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Abstract

Notch signaling promotes T cell pathogenicity and graft-versus-host disease (GVHD) after
allogeneic hematopoietic cell transplantation (allo-HCT) in mice, with a dominant role for the
Delta-like Notch ligand, DLL4. To assess if Notch’s effects are evolutionarily conserved and

to identify the mechanisms of Notch signaling inhibition, we studied antibody-mediated DLL4
blockade in a non-human primate (NHP) model similar to human allo-HCT. Short-term DLL4
blockade improved post-transplant survival with durable protection from gastrointestinal GVHD
in particular. Unlike prior immunosuppressive strategies tested in the NHP GVHD model, anti-
DLL4 interfered with a T cell transcriptional program associated with intestinal infiltration. In
cross-species investigations, Notch inhibition decreased surface abundance of the gut-homing
integrin a4B7 in conventional T cells while preserving a4p7 in regulatory T cells, with findings
suggesting increased p1 competition for a4 binding in conventional T cells. Secondary lymphoid
organ fibroblastic reticular cells emerged as the critical cellular source of Delta-like Notch ligands
for Notch-mediated up-regulation of a4p7 integrin in T cells after allo-HCT. Altogether, DLL4-
Notch blockade decreased effector T cell infiltration into the gut, with increased regulatory to
conventional T cell ratios early after allo-HCT. Our results identify a conserved, biologically
unique and targetable role of DLL4-Notch signaling in intestinal GVHD.

One Sentence Summary:

Evolutionarily conserved Notch signaling promotes pathogenic effector T cell infiltration of the
intestine during acute graft-versus-host disease.

INTRODUCTION

Allogeneic hematopoietic cell transplantation (allo-HCT) has life-saving potential for
patients with hematological malignancies and bone marrow disorders. However, acute graft-
versus-host disease (aGVHD) remains a major cause of morbidity and mortality (1). Among
aGVHD manifestations, gastrointestinal involvement (Gl-aGVHD) is most challenging,
with nearly all cases of severe aGVHD prominently involving the gastrointestinal tract.
Moreover, epithelial injury and the gut microbiome can fuel activation of pathogenic T

cells, thereby propagating tissue damage after allo-HCT (2-8). Thus, preventing Gl-aGVHD
would represent a major advance if accomplished while preserving protective immunity,
including anti-infectious and anti-cancer T cell responses (9).

To foster progress, preclinical studies have relied heavily on mouse allo-HCT models.
Major advantages include strain combinations that mimic many aspects of aGVHD, as
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well as abundant genetic and immunological reagents (10). Yet, mouse models do not
account for evolutionary changes in biological pathways driving aGVHD, especially for
complex ligand-receptor systems with multiple family members. Moreover, mouse allo-HCT
differs from human allo-HCT in terms of transplant conditioning, supportive care, and
complications. Thus, numerous factors could underlie the failure of preclinical studies in
mice to be translated to patients. To address these issues, we developed a T cell-replete
haploidentical allo-HCT model of aGVHD in non-human primates (NHPs) (11-16). In this
model, treatments can be evaluated initially as single agents for their activity in GVHD
prophylaxis, unlike in human patients where new interventions must be combined with
drugs used for routine GVHD prevention. Thus, the impact of targeting a single pathway
can be studied in detail in NHP (12, 13, 15, 16). Among key parameters for subsequent
translation, the NHP model can establish the magnitude of single agent activity, assess if the
pathway of interest is conserved from mice to primates and thus worth targeting in humans,
and detect unexpected toxicities not predicted in mice. Furthermore, the NHP model can
identify unique mechanisms of GVHD protection to define how new strategies should best
be deployed in humans.

We previously reported that early post-transplant Notch inhibition in donor T cells induced
major protection from GVHD in mice (17-21). Notch is an evolutionarily conserved ligand-
receptor signaling pathway. Mammals harbor four agonistic Notch ligands (Delta-like1/4,
Jagged1/2) and four receptors (Notch1l to 4), with both redundant and non-redundant
functions (22, 23). Ligand-receptor interactions lead to proteolytic cleavage of Notch
receptors by -y-secretase, followed by translocation of intracellular Notch to the nucleus
where it induces target gene activation in association with the transcription factor RBP-

Jx and a Mastermind-like family co-activator. In mouse allo-HCT models, genetic or
pharmacologic Notch inhibition in donor T cells led to major protection from aGVHD,
while preserving T cell expansion in lymphoid organs and potent graft-versus-tumor activity
— a beneficial pattern of immunomodulation (17-21, 24-26). Notch1/2 in T cells and Delta-
like1/4 (DLL1/4) in the host underlied the effects of Notch signaling on GVHD, with a
dominant role for Notchl and DLL4 (17, 21, 24). Donor T cells interacted with Delta-like
ligands expressed by fibroblastic reticular cells in secondary lymphoid organs within hours
of transplantation, consistent with an early window of pathogenic Notch activity (24).
Indeed, Notch inhibition within two days of allo-HCT was essential to confer GVHD
protection, and a single dose of antibodies blocking Delta-like ligands provided long-term
GVHD protection when given at the time of transplantation (24). Thus, our findings in
mice suggest that transient inhibition of Delta-like Notch ligands is an attractive strategy to
prevent GVHD after allo-HCT without causing global immunosuppression.

Despite these promising findings, it remains unknown if the critical impact of Notch
signaling on GVHD in mice will be conserved in humans. Although its overall effects are
preserved between species, Notch is a complex pathway driven by multiple receptors and
ligands whose individual involvement can drift through evolution. Furthermore, systemic
Notch inhibitors such as y-secretase inhibitors induced on-target toxicity in mice and in
human clinical trials, especially when given continuously (21, 27-29). In contrast, targeting
individual Notch ligands and receptors with blocking antibodies conferred a broader
therapeutic window (21, 30). Thus, it is essential to define the overall activity, tolerability,
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temporal effects and mechanisms-of-action of Notch pathway inhibitors in models of allo-
HCT and GVHD as close to human allo-HCT as possible.

To address these questions, we turned to our haploidentical allo-HCT model in NHPs,

which recapitulates key aspects of human allo-HCT, providing a translational platform

for investigational drugs and mechanistic analysis. Using this approach, we previously
nominated therapeutic strategies studied initially in mice as candidates for human translation
(11-16), with the first (CTLA4-1g) now FDA-approved for GVHD prevention (31).

Given the dominant role of the Notch ligand DLL4 in mice, we prioritized transient peri-
transplant DLL4 inhibition as the most promising strategy. We tested an anti-DLL4 antibody
(REGNA421) cross-reactive with human and NHP DLL4 for which pharmacokinetic and
toxicity information was available from prior studies in NHPs and patients with cancer (32).
In the NHP allo-HCT model, transient DLL4 inhibition with one dose or three weekly doses
of REGN421 had potent single agent activity against clinical and pathologic Gl-aGVHD,

a pattern of activity not observed previously in NHP with other candidate therapeutics.
Mechanistic analysis revealed decreased accumulation of activated conventional T cells in
the GI tract and an increased ratio of regulatory to conventional T cells, both in NHPs

and in mice. Notch-deprived effector, but not regulatory, T cells had decreased surface
expression of the gut-homing integrin a4p7, which interacts with endothelial MAdCAM-1
close to intestinal crypts (5). Our data suggest a mechanism for decreased a4p7 through
enhanced 1 and 7 competition for a4 binding upon Notch blockade. Together, we
identified a conserved pathogenic role of the Notch ligand DLL4 from mice to NHP, with
therapeutic benefits of transient DLL4 inhibition in preventing GI-aGVHD. Our data provide
information about the unique effects of Notch inhibition on the differential accumulation of
regulatory and conventional T cells in the gut. In turn, these observations provide insights
into the development of Notch targeting strategies to prevent GVHD in patients who receive
allo-HCT.

DLL4 blockade early after allo-HCT protects NHPs from Gl-aGVHD.

Our prior experiments in mice demonstrated that short-term blockade of Delta-like Notch
ligands starting within 2 days of allo-HCT had protective effects against aGVHD (21, 24).
To evaluate if these effects translate to NHPs, we treated NHP allo-HCT recipients (all
haplo-identical half-siblings) with the anti-DLL4 blocking antibody REGN421, using one of
two dosing regimens: a single dose of 3 mg/kg at day 0 post-HCT (n=7), or three weekly
doses at days 0, 7, and 14 (n=4). We then compared these NHP to allo-HCT recipients
receiving supportive care only (“NoRx”) (Fig. 1A). Our NoRx cohort included half-siblings
and unrelated haplo-identical recipients plus one unrelated major histocompatibility complex
(MHC)-mismatched animal. However, we did not observe any differences between half-
siblings and unrelated sub-cohorts in clinical or immunological aGVHD manifestations

(fig. S1), providing the rationale to combine all untreated recipients into one single control
cohort. Untreated and REGN421-treated recipients received comparable doses of T cells
and CD34" cells (fig. S2A, data file S1). Pharmacokinetic analysis after a single dose of
REGN421 demonstrated mono-phase decay kinetics with a half-life of 3.36 days, resulting
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in biologically active serum concentrations >2 pug/mL (33) until day 17+2 days (fig. S2B).
Three weekly doses of REGN421 resulted in antibody concentrations >2 pg/mL for >30
days post-HCT (fig. S2B).

Protection from aGVHD was observed with a single dose of REGN421 at day 0 or three
weekly doses at day 0, 7, and 14, consistent with an impact of REGN421 during the

early phases of T cell activation (Fig. 1B and C). REGN421-treated animals had delayed
aGVHD onset and lengthened survival compared to controls with no prophylaxis (NoRX;
Fig. 1B and C). Although euthanasia decisions in this and other studies were solely based on
humane veterinary endpoints, this was consistent with our past data documenting an inverse
correlation between GVHD severity and post-HCT survival in this model (11, 13, 15, 16).

Detailed analysis of aGVHD clinical presentations in REGN421-treated animals in
comparison to NoRx controls revealed near complete protection from Gl-aGVHD with
REGN421. None of the eleven recipients that received either single or multiple doses of
REGN421 developed clinical signs of GI-aGVHD (Fig. 1D). Moreover, pathology scores in
the Gl tract remained lower with REGN421 compared to the NoRx cohort and equivalent

to scores in healthy non-transplanted NHP (Fig. 1E). However, REGN421-treated recipients
did ultimately develop other clinical and pathologic signs of skin, hepatic or pulmonary
aGVHD, but without Gl disease (data file S1, Fig. 1D and E, fig. S2C). These observations
are consistent with partial protection from aGVHD after DLL4 inhibition, but with complete
protection from Gl-aGVHD by clinical and pathological criteria.

NHPs receiving mono-prophylaxis with a single dose or three weekly doses of REGN421
had rapid donor engraftment after allo-HCT (fig. S2D to K), including high bone marrow,
whole blood, as well as T cell donor chimerism (Fig. 1F, fig. S2D). Nine out of eleven
recipients showed hematologic reconstitution post-transplant (Fig. 1G and H); two animals
(R.306 and R.297, each treated with a single dose of REGN421) were euthanized early

after transplant (on day +12 and +11, respectively, prior to neutrophil engraftment). R.306
exhibited pre-engraftment bleeding complications, and R.297 developed a pre-engraftment
Gl infection (data file S1), both of which are expected complications after allo-HCT in NHP
(12) and patients (34, 35). We observed a similar frequency of clinical events resulting

in early euthanasia before neutrophil engraftment and a similar incidence of bleeding

events or transfusion-refractory thrombocytopenia in the anti-DLL4 cohort compared to
previously reported cohorts with other single-agent immunoprophylaxis that had comparable
post-transplant survival (sirolimus versus costimulatory blockade with anti-OX40 ligand
[OX40L] or anti-CD28 antibodies) (12, 13) (fig. S2K to N). These observations suggest

that REGN421-based GVHD prophylaxis did not cause unique hematological toxicity in
NHPs. As our 1-dose and 3-dose anti-DLL4 cohorts were similar by clinical, pathological
and immunological criteria, all data from these cohorts were merged in subsequent analyses.
Together, our findings suggest that DLL4 blockade can be achieved after allo-HCT in

NHPs without drug-associated toxicity, without interfering with donor engraftment, and with
protective activity against Gl-aGVHD.
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DLL4 blockade preserves mature T cell differentiation and reconstitution despite
preventing Gl aGVHD.

Our group previously examined OX40L blockade with KY 1005 (13) and CD28 blockade
with FR104 (12) for their ability to prevent T cell activation and prolong aGVHD-free
survival in NHPs. With these antibodies, aGVHD prevention correlated with a block in T
cell activation and maturation, resulting in substantial relative increases of CD4* and CD8*
T cells with a naive phenotype (fig. S3A and B), although absolute numbers of naive CD4*
and CD8* T cells in recipients treated with K'Y 1005 or FR104 (and REGN421) were similar
(fig. S3C and D). In contrast, flow cytometric analysis showed that, despite protection from
Gl-aGVHD, REGN421 did not block T cell differentiation after HCT. Indeed, the expected
pattern of post-transplant naive-to-central-memory and effector-memory transitions in CD4*
T cells, and naive-to-effector-memory and terminal-effector transitions in CD8* T cells
were similar in REGN421-treated animals and the NoRx cohort (Fig. 2A and B, fig. S3A
and B). Although proportions of proliferating Ki67*CD4* and CD8* T cells were reduced
in REGN421-treated compared to NoRx animals (Fig. 2C), other activation markers were
similar. This included equivalent upregulation of OX40 and programmed cell death protein
1 (PD-1) on blood CD4* T cells (Fig. 2D and E), and upregulation of CD69 on CD8* T
cells in both cohorts, with a slightly delayed but preserved upregulation of PD-1 on CD8*

T cells in the REGN421 cohort (Fig. 2D to F). Yet, DLL4 inhibition induced similarly
prolonged survival after allo-HCT (median survival time [MST] = 22 days) compared with
the KYY1005 anti-OX40L (MST = 19.5 days) (13) and the FR104 anti-CD28 antibody (MST
=21 days) (12) (fig. S3E). Importantly, unlike REGN421, treatment with KYY1005 or FR104
did not improve Gl pathology compared with the NoRx GVHD cohort (fig. S3F). Together,
these data suggest that Notch inhibition protects allo-HCT recipients from aGVHD by
mechanisms other than those of OX40L- or CD28-directed costimulation blockade.

REGN421 prophylaxis decreases cell surface a4p7 integrin in CD8* T cells after allo-HCT.

Given that REGN421 specifically protected from GI-aGVHD, but not liver or skin aGVHD,
we hypothesized that DLL4 blockade early after allo-HCT altered unique aspects of aGVHD
pathogenesis, including migration of activated T cells to the Gl tract. To test this hypothesis,
we studied homing molecules controlling T cell migration into visceral organs during
aGVHD (36-40). We analyzed relevant chemokine receptors and integrins using flow
cytometry (CCR5, CCR9 and CXCR3, as well as the integrin a4p7) and quantified mRNA
for the chemokine receptor gene CXCR6 (37), for which rhesus macaque-reactive antibodies
do not exist. REGN421 did not impact expression of CCR5, CXCR3, CXCR6, or CCR9 (fig.
S4A to D), but decreased expression of the Gl tract-homing integrin a4p7 on CD8* T cells
in blood (Fig. 3A to D), spleen (Fig. 3E and F) and mesenteric lymph nodes (mLN; Fig.

3G and H) compared to NoRx controls. Decreased cell surface a4f7 correlated with fewer
a4p7tCD8* T cells also expressing CCR9 in REGN421-treated compared to NoRx controls
(fig. S4E). Further analysis revealed that DLL4 blockade decreased a4f7 expression in
CDS8™ T cells with central-memory, effector-memory and effector phenotypes, whereas
expression in naive and stem cell-memory subsets was equivalent in NoRx and REGN421
cohorts (fig. S4F). These results suggest that DLL4 blockade affects surface a4p7 in T cells
without affecting progression through T cell memory/effector differentiation. Importantly,
whereas development of aGVHD in the NoRx cohort was associated with lower a4p7
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expression in regulatory T cells (Tyeq cells) compared to heathy controls, DLL4 blockade
normalized the proportion of a4p7* Treg cells (Fig. 3G and H). Thus, REGN421 decreased
cell surface a4B7 in conventional T (Tcony) cells while preserving it in Tyeq cells.

To test if regulation of cell surface a4f7 in REGN421-treated animals correlated with Tggpny
and Tyeg cell abundance in the GI tract compared to NoRx controls, we studied gut samples
from transplant recipients. In the NoRx aGVHD cohort, we observed increased infiltration
by activated Ki67*CD3* T cells in the intestine at terminal analysis (Fig. 4A to C, fig.

S4G) compared to healthy controls. DLL4 blockade decreased the abundance of Ki67* T
cells (Fig. 4A to C, fig. S4G), which we previously identified as Gl-aGVHD-associated
tissue-infiltrating T cells (compared to non-infiltrating resident recipient-derived T cells
that survived transplant conditioning and were largely Ki677) (11). At the same time, total
numbers of CD3"* T cells in the intestine were unchanged (fig. S4G). These data may reflect
recent findings that, unlike in mice, large numbers of host-derived tissue-resident T cells
can survive in barrier organs (including the colon) and persist long after myeloablative
conditioning in humans and NHP (11, 41, 42), Thus, our results suggest progressive
replacement of recipient tissue-resident T cells with activated Ki67* donor-derived T cells
recruited into the inflamed colon.

In addition, REGN421 increased the Treg:Tcony ratio and the percentage of CD25*CD127~
FoxP3* Treg cells in the GI tract compared to the NoRx cohort (Fig. 4D and E). In the liver,
however, the Tyeq: Teony ratio was similar in REGN421-treated and NoRx cohorts (Fig. 4D
and E). The differential impact of REGN421 on Tygg and Teony cell recruitment to the Gl
tract could be related to relatively preserved expression of a4B7 in Teg cells after DLL4
blockade as compared to reduced cell surface a4f7 in Tegny Cells (Fig. 3E to H).

In a mouse allo-HCT model, Notch inhibition blunts a4B7 upregulation and intestinal
accumulation of conventional CD4* and CD8* T cells, but preserves intestinal Treg cells.

To gain mechanistic information about T cell-intrinsic effects of Notch on cell surface a4p7
and gut homing, we used a lethally irradiated parent-to-F1 MHC-mismatched mouse model
with a sublethal dose of T cells, blocking all Notch signals in donor CD4* and CD8* T cells
through expression of the pan-Notch inhibitor DNMAML (Ca4-Cret ROSAPNMAML mice)
(19, 21) (Fig. 5, fig. S5). Cd4-Cre"@ or Cd4-Cre* ROSAYWT mice were used as controls (fig.
S6). These experiments enabled a detailed kinetic analysis of a4f7 expression and T cell
homing to the gut that was not possible in NHPs. DNMAML expression in T cells prevented
both weight loss and thymic injury, two representative features of aGVHD (fig. S5A and

B). As reported previously (19, 21, 24), Notch inhibition led to an increased proportion of
Treg cells at multiple sites in allo-HCT recipients (fig. S5C and D). Next, we quantified cell
surface a4f7 in activated donor-derived T cells at day 4, 7, 14, and 28 after transplant. At
day 4, DNMAML blunted the induction of cell surface a4f7 in CD8* and in Foxp3~CD4*
Teony cells in spleen and mLN (Fig. 5B and C). In contrast, Foxp3*CD4" DNMAML Tq
cells had preserved or even increased a4p7 on their surface. The impact of Notch inhibition
on a4B7 persisted at later time points in CD8*, but not CD4™ T cells, similarly to findings in
NHP and showing evolutionary conservation (Fig. 5B and C, Fig. 3).
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Because Notch inhibition had divergent effects on a4B7 in Tony Versus Treg cells that

could differentially affect homing to the Gl tract, we designed a competitive assay for

the accumulation of wild-type and Notch-deprived DNMAML T cell subsets in recipient
organs (Fig. 5D). We injected a 1:1 mixture of wild-type and DNMAML T cells into
irradiated allo-HCT recipients versus DNMAML T cells alone as a control. We tracked

the percentage of Notch-deprived T cells in secondary lymphoid organs and GVHD target
organs based on expression of the DNMAML-GFP fusion protein in donor-derived CD44* T
cells (Fig. 5E and F). In the spleen, mLN, and liver, we recovered a ratio of wild-type

to DNMAML Ty cells close to the 1:1 ratio in the inoculum, both for CD8* and
Foxp3~CD4* T¢ony cells. In contrast, the colon (Fig. 5E and F) and small intestine (Fig.

5F) contained decreased proportions of DNMAML-GFP*CD8" and Foxp3-CD4* T cells,
consistent with cell-autonomous effects of Notch inhibition on their accumulation in the

gut. For Foxp3*CD4* Tieq cells, we observed expansion of DNMAML-GFP* Ty cells in
secondary lymphoid organs, and preservation of DNMAML Tq cell accumulation in the
gut (as evidenced by a lower wild-type to DNMAML ratio among Tyeq cells compared

to Teony cells) (Fig. 5E and F). Similar findings were apparent with a 1:2 wild-type

to DNMAML T cell inoculum (fig. S5E). Using the same design, we confirmed that
DNMAML-mediated Notch inhibition decreased cell surface a4p7 through cell-autonomous
mechanisms (Fig. 5G, fig. S5F and G). Thus, Notch signals increase a4p7 abundance

and gut-homing potential in alloreactive Tcqny cells, but not in Tyeq cells. Altogether,
complementary NHP and mouse data suggest that Notch inhibition blunts intestinal homing
of Teony Cells, while preserving that of Ty cells, leading to increased Treg: Teony ratios in the
Gl tract early after transplantation.

We then compared the impact of pan-Notch inhibition in T cells with DNMAML to systemic
DLL4 blockade in mice (fig. S7). To accomplish this, we obtained a mouse-specific anti-
DLL4 antibody (REGN577), as REGN421 blocks primate but not mouse DLL4. REGN577
administration or DNMAML expression in T cells decreased a4p7 integrin in donor-derived
CD8" and Foxp3~CD4" T¢ony cells, although the magnitude of these effects was higher with
DNMAML than REGN577 (fig. S7A and B). This was also apparent by detection of the
a4f7 heterodimer (fig. S7C and D). Similarly, both REGN577 and DNMAML increased

the proportion of donor-derived T cells expressing both a4 and p1, while decreasing the
proportion of a4*B1™ T cells (fig. S7E and F). These findings indicate similar effects of both
interventions on integrin expression in alloreactive T cells, although the difference in effect
size suggests a contribution of other Notch ligands besides DLLA4. This is consistent with our
past work using other endpoints documenting the contribution of DLL1 and DLL4 Notch
ligands to GVHD pathogenesis in mice (21, 24), with a dominant role for DLL4 and more
minor contributions of DLL1.

Fibroblastic reticular cells are the critical source of Delta-like Notch ligands driving a487
expression and gut-homing potential in alloreactive T cells.

We previously showed that Notch ligands expressed by secondary lymphoid organ Cc/19-
Cre* fibroblastic reticular cells (FRCs) interact with Notch receptors in donor T cells

at early stages after transplantation to drive GVHD pathogenesis (24, 25). Indeed, Cc/19-
Cre-mediated D//1 and D//4 Notch ligand gene inactivation in recipient FRCs increased
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survival after allo-HCT and improved clinical GVHD scores to a similar extent as pan-Notch
inhibition in donor T cells (24, 25). To assess if stromal Notch ligands also drive changes in
gut-homing molecules and gut-homing potential of allo-T cells, we performed allo-HCT in
Ccl19-Cre; DIII7F-DII47f CBF1 mice (Fig. 6A) (24, 43). Stroma-specific D//1/4 inactivation
with Cc/19-Cre decreased a4f7 expression among donor-derived T cells (Fig. 6B and C) as
well as T cell infiltration into the gut (Fig. 6D and E) to a similar extent as observed with
other methods of Notch inhibition. Thus, early T cell exposure to Delta-like Notch ligands
in lymphoid tissue fibroblastic niches is critical to induce the Notch-dependent gut-homing
program in alloreactive T cells.

DLL4 blockade induces complex changes in the T cell transcriptome and is associated
with normalization of an aGVHD-specific T cell Gl-infiltration signature.

To gain insights into how Notch inhibition affects T cells after allo-HCT, we explored
transcriptomic changes using Rhesus macaque-specific gene arrays (12, 13, 15, 16) (data file
S2). T cells were purified from blood on day 15 after HCT (‘REGN421.D15’ group) and

at necropsy (‘REGN421.Nx’ group). Transcriptomes were compared to three other datasets:
(1) the NoRx aGVHD cohort, with gene arrays obtained at necropsy (MST=8 days, n=12);
(2) recipients treated with the K'Y1005 anti-OX40L antibody (MST=19.5 days, blood for
gene arrays at day 15, n=4) (13); (3) recipients treated with the FR104 anti-CD28 (MST=26
days, blood for gene arrays at day 15, n=3) (12). Importantly, neither OX40L nor CD28
blockade offered specific protection from clinical GI-aGVHD, and pathological scores at
terminal analysis were not different in KY1005, FR104, and NoRx aGVHD cohorts (fig.
S3F).

We next sought to identify a T cell transcriptomic signature associated with inhibition of Gl
infiltration after DLL4 blockade. Compared to NoRx aGVHD controls, blood T cells from
REGN421-treated animals at day 15 and at necropsy demonstrated decreased enrichment
for an aGVHD-specific Gl infiltration signature recently discovered by our group (11),
which includes multiple chemotaxis-related genes. In contrast, this signature was enriched
in the NoRx versus healthy control cohort (fig. S8A). Neither anti-OX40L nor anti-CD28-
prophylaxed cohorts normalized the T cell Gl infiltration signature (fig. SBA), suggesting
that these interventions had effects distinct from those of DLL4 blockade.

To better understand REGN421-specific mechanisms of aGVHD protection, we identified
differentially expressed genes that were exclusive to the comparison of REGN421 versus
NoRx, and not found when comparing anti-OX40L or anti-CD28 to NoRx (fig. S8B,

data file S2 to S4). We identified 357 overrepresented and 97 underrepresented transcripts
specific to the REGN421 versus NoRx comparison. We identified only 61 overrepresented
and 34 underrepresented shared transcripts among all three interventions compared to NoRx
(fig. S8B, data file S3 and S4). Functional annotation and pathway analysis performed
using Metascape (44) revealed that the shared GVHD protection signature predominantly
involved cell cycle/DNA replication as well as cytokine signaling pathways (fig. S8C,
data file S5). The REGN421-specific GVHD-protection signature was enriched in cell-cell
communication and chemotaxis-related genes (fig. S8D and E, data file S6).
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DLL4 blockade increases expression of the integrin B1 subunit while decreasing integrin
B7 on the T cell surface.

We then investigated how Notch inhibition affects cell surface abundance of the a4f7 gut-
homing integrin after allo-HCT in NHP T cells. /TGA4and /TGB7transcripts (encoding
a4p7 subunits) were not decreased by DLL4 blockade with REGN421 (Fig. 7A). Thus, a
simple transcriptional effect did not account for decreased a4p7 in T cells from REGN421-
treated recipients. In contrast, /7GB1 mRNA was increased in T cells from the REGN421
cohort (Fig. 7A). /TGB1 encodes integrin B1, which interacts with a4 integrin and was
reported to compete with 7 for a4 binding (45). To further investigate upregulated /7GB1
expression in the REGN421 versus NoRx cohorts, ingenuity pathway analysis was utilized
to identify putative upstream regulators. We found 22 upstream signaling molecules or
pathways activated by REGN421, of which 9 included /7GB1 as a target gene (fig. S8F, data
file S7).

We next evaluated surface abundance of 1, 7 and a4 integrin chains. Consistent with
MRNA, cell surface B1 expression was increased in CD8* T cells from REGN421-treated
versus NoRx animals (fig. S8G and H). In contrast, surface B7 integrin was decreased
(fig. S8G and H), despite comparable /7GB7 transcripts in both cohorts (Fig. 7A).

When assessing cell surface a4 and B1 together, we observed an increased proportion of
ad*B1*CD8* T cells and a decreased proportion of a4*B1™ T cells in REGN421-treated
as compared to NoRx recipients (Fig. 7B and C). These data are consistent with inhibition
of B7 integrin trafficking to the cell surface by competitive binding of a4 by B1 (45, 46).
Cell surface a 47 is also regulated by availability of a4 integrin (47). However, /TGA4
mMRNA was similar in T cells from REGN421-treated and NoRx cohorts (Fig. 7A) and
the proportion of a4*CD8* T cells was actually increased in the REGN421 cohort (fig.
S8G and H). Thus, we hypothesize that DLL4 blockade results in upregulated expression
of the integrin p1 subunit, leading to increased competition for a4 binding and decreased
abundance of the a4B7 heterodimer.

Loss of integrin p1 rescues a4p7 expression in Notch-deprived alloreactive T cells.

To test if B1/B7 integrin subunit competition accounted for the effects of Notch inhibition on
cell surface a4p7 in T cells, we used a mouse allo-HCT model with genetic inactivation of
Itgb1 and Notch signaling in T cells (Ca4-Cre; 1tgh17":ROSAPNMAML mice and respective
controls). We lethally irradiated CBF1 recipients (H-22/9) and transplanted them with
allogeneic T cell-depleted bone marrow plus T cells from Ca4-Cre;ROSAPNMAML - Celg-
Cre; Itgh1™f, Ca4-Cre;ROSAPNMAML -1tah 17f or wild-type littermate controls (all H-2).

In activated donor-derived CD44MNCD8* T cells, pan-Notch inhibition with DNMAML
increased the proportion of T cells co-expressing a4 and 1, and decreased that of a4*p1~
T cells (Fig. 7C). Donor-derived CD4* T cells showed similar findings (Fig. 7D, fig. SOA
and B). The proportion of cells co-expressing cell surface a4 and $7 was lower among
ad*Bl than a4 1™ T cells, consistent with B1/B7 competition for a4 binding (Fig. 7E). In
activated donor CD44MCD8* T cells, pan-Notch inhibition with DNMAML decreased cell
surface co-expression of a4 and B7 integrin subunits, and this effect was fully rescued by
[tgb1 inactivation (Fig. 7F). The same was true in donor-derived Foxp3~CD4* Ty cells
(Fig. 7G, fig. S9C and D). In contrast, Notch inhibition did not decrease surface a4f7 in
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Treg cells, and even increased it in the absence of /tgb1 (Fig. 7G, fig. S9C and D). To

further corroborate these findings, we used an antibody specific for the a4p7 heterodimer.
DNMAML decreased a4p7/LPAM-1 reactivity in CD8* T cells at day 4.5 and 14 after allo-
HCT, and this effect was rescued by /tgb1 inactivation (fig. SOE and F). More subtle effects
of Notch inhibition on a4p7 were also apparent in /tgbI-deficient CD4* T cells, although

in a different biological direction (with DNMAML increasing a4p7 in an /tgbI-independent
manner) (fig. S8G, fig. S9D). Thus, the major effect of Notch inhibition to decrease a4p7
expression proceeds through /fgbI-dependent mechanisms.

We then asked whether /tgb1-dependent effects of Notch inhibition in T cells were cell-
autonomous. To this end, we co-transplanted wild-type and DNMAML T cells with or
without /tgb1 expression into allogeneic recipients (Fig. 7H and I, fig. S9G and H). As
assessed by detection of a4 and B7 subunits as well as a4p7/LPAM-1 reactivity, DNMAML
markedly decreased the proportion of T cells with cell surface a4p7 integrin heterodimers
through cell-autonomous mechanisms. This effect remained dependent on /fgb1 expression
in Tgony cells. Finally, we studied p1 abundance among different T cells subsets after
allo-HCT (fig. S10). p1 expression was highest and most upregulated by Notch inhibition

in CD8" T cells (followed by CD4" Tcopy cells). In Treq cells, overall 1 abundance was
low, even upon Notch inhibition. Thus, cell-type specific differences in B1 expression could
account for differential competition of 1 and p7 for a4 binding, with competition seen
mostly in p1NCD8* T cells and, to a lesser extent, in CD4* Toqy cells. Altogether, Notch
inhibition blunted cell surface a4p7 in an /tgbI-dependent manner in CD4* and CD8*
Teonv Cells after allo-HCT. In contrast, expression of this critical gut-homing integrin on

the cell surface was preserved in Notch-deprived Tyeq cells (fig. S11). These effects of
Notch inhibition on the T cell gut-homing program occurred early after allo-HCT, within the
critical time frame of initial gut seeding by alloreactive T cells.

DISCUSSION

Our observations uncover an impact of Notch signaling in the pathogenesis of Gl-aGVHD,

a major life-threatening complication of allo-HCT. Complementary investigations in mouse
and NHP models demonstrated dominant effects of the Notch ligand DLL4 in GVHD

that were conserved through evolution and could be targeted therapeutically. Furthermore,
DLL4/Notch inhibition protected mice and NHPs from GI-aGVHD through unique
mechanisms that differed from those of other, more global inhibitors of T cell activation (12,
13). This mechanism included normalization of a transcriptional T cell gut-homing signature
recently discovered in the NHP aGVHD model (11). Decreased cell surface abundance

of the a4pB7 gut-homing integrin was a prominent and conserved effect of DLL4/Notch
inhibition in effector T cells, whereas its expression was maintained in Tyeq cells. Altogether,
these findings highlight therapeutic opportunities and provide insights into evolutionarily
conserved mechanisms of Gl infiltration and GVHD pathogenesis that are predicted to also
operate in patients.

First discovered in Drosophila, Notch signaling operates as a ligand/receptor system through
conserved biochemical mechanisms (23). Mammals harbor multiple Notch ligands and
receptors that are deployed in specific contexts, and whose relative importance can drift
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between species (22, 48, 49). Thus, observations in mice should not be assumed to apply
strictly to humans, even if the Notch pathway as a whole exerts conserved biological
functions. This limitation is important for translational investigations, as it is not typically
addressed by preclinical work in small animal models. In contrast, our findings in mice

and NHPs document conserved effects of the Notch ligand DLL4 on T cell infiltration

into the Gl tract and Gl aGVHD pathogenesis, with high single agent activity of DLL4
inhibitors. DLL4 is one of four agonistic Notch ligands in mammals, together with DLL1
and Jagged1/2 family ligands. We previously reported a critical role for Delta-like ligands in
multiple mouse models of GVHD, with a dominant role for DLL4 and a more minor role
for DLL1 (18, 19, 21, 24, 25). Our data indicate that the unique immunological functions of
DLL4 in GVHD are conserved. The relative additional importance of DLL1 in NHPs will
require further investigation. Furthermore, our findings support a role for Notch ligands of
the Delta-like but not Jagged family in immune regulation.

Beyond the conserved role of DLL4 among other Notch ligands, key immunological

effects of the Notch pathway in aGVHD were conserved through evolution. Both in

mice and in NHP, DLL4/Notch inhibition did not protect from GVHD through global
immunosuppression. Analysis of T cell reconstitution in REGN421-treated recipients
showed expansion of donor-derived T cells with central-memory and effector-memory
phenotypes, whereas naive T cells were depleted, suggesting preserved alloantigen-mediated
T cell activation and differentiation (50, 51). In contrast, anti-CD28 and anti-OX40L blunted
in vivo T cell activation after allo-HCT in NHPs (12, 13), an effect also observed in clinical
transplantation (31) that may lead to more global immune suppression. All REGN421-
treated recipients were euthanized well before thymus-driven T cell reconstitution typically
occurs in allo-HCT recipients, a process similarly protracted after NHP and human allo-
HCT. Thus, the relative reduction of T cells with a naive phenotype early post-HCT in
REGNA421-treated groups suggested their maturation to more differentiated subsets rather
than defective thymic production of naive T cells. In mice, we reported preserved in vivo
expansion and differentiation of Notch-deprived alloreactive T cells in secondary lymphoid
organs despite profound protection from aGVHD (18, 19, 21). Importantly, Notch inhibition
in mice preserved efficient graft-versus-tumor (GVT) effects (19, 21). Although GVT
activity cannot be studied directly with existing NHP models, our findings predict that
DLL4/Notch blockade should preserve beneficial systemic anti-infectious and anti-cancer T
cell immune responses after allo-HCT, which is highly desirable in patients. In addition, a
short duration of DLL4/Notch blockade conferred protection from aGVHD, with all benefits
derived from a single dose of antibodies at time of transplantation. Thus, any subsequent
effects of the Notch pathway in T cell immunity, including de novo production of T cells in
the thymus, should be restored after clearance of the blocking antibodies.

Instead of global immunosuppression, DLL4/Notch inhibition provided specific protection
from GI-aGVHD, an effect not observed with other single agents tested for aGVHD
prevention in NHPs. Indeed, protection from GI-GVHD emerged as the most conserved
feature of DLL4/Notch blockade in mice and NHPs, although we have reported additional
effects in mice. These observations highlight the strength of the NHP model to detect key
new patterns of GVHD protection relevant to human allo-HCT. The NHP model, coupled
to mechanistic investigations only possible in mice, provided unique insights into conserved
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mechanisms of T cell infiltration into the Gl tract after allo-HCT. Our findings suggest

that rapid exposure of donor T cells to Notch ligands in secondary lymphoid organs within
days after allo-HCT induces a gut-homing program that promotes early seeding of the

gut by alloreactive T cells. The a4f7 integrin dimer was previously reported to play an
important role in T cell migration and infiltration into the gut and in the pathogenesis of
intestinal GVHD in mice (36, 52). a4p7 interacts with its ligand, MAdJCAML1, expressed by
endothelial cells in the intestinal lamina propria and in gut-associated lymphoid tissues (53,
54). Hanash and collaborators reported a critical role for this interaction in T cell recruitment
to a vulnerable compartment containing intestinal stem cells at the base of intestinal crypts,
with early injury to these cells playing a critical role in propagating GVHD (5). Both in mice
and in NHPs, DLL4/Notch inhibition decreased cell surface a4f7 in conventional effector

T cells. Mechanistically, these effects were not related to transcriptional regulation of /fga4
or /tgb7expression by Notch, but instead to upregulated expression of /fgb1 encoding the
integrin subunit B1. Through this mechanism, 1 appeared to compete with p7 for a4
binding, as reported in other contexts (45). Although other mechanisms remain possible,

the presence of /tgbI was necessary for Notch inhibition to decrease cell surface a4f7 in

T cells after mouse allo-HCT. Importantly, upregulated /fgb1 expression was detected in
Notch-deprived NHP T cells together with normalization of a unique T cell gut-homing
signature previously identified in NHPs through unbiased transcriptomic analysis (11). Thus,
Notch emerges as a central regulator of T cell recruitment to the gut after allo-HCT, and
Notch inhibitors exert beneficial effects in GVHD through effects that other interventions do
not recapitulate.

Our findings in mice identify a specialized stromal cell niche in secondary lymphoid organs
that upregulates a4p7 expression in alloreactive T cells through Notch ligand-dependent
mechanisms early after allo-HCT. Retinoic acid (RA) production by retinal dehydrogenase
enzymes (RALDH1-3) was also reported to induce a4f7 expression in T cells through
separate mechanisms, with an important role for dendritic cells in gut-associated lymphoid
tissues as a source of RA (55). However, non-hematopoietic stromal cells purified from
mLNs also had high RALDH1-3 expression and could induce T cell a4p7 expression

in culture and in ectopically transplanted LNs (56). Thus, stromal Notch ligands might
cooperate with RA-dependent signals from dendritic cells and non-hematopoietic sources
to induce a4p7 expression and other elements of the T cell gut-homing program after
allo-HCT.

As a unique feature of DLL4/Notch inhibition in mice and NHP, cell surface a4p7
decreased in CD4* and CD8" Tqny cells early after allo-HCT while being maintained

or even slightly increased in Tyeq cells. In addition, Notch inhibition decreased the
accumulation of Tcony cells in the gut while preserving Tyeq cell recruitment, resulting in
increased Tyeq: Teony ratios. This effect may be essential in shifting the early balance of

T cells in the gut, creating a microenvironment with local immunosuppressive properties
that blocks initiation of intestinal GVHD. Therapeutically, pan-inhibition of a4p7 is being
explored in GVHD with the antibody vedolizumab (57, 58). A limitation of this intervention
is to inhibit a4f37 equally in Teony and Treg cells. In contrast, the differential effects of
DLL4/Notch inhibition in Tcony and Treg cells may preserve Tyeq cell recruitment, tilting the
local ratio of pathogenic and protective T cells at a crucial stage in which the Gl tract is
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seeded by T cells after allo-HCT. DLL4/Notch inhibition may also exert protective effects
independent of a4p7 regulation as part of its broader impact on the T cell gut homing
signature that we identified.

Our work provides important new information about safety indicators of DLL4 inhibitors

in a model closely recapitulating human allo-HCT. This is essential, given that the complex
peri-transplant environment is not replicated in mice. Understanding the safety profile of
REGN421 prophylaxis is even more important since, in allo-HCT, administration of Notch
inhibitors coincides with a period of recovery from pre-transplant conditioning, a time of
heightened clinical risk for patients. Reassuringly, short-term systemic DLL4 blockade with
REGN421 did not trigger unexpected side effects in our NHP model, while preserving

rapid engraftment as well hematopoietic and immune reconstitution. This is important,
since unlike DLL4 blockade, pan-Notch inhibition with -y-secretase inhibitors or other non-
selective approaches were poorly tolerated after allo-HCT in mice due to Notch inhibition in
intestinal crypts (21). This intestinal toxicity is avoided by selective DLL4 blockade alone,
which is not sufficient to trigger defects in intestinal homeostasis (21, 59). Furthermore, a
single dose of REGN421 was sufficient to confer protection from Gl-aGVHD, thus avoiding
concerns about long-term DLL4 blockade which was reported to cause cardiovascular side
effects after months of cumulative inhibition (29).

Limitations of the current study include the inability to thoroughly assess the long-term
outcomes of DLL4 blockade in NHP, due to limitations in supportive care that curtail

the duration of observation in this model. As Notch-deprived donor T cells demonstrated
increased expression of a4f1 integrin, which could play a role in T lymphocyte trafficking
to individual target tissues during GVHD, it is possible that DLL4 blockade may increase
the risk of late-onset GVHD (even if not observed in mice or NHPs). Therefore, more
studies, including using combinations of DLL4 antagonist(s) with other GVHD prophylactic
interventions are warranted in clinically-relevant settings. Furthermore, a technical limitation
of our studies in NHPs was the lack of time-matched analysis of target organs, such as
colon, as all pathologic investigations were performed at terminal study endpoints that
differed between experimental cohorts. This limitation was overcome in part by parallel
experiments in mice enabling time-matched analysis. Finally, the lack of suitable reagents
has thus far prevented us from investigating the contribution of DLL1 Notch ligands to
GVHD pathogenesis in NHPs. Although DLL4 was dominant in mice and was thus selected
as the focus of our NHP study, as well as a candidate therapeutic target, more work is
needed to establish the impact of blocking DLL1, DLL4 or both ligands after allo-HCT.

Altogether, our data provide translational insights into the role of Notch signaling in T

cell pathogenesis during aGVHD, with complementary input from observations in mice and
NHPs. We reveal a central role for Notch signaling in the selective regulation of T cell
homing and retention in the gut, with a differential impact on Tcony as opposed to Tyeg

cells. Practically, the unique single agent activity of REGN421 in NHP nominates DLL4
blockade as a worthwhile strategy to develop for the prevention of GlI-aGVHD in patients,
especially since it is predicted to have activity on a pathogenic gut homing program that
other interventions do not neutralize. Possible future strategies include combination of DLL4
inhibitors with other agents to blunt aGVHD at non-intestinal sites. Alternatively, it would
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be attractive to deploy DLL4 blockade in transplantation protocols in which Gl involvement
is the dominant manifestation of aGVHD. In addition, it will be interesting to investigate

if DLL4/Notch signaling exerts conserved effects on immune cell homing and retention to
target organs in other immunological contexts, such as intestinal autoimmune disorders.

MATERIALS AND METHODS

Study Design

Healthy, immunologically naive juvenile and adult (mean age 5.9 years, range 2.1-14.8)
Indian Rhesus macaques (Macaca Mulatta) of both sexes were obtained from breeding
colonies at Alphagenesis Inc., UC Davis National Primate Research Center or Washington
National Primate Research Center (WNPRC), and were housed at WNPRC or at Biomere
Biomedical Research Models (BBRM). The study was conducted in accordance with USDA
regulations and NIH recommendations in the Guide for the Care and Use of Laboratory
Animals and was approved by the BBRM and the University of Washington/WNPRC
Institutional Animal Care and Use Committees. This was a prospective study in NHPs
designed to determine the biological role of Notch signaling in T cells during aGVHD, and
the therapeutic effect of inhibiting Notch signaling by blocking Delta-like ligand 4 (DLL4).
Several cohorts of transplant recipients were studied: (1) Allogeneic transplants with no
GVHD prophylaxis (abbreviated ‘NoRx’, n = 11); (2) Allogeneic transplants receiving

one dose of anti-DLL4 blocking antibodies from Regeneron (abbreviated ‘REGN421’, n
=7); and (3) Allogeneic transplants receiving three doses of REGN421 antibodies (n =

4). Cohort sizes were determined by taking into account the minimal number of animals
needed to reach statistical significance, according to the ethical and IACUC mandate

of “Replacement, Reduction, and Refinement” (60). Animal demographic parameters,
transplant characteristics, and REGN421 doses administered in vivo are shown in data

file S1. Allogeneic HCT, clinical and immunological monitoring, including longitudinal
assessment of aGVVHD clinical scores, were performed using our previously described
strategy (13—16). For mouse transplantation, C57BL/6 x BALB/c F1 (CBF1, H-20/d)
recipient mice were irradiated using a Cesium-137 source (11 Gy, two 5.5 Gy doses
separated by 3 hours). Recipients were 8 to 16 weeks old. Female and male mice were
used as recipients and equally distributed among groups. T cell-depleted bone marrow
prepared with anti-Thy1.2 antibodies and complement (Cedar Lane Laboratories) was
injected intravenously with or without B6 (H-2°"?) wild-type T cells or T cells expressing
the pan-Notch inhibitor DNMAML purified by EasySep negative magnetic selection

(Stem Cell Technologies), as described (21). In selected experiments, donor wild-type and
DNMAML T cells also lacked /fgb1 expression. As an alternative to DNMAML-mediated
Notch blockade, DLL4 was inhibited systemically using REGN577, a monoclonal antibody
blocking mouse DLL4 (10 mg/kg i.p.). In selected experiments, suspensions of splenocytes
and lymph node cells were transplanted without T cell purification.

Statistical analysis

All data were analyzed using Prism 9 (GraphPad). Survival data were analyzed using
log-rank (Mantel-Cox) test. Flow cytometry data, immunofluorescent imaging data, and
histological data were analyzed using one-way or two-way ANOVA with Tukey post-
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hoc multiple comparison test, or Kruskal-Wallis tests, where appropriate. Technical and
biological replicates are indicated in the figure legends. Error bars on the plots represent
standard error of the mean (SEM). p < 0.05 was considered as significant. Sample size for
in vivo experiments were determined on the basis of prior experience of effect sizes and
variation to calculate power (“pwr” statistical package in R). Details of statistical methods
used for each analysis are provided in figure legends. Details of the statistical analysis of
gene array data are provided in the corresponding section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DLL4 blockade early after allo-HCT protects from Gl-aGVHD in the NHP model.
(A) Experimental design, depicting major components of the NHP aGVVHD model and

dosing regimens with a single or three weekly doses of REGN421 (anti-DLL4). (B)
Composite clinical score of allo-HCT recipients in NoRx, REGN421x1, and REGN421x3
cohorts. (C) Overall survival of allo-HCT recipients in the NoRx aGVHD cohort,
REGN421x1, and REGN421x3 cohorts. Recipients euthanized based on pre-determined
experimental endpoints were censored at terminal analysis. **p<0.01, ***p<0.001, log-
rank (Mantel-Cox) test. (D) Clinical scores for Gl, skin, and liver aGVHD in allo-HCT
recipients, based on established criteria (diarrhea, skin rash and serum bilirubin) (14).

(E) Histopathological aGVHD scores for skin, liver, and Gl tract (terminal ileum and
colon). *p<0.05, ***p<0.001, ****p<0.0001, ANOVA with Tukey post-hoc test. (F) Donor
chimerism in whole blood (WB) and CD3*CD20~ T cells sorted at terminal analysis.

(G) Polymorphonuclear neutrophil (PMN) engraftment in REGN421x1 and REGN421x3
cohorts. (H) Absolute number of T cells in peripheral blood.
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Figure 2. DLL4 blockade doesnot interferewith T cell differentiation and reconstitution
following allo-HCT.

(A and B) Absolute number of CD4" (A) and CD8* (B) T cells with
CD45RA*CCR7*CD95™ naive (Ty), CD45RACCR7* central memory (Tcm),
CD45RACCR7 effector memory (Tgp) and CD45RAYCCR7~ terminal effector (Temra)
phenotypes in the blood of allo-HCT recipients. *p<0.05, Tukey-corrected t-test. (C and

D) Relative number of Ki67* (C) or PD-1* (D) CD4* and CD8* T cells in the blood of
allo-HCT recipients. *p<0.05, Tukey-corrected t-test. (E and F) Frequency of OX40"CD4*
(E) and CD69*CD8* (F) T cells in the blood of allo-HCT recipients.
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Figure 3. DLL4 blockade prevents T cell expression of the gut-homing a4p7 integrin during
GVHD.

(A to D) Representative flow cytometry plots (A and C) and data (B and D) depicting

the frequency of a4p7*CD8* (A and B) and a4B7*CD4* T cells (C and D) in the blood

of healthy controls (HC; n=10) and allo-HCT recipients from the NoRx aGVHD (n=6)

and REGN421 (n=10) cohorts. Data from the REGN421 cohort was collected at terminal
analysis and day +8 (time-matched with the NoRx cohort). (E to H) Representative flow
cytometry plots (E and G) and data (F and H) depicting the frequency of a4p7*CD8*,
a4B7*CDA* Teony and adp77CDA™ Ty cells in spleen and mesenteric lymph nodes (mLN)
of healthy controls (n=8 to 12 depending on the organ) versus allo-HCT recipients from the
NoRx (n=8 to 11 depending on the organ) or REGN421 (n=10) experimental cohorts. For all
plots: *p<0.05, **p<0.01, ***p<0.001, ***p<0.001, ****p<0.0001, one-way ANOVA with
Tukey post-hoc test.
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Figure 4. DLL4 blockade inhibits the accumulation of activated tissue-infiltrating T cellsin the
intestine during aGVHD.

(A to C) Immunofluorescence microcopy of paraffin-embedded colon collected at terminal
analysis. Samples from healthy controls (HC) were compared to terminal analysis of
allo-HCT recipients from untreated aGVHD (NoRx) or REGN421-treated experimental
cohorts. (A) Representative staining for CD3 (green), Ki67 (red) and nuclei visualized by
Hoechst (blue). (B) Cropped areas in (A) are enlarged with white arrowheads pointing to
CD3*Ki67* T cells. (C) Quantification of Ki67*CD3* T cells among total nucleated cells
(n=11 images from 5 animals per group). ***p<0.001, Kruskal-Wallis multiple comparison
test. (D and E) Treg:Tcony ratio (D) and %Foxp3* Treg cells (E) were quantified among
CD4* T cells in the liver and colon from healthy controls (n=8) versus at terminal analysis
in allo-HCT recipients from untreated aGVHD (NoRx, n=7) or REGN421-treated (n=10)
cohorts. **p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA with Tukey post-hoc test.
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Figure5. Cell-intrinsic canonical Notch signals control cell surface a4p7 and gut-homing
potential in alloreactive T cells.

(A) 1x10° CBF1 syngeneic T cells (H-2P/9), allogeneic wild-type B6-Thy1.1* T cells
(H-2°), or allogeneic Notch-deprived B6-DNMAML-Thy1.1* T cells (H-2°"0) were
transplanted into lethally irradiated CBF1 recipients (H-2%d) with CD45.1*Thy1.2* T cell-
depleted bone marrow (BM) to distinguish BM-derived cells from the T cell inoculum.

(B and C) Representative flow cytometric analysis of a4f7 in donor-derived CD44*CD8",
Foxp3~CD4* and Foxp3*CD4* T cells in the spleen at day 4 (B) and summary data at
indicated times post-transplant in spleen and mLN (C). n=3 mice per group and time point.
(D) CBF1 recipients were transplanted as in (A), but with 1:1 wild type:DNMAML donor
T cells or DNMAML T cells alone. (E) Representative flow cytometric plots showing
relative accumulation of wild-type compared to DNMAML-GFP* T cells in spleen (top)
versus colon epithelium (bottom) at day 7. (F) Organ-specific accumulation of wild-type to
DNMAML T cells from the 1:1 competitive transplant was calculated for each T cell subset
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and expressed as greater (pink) or less than (teal) the initial ratio. mLN, mesenteric lymph
node; SIEL, small intestine epithelial lymphocytes; SILPL, small intestine lamina propria
lymphocytes; CEL, colon epithelial lymphocytes; CLPL, colon lamina propria lymphocytes.
(G) Representative flow cytometric analysis of a4p7 in donor-derived CD8* T cells from
inocula of wild-type and DNMAML T cells (1:1, left) versus DNMAML T cells alone. ns,
not significant and ***p<0.001, one-way ANOVA with Tukey’s post-hoc-test.
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Figure 6. Secondary lymphoid organ Ccl19-Cre* fibroblastic reticular cellsare critical sources of
Delta-like Notch ligands.

(A) 1x106 alloreactive T cells plus 1x10% BM cells from C57BL/6 mice were transplanted
into Ccl19-Cret DIIDIIT or Ccl19-Cre™ littermate control CBF1 mice after irradiation
(11 Gy). Secondary lymphoid organs and small intestinal lymphocyte fractions were
isolated at day 7 post-transplant. (B and C) Representative flow cytometry plots (B) and
quantification (C) of a4B7 expression in donor Thy1.1*CD44*CD8" T cells. SSC-A, side
scatter area. (D and E) Absolute number of donor-derived CD8* T cells in secondary
lymphoid organs (D) and small intestinal lymphocyte fractions (E). n=3 or 4 mice per
group. *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA with Tukey’s post-hoc tests.
mLN, mesenteric lymph node; pLN, peripheral (cervical, axial, brachial, inguinal) lymph
nodes; SIEL, small intestine epithelial lymphocytes; SILPL, small intestine lamina propria
lymphocytes.
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Figure 7. Notch signaling regulates a4p7 expression in alloreactive T cellsthrough pl-integrin-
dependent mechanisms.

(A) Relative abundance of /TGA4, ITGB7and /ITGBImRNA in T cells from healthy
control NHP (HC), untreated allo-HCT recipients (NoRx) and allo-HCT recipients receiving
anti-DLL4 antibodies (REGN421.D15: blood T cells at day 15; REGN421.Nx: blood T cells
at necropsy). Lines indicate significant differences between cohorts (p<0.05, Benjamini-
Hochberg correction). (B) Representative flow cytometry plots and summary data depicting
the proportion of spleen CD8" T cells with cell surface a4 and B1 integrins, versus a4
without 1 in HC (n=6), NoRx aGVHD (n=6), and REGN421 (n=10) NHP cohorts. (C to
G) 20x10% B6-Thy1.1* or B6-Thy1.1/1.2* splenocytes and lymph node cells from mice with
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wild-type (WT), Notch-deprived (DNMAML), integrin B1-deficient (/tgb1~~) or Notch-
deprived and B1-deficient (/tgbZ”~xDNMAML) T cells were transplanted into lethally
irradiated CBF1 recipients (Thy1.2*, H-28/d) with 1x106 T cell-depleted B6-Thy1.2* BM
cells. (C and D) Representative flow cytometry plots and summary data for a4p1 (spleen,
day 4.5) in donor-derived CD44*CD8* T cells (C) and CD44*Foxp3~CD4" Tcony cells

(D). (E) Flow cytometry plots for a4p7 in a4*B1* (top) and a4*B1~ (bottom) wild-type
donor-derived spleen CD8* (left) and CD4" Tcqpny cells (right). (F and G) Flow cytometry
plots and summary data for a4p7 in donor-derived spleen CD8* T cells (F), and summary
data in donor-derived spleen CD4" Tcqpy cells and Foxp3*CD4™ Tieq cells (G). (H and 1)
CBF1 mice were transplanted as in (C to G), but with 15x106:15x106 wild type:DNMAML
T cells, or 15x108:15x108 /tgh1™~: /tgb1”~ DNMAML T cells. (H) Flow cytometry plots
showing a4p7 in wild-type versus DNMAML donor-derived spleen CD8" T cells (left) and
Itgb17!= versus /tgb17~ x DNMAML CD8* T cells (right) with summary data (far right).
(1) Cell surface a4p7 in donor-derived spleen CD4* T¢op, and CD4* Treg cells. n=4 mice
per group. *p<0.05, **p<0.01, ***p<0.001; ns, not significant. Data were analyzed by a
two-way ANOVA with Tukey’s post-hoc-test.
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