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Graft-versus-host disease (GVHD) is the main complication of allogeneic bone marrow transplantation. Cur-
rent strategies to control GVHD rely on global immunosuppression. These strategies are incompletely effec-
tive and decrease the anticancer activity of the allogeneic graft. We previously identified Notch signaling in 
T cells as a new therapeutic target for preventing GVHD. Notch-deprived T cells showed markedly decreased 
production of inflammatory cytokines, but normal in vivo proliferation, increased accumulation of regula-
tory T cells, and preserved anticancer effects. Here, we report that γ-secretase inhibitors can block all Notch 
signals in alloreactive T cells, but lead to severe on-target intestinal toxicity. Using newly developed human-
ized antibodies and conditional genetic models, we demonstrate that Notch1/Notch2 receptors and the Notch 
ligands Delta-like1/4 mediate all the effects of Notch signaling in T cells during GVHD, with dominant roles 
for Notch1 and Delta-like4. Notch1 inhibition controlled GVHD, but led to treatment-limiting toxicity. In 
contrast, Delta-like1/4 inhibition blocked GVHD without limiting adverse effects while preserving substantial 
anticancer activity. Transient blockade in the peritransplant period provided durable protection. These find-
ings open new perspectives for selective and safe targeting of individual Notch pathway components in GVHD 
and other T cell–mediated human disorders.

Introduction
Allogeneic BM or hematopoietic cell transplantation (allo-BMT) is 
an essential therapeutic modality for patients with hematological 
malignancies and other blood disorders. In cancer patients, ben-
eficial effects of allo-BMT are based on immune-mediated elimina-
tion of tumor cells due to the graft-versus-tumor (GVT) activity of 
donor T cells (1–3). Unfortunately, T cells also mediate damage to 
normal host tissues, leading to graft-versus-host disease (GVHD) 
(1, 4, 5). GVHD remains the most devastating complication of 
allo-BMT, with high mortality, morbidity, and healthcare costs. 
Current strategies to control GVHD involve T cell depletion from 
the graft or global immunosuppression (5, 6). Despite these inter-
ventions, acute and chronic GVHD still arise in many allo-BMT 
patients (5, 7). In addition, immunosuppression decreases GVT 
efficiency, leading to increased rates of cancer relapse (1, 8). Thus, 
new approaches are needed to prevent GVHD without eliminating 
GVT activity in allo-BMT recipients.

We have discovered a critical role for Notch signaling in patho-
genic host-reactive T cells after allo-BMT (9). Notch is a cell-cell 
communication pathway with multiple functions in health and 
disease (10, 11). Notch ligands of the Delta-like (Dll1, Dll3, Dll4) 
or Jagged (Jagged1, Jagged2) family interact with one of 4 mam-
malian Notch receptors (Notch1–4), leading to proteolytic receptor 

activation by γ-secretase (10). In the hematopoietic system, Notch 
plays an essential role in early T cell development (12–15). More-
over, emerging work has identified Notch functions in mature  
T cell immunity (16–19). To assess the overall effects of Notch sig-
naling in T cells after allo-BMT, we conditionally expressed a domi-
nant negative Mastermind-like (DNMAML) pan-Notch inhibitor 
in mature CD4+ and CD8+ T cells (9, 20). DNMAML is a truncated 
fragment of the Mastermind-like1 coactivator fused to GFP that 
blocks transcriptional activation downstream of all Notch recep-
tors (20–23). DNMAML expression in donor T cells led to markedly 
reduced GVHD severity, without causing global immunosuppres-
sion (9). DNMAML alloreactive T cells displayed decreased pro-
duction of multiple inflammatory cytokines and increased expan-
sion of Tregs, leading to reduced target organ damage. However, 
DNMAML T cells proliferated and expanded in vivo as well, or even 
better, than WT alloreactive T cells. Importantly, DNMAML T cells 
retained potent cytotoxic potential and GVT activity, as recipients 
of DNMAML T cells were able to overcome a leukemia challenge. 
This led to long-term survival of allo-BMT recipients, free of leu-
kemia and severe GVHD. Our findings identify Notch signaling in 
donor T cells as an attractive target for achieving beneficial immu-
nomodulation and inhibiting GVHD after allo-BMT.

Although genetic strategies are invaluable in studying the 
role of Notch signaling in disease models, pharmacological 
interventions are required to harness the therapeutic poten-
tial of Notch inhibition (24). Here, we report that γ-secretase 
inhibitors (GSIs) blocked Notch signaling in alloreactive  
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T cells during GVHD, but led to severe on-target side effects in 
the intestinal epithelium after allo-BMT. To bypass this limit-
ing toxicity, we targeted individual Notch ligands and receptors 
in mice using newly developed potent and specific neutralizing 

humanized monoclonal antibodies (24, 25). These antibodies 
block both mouse and human proteins (24, 25). We found that 
Notch1/2 and Dll1/4 accounted for all the effects of Notch sig-
naling in alloreactive T cells, with dominant effects for Notch1 

Figure 1
Efficient Notch inhibition in alloreactive T cells but severe intestinal toxicity of GSIs after BM transplantation. Lethally irradiated (9 Gy) BALB/c mice were 
transplanted with B6 TCD BM (5 × 106 cells) with or without WT or DNMAML (DN) B6 T cells (10 × 106 splenocytes). The GSI DBZ was administered 
daily as compared with vehicle (i.p., 10 μmol/kg) (28). (A) Cytokine production by donor-derived H2Kb+H2Kd– CD4+ spleen T cells at day 5 after allo-
BMT. Representative flow cytometry plots show intracellular IFN-γ and IL-2 after anti-CD3/CD28 restimulation. (B) Relative abundance of transcripts 
for Ifng, Il2, and the Notch target gene Dtx1 in day-5 donor-derived CD4+ T cells after anti-CD3/CD28 restimulation. (C) Short survival of DBZ-treated 
mice after allo-BMT, even upon transplantation of TCD BM only (P < 0.01, WT vehicle vs. WT DBZ; P < 0.0001, TCD vehicle vs. TCD DBZ). In contrast, 
DNMAML expression in donor T cells led to markedly prolonged survival (P < 0.0001, WT vs. DNMAML vehicle) (n = 14 for vehicle-treated, n = 6 for 
DBZ-treated groups). (D) H&E sections and quantification of villus atrophy in the ileum of DBZ-treated mice at day 5 after allo-BMT (n = 5–6/group). 
(E) Markedly decreased BrdU incorporation upon DBZ treatment (n = 3/group). Scale bars: 100 μm. Bar graphs represent mean ± SD. **P < 0.01.
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and Dll4. In particular, combined blockade of Dll1 and Dll4 
was safely achieved after allo-BMT, with no evidence of intes-
tinal side effects. Remarkably, transient Dll1 and Dll4 inhibi-
tion was sufficient to provide long-lasting protection against 
GVHD. Protection was associated with persistent Treg expan-
sion. These findings identify strategies for safely and efficiently 
targeting individual elements of the Notch pathway after allo-
BMT, which could lead to new strategies for GVHD control in 
human patients. Since aberrant Notch signaling has been linked 
to many human diseases, our work may have broad implications 
beyond GVHD toward selective therapeutic targeting of indi-
vidual Notch pathway components.

Results
Pharmacological pan-Notch inhibitors block Notch signaling in alloreac-
tive T cells but lead to severe gastrointestinal toxicity. The rate-limit-
ing step in proteolytic activation of the Notch receptors can be 
targeted with GSIs, a class of compounds available for preclini-
cal and early clinical interventions (26). To assess the potential 
of pan-Notch inhibition with GSIs to control GVHD, we used 
the C57BL/6 (B6) anti-BALB/c MHC-mismatched model of 
allo-BMT and treated recipient mice with the GSI dibenzaz-

epine (DBZ). DBZ decreased the production of inflammatory 
cytokines such as IFN-γ and IL-2 by alloreactive T cells to an 
extent similar to that of genetic blockade of Notch signaling 
by DNMAML (Figure 1, A and B, and ref. 9). DBZ-treated WT 
and vehicle-treated DNMAML T cells had similarly decreased 
expression of Dtx1, a direct Notch target gene (Figure 1B), indi-
cating efficient inhibition of Notch signaling. To assess whether 
DBZ-mediated pan-Notch inhibition resulted in improved out-
come, we monitored survival of allo-BMT recipients (Figure 
1C). While DNMAML-mediated Notch blockade in alloreactive  
T cells drastically reduced GVHD severity and increased survival 
of allo-BMT recipients (9), DBZ-treated mice died within 4–8 days 
after transplantation, with signs of severe diarrhea, even when no  
T cells were present in the donor inoculum (Figure 1C). Histo-
logical examination of the small intestine showed decreased vil-
lus height (Figure 1D) and markedly decreased BrdU incorpora-
tion (Figure 1E). This rapid lethality and intestinal toxicity were 
much more severe than previously reported with GSIs in steady-
state conditions, suggesting an essential role for Notch signal-
ing in supporting recovery of intestinal integrity after total body 
irradiation. Thus, GSIs can target Notch in alloreactive T cells, 
but lead to profound intestinal adverse effects after allo-BMT.

Figure 2
Notch1 and Notch2 control the production of IFN-γ and IL-2 by alloreactive T cells, with dominant effects of Notch1. WT or DNMAML B6 T cells 
were transplanted into irradiated BALB/c recipients (9 Gy). Isotype control, anti-Notch1 (anti-N1), anti-Notch2 (anti-N2), or both anti-Notch1/
Notch2 antibodies were administered at day 0 and day 3. DNMAML T cells exposed to isotype control antibodies were a positive control for pan-
Notch inhibition. (A) Intracellular staining for IFN-γ in donor-derived H2Kb+H2Kd– CD4+ spleen T cells after anti-CD3/CD28 restimulation. MFI of 
the IFN-γ+ cells is shown. (B) Intracellular staining for IL-2 under the same conditions. MFI of IL-2+ cells is shown. Representative flow cytometry 
plots are shown. Numbers indicate the percentage of cells in each quadrant. Bar graphs represent mean ± SD (n = 3) from 1 of 3 representative 
experiments. **P < 0.01.
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Notch1 and Notch2 account for all the effects of Notch signaling in allo-
reactive T cells, with a dominant role for Notch1. In steady-state con-
ditions, Notch1 and Notch2 exert largely redundant functions in 
the gut epithelium (24, 27, 28). Thus, targeting only Notch1 or 
Notch2 could be safer than pan-Notch inhibition after allo-BMT. 
We studied Notch1–4 expression in naive and alloreactive CD4+ 

and CD8+ T cells (Supplemental Figure 1; supplemental material 
available online with this article; doi:10.1172/JCI65477DS1). Both 
Notch1 and Notch2 transcripts were present (Supplemental Figure 
1A). Notch1 mRNA was more abundant than Notch2 mRNA. Notch3 
and Notch4 transcripts were not detectable, even in activated allo-
reactive T cells (Supplemental Figure 1, B and C). To assess the  

Figure 3
Notch1 inactivation in T cells is sufficient to protect mice from lethal GVHD. Irradiated BALB/c mice (9 Gy) were infused with TCD BM and WT, 
DNMAML, or Notch1f/f Cd4-Cre+ (N1 KO) spleen B6 T cells. Isotype control or anti-Notch2 antibodies (5 mg/kg) were administered i.p. twice 
weekly. (A) Survival after transplantation and (B) clinical GVHD score showing protection from lethal GVHD in groups transplanted with DNMAML 
or Notch1 KO T cells, irrespective of Notch2 blockade (P < 0.0001 for TCD BM, DNMAML, Notch1 KO groups vs. WT isotype and WT anti-Notch2) 
(n = 8/group). Cross indicates death of all mice by the indicated time point. Preserved in vivo proliferation (C) and expansion (D) of DNMAML and 
Notch1 KO CD4+ and CD8+ T cells. Donor-derived H2Kb+H2Kd–CFSE-labeled T cells were tracked in the spleen at day 5 after transplantation. 
DNMAML-GFP was present in the same channel as CFSE fluorescence. (E) Increased expansion of DNMAML and Notch1 KO T cells at days 14 
and 21 after transplantation. Graphs show the number of donor-derived H2Kb+H2Kd– CD4+ or CD8+ T cells in the spleen. (F) Increased percent-
age and absolute numbers of donor FoxP3+ Tregs upon DNMAML expression or Notch1 inactivation. Representative flow cytometry plots are 
shown, including a sample stained with isotype control antibodies. Bar graphs represent mean ± SD. **P < 0.01; *P < 0.05.
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respective roles of Notch1 and Notch2 functionally, we used 
humanized antibodies that target the extracellular negative regu-
latory region of each receptor to prevent Notch activation (24). 
As a control for the quality of these reagents, we found that in 
vivo administration of anti-Notch1 or anti-Notch2 antibodies 
led to profound depletion of Notch1-dependent thymocytes and 
Notch2-dependent marginal zone B (MZB) cells, respectively, with 
no crossreactivity (Supplemental Figure 2 and refs. 12, 29). These 
findings indicate high efficacy and specificity.

We tested the impact of Notch1 and/or Notch2 inhibition after 
allo-BMT, using cytokine production as surrogate end point and 
DNMAML T cells as positive control for efficient pan-Notch 
inhibition (Figure 2). Combined Notch1 and Notch2 blockade 
reduced IFN-γ (Figure 2A) and IL-2 (Figure 2B) production by 
alloreactive T cells to an extent similar to that of DNMAML 

expression. Notch1 inhibition alone was sufficient to partially 
block IFN-γ and prevent IL-2 production. Notch2 blockade had 
minor effects on the MFI of IFN-γ staining and on IL-2 produc-
tion. This indicated a dominant role for Notch1, with additional 
contribution from Notch2. To verify that Notch receptors exert 
cell-autonomous effects in T cells, we studied alloreactive T cells 
with genetic inactivation of Notch1, Notch2 (Supplemental Figure 
3), or both (Supplemental Figure 4). Production of IFN-γ and 
IL-2 in CD4+ T cells and IFN-γ in CD8+ T cells was profoundly 
decreased upon DNMAML expression or combined Notch1/2 
inhibition (Notch1 inactivation with systemic Notch2 blockade, 
Notch2 inactivation with systemic Notch1 blockade, or Notch1/
Notch2 inactivation). Thus, cell-autonomous effects of Notch1 and 
Notch2 accounted for all the effects of Notch signaling in allore-
active CD4+ and CD8+ T cells, with a dominant role for Notch1.

Figure 4
Dominant role of Notch1 in intestinal regeneration after BM transplantation. BALB/c mice were lethally irradiated (9 Gy) and transplanted with TCD 
B6 BM (5 × 106 cells). Monoclonal antibodies (5 mg/kg) were administered i.p. twice weekly. (A) H&E staining and anti-BrdU immunohistochemistry 
of ileum in mice treated with isotype control or combined anti-Notch1/Notch2 antibodies (day 4). BrdU was given i.p. 2 hours before euthanasia. 
The number of BrdU+ crypts was quantified in 6–10 crypts/mouse. Bar graphs represent mean ± SD (n = 3/group). **P < 0.01. (B) Rapid lethality in 
anti-Notch1/Notch2–treated mice, as seen with GSI treatment (Figure 1). Isotype control, n = 5; anti-Notch1/Notch2, n = 12. (C) H&E and anti-BrdU 
staining of ileum in mice treated with isotype control (day 5), anti-Notch1 (day 6), or anti-Notch2 antibodies (day 5). Bar graphs represent mean ± 
SD (n = 3/group). Scale bars: 100 μm. (D) Rapid lethality in anti-Notch1–treated mice, consistent with the major effects of Notch1 blockade on intes-
tinal regeneration as seen in C. This was not the case with anti-Notch2 alone (see Figure 3A). Isotype control, n = 5; anti-Notch1, n = 6 mice/group.
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Notch1 inactivation in donor T cells protects mice from acute GVHD. 
In view of Notch1’s dominant effects on cytokine production, we 
assessed the impact of Notch1 inactivation in T cells on GVHD 
severity and mortality (Figure 3, A and B). BALB/c recipients of 
Notch1-deficient B6 T cells survived as well as mice receiving B6 
DNMAML T cells or T cell–depleted (TCD) BM only, regardless of 
systemic Notch2 blockade. Moreover, Notch2 inhibition alone did 
not decrease GVHD mortality and severity.

To understand the basis for the dominant effects of Notch1, 
we compared Notch1-deficient and DNMAML alloreactive T cells 
(Figure 3, C–F). DNMAML expression or Notch1 inactivation did 
not impair in vivo proliferation and expansion of donor-derived 
CD4+ and CD8+ T cells (Figure 3, C and D). This was consistent 
with the absence of global immunosuppression. At later time 
points after allo-BMT, both DNMAML and Notch1-deficient  
T cells showed enhanced expansion in the spleen (Figure 3E) 
and other lymphohematopoietic organs (not shown). Because 
proliferation was not changed, this was likely due to decreased 
T cell death in the absence of Notch signaling. In addition, both 
DNMAML and Notch1-deficient T cells led to increased accumula-
tion of FoxP3+ Tregs (Figure 3F). Thus, pan-Notch inhibition with 
DNMAML and isolated Notch1 inactivation had similar effects on 
alloreactive T cells (Figures 2 and 3), identifying Notch1 in T cells 
as a possible therapeutic target in GVHD.

Systemic Notch1 blockade leads to severe gastrointestinal toxicity after 
BM transplantation. To assess whether Notch1 could be inhibited 
safely after allo-BMT, we studied intestinal homeostasis and 
survival in allo-BMT recipients treated with anti-Notch1 or anti-
Notch1/Notch2 antibodies. Histological analysis showed mark-
edly reduced proliferation and disrupted epithelial integrity with 
anti-Notch1/Notch2 treatment, as seen with DBZ (Figure 4A and 
Figure 1). Consistently, combined Notch1 and Notch2 inhibition 
led to rapid lethality (Figure 4B). Intestinal toxicity with anti-
Notch1 treatment was also severe, although somewhat delayed, 
with reduced proliferation seen 2 days later than with combined 
receptor blockade, while Notch2 blockade alone had minimal 
effects (Figure 4C). Overall survival of anti-Notch1–treated mice 
was very short (Figure 4D). These findings differ from the mild 
effects of Notch1 inhibition alone in the gut during steady-state 
conditions (24), indicating an increased dependence on Notch1-
mediated signals during intestinal regeneration after allo-BMT. 
Interestingly, Notch blockade after irradiation did not induce 
goblet cell hyperplasia, a hallmark of Notch inhibition during 
steady-state conditions (Supplemental Figure 5 and ref. 28). This 
observation suggests an effect of Notch1 on primitive intesti-
nal progenitors required for intestinal recovery. Thus, although 
Notch1 is an attractive target, its systemic inhibition cannot be 
achieved safely after allo-BMT.

Figure 5
Dll1 and Dll4 Notch ligands control the production of IFN-γ and IL-2 by alloreactive T cells, with dominant effects of Dll4. WT or DNMAML B6 T 
cells were transplanted into irradiated BALB/c recipients (9 Gy). Isotype control, anti-Dll1, anti-Dll4, or anti-Dll1/Dll4 antibodies were adminis-
tered at day 0 and day 3. DNMAML T cells exposed to isotype control antibodies were a positive control for pan-Notch inhibition. (A) Intracellular 
staining for IFN-γ in donor-derived H2Kb+H2Kd– CD4+ spleen T cells after anti-CD3/CD28 restimulation. MFI of IFN-γ+ cells is shown. (B) 
Intracellular staining for IL-2 under the same conditions. MFI of IL-2+ cells is shown. Representative flow cytometry plots are shown. Numbers 
indicate the percentage of cells in each quadrant. Bar graphs represent mean ± SD (n = 3) from 1 of 3 representative experiments. **P < 0.01.
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Figure 6
Transient blockade of Dll1 and Dll4 protects mice from lethal 
GVHD without inducing intestinal toxicity. (A) BALB/c mice were 
lethally irradiated (9 Gy) and transplanted with TCD B6 BM  
(5 × 106 cells). Anti-Dll1 and anti-DllL4 antibodies (5 mg/kg) were 
administered i.p. on day 0 and day 3. Preserved intestinal archi-
tecture and BrdU incorporation (H&E and anti-BrdU staining, 
day 5) indicating absence of intestinal toxicity. (B and C) Irradi-
ated BALB/c mice (9 Gy) were infused with TCD B6 BM, with or 
without WT or DNMAML spleen B6 T cells. Isotype control, anti-
Dll1, anti-Dll4, or anti-Dll1/Dll4 antibodies were administered 
twice weekly for 60 days (long course) or 10 days (short course: 
days 0, 3, 7, and 10). Scale bars: 100 μm. (B) Survival after 
transplantation and clinical GVHD score demonstrate increas-
ing protection with Dll1, Dll4, and combined Dll1/Dll4 block-
ade (P = 0.005, WT vs. anti-Dll1; P = 0.0001, WT vs. anti-Dll4;  
P < 0.0001, WT vs. anti-Dll1/Dll4). Anti-Dll1/Dll4 antibodies pro-
vided nearly as much protection as DNMAML T cells, even upon 
short-term administration (P = 0.21, DNMAML vs. anti-Dll1/Dll4 
groups) (n = 8/group). Crosses indicate death of all mice by the 
indicated time point. (C) Representative photographs illustrating 
protection from GVHD (see also Supplemental Figure 7).
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Dll1 and Dll4 Notch ligands mediate Notch signaling in alloreactive 
T cells, with a dominant role for Dll4. Past reports suggested a role 
for Delta-like and not Jagged ligands in promoting Th1-like 
inflammatory T cell responses, which dominate in GVHD (30). 
Thus, we studied the possibility of inhibiting Dll1 and Dll4, the 
2 agonistic Delta-like ligands, using newly developed neutraliz-
ing antibodies that target the Dll1 or Dll4 extracellular domain 
(10, 31). As a control, these antibodies led to profound depletion 
of Dll1-dependent MZB cells and Dll4-dependent thymocytes, 
respectively, showing high efficiency and specificity (Supplemen-
tal Figure 6 and refs. 32, 33). After allo-BMT, combined inhibi-
tion of Dll1 and Dll4 blocked production of IFN-γ and IL-2 to an 
extent similar to that of DNMAML expression in T cells (Figure 

5). Anti-Dll4 antibodies had the most profound effects, while 
Dll1 blockade only had a minimal impact by itself. Together, 
compared with the effects of DNMAML-mediated pan-Notch 
inhibition, Dll1 and Dll4 appeared to account for all the effects 
of Notch signaling on cytokine secretion by alloreactive T cells, 
with a dominant role for Dll4.

Dll1 and Dll4 blockade abrogates acute GVHD, even when applied 
transiently after BM transplantation. To evaluate the safety of Dll1/
Dll4 blockade, we studied intestinal recovery after allo-BMT. 
Unlike DBZ or anti-Notch1 antibodies, anti-Dll1/Dll4 treat-
ment had no detectable effect on morphology and BrdU incor-
poration in the small intestine (Figure 6A). Thus, we assessed 
whether Dll1 and/or Dll4 blockade could protect mice from the 

Figure 7
Preserved in vivo T cell proliferation and increased expansion of Tregs upon transient Dll1/Dll4 blockade. Irradiated BALB/c mice (9 Gy) were 
infused with TCD BM, with or without WT or DNMAML spleen T cells. Isotype control or anti-Dll1/DllL4 antibodies were administered transiently 
(days 0, 3, 7, and 10). (A) Preserved in vivo proliferation as assessed by tracking CFSE-labeled donor-derived T cells and (B) BrdU incorporation 
on day 5 after allo-BMT. (C) Expansion of WT, DNMAML, and WT T cells in anti-Dll1/Dll4–treated mice at days 14, 21, and 35 after transplanta-
tion. Graphs show the absolute number of donor-derived H2Kb+H2Kd– CD4+ or CD8+ T cells in the spleen of individual recipients. (D) Short-term 
Dll1/Dll4 inhibition was associated with persistently elevated percentages and absolute number of Tregs at day 35. Representative flow cytometry 
plots for intracellular FoxP3 staining are shown, including a sample stained with isotype control antibodies. Numbers indicate the percentage of 
cells in each quadrant. Bar graphs represent mean ± SD. **P < 0.01; *P < 0.05.
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morbidity and lethality of acute GVHD (Figure 6B). Individual 
Dll1 or Dll4 inhibition extended the median survival of allo-
BMT recipients by approximately 25 and 50 days, respectively, 
although ultimately all animals succumbed to GVHD. However, 
when both Dll1 and Dll4 were inhibited, we observed increased 
long-term survival and decreased GVHD severity to an extent 
similar to that seen with DNMAML-mediated pan-Notch inhi-
bition. Remarkably, short-term Dll1/Dll4 blockade after allo-
BMT (days 0–10) conferred as much protection as continuous 
blockade for 60 days after transplantation. Representative exam-
ples documenting the magnitude of the clinical protection are 
shown in Figure 6C and Supplemental Figure 7. Thus, targeting 
Delta-like ligands rather than Notch receptors did not induce 
limiting toxicity and revealed the protective effects of Notch 
inhibition in GVHD.

Dll1/Dll4 blockade does not impair T cell proliferation and induces per-
sistent expansion of Tregs. We next investigated the impact of Dll1/
Dll4 inhibition on donor-derived alloreactive T cells. CFSE dilu-
tion (Figure 7A) and BrdU incorporation (Figure 7B) showed that 
Dll1/Dll4 blockade did not decrease proliferation of donor-derived 
T cells in vivo. At later time points, anti-Dll1/Dll4 treatment was 

associated with increased expansion of donor T cells in the spleen 
(Figure 7C) and other lymphohematopoietic organs (not shown). 
This was similar to our observations upon DNMAML expression 
or Notch1 loss (Figure 3), although increased expansion was less 
pronounced at day 14 in antibody-treated mice. Importantly, Dll1/
Dll4 blockade allowed for increased numbers of Tregs to accumu-
late at day 14 (data not shown), and this was maintained even after 
blocking antibodies had been cleared from recipient mice (Fig-
ure 7D, day 35). In selected experiments, Treg accumulation was 
documented with the use of Foxp3-IRES-mRFP+ donor B6 T cells 
(Supplemental Figure 8 and ref. 34). Together, transient Dll1/
Dll4 inhibition blocked production of inflammatory cytokines 
(Figure 5) and led to a long-term increase in donor Tregs. To 
determine whether the expanding Treg population was suffi-
cient to confer protection from GVHD, we cotransferred fresh 
B6 T cells with splenocytes recovered from primary transplant 
recipients exposed to control or anti-Dll1/Dll4 antibodies con-
taining increased FoxP3+ T cells (Supplemental Figure 9). This 
strategy failed to protect the majority of secondary recipient 
mice, suggesting that Notch-deprived Tregs were not sufficient 
to block GVHD induced by Notch-competent T cells.

Figure 8
Preserved hematopoietic recovery after allogeneic transplantation in mice treated with anti-Dll1/Dll4 antibodies. Allo-BMT and transient adminis-
tration of anti-Dll1/Dll4 or control antibodies (days 0–10) were performed as described in Figure 6. (A) Weekly complete blood counts after allo-
BMT showing unimpaired recovery in recipients treated with anti-Dll1/Dll4 antibodies. (B) CFU-GM activity in the BM on day 21 after transplanta-
tion. (C) Absolute numbers of CD45.1+ cells derived from B6-CD45.1 donor TCD BM at days 14, 21, and 35. This showed preserved engraftment 
and expansion of CD45.1+ donor-derived cells in the BM. Bar graphs represent mean ± SD.
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ure 10). Overall cytotoxic potential was captured with an in vivo 
cytotoxicity assay (Figure 10, A and B). Allo-BMT recipients were chal-
lenged at day 14 with CFSE-labeled allogeneic target cells. Efficient 
elimination of allogeneic targets was observed in recipients of WT  
T cells treated with isotype control or anti-Dll1/Dll4 antibodies. Cyto-
toxic activity was slightly reduced in anti-Dll1/Dll4–treated recipients. 
However, it was efficient when compared with recipients of TCD BM 
only (Figure 10B). We next assessed whether the mice could control 
a challenge with host-type luciferase-expressing A20 tumor cells (106 
A20 cells/recipient; Figure 10, C and D). We chose to infuse A20 cells 
at the time of transplant so that the tumor cell dose could be precisely 
controlled. In the absence of donor T cells, rapid tumor progression 
was observed in all mice surviving beyond 3 weeks. WT T cells could 
control the leukemia, but induced lethal GVHD. Dll1/Dll4 blockade 
preserved tumor clearance in all allo-BMT recipients at this tumor 
cell dose (Figure 10, C and D). The magnitude of the GVT effects was 
further assessed with higher doses of tumor cells. As shown in Figure 
10E, we observed a fraction of anti-Dll1/Dll4–treated mice with late 
tumor relapse when the tumor cell dose was raised 5-fold. These data 
show that Notch blockade with anti-Dll1/Dll4 antibodies blocked 
GVHD while preserving substantial GVT activity.

Next, we determined whether Dll1/Dll4 blockade impaired NK 
cell–mediated cytotoxic functions, as alloresponsive NK cells can 
play an important role in human transplant recipients, especially 
in the presence of MHC mismatches (37–41). Past work in classical 
“hybrid resistance” models has shown that NK cells from hybrid F1 
mice exert cytotoxicity against parental hematopoietic cells in the 
absence of T cell–mediated effects, as F1 T cells are tolerant to paren-
tal alloantigens (42–45). B6 × BALB/c were treated with isotype con-
trol or anti-Dll1/Dll4 antibodies followed by poly(I:C) to enhance 
NK cell function (46, 47). We challenged these mice with CFSE-

Dll1 and Dll4 inhibition does not impair hematopoietic recovery after 
allo-BMT. To further assess the safety of short-term Dll1/Dll4 
blockade, we studied hematopoietic and thymic reconstitution. 
Blood counts and in particular platelet recovery were not impaired 
by Dll1/Dll4 blockade (Figure 8A). BM progenitor contents were 
not affected as compared with mice receiving WT or DNMAML 
T cells (Figure 8B). When CD45.1 was used to track cells derived 
from the TCD BM, similar engraftment efficiency was observed 
(Figure 8C). Thus, no major defect in hematopoietic reconstitu-
tion was apparent in these conditions.

Thymic output after allo-BMT can be profoundly decreased 
by GVHD-induced damage to the thymic epithelium (tGVHD) 
(35, 36). However, Dll4 is the physiological ligand driving early  
T cell development in the thymus (32). We quantified CD4+CD8+ 
double-positive (DP) thymocytes as a measure of thymic function 
after allo-BMT (Figure 9). Recipients of WT T cells had mark-
edly reduced DP numbers as a result of severe tGVHD. Infusion 
of DNMAML T cells preserved thymic cellularity, consistent with 
markedly decreased tGVHD. Interestingly, Dll1/Dll4 blockade was 
associated with low DP contents at day 21, consistent with block-
ade of Dll4-dependent T cell development. However, after time 
had elapsed allowing antibodies to be cleared, thymic cellularity 
increased up to levels seen in DNMAML recipients (day 35). Thus, 
transient Dll1/Dll4 inhibition protected the thymus from tGVHD, 
allowing good subsequent immune recovery.

Dll1/Dll4 blockade preserves substantial cytotoxicity and GVT activ-
ity. DNMAML expression and anti-Dll1/Dll4 antibodies blocked 
cytokine production without preventing T cell proliferation and 
expansion (Figures 5 and 6). We previously reported that DNMAML  
T cells have preserved cytotoxic activity and GVT potential (9). We 
next assessed the effect of short-term anti-Dll1/Dll4 treatment (Fig-

Figure 9
Protection from thymic GVHD upon transient systemic Dll1/Dll4 blockade. Lethally irradiated (8.5 Gy) BALB/c mice were transplanted with TCD 
BM (5 × 106 cells) with or without WT or DNMAML T cells (10 × 106 splenocytes). Isotype control vs. anti-Dll1/Dll4 antibodies were administered 
i.p. at days 0, 3, 7, and 10 (short course). (A) Thymus was assessed using flow cytometry to identify newly formed CD4+CD8+ DP thymocytes. At 
day 21, thymopoiesis was inhibited in the presence of anti-Dll4 antibodies (red arrow). At day 35, after antibody clearance, large numbers of DP 
thymocytes arose in anti-Dll1/Dll4–treated mice (blue arrow), indicating protection from GVHD-induced thymic damage. (B) Absolute number 
of CD4+CD8+ DP thymocytes at days 21 and 35 in individual allo-BMT recipients, quantifying preserved thymic recovery at day 35 in anti-Dll1/
Dll4–treated mice. *P < 0.05.
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major difference in the survival of control or anti-Dll1/Dll4–treated 
recipients (Supplemental Figure 11). These findings indicate that 
any contribution of antitumor NK cell activity in this model is not 
influenced in a major way by Dll1/Dll4 blockade. In addition, anti-
Dll1/Dll4 antibodies had no direct antitumor effects.

Discussion
Our findings highlight the therapeutic potential of targeting indi-
vidual Notch receptors or ligands as a new strategy for controlling 
GVHD after allo-BMT. We used genetic pan-Notch inhibition as an 
experimental benchmark to identify nonredundant effects of spe-

labeled BALB/c parental target cells (47). As expected, we observed 
markedly decreased recovery of CFSEhi BALB/c targets in poly(I:C)-
treated F1 recipients, consistent with NK-mediated lysis. Pretreat-
ment of the mice with anti-Dll1/Dll4 antibodies had no impact on 
the elimination of BALB/c targets by NK cells, which remained effi-
cient (Supplemental Figure 10). Thus, Dll1/Dll4 blockade had no 
effect on the alloresponsive antihematopoietic cell activity of NK 
cells. Finally, we injected A20 tumor cells in recipients of TCD BM 
treated with isotype control or anti-Dll1/Dll4 antibodies. Rapid 
tumor progression is typically observed in this context, consistent 
with dominant T rather than NK cell cytotoxicity. We observed no 

Figure 10
Dll1/Dll4 blockade preserves substantial in vivo cytotoxicity and GVT effects. Allo-BMT and transient administration of anti-Dll1/Dll4 or control 
antibodies (days 0–10) were performed as described in Figure 6 legend. (A) In vivo cytotoxicity assay. Allo-BMT recipient mice were challenged 
on day 14 with a 1:1 infusion of CFSE-labeled allogeneic targets and control cells (CFSEhiH-2Kd+ BALB/c and CFSElo control H-2Kb+ B6-CD45.1 
splenocytes, respectively). After 18 hours, elimination of the BALB/c targets was assessed in the spleen by flow cytometry. (B) Summary of in 
vivo cytotoxicity data in individual mice (n = 6–10/group). **P < 0.01. (C) Bioluminescence imaging was performed at the indicated time points 
after allo-BMT and infusion of host-type (H-2Kd+) A20-TGL tumor cells (106/recipient on day 0). Representative mice are shown. Cross indicates 
death of all mice in the group of WT T cell recipients. (D) Cumulative incidence of tumor-related death (days 0–100) (n = 12/group, 1 × 106 A20 
cells/recipient). (E) Cumulative incidence of tumor-related death (days 0–70) (n = 25–35/group, 5 × 106 A20 cells/recipient).
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Notch blockade has profound effects on the production of 
inflammatory cytokines that trigger tissue damage and GVHD. 
In contrast, we have reported previously that expression of the 
cytotoxic molecules Perforin, Granzyme B, FasL, and Trail was 
preserved or only modestly decreased in Notch-deprived allore-
active T cells (9). Thus, while we are not suggesting that Notch 
inhibition completely eliminates GVHD without any effect 
on GVT activity, our data indicate that GVHD is profoundly 
reduced while preserving substantial GVT activity, creating a 
therapeutic window for immunomodulation by Notch inhi-
bition. Furthermore, we found that Dll1/Dll4 inhibition did 
not affect the alloresponsive antihematopoietic cell activity of 
NK cells. Interestingly, Yasutomo’s group reported that NK 
cell function could be enhanced by Jagged2 but not Delta-like 
ligand, suggesting that different Notch ligands have distinct 
effects on mature NK cells (58). Although more work is needed 
to fully explore this question, our findings suggest that Dll1/
Dll4 inhibition may preserve NK cell function, an important 
mechanism underlying the therapeutic effects of human BM 
transplantation (37–40, 59, 60).

Our findings identify a promising preclinical strategy of Notch 
blockade with an improved safety index when compared with sys-
temic pan-Notch inhibition with GSIs. GSIs are currently being 
explored for their anticancer activity in early clinical trials. Gas-
trointestinal toxicity has emerged as a significant dose-limiting 
on-target adverse effect in mice and humans (28, 61, 62). Con-
comitant administration of corticosteroids has been reported to 
decrease gut toxicity in mice (63). However, corticosteroids induce 
global immunosuppression, which is an unattractive choice after 
allo-BMT. Intermittent administration schedules are also being 
tested to improve the safety of GSIs in cancer patients. However, 
our observations suggest that minimizing gut toxicity of GSIs may 
be particularly challenging in allo-BMT patients given the height-
ened requirement for Notch signaling during intestinal regenera-
tion after irradiation, precisely at the time when Notch exerts its 
effects on alloreactive T cells. Thus, GSIs are not promising agents 
for therapeutic intervention after allo-BMT.

In steady-state conditions, Notch1 inhibition alone had no or 
only modest effect on intestinal homeostasis (24, 27). In contrast, 
we observed severe intestinal side effects from isolated Notch1 
blockade after allo-BMT. This suggested a heightened requirement 
for Notch1 after allo-BMT, perhaps during the recruitment of 
intestinal stem and progenitor cells for intestinal repair after total 
body irradiation. Radtke and collaborators have observed goblet 
cell hyperplasia after conditional Dll1 and Dll4 inactivation in the 
adult intestine (64). However, we did not detect any effect on the 
gut after antibody-mediated Dll1/Dll4 blockade, both in steady-
state conditions and after allo-BMT, indicating preservation of a 
very useful therapeutic window with these antibodies. The lack of 
intestinal toxicity with our anti-Dll1/4 antibodies likely results 
from a dose-dependent effect. Indeed, the anti-Dll1 antibody that 
we used is an early generation reagent with a relatively low affinity 
for its target in biochemical assays. Affinity-matured versions of 
this anti-Dll1 antibody do indeed cause goblet cell hyperplasia and 
intestinal toxicity, consistent with genetic results (data not shown) 
(64). Thus, our “low-affinity” anti-Dll1 antibody represents a bet-
ter reagent with a more desirable therapeutic window in acute 
GVHD. Radtke and collaborators showed that Dll1 is dominant 
in the gut (64), while we found that Dll4 is the main driver of acute 
GVHD, indicating that high-degree Dll4 inhibition with slightly 

cific Notch receptors and ligands in alloreactive T cells. Notch1 had 
dominant effects, with a minor contribution from Notch2, while 
Notch3–4 transcripts were not detectable in donor T cells. Delta-like 
ligands appeared to account for all the pathogenic effects of Notch 
in T cells, with dominant effects of Dll4. In terms of efficacy and 
safety, short-term combined blockade of Dll1/4 Notch ligands with 
monoclonal antibodies emerged as the most promising strategy to 
harness the beneficial effects of Notch inhibition after allo-BMT in 
the preclinical mouse models that we used.

Past work has described redundant roles for Notch1 and Notch2 
in T cells in other immune contexts (48–50). Several reasons 
could explain the more dominant effects of Notch1 in GVHD. 
Although both receptors were expressed, Notch2 was less abun-
dant than Notch1 mRNA in alloreactive T cells, especially during 
peak activation. In addition, Notch1 may preferentially interact 
with the Dll4 Notch ligand during GVHD. This is reminiscent 
of the specific requirement for Notch1 and Dll4 in early T cell 
development and neoangiogenesis (25, 32, 51). It remains to be 
determined which cells present Dll1/Dll4 ligands to alloreactive 
T cells in the post-BMT environment. Moreover, fringe glycosyl-
transferases could be important because they increase the avidity 
of Notch receptors for Delta-like as opposed to Jagged ligands 
(52, 53). This mechanism has not been explored in peripheral 
T cell immunity, but could account in part for the dominant 
effects of Delta-like ligands during GVHD.

Early work exploring a role for Notch in alloreactivity relied 
on Notch ligand overexpression in dendritic cells or in artificial 
antigen-presenting cells (54–56). This strategy induced hypore-
sponsiveness of alloreactive T cells, leading the authors to suggest 
that Notch might be important in inducing tolerance after trans-
plantation. In contrast, our work indicates that Notch signaling 
is required for pathogenic functions of alloreactive T cells in vivo 
after allo-BMT. This is consistent with a recent report describing 
delayed organ rejection upon Dll1 inhibition in a model of alloge-
neic heart transplantation, although our observations identified 
more profound overall effects of the pathway (57). Our data illus-
trate the value of studying the effects of Notch signaling in vivo 
in specific immune responses using loss-of-function approaches. 
In vitro studies and gain-of-function approaches may not reliably 
model the physiological and pathophysiological conditions in 
which T cells encounter Notch ligands.

Similar to genetic pan-Notch inhibition, Notch1 inactivation 
or Dll1/Dll4 blockade dramatically decreased production of 
inflammatory cytokines and GVHD without causing global 
immunosuppression. Indeed, Notch deprivation preserved 
in vivo proliferation and increased expansion of alloreactive  
T cells in lymphohematopoietic organs. Because proliferation 
was not changed, enhanced accumulation was likely related to 
decreased activation-induced T cell death upon Notch inhibi-
tion. These findings differ from the effects of most interven-
tions used to control GVHD, including calcineurin inhibitors 
and many methods that decrease proliferation and expansion 
of alloreactive T cells. We also observed long-lasting expan-
sion of donor-derived Tregs, even when Dll1/Dll4 ligands were 
blocked transiently after allo-BMT. It is possible that these Tregs 
helped maintain long-term GVHD control upon Notch inhibi-
tion. Dll1/Dll4 blockade preserved high levels of cytotoxicity 
and anticancer activity, although we did observe late relapses 
in a fraction of the mice when the tumor cell dose was raised 
to very high levels. Mechanistically, our findings indicate that 
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monoclonal antibody specific for Dll1 was generated and tested in a simi-
lar fashion. An irrelevant human IgG1 antibody interacting with herpes 
simplex virus gD protein was used as isotype control. Antibodies were 
injected i.p. at 5 mg/kg twice weekly, starting 1 hour before transplanta-
tion. In most experiments involving Dll1/Dll4 blockade, only 4 doses were 
administered (days 0, 3, 7, and 10; short course). The quality of each batch 
was tested in vivo by assessing inhibition of Notch1/Dll4-dependent T cell 
development and Notch2/Dll1-dependent MZB cells (12, 29, 32, 33).

Induction and assessment of GVHD. Mice underwent allo-BMT as previously 
described (9). TCD BM was prepared from B6-SJL mice with anti-Thy1.2 
antibodies and complement incubation (72). Depletion efficiency was con-
sistently greater than 95%. Suspensions of donor B6 splenocytes were pre-
pared and, where indicated, labeled with 2.5 μM CFSE. BALB/c recipients 
were irradiated using 8.5–9 Gy from a 137Cs source 4 hours before trans-
plantation. We mixed donor B6-SJL TCD BM (4–5 × 106) with or without 
B6 splenocytes (7–10 × 106) and transplanted this into irradiated BALB/c 
recipients (8–12 mice per group per experiment). The clinical GVHD score 
was assessed as described at least weekly (73). Representative photographs 
were taken at defined time points to document clinical signs of GVHD. 
In selected experiments, complete blood counts were assessed (Siemens 
Advia 120 Hematology System). CFU assays were performed using methyl-
cellulose plates and reagents from Stem Cell Technologies. Donor-derived  
T cells were tracked in lymphoid organs of recipient mice. Comparison 
of T cell numbers between groups was also performed within individual 
experiments to best account for experimental variability.

Flow cytometry. The following antibodies were from BioLegend: anti-
CD4, anti-CD8α, anti-CD19, anti-CD21/35, anti-CD23, anti-CD45.1, anti-
CD45.2, anti-CD93/AA4.1, anti-B220, anti-TCRβ, anti–H-2Kb, anti–H-2Kd, 
anti–IFN-γ, and anti–IL-2. Anti-FoxP3 antibodies were from eBiosciences. 
Fluorescent conjugates were FITC, phycoerythrin (PE), PE-Cyanin7 (PE-
Cy7), allophycocyanin (APC), APC-Cy7, peridinin-chlorophyll-Cy5.5 (Per-
CPCy5.5). and PE–Texas Red. Biotinylated antibodies were revealed with 
streptavidin-PE-Cy7, PerCP-Cy5.5, or PE–Texas Red. After blocking unspe-
cific binding with rat/mouse IgG (Sigma-Aldrich), cells were stained in 
PBS plus 4% FCS or 1% BSA. For T cell restimulation, we used plate-bound 
anti-CD3 (clone 145-2C11) and anti-CD28 (clone 37.51) (2.5 μg/ml each; 
Biolegend). Intracellular flow cytometry was performed according to the 
manufacturer’s instructions after addition of Monensin for more than 2 
hours (BD). For BrdU incorporation, mice were pulsed with 1 mg BrdU i.p. 
6 hours before euthanasia and staining was performed with a BrdU detec-
tion kit (BD). Analysis and sorting were performed on a 3-laser FACSCanto 
or FACSAria II/III, respectively (BD). Dead cells were excluded with DAPI 
(Sigma-Aldrich). Files were analyzed in FlowJo (Tree Star).

Quantitative reverse-transcription PCR. RNA was isolated using the RNeasy 
Micro Kit (QIAGEN). cDNA was prepared with Superscript II (Invitrogen). 
Real-time PCR was performed with TaqMan or SYBR Green PCR Master 
Mix and analyzed on a Mastercycler ep realplex (Eppendorf). Relative tran-
script abundance was calculated using the ΔΔCt method after normaliza-
tion with Hprt1. In some experiments, absolute transcript abundance was 
measured using a standard titration curve built with known amounts of 
PCR product as target of amplification. Primer sequences were obtained 
from the PrimerBank (http://pga.mgh.harvard.edu/primerbank/) or from 
Applied Biosystems.

In vivo cytotoxicity assay. BALB/c allogeneic target splenocytes were labeled 
with 2.5 μM CFSE. Control targets were B6-SJL splenocytes labeled with 
a low concentration of CFSE (0.25 μM). On day 14, we infused a 1:1 
mixture of CFSE-labeled BALB/c and B6-SJL targets (107 cells). Spleens 
were harvested 18 hours later to assess for the specific killing of CFSEhi 
BALB/c target cells by flow cytometry (9). To assess NK cell–mediated 
cytotoxicity, we used B6 × BALB/c F1 mice treated with PBS or 200 μg 

less complete Dll1 inhibition could give optimal results in acute 
GVHD. Furthermore, hematopoietic recovery was not detectably 
impaired by transient Dll1/Dll4 inhibition. Past work indicates 
that Notch is not essential for the ultimate recovery of HSCs 
after transplantation (23, 65, 66), although Notch2 loss delayed 
early stages of hematopoietic reconstitution (66). The ligands 
accounting for these effects in vivo are not known. As we did not 
observe delayed recovery upon Dll1/Dll4 blockade, this suggests 
a contribution from Jagged ligands to this effect. Our ability to 
obtain therapeutic effects in GVHD with short-term Dll1/Dll4 
inhibition allows for subsequent efficient thymic recovery upon 
clearance of anti-Dll4 antibodies. It also decreases concerns about 
unwanted effects of chronic Notch inhibition that may promote 
malignancies or perturb normal homeostasis (67–69). However, it 
remains possible that delayed tissue injury or inflammation (e.g., 
upon infection) could enhance T cell reactivity and trigger GVHD 
despite the initial protection provided by transient anti-Dll1/Dll4 
blockade. Future work will need to consider this possibility, since 
our data indicate that Notch inhibition does not lead to complete 
lasting tolerance of donor T cells to host alloantigens, as several 
effector functions (e.g., proliferation, cytotoxicity) remain active. 
It is also interesting to speculate whether Notch signaling could 
play a role at late post-transplant stages in delayed acute GVHD 
or during chronic GVHD, which would open other therapeutic 
perspectives.

The humanized antibodies that we used in this study were 
designed to block both mouse and human proteins. Thus, our 
preclinical work could be efficiently translated into new strategies 
for GVHD control in clinical trials. Our data point to Notch inhi-
bition as an efficient new strategy to prevent GVHD, while more 
work is necessary to evaluate its potential to treat ongoing acute 
or chronic GVHD. Moreover, our work could pave the way toward 
Notch inhibition in other T cell–mediated disorders, such as organ 
rejection and autoimmune diseases. Rather than indiscriminate 
pan-Notch blockade, targeting individual Notch receptors and 
ligands may be a new approach to bring safe and effective Notch-
based therapeutic interventions to the bedside.

Methods
Mice. BALB/c (H-2d) and B6 (H-2b, CD45.2+) mice were from Harlan. 
C57BL/6.Ptprca (B6-SJL, H-2b, CD45.1+) mice were from the National Can-
cer Institute. ROSA26DNMAMLf mice (abbreviated DNMAML) contained a 
Cre-inducible expression cassette encoding the DNMAML-GFP pan-Notch 
inhibitor under the control of the ROSA26 promoter (20). This allowed 
for efficient blockade of Notch-mediated transcriptional activation down-
stream of all Notch receptors and tracking of individual Notch-deprived 
cells. DNMAML, Notch1f/f (provided by Raphael Kopan, Washington Uni-
versity School of Medicine, St. Louis, Missouri, USA) (70), and Notch2f/f 
mice (71) were crossed to Cd4-Cre transgenic mice before backcrossing to 
the B6 background for more than 8 generations. Notch1f/f Notch2f/f Cd4-Cre+ 
mice were used after 4 generations of backcross. Foxp3-IRES-mRFP reporter 
mice have been described previously (34). Both Cd4-Cre+ and Cd4-Cre– age-
matched B6 mice were included as controls with no difference in outcome.

Pharmacological and antibody-mediated Notch inhibition. The GSI DBZ (EMD 
Biosciences) was administered in vivo at 10 μmol/kg/d via i.p. injection 
(28). Control mice received vehicle only containing DMSO, 0.5% (w/v) 
hydroxypropylmethylcellulose (Dow Chemicals), and 0.1% (w/v) Tween 
80 in water. Humanized IgG1 neutralizing monoclonal antibodies spe-
cific for the Notch1- or Notch2-negative regulatory region or for the Dll4 
extracellular domain were described previously (24, 25). A neutralizing 
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poly(I:C) (Sigma-Aldrich) 24 hours before i.v. infusion of CFSElo F1 and 
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16 hours later to evaluate NK cell–mediated elimination of CFSEhi BALB/c 
target cells by flow cytometry (46, 47).
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cells stably expressing luciferase were provided by Marcel van den Brink 
(Memorial Sloan-Kettering Cancer Center, New York, New York, USA) (74). 
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visualize goblet cells. Immunohistochemistry was performed as described 
(75) with mouse anti-BrdU monoclonal antibody (1:50; Dako) and a bio-
tinylated goat-anti-mouse secondary antibody (1:400; Vector Laborato-
ries). ABC and DAB kits (Vector Laboratories) were used per manufacturer 
instructions, and slides were counterstained with hematoxylin. Analysis of 
villus height was performed on vehicle and DBZ-treated ileum. Well-ori-
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