DLL4 proteins. c, Binding assay 
of WT DLL4 and DeltaMAX tetramers to Notch1-overexpressing CHO-K1 N1-Gal4 cells was measured by flow cytometry. Data represent mean values ± 
s.d. of three biological replicates. d, The level of Notch1 expression on the surface of cell lines used in this study was determined by flow cytometry. Data 
represent mean values ± s.d. of three biological replicates. e, Determination of plate adsorption for WT DLL4 and DeltaMAX by ELISA. Data represent 
mean values ± s.d. of three biological replicates. f, Percentage of CD8+ T cells expressing Notch1 (left graph) and Notch2 (right graph) on cell surface 
determined by flow cytometry after stimulation with K32-WT DLL4, K32-DeltaMAX, or K32 for 96 hours. Data represent mean values ± s.e.m. of three 
biological replicates. DeltaMAX statistics are referred to WT DLL4. Statistics were determined with two-way ANOVA.
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Extended Data Fig. 6 | Fluorescent and luminescent Notch reporter cell lines. Cartoon schematics describing the fluorescent (a) and luminescent (b) 
Notch-Gal4 reporter systems used for signaling assays. Flow cytometry dot plots depict the staining of each cell line with Notch-specific antibodies to 
detect surface expression. HD, heterodimerization domain, NRR, negative regulatory region.
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Extended Data Fig. 7 | Gating strategy implemented in signaling assays using immobilized ligands, and validation of DLL4-expressing cell lines. a, 
DLL4 variants were nonspecifically adsorbed to 96-well tissue culture plates or immobilized to streptavidin plates. Next, Notch1 reporter cells (CHO-K1 
N1-Gal4) were added to plates and Notch activation was measured by flow cytometry. The gating strategy to quantify Notch1 activation based on 
expression of H2B-mCitrine is shown. b, HEK293T cells were transduced to generate stable cell lines expressing WT DLL4 or DeltaMAX and sorted to 
normalize the expression levels of each ligand. Expression of WT DLL4 and DeltaMAX on HEK293T cells was analyzed by flow cytometry following staining 
with anti-hDLL4 PE-conjugated antibody. The ligand-expressing cell lines were used for coculture signaling assays with Notch1, Notch2, and Notch3-U2OS 
luciferase reporter cells. Density plots are representative of three biological replicates.
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Extended Data Fig. 8 | optimization of different ligand-presentation strategies. a, Cartoon representation of different ligand-presentation formats. b, 
Yeast expressing DeltaMAX (N-EGF5) were cocultured with reporter cells for 24 h at different ratios and fluorescence was measured by flow cytometry. c, 
HEK293T cells expressing DeltaMAX were cocultured with reporter cells at various ratios for 24 h and Notch activation was measured by flow cytometry. 
d, Magnetic beads were pre-coated with biotinylated DeltaMAX and cocultured with reporter cells at ratios of 1:20 or 1:40 to stimulate Notch activation. e, 
SA-polystyrene beads were coated with biotinylated WT DLL4 or DeltaMAX and incubated in ratio 1:1 with CHO-K1 N1-Gal4 reporter cells to measure Notch 
activation by flow cytometry. f, Flow cytometry dot plots depict the expression level of Notch1 and DeltaMAX. Data in (b), (c), (d) and (e) represent mean 
values ± s.d. of three biological replicates, while (f) are density plots representative of three biological replicates. DeltaMAX statistics are referred to WT 
DLL4 or controls. Statistics were determined by two-way ANOVA.
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Extended Data Fig. 9 | Coculture inhibition of Notch1 using DAPT or DeltaMAX. a, Dose-titration assay comparing the inhibition potency of DAPT and 
soluble DeltaMAX. Fluorescent Notch1 reporter cells were cultured in a 1:1 ratio with HEK293T cells stably expressing WT DLL4. Data represent mean 
values ± s.d. of three biological replicates. b, Summary of the gating strategy used for flow cytometry to differentiate between HEK293T and CHO-K1 
N1-Gal4 cell signals. The basal expression of H2B-mCitrine in CHO-K1 N1-Gal4 cells was used as a criterion to distinguish between cell types. Notably, the 
population identified in the middle and bottom panels (Notch1 reporter CHO-K1 N1-Gal4 cells) corresponds to approximately 50% of the total cells, which 
is consistent with a 1:1 ratio of reporter cells to 293T cells. Density plots are representative of three biological replicates. DeltaMAX statistics are referred to 
DAPT. Statistics were determined by two-way ANOVA.
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Extended Data Fig. 10 | Expression of Notch ligands in stable cell lines. Stable HEK293T cell lines expressing WT DLL4, DLL1, JAG1, or JAG2 were stained 
with specific antibodies targeting the ECDs of each Notch ligand and measured by flow cytometry. The expression of Notch ligands, as well as sequencing 
results, validated these stable cell lines. Flow charts are representative of three biological replicates.
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