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Abstract

Notch is an evolutionarily conserved cell-to-cell signaling pathway with important roles
throughout biology that has emerged as a critical regulator of mature T cell responses.
Pharmacological Notch inhibition is a promising candidate strategy to prevent T cell pathogenicity
in graft-versus-host disease (GVHD), the limiting complication of allogeneic bone marrow
transplantation (allo-BMT). We found that presentation of the critical Delta-like Notch ligands to
T cells is restricted to a cellular niche of non-hematopoietic fibroblastic reticular cells (FRCs) in
secondary lymphoid organs. Still, little is known about the nature and regulation of the FRC niche
during allo-BMT. Beyond allo-BMT, it is unclear whether T cells receive Notch ligands from the
FRC niche or alternative sources, such as professional antigen-presenting cells (APCs). In this
thesis, I explored how the FRC niche regulates T cell responses through Notch signaling, both
during allo-BMT and in other immunological contexts.

First, I uncovered a novel indicator of Notch signaling in activated T cells based on core-2
O-glycosylation of CD43. Using this indicator, I observed that the FRC niche remains the critical
source of Notch signals that drive T cell pathology after allotransplantation with reduced intensity
or no myeloablative conditioning, contexts in which recipient hematopoietic cells are not
profoundly depleted. Next, I documented the role of FRC niches in priming a pathogenic gut-
homing program in alloreactive T cells. Inhibiting Notch signals in T cells or eliminating Delta-
like ligands in FRCs preferentially prevented the accumulation of effector T cells in the intestines

while accumulation of T regulatory cells was relatively preserved. Notch signals were required for

X



the acquisition of the gut-tropic 047 integrin in effector, but not regulatory T cells. These findings
provide possible mechanistic explanations for the role of Notch in gastrointestinal GVHD. Next,
we explored how allo-BMT regulates the FRC niche. Allo-BMT enhanced inflammatory gene
programs in FRCs, including upregulation of Delta-like4 and antigen-presentation machinery.
Delta-like4 upregulation was restricted to a subset of CD157" FRCs and depended on signals from
alloantigen-activated T cells, suggesting that early crosstalk between T cells and FRC subsets
establishes a pathogenic niche that drives GVHD. We then investigated whether FRCs could
present MHC class II-restricted alloantigens in a CD4" T cell-driven model of GVHD. While FRCs
were necessary to drive GVHD through the provision of Notch ligands, they were dispensable
sources of alloantigens, suggesting that T cell activation requires distinct physical interaction with
APCs and FRCs. We tested this model using dendritic cell (DC) immunization to control the
source of antigen. Even when we immunized recipients with Delta-like4™ DCs, FRCs acted non-
redundantly to drive Notch-dependent differentiation of CD8" T cells into KLRG1" short-lived
effector cells, suggesting that FRCs deliver Notch signals to T cells independently of antigen. We
next studied the effects of Notch signaling in naive T cells. Transcriptomic profiling revealed
Notch-dependent regulation of naive T cells, with FRCs as the source of Notch ligands.
Collectively, these studies document the non-redundant role of the FRC niche in controlling
Notch-dependent T cell activation and differentiation. We propose that the availability of Notch
ligands in the FRC niche is dynamically regulated to control effector T cell responses during allo-
BMT and potentially other immune responses. Further understanding T cell-FRC interactions will

suggest novel therapies to dampen pathogenic or amplify protective immunity.



Chapter 1

Introduction!

This dissertation describes four interrelated studies that seek to better understand how T cell
immune responses are governed by the local microenvironment through the Notch signaling
pathway. As an introduction, I will describe several concepts central to this work and present
background information on the pathophysiology of graft-versus-host disease (GVHD). GVHD is
a major complication of bone marrow transplantation and the immunobiological context in which
we primarily studied T cell responses in this dissertation, although we also expanded our work to
include observations in other contexts. We highlight critical questions that each project was
designed to answer. When considered together, results from these projects suggest a new model of
immune regulation by Notch signaling: specialized fibroblastic reticular cells (FRCs) residing
within distinct immunological niches in secondary lymphoid organs orchestrate T cell immune

responses through Notch ligand-receptor interactions.

! Excerpts taken from: Perkey, E. Maillard, . New Insights in Grafi-Versus-Host Disease and Graft Rejection. Annual

Review of Pathology: Mechanisms of Disease. 13:219-245. 2018. PMID: 29099560



1.1 Immunological niches

The concept of cellular niches was first proposed by Schofield to explain how hematopoietic stem
cell behavior is controlled by their interaction with other cells at specific anatomical sites (1).
Niches determine the number and behavior of resident stem cells through the provision of signals
in a spatially limiting niche. Cells that leave the niche lose access to these limited signals and begin
to differentiate into mature cells. Since then, extensive work has characterized how cellular niches
regulate diverse areas of stem cell biology. This includes work on the germ cell niche in Drosophila

testes (2), the hematopoietic stem cell niche in bone marrow (3), and niches for cancer stem cells

.

Analogous to stem cell niches is the evolving concept of immunological niches. While stem cell
niches control progenitor cells, distinct immunological niches differentially regulate mature
immune cell homeostasis, activation, and differentiation into effector cells (5). Local
microenvironmental signals vary between different organs, and this differential signaling often tips
the balance between immune activation and tolerance. Even within secondary lymphoid organs
(SLOs), multiple microanatomical niches exist where differential regulation of the immune
response occurs. These niches are created at least in part by the underlying architecture of resident
stromal cells, including lymphatic endothelial cells, blood endothelial cells, and fibroblastic

reticular cells.

1.2 Overview of fibroblastic reticular cells

Fibroblastic reticular cells (FRCs) are a heterogenous group of cells that encompass several related
non-hematopoietic and non-endothelial mesenchymal cell subsets in lymphoid tissues. While
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FRCs do serve structural purposes, as other fibroblasts, they are also specialized in organizing and
orchestrating innate and adaptive immune responses. FRCs first develop from local perivascular
myofibroblast precursors in response to Lymphotoxin-a signals (6—8). In mature secondary
lymphoid organs, multiple distinct FRC subsets regulate the microanatomical niches that they
organize (8, 9). In lymph nodes, CD157" T-zone fibroblastic reticular cells (TRCs) organize the
paracortex and produce high levels of CCL19, CCL21, and IL-7 to attract and maintain naive T
cells as well as activated dendritic cells, thus orchestrating initial antigen-T cell encounter (10). In
B-cell follicles of the outer cortex, specialized B-zone fibroblastic reticular cells produce CXCL13
and support B cells (11). Follicular dendritic cells (FDCs) are another subset of FRCs critical to
organize on-going germinal center responses through capture and presentation of antibody-antigen
complexes to B cells (12, 13). In the medulla of lymph nodes, specialized CD157'"° FRCs support
early plasma cell maintenance through the production of IL-6, BAFF, and CXCL12 (14).
MAdCAM-1" marginal reticular cells (MRCs) are present at the interface between the cortex and
subcapsular sinus in lymph nodes or the marginal sinus in spleen and play key roles in
antimicrobial defense, generating FDCs in lymph nodes in response to microbial challenge, and
supporting marginal zone B cell populations in the spleen (15—17). New functional studies of FRCs
have been greatly accelerated by the development of transgenic mice expressing a Cre recombinase
under control of regulatory elements of the Cc//9 promoter (6, 8). Using this tool, novel roles for
FRCs are being increasingly defined. For example, FRCs have been shown to temper T cell
immune activation through the production of nitric oxide (18, 19) or prostaglandins (20).
Conversely, FRCs can drive T cell activation through signals such as IL-6 (21) and CD40 (22). It
is likely that the balance between T cell activation and regulation is controlled by FRCs

themselves, through sensing of both innate immune stimuli and signals from activated T cells (23,



24). Using these new genetic tools, our laboratory (25, 26) and others (17) uncovered a novel and
necessary role of FRC subsets in controlling adaptive immune response through the provision of

Delta-like Notch ligands to T cells in secondary lymphoid organs.

1.3 Overview of Notch signaling

Notch signaling is a highly evolutionarily conserved cell-to-cell communication pathway mediated
by Notch ligand-receptor interactions between adjacent cells (Fig 1.1) (27). Four Notch receptors
(NOTCH1-4) and five Notch ligands of the Jagged (JAG) and Delta-like (DLL) families (JAG1/2
and DLL1/3/4) have been identified in mammals. Among Delta-like ligands, only DLL1 and DLL4
have agonistic properties. Specific interactions between Notch ligands and receptors expressed in
adjacent cells induce regulated proteolytic activation of the receptor by an ADAM family
metalloprotease and then by the y-secretase complex. y-secretase-mediated intramembrane
proteolysis releases intracellular Notch (ICN) into the cytoplasm. ICN migrates into the nucleus
where it partners with the DNA-binding transcription factor CSL (CBF1/suppressor-of-
hairless/Lag-1), also called RBP-Jk and encoded by the Rbpj gene. ICN and RBP-Jk become part
of a large transcriptional activation complex in association with a Mastermind-like (MAML)
family coactivator and multiple other proteins that cooperate to mediate transcriptional activation
of Notch target genes. The majority of Notch's well-documented effects in the immune system are
mediated by canonical ICN/RBP-Jxk/MAML-dependent transcriptional activation, although

noncanonical mechanisms of Notch action have also been reported (26, 28-33).

In the hematopoietic system, Notch was first described as a oncogene in T-cell acute lymphoblastic

leukemia (34). Additional work identified a physiological role of Notch as an essential signal in



the early stages of T cell development in the thymus. Interaction of DLL4 ligands in thymic
epithelial cells with NOTCHI1 receptors in T lineage progenitors is required for the production
mature T cells (35-37). Notch signaling also regulates the differentiation, maintenance, or function
of distinct subsets of B cells, dendritic cells, macrophages, and innate lymphoid cells (38).
However, in many of these contexts, the cellular source and regulation of Notch ligands are not

fully understood.

Notch transcriptional effects are context-dependent. Progress has been made to identify direct
transcriptional targets of Notch signaling that mediate downstream biological effects of the
pathway in specific contexts, especially in Notch-driven cancers (39, 40). Many Notch targets are
regulated via Notch activity at enhancer regions and via cooperation with other context-specific
transcription factors (41). While many direct Notch targets have been described in cancer, more
work is needed to systematically uncover the cell-type and context-specific transcriptional

networks regulated by Notch in both resting and activated immune cells.

1.4 Notch signaling in mature T cell immunobiology

In mature T cell biology, Notch was originally described as a positive regulator of proliferation
and IFN-y production in vitro (42). Further in vitro studies suggested that Notch signals control
CD4"' T helper differentiation fate, with Delta-like ligands reported to drive Th1 fate and Jagged
ligands a Th2 fate (43). However, these early studies involved in vitro stimulation where Notch
ligands were either not present or artificially overexpressed on antigen-presenting cells. More
recent studies have utilized in vivo loss-of-function approaches, which has revealed many context-

dependent roles of Notch signaling in mature CD4" and CD8" T responses (44). During viral or



intracellular bacterial infection, Notch signals delivered to CD8" T cells are critical to generate
robust effector response and clear of acute infection, while being dispensable for long-term
memory formation (45, 46). In CD4" T cells, Notch signals regulate diverse immunologic effector
functions including Th1, Th2, Th17, Th22, T follicular helper, and Foxp3™* T regulatory cell (Treg)
responses (17, 25, 47-55, 28-32, 43, 45, 46). Importantly, the majority of these studies implied
(although often did not directly test) that professional antigen-presenting cells (APCs), such as

dendritic cells (DCs) were the critical source of Notch ligands regulating T cell function.

Our laboratory has studied the role of Notch signaling in models of T cell-mediated alloimmunity
including graft-versus-host disease (GVHD) following allogeneic bone marrow (allo-BMT) and
organ rejection (See Section 1.11). Both alloreactive CD4" and CD8" T cells required MAML-
dependent Notch transcriptional activation to produce inflammatory cytokines, traffic to target
tissues, and mediate lethal GVHD. We observed a dominant role for the NOTCH1 receptor and
the DLL4 ligand with minor roles for NOTCH2 and DLLI1. Pathogenic Notch signals were
delivered within the first 48 hours of transplantation (28-30, 47). We first hypothesized that Notch
signals would be delivered to T cells by hematopoietic professional APCs. Instead, we discovered
that FRCs in secondary lymphoid organs are the critical cellular source of Notch ligands that prime
pathogenic T cell response during GVHD (25). This key finding, along with other reports that
FRCs provide Notch signals to T cells in vivo (17), led us to further explore the secondary
lymphoid organ FRC niche and how it regulates T cell activation and function. For many of these
studies, we have used allo-BMT models as there is a critical role for Notch signaling in this context

and major unmet clinical needs in defining novel immunosuppressive strategies to mitigate



GVHD. In further studies we have extended these observations beyond the GVHD models to test

if the FRC niche regulates other T cell immune responses through Notch signaling.

1.5 Overview of transplantation and alloimmunity

In patients with failing organs or tissues, modern medical practice relies on transplantation
procedures as an important clinical resource with lifesaving potential. Transplanted organs and
tissues are defined as allogeneic when harvested from donors who are genetically nonidentical to
the recipients, which is the case for the vast majority of donor-recipient pairs (with the rare
exception of identical twins). Immune responses directed against foreign tissue antigens (or
alloantigens) mediate key unique complications of allogeneic transplantation. These complications
include graft rejection, which occurs after transplantation of allogeneic organs (e.g., heart, lung,
liver, small intestine, or kidney), tissues (e.g., bone marrow or pancreatic islets), or composite
grafts (e.g., limb or facial structures). Conversely, graft-versus-host disease (GVHD) can occur
after transplantation of grafts containing large amounts of donor immune cells, most commonly
bone marrow, mobilized peripheral blood, or cord blood. Graft rejection involves immune
reactivity of the recipient against transplanted allografts, while GVHD is triggered by the reactivity

of donor-derived immune cells against allogeneic recipient tissues.

1.5.1 Clinical Importance of Alloimmune Complications

An improved understanding of the cellular and molecular mechanisms mediating graft rejection
and GVHD is essential, because both complications are major medical problems that cause
significant morbidity and mortality, limiting the success of transplantation procedures.

Historically, T cells have been considered the dominant cellular subset mediating graft rejection



and GVHD, and most efforts to prevent or treat these complications have focused on interventions
that target T cell reactivity. To prevent graft rejection, transplantation recipients routinely receive
lifelong immunosuppression with calcineurin inhibitors, with or without additional agents.
Although this strategy supported major progress in modern transplantation medicine, especially in
controlling acute rejection, it is linked to significant problems, including drug toxicity, increased
risks of opportunistic infections, and an increased incidence of malignancy (posttransplant
lymphoproliferative disorders and other cancers). In addition, current immunosuppressive
regimens insufficiently control chronic rejection, a distinct immunopathological syndrome leading
to steady attrition in the viability of transplanted allografts over time. As a result, many patients
experience a need for re-transplantation, which can be medically challenging, limited by low organ
availability, and particularly problematic in recipients of life-sustaining allografts (e.g., heart or
lung). B lineage cells as well as other non—T cells are thought to play a major role in chronic
rejection and chronic GVHD. As an alternative to immunosuppression based on calcineurin
inhibitors, preclinical and early clinical research efforts have attempted to achieve states of true
tolerance to the transplanted organ that allow allograft survival in the absence of lifelong
immunosuppression. Strategies to induce tolerance currently under investigation include targeting
costimulatory pathways and establishing allogeneic hematopoietic chimerism via
nonmyeloablative bone marrow transplantation, followed by organ transplantation. Although
promising in principle, the full real-life clinical potential of these strategies remains to be

established.

1.5.2 Risks and Benefits of Alloimmunity in Allogeneic Bone Marrow Transplantation

Alloimmune rejection is uniformly detrimental after solid organ transplantation, but a delicate

balance between immune complications and benefits needs to be considered after allogeneic bone



marrow, cord blood, or mobilized peripheral blood transplantation (jointly referred to as allogeneic
hematopoietic cell transplantation, or allo-HCT). However, for the sake of consistency we will
continue to refer to allo-HCT in general as allogeneic bone marrow transplantation (allo-BMT)
throughout this dissertation. In this setting, graft rejection is relatively rare, except in patients with
preexisting autoimmune or alloimmune reactivity. In contrast, GVHD is the prevailing clinical
problem, with the potential to induce life-threatening, immune-mediated damage to target organs,
such as the gut, skin, liver, thymus, and lung. Similar to chronic allograft rejection, chronic GVHD
is a distinct entity that affects a large fraction of patients, can cause major lifelong morbidity, and
remains poorly responsive to current treatments. In parallel to these complications, however,
transplanted T cells and other immune cells induce beneficial anticancer effects referred to as graft-
versus-tumor (GVT) activity. Because the majority of allo-BMT procedures are performed for
patients with hematological malignancies (e.g., leukemias or lymphomas), and only a minority for
benign disorders, it is essential to identify strategies to control GVHD that still preserve potent
GVT activity. Another important problem unique to allo-BMT is the occurrence of delayed
immune reconstitution and poor immune function, a prevalent problem often associated with

chronic GVHD.

1.5.3 Evolving Concepts in the Pathogenesis of Alloimmune Injury

To understand the pathogenesis of alloimmune complications after transplantation, it is useful to
consider elements borrowed from the immune system's responses to conventional antigens, as well
as features that are unique to the artificial conditions induced by transplantation. Unlike most
conventional exogenous antigens, alloantigens are broadly expressed either in the transplanted
allograft (rejection) or in the allo-BMT recipient (GVHD), and they are persistent in the sense that

they can never be completely eliminated. In this regard, alloimmunity shares important features



with autoimmunity and chronic viral infections. Nevertheless, much remains to be learned about
the molecular nature, tissue distribution, and cellular presentation of alloantigens. Another
determinant of alloimmune reactivity is the delivery of context-dependent innate signals during
the priming of the immune response. For example, ischemic injury during the harvest and
processing of the allograft exerts major effects on the induction of alloimmunity via exposure to
damage-associated molecular patterns, for example, DNA, RNA and other molecules released by
damaged cells. Microbe-associated molecular patterns have also been reported to influence
alloreactivity, with a recent focus on the role played by the microbiome in both solid organ
rejection and GVHD. During allo-BMT, damage to recipient tissues is caused by myeloablative
or, to a lesser extent, nonmyeloablative conditioning regimens involving total body irradiation or
chemotherapy. In turn, tissue damage generates inflammatory signals that enhance the adaptive
immune response to recipient alloantigens. Another key feature of GVHD pathogenesis is the
preeminence of the gut, as both a site of immune priming and a target of the disease, with the
potential for a self-reinforcing pathogenic loop. Although basic and clinical researchers have been
focusing on this question for years, recent work has brought new insights into a complex cross talk
among innate lymphoid cells (ILCs), intestinal epithelial cells, microbiota, and T cells that
regulates the onset of GVHD. Finally, nonhematopoietic cells in secondary lymphoid organs
(SLOs) and other tissues have recently come into focus as a source of alarmins [e.g., interleukin
(IL)-33] and innate signals (e.g., Notch ligands) that control key aspects of alloimmunity during
graft rejection and GVHD. Thus, although there is no doubt that T cells are essential in
alloimmunity, T cell function is influenced by interactions with a complex microenvironmental

niches and by the unique conditions induced by transplantation procedures.



1.6 Alloantigen presentation

After allogeneic transplantation, APCs stimulate alloreactive T cells through the provision of
alloantigens and costimulatory signals. In recent years, intense scrutiny has been devoted to
defining the mechanisms and the cellular subsets involved in alloantigen presentation (Fig 1.1).
Importantly, both hematopoietic and nonhematopoietic APCs can be activated by innate immune
stimuli that are associated with the transplantation procedure, including ischemic damage, tissue
damage secondary to myeloablative conditioning, and exposure to signals from the microbiome.
In a positive feedback loop, signals from activated alloreactive T cells drive further activation of
professional APCs, as well as increased antigen presentation capacity in other APCs. These
mechanisms, as well as the nature and distribution of alloantigens, determine how alloreactive T

cells get activated and mediate the immune complications of transplantation.

1.6.1 Nature of Alloantigens

During microbial infections, naive T cells encounter peptide antigens loaded on major
histocompatibility complex (MHC) molecules. Costimulatory and coinhibitory signals regulate
whether antigen encounter leads to productive immune responses or tolerance. Individual cellular
subsets have variable capacities to provide these signals to T cells, but hematopoietic conventional
dendritic cells (cDCs) appear to be the critical professional APCs that prime naive T cells in SLOs
in response to most infections. CD8" T cells recognize endogenous molecules presented on MHC
class I, while CD4" T cells recognize exogenous molecules processed after uptake of extracellular
pathogens and presented on MHC class II. However, it is now clear that overlap exists between
endogenous and exogenous pathways, allowing presentation of exogenous peptides on MHC class

I (cross presentation), and endogenous peptides on MHC class I1.
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In allogeneic transplantation, genetic polymorphisms between donor and recipient exist both
within and outside the MHC locus. Critical differences exist between T cell activation in MHC-
matched and MHC-mismatched transplants. In MHC-mismatched allogeneic responses, a large
proportion of T cells are thought to react with polymorphic regions of allogeneic MHC,
irrespective of which peptide is loaded (56). Alternatively, allogeneic MHC loaded with specific
endogenous peptides can function as a molecular mimic of self-MHC loaded with foreign peptides
(57, 58). MHC-mismatched transplantation induces strong alloimmune responses, and as a result,
lethal GVHD and acute rejection of skin transplants can be driven by single polymorphisms in
either MHC class I or class II (59). In solid organ transplantation, MHC matching increases
allograft survival but is difficult to achieve in practice (60). In contrast, allo-BMT is often fully
MHC-matched, although several types of mismatched allo-BMT are performed when MHC-

matched donors are not available.

In MHC-matched transplants, polymorphisms at non-MHC loci encode alloantigens that are
processed and presented on syngeneic MHC [minor histocompatibility antigens (MiHAs)]. Similar
to microbial antigens, MiHAs are recognized by rare T cell clones with T cell receptors cognate to
processed MiHA loaded on MHC molecules. For example, H-Y MiHAs encoded by the Y
chromosome cause higher risks of alloimmunity when female T cells encounter male target cells
(61). Among hundreds of potential MiHAs in human transplantation, only a few are known to date.
However, analysis of single nucleotide polymorphisms encoding putative MiHA epitopes
demonstrated that the degree of genetic mismatch correlates with the incidence of severe GVHD
after allo-BMT (62). MiHAs that are restricted to the hematopoietic compartment can selectively

drive GVT over GVHD (63), presumably because they induce responses against residual
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hematological malignancies but not target epithelial organs. In mouse models, potent alloimmune
responses can also be driven by virally encoded endogenous MiHAs that act as superantigens (64),

although the role of similar mechanisms in human transplantation is unknown.

1.6.2 Antigen-Presenting Cells in Graft-Versus-Host Disease

Unlike most responses to pathogens in which specialized hematopoietic APCs prime T cells, in
allo-BMT both recipient hematopoietic and nonhematopoietic cells have independently been
shown to be sufficient to prime alloreactive T cell responses in distinct mouse GVHD models (65—
67). Recipient-derived APCs are essential to initiate acute GVHD; however, donor APC subsets
can amplify later disease states. For example, cDCs derived from the donor bone marrow
restimulate alloreactive CD4" T cells in target GVHD organs (68, 69). After T cells are initially
primed by recipient cells, donor CD103* ¢DCs seed the gut, capturing alloantigens and becoming
activated by innate inflammatory signals before migrating to mesenteric lymph nodes, driving a
potent positive feedback loop of T cell alloactivation through the provision of recipient alloantigen,
IL-12, IL-6, and CD40 costimulatory signals (70, 71). Further dysregulation of donor-derived
APCs after allo-BMT sustains the seemingly paradoxical autoimmunity and immunosuppression

observed in chronic GVHD (72, 73).

During MHC-mismatched allo-BMT, CD4" T cells or, to a lesser extent, CD8" T cells can induce
lethal GVHD regardless of whether target epithelial tissues express MHC class II or MHC class I,
respectively (74). Consistent with the rapid kinetics of disease, MHC-mismatched allo-BMT likely
triggers an inflammatory cytokine storm that induces disease irrespective of alloantigen expression
in target cells. In these models, cDCs appeared sufficient to prime alloreactive T cells. This was

based on an experimental add-back strategy in which recipients genetically lacking the ability to

12



present allogeneic MHC alloantigens received cDCs with an intact antigen presentation machinery
just prior to transplantation. However, the authors of this study transferred unirradiated cDCs into
recipients conditioned with myeloablative regimens, which may not accurately recapitulate the
state of endogenous conditioned recipient cDCs (75). While ¢cDCs or plasmacytoid dendritic cells
(DCs) were sufficient to drive GVHD in this context, neither appeared necessary, as profound
depletion of cDCs, plasmacytoid DCs, and B cell subsets did not protect recipients from MHC-
mismatched CD4" T cell-driven GVHD (75-77). Due to the ubiquitous distribution of alloantigens
and high frequency of alloreactive T cells in MHC-mismatched bone marrow transplantation, a
single APC subset may not be critical to prime alloreactive T cells in these models. In fact,
recipient cDCs can exert tolerogenic functions in GVHD; newer studies using multiple different
genetic methods to deplete ¢cDCs showed that recipients lacking ¢cDCs displayed accelerated
GVHD in both MHC-matched and mismatched models (66, 78). Similarly, expansion of recipient

CD8a* ¢DCs with recombinant FLT3L protected mice from GVHD (79).

In MHC-matched GVHD, Shlomchik et al. (65) used a CD8" T cell-driven allo-BMT model to
show that eliminating MHC class I presentation in the recipient hematopoietic compartment
prevented GVHD. As in MHC-mismatched GVHD, c¢DCs were inferred to be the critical
hematopoietic APC subset, although this was not formally proven in vivo with cell-specific loss-
of-function experiments (80). Subsequent work indicated that MHC class I expression in
nonhematopoietic tissues was also necessary to drive disease (81), which suggests that reexposure
to MiHA in target tissues drives CD8" T cell-mediated GVHD pathology in MHC-matched
models of GVHD. In CD4" T cell-driven models of MHC-matched GVHD, conflicting evidence

implicates both hematopoietic and nonhematopoietic APCs as the critical priming subset. In one
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model, recipient mice lacking MHC class II in nonhematopoietic cells had similar or worse tissue
GVHD compared to controls (81). More recently, other groups showed that MHC class 11
expressed only on nonhematopoietic cells (66) or that alloantigen mismatch only in the
nonhematopoietic compartment (67, 82) is sufficient to drive CD4" T cell-mediated GVHD in
several MiHA models, while depletion of recipient ¢cDCs prior to allo-BMT actually worsened
GVHD (66). Furthermore, when MHC class II was eliminated from the hematopoietic
compartment, recipient mice lacked the ability to expand regulatory T cells (Tregs), suggesting
tolerogenic roles for recipient hematopoietic APCs (83). Together, these findings suggest that
nonhematopoietic APCs can be key stimulators of alloreactive CD4" T cells, while hematopoietic
APCs can prime pathogenic CD8" T cell and both pathogenic and protective CD4* T cell responses
in MHC-matched allo-BMT. However, it remains debated which nonhematopoietic cellular
subsets serve as important APCs in CD4" T cell-driven GVHD and if they reside in target tissues

or in SLOs, where classical priming is thought to occur.

Expression of MHC class II and other molecules important for exogenous antigen presentation in
both hematopoietic and nonhematopoietic cells is regulated by the class II transactivator (CI/TA4)
(84). CIITA expression itself is controlled by several promoters that are differentially active in
various cellular subsets. Professional APC subsets, such as ¢cDCs and B cells, drive CIITA from
constitutively active promoters, while nonhematopoietic tissues utilize the IFNy-inducible
promoter IV of CIITA (85). This regulation pattern suggests that inducible MHC class 11 could
participate in GVHD pathogenesis after alloreactive T cells or other immune cells release IFNy.
Additionally, nonhematopoietic cells may respond to local damage and microbe-associated danger

signals after myeloablative conditioning by upregulating costimulatory molecules. In fact,
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nonhematopoietic cells may be the critical responders to innate signals in GVHD pathogenesis, as
recipient mice genetically lacking signal transduction machinery downstream of all Toll-like

receptors in their hematopoietic compartment were not protected from GVHD (86).

In the small intestine and colon, two critical GVHD target organs, both lamina propria
myofibroblasts (66, 87-89) and intestinal epithelial cells (90) have been implicated as key subsets
that upregulate MHC class II and costimulatory molecules to prime alloreactive CD4" T cells after
allo-BMT. Intestinal epithelial cells express MHC class II on their basolateral surface, with
upregulated expression during GVHD, although they typically have been considered to have
tolerogenic functions through DC-independent expansion of Tregs (91-93). However, a recent
study identified that Villin-Cre" intestinal epithelial cells but not mesenchymal or endothelial cells
were a necessary source of MHC class II alloantigen presentation required to drive lethal GVHD
(90). If intestinal epithelial cells are converted to pro-inflammatory antigen-presenting cells by the
allo-BMT environment, this could explain the why the GI tract is such a dominant target tissue

during GVHD.

1.6.3 Sites of T Cell Priming in Graft-Versus-Host Disease

Where alloreactive T cells first get primed in GVHD remains debated. Naive T cells typically
traffic to SLOs, such as spleen and lymph nodes. Consistent with a role for SLOs in priming
alloreactive T cells, splenectomized a/y/aly mice that lacked lymph nodes had delayed and blunted
GVHD (94). In another study, Lymphotoxin-a null mice (lacking lymph nodes and Peyer’s
patches) that had also been splenectomized were protected from gastrointestinal GVHD (95). This
is consistent with luciferase reporter-based tracking of alloreactive T cells, which revealed that

alloreactive T cells were first detected in secondary lymphoid organs before accumulating in target
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tissues including the GI tract (96). Nonhematopoietic cells in SLOs, including blood endothelial
cells, lymphatic endothelial cells, and fibroblastic reticular cells (FRCs), harbor MHC class II and
upregulate its expression during adaptive immune responses (97). Antigen presentation from these
cell types appears to be tolerogenic in many contexts (24, 98). However, in the context of allo-
BMT, FRCs and other fibroblastic stromal cells were shown to drive GVHD through presentation
of Delta-like Notch ligands within the first 48 h after transplantation (25), suggesting that these
cells can be proinflammatory. FRCs were also shown to display peptide-loaded MHC class II from
exosomes released from c¢DCs, although in this context it was tolerogenic (99). One intriguing
possibility is that, prior to their elimination by myeloablative conditioning, recipient hematopoietic
APCs may transfer intact MHC molecules to non-hematopoietic cells such as FRCs for
presentation to alloreactive T cells. Fibroblasts infected with lymphocytic choriomeningitis virus
were also shown to prime CD8" T cells in the absence of effective cross presentation by
hematopoietic APCs but only in the setting of SLOs (100). Thus, the alloantigen-presenting
functions of nonhematopoietic stromal cells, especially FRCs, in SLOs needs to be explored (see
Chapter 5). High-endothelial venules (HEVs), FRCs, and likely follicular DCs also appear to be
direct targets of acute GVHD, which in turn contributes to the dysregulation of humoral immunity

(101) and breakdown of tolerance (102) during chronic GVHD.

While much evidence indicates that the primary site of initiation of GVHD resides in secondary
lymphoid organs, competing reports have suggested that alloreactive T cells can be primed directly
in target tissues without needing to migrate to secondary lymphoid organs. When MHC class 11
was conditionally deleted in intestinal epithelial cells, mice were protected from CD4" T cell

mediated GVHD. Furthermore, intestinal epithelial cells isolated from irradiated mice could prime
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alloreactive T cells in vitro (90). Still, mice lacking MHC class II in intestinal epithelial cells

developed severe skin GVHD, indicating that not all priming occurred in the GI tract.

The requirement for alloantigen presentation in secondary lymphoid organs versus target tissues
could depend on the chemokine receptors and integrin molecules that donor T cell subsets express
combined with the integrins and chemokines expressed by the endothelium of target tissues versus
HEVs (See Chapter 3). The nature and subset of donor T cells (e.g. naive vs. memory) could
influence these trafficking molecules on T cells, while the conditioning regimen could influence

expression of trafficking molecules on target and lymphoid tissue endothelium.

1.7 Gastrointestinal Graft-Versus-Host Disease

Damage to epithelial surfaces is a critical feature of GVHD that has attracted the attention of many
researchers, as it is linked to the most dangerous clinical features of the disease. Disruption of the
intestinal epithelium plays a critical role at the onset of GVHD as a result of both conditioning-
related toxicity and immune-mediated injury (96, 103). However, epithelial damage in the gut is
counterbalanced by repair and protective mechanisms regulated by ILCs, a family of lymphoid
cells that do not express antigen receptors but have evolved to sense and respond to a broad range
of innate signals (104) (Fig 1.3). In the intestine and in other target organs such as the thymus,

ILC-derived signals such as IL-22 protects epithelial tissues from GVHD damage (105, 106).

In experimental models and in clinical allo-BMT, the intensity of radiation or chemotherapy-based
conditioning regimens is linked to the incidence and severity of GVHD (103, 107). Although

multiple direct or indirect effects could be involved, the use of higher intensity conditioning
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regimens is associated with increased histological evidence of gut epithelial damage after allo-
BMT, increased abundance of lipopolysaccharide in the serum (suggesting defective intestinal
barrier function and bacterial translocation), and increased serum levels of inflammatory cytokines
such as TNF-a and IL-1B (consistent with a cytokine storm) (103, 108). Trafficking studies
revealed evidence of early and prominent infiltration of the gut by donor-derived T cells within
days after allo-BMT, only shortly after initial priming in SLOs (96). Dysregulation of the intestinal
microbiome is also a prominent feature of allo-BMT that plays a role in GVHD onset (108—111).
Altogether, these studies have shown the intestine to be at the center of a self-reinforcing

pathogenic loop leading to GVHD.

Recent work has revealed detailed features of intestinal epithelial damage after allo-BMT that
appear important for GVHD pathogenesis. In mouse allo-BMT models, profound loss of Lgr5+
crypt-based intestinal stem cells (ISCs) was detected at disease onset, suggesting that ISCs
themselves can be targeted by the combination of conditioning and alloimmune injury (105, 112,
113). The crypt-based ISC niche is located close to endothelium expressing the Mucosal addressin
cell adhesion molecule 1 (MAdCAMI). In a recent study, GVHD led to preferential infiltration of
this niche, but not other parts of the intestinal epithelium, by a4p7-expressing alloreactive T cells
(114). Damage to Lgr5" intestinal epithelial cells was mediated by donor T cell derived IFN-y
which caused programmed cell death (115). Both in mice and in human patients, acute GVHD was
also associated with loss of intestinal Paneth cells (108, 116). Paneth cells are specialized epithelial
cells that sit at the basis of intestinal crypts and have been reported to function as a niche for ISCs
by producing agonists of the Wnt and Notch signaling pathways (117). Paneth cells produce a

range of antibacterial peptides including a-defensins and REG3 family proteins that regulate the

18



intestinal microbiome (118). Paneth cell loss in allo-BMT models was associated with dysbiosis
even in the absence of irradiation-based conditioning (108). In patients, low Paneth cell numbers
in intestinal biopsies at the onset of GVHD predicted a high risk for GVHD-related nonrelapse
mortality (116). Interestingly, unbiased proteomic analysis identified serum levels of the C-type
lectin REG3a as a sensitive and specific biomarker of intestinal acute GVHD with a role in risk
stratification (119), possibly after release into the circulation upon Paneth cell injury. Thus,

damage to ISCs and their niche may play a specific role at the core of GVHD pathogenesis.

1.8 Notch Signaling in T cell alloimmunity

Notch signaling has emerged as a key regulator of T cell alloimmunity, in the setting of both
GVHD and allograft rejection (25, 28-31, 47, 48, 52, 120, 121). Recent data identified
nonhematopoietic radioresistant FRCs as the critical source of Notch ligands at the onset of GVHD

(25, 26).

1.8.1 Early Insights on Notch Signaling in Alloimmunity

Early studies relying heavily on artificial gain-of-function strategies were the first to draw attention
to a potential role of Notch in tolerance and alloreactivity (122—-125). Adoptive transfer of DCs
engineered to overexpress the Notch ligand JAG1 induced antigen-specific T cell
hyporesponsiveness to a house dust mite antigen (123). Similar observations were then made when
studying T cell responses to alloantigens or viral antigens using JAG1-transduced Epstein—Barr
virus—transformed B lymphoblastoid cell lines as APCs (124, 125). In a heart allograft model,
Dallman and colleagues (122) reported a CD8* T cell-dependent tolerogenic effect of adoptively

transferred L cell fibroblasts overexpressing the Notch ligand DLL1 and allogeneic MHC
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molecules. Taken together, these studies suggested that inducing artificially high levels of Notch
signaling could create a state of antigen-specific T cell tolerance. However, interpretation was
difficult given possible non-cell-autonomous effects of overexpressed Notch ligands, the lack of
direct genetic demonstration, and the artificial nature of the gain-of-function experimental systems.
More recently, several laboratories used in vivo loss-of-function strategies to evaluate the role of
Notch signaling in alloimmunity (25, 26, 121, 28-31, 47, 48, 52, 120). These studies reached
concordant conclusions that Notch functions as a major proinflammatory signaling pathway
promoting pathogenic alloreactivity, in both GVHD and transplant rejection. Thus, the actual in
vivo function of Notch signaling in alloimmunity turns out to be opposite from that initially

suggested by artificial gain-of-function strategies.

1.8.2 Notch and Graft-Versus-Host Disease

In multiple mouse models of allo-BMT and GVHD, genetic inhibition of canonical Notch
signaling in T cells led to profoundly decreased GVHD severity and GVHD-associated mortality
(28, 29, 47). The effects of Notch signaling were dependent on NOTCH1/2 receptors in T cells
and DLL1/4 ligands in the recipient, with dominant effects of NOTCH1 and DLL4 (29, 52, 121).
Transient systemic inhibition of DLL1/4 with neutralizing antibodies in the peri-transplant period
was sufficient to confer long-term protection (25, 29). These findings suggested the existence of
an early pathogenic pulse of Notch signaling in alloreactive T cells during their priming and initial
activation. Upon Notch inhibition, protection from GVHD was associated with decreased
production of multiple inflammatory cytokines, including IFN-y and TNF-a, as well as increased
expansion of preexisting Tregs. Upon in vivo priming in the absence of Notch signaling,
alloreactive T cells acquired a state of acquired hyporesponsiveness to restimulation through their

T cell receptor and CD28 coreceptor (47). Yet, some aspects of T cell function were preserved in
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Notch-deprived alloreactive T cells, including in vivo proliferation and expansion in lymphopenic
recipients as well as expression of cytotoxic molecules. Ex vivo cytotoxicity and in vivo anticancer
activity were also preserved. As a result, Notch inhibition allowed long-term posttransplant
survival without severe GVHD and without recurrent cancer in mouse models of allo-BMT and
leukemia. The relative importance of conventional T cells and Tregs in mediating Notch's effects
remains to be determined, as do the precise mechanisms of Notch action in T cells. Genetic data
point at canonical RBP-Jk/MAML-dependent transcriptional effects of Notch signaling as the
critical effectors of Notch signaling in alloreactive T cells, although functionally essential
transcriptional targets need to be identified (26, 28, 31). In addition, Notch may also exert

important effects in B cells during chronic GVHD (126).

1.8.3 Cellular Sources of Notch Ligands in Alloimmunity

Early studies of Notch in T cell immunity documented that professional APCs, such as DCs,
increased Notch ligand expression in response to inflammatory stimuli and established the
potential of these cells to function as a source of Notch ligands to T cells (43). Subsequent studies
in alloreactivity and other immune contexts postulated that Notch ligands are derived from
hematopoietic APC subsets, although most of these studies were based on correlation and ex vivo
coculture systems without in vivo genetic data (49, 121, 127, 128). Radtke and collaborators (17)
were the first to identify a nonhematopoietic cellular source of DLL1/4 Notch ligands for the
differentiation of Notch-dependent T follicular helper cells, ESAM" DCs, and marginal zone B
cells in SLOs. In mouse models of acute GVHD, Chung et al. (25) discovered that hematopoietic
sources of DLL1 and DLL4 Notch ligands were not essential for disease pathogenesis (Figl.1b).
Instead, a population of nonhematopoietic fibroblastic stromal cells lineage traced with a Ccll9-

Cre transgene was the critical source of DLL1/4 ligands at GVHD onset, with essential Notch
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signals delivered within days after allo-BMT (25) (Fig 1.1¢) Ccli9-Creis expressed in the
fibroblastic stromal cell compartment of spleen and lymph nodes as well as in Peyer's patches (6).
After irradiation-based conditioning and allo-BMT, Ccl/l9-Cre activity was detected
predominantly in a population of FRCs with high CD157 expression and in follicular dendritic
cells of spleen and lymph nodes, as well as, to a minor extent, in lymphatic endothelial cells (25).
These findings identify a fibroblastic niche that plays a critical role in the pathogenesis of acute

GVHD through the delivery of Notch signals.

1.9 Focus of the current studies

The Notch signaling pathway is emerging as a critical regulator of adaptive immunity via T cell—
FRC interactions in specialized immunological niches in SLOs. However, we still have limited
understanding of how T cell-FRC interactions are regulated in the context of allotransplantation.
Furthermore, we do not understand the extent to which T cell-FRC interactions are required in
other immunological contexts to provide Notch signals. Thus, we focused our exploration on four
inter-related studies that seek to answer critical questions about T cell-FRC interactions and Notch

signaling.

Chapter 2: Can we develop a generalizable tool to monitor Notch signals in antigen-activated T
cell subsets? And can we use this tool to determine if the FRC niche provides Notch signals in
different immunological contexts?

Whether FRCs also function as the dominant source of Notch ligands in nonmyeloablative allo-
BMT, in allograft rejection, and in other types of immune response remains to be determined. In

order to answer this question, we developed a novel and generalizable indicator of Notch signals
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in antigen-activated T cells, based on expression of the core-2 O-glycoform of CD43. Using this
indicator, we determined that FRCs remain the dominant source of Notch ligands that drive T cell
pathogenicity after allotransplantation with reduced intensity or no myeloablative conditioning

(26).

Chapter 3: How do Notch signals drive gastrointestinal GVHD?

The immunobiological mechanisms explaining how Notch signaling drives gastrointestinal
GVHD pathogenesis remain to be determined. It is unclear if alloreactive T cells require Notch
signaling in immunological niches in SLOs, in the GI tract, or both to mediate gastrointestinal
GVHD. These are critical questions to answer to advance pharmacological Notch blockade to the
clinic as a GVHD prophylaxis strategy. We used genetic loss-of-function studies to ask key

questions about the role of FRC niches and Notch signaling in gastrointestinal GVHD.

Chapter 4: How does allo-BMT regulate the FRC niche? And can FRCs present alloantigens?

It is unclear if cross-talk occurs between alloreactive T cells and FRCs and if it is important for
acquisition of pathogenic T cell function in GVHD. Furthermore, due to their role in providing
Notch signals to T cells early during activation, FRCs may also be presenting alloantigen. To
answer these questions, we studied alloreactive T cells and FRCs after allo-BMT and used genetic
loss-of-function strategies to determine the role of alloantigen presentation from FRCs during
GVHD. Furthermore, we used DC immunization to understand if FRCs are relevant sources of

Notch signals to T cells when antigen presentation is restricted to another cellular subset.
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Chapter 5: Can Notch signals be delivered to naive T cells by the FRC niche?

Others have suggested that Notch is delivered at the immune synapse by APCs. Our findings that
FRCs function as the critical source of Notch ligands during allo-BMT and DC immunization
(Chapter 4) independently of antigen presentation led us to question this model. To understand if
Notch and antigen signals can be dissociated, we studied the effects of Notch signaling in naive

CD4" T cells that have not yet encountered antigens.

Together, these interrelated studies explore an emerging paradigm of adaptive immune response:
regulation by microenvironmental signals derived from localized stromal niche cells. We
demonstrated in multiple new immunological contexts that Notch signaling derived from FRC-T
cell interactions determines subsequent T cell activation and function. These interactions control
pathogenic T cell function during allo-BMT, in part through controlling trafficking of alloreactive
effector T cells to the GI tract. Furthermore, we show that FRCs are dynamically regulated by allo-
BMT. Alloantigen-primed T cells controlled the abundance of DLL4 Notch ligands expressed by
the FRC niche, suggesting that a very early cross-talk between activated T cells and FRCs may
determine the subsequent magnitude of Notch-dependent T cell immune responses. We proved
that FRCs, while necessary in their role as sources of Notch ligand, are dispensable sources of
alloantigen presentation in allo-BMT. Instead, we propose a model where T cells engage in distinct
cell-to-cell interactions with both FRCs and APCs. We tested this hypothesis during DC
immunization and found that FRCs were necessary sources of Notch ligands for driving CD8" T
cell effector function. Confirming that Notch signaling in mature T cells could be spatiotemporally
separated from antigen presentation, we showed that naive CD4" T cells experienced active Notch

signaling from FRCs. In light of these studies, we propose that Notch ligand expressing FRCs
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represent a dynamically regulated, spatially limited niche that controls the magnitude of

inflammatory T cell responses in both allogeneic BMT and other immunological contexts.
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Fig 1.1 Overview of Notch signaling and sources of Notch signals in alloimmunity. (a) Notch signaling occurs via
the physical interaction between Notch receptors (Notch1—4) and Notch ligands (Delta-like 1,3, and 4; Jagged 1 and
2). Ligand-receptor binding allows two cleavage events to occur, which are mediated by the ADAM10 metalloprotease
and the y-secretase complex, releasing ICN into the cytosol. After entry into the nucleus, ICN forms a transcriptional
activation complex with the transcription factor RBP-Jk (alias CSL), a MAML coactivator, and other partners
including p300. ICN/RBP-Jx /MAML transcriptional complexes can regulate Notch target genes at promoter proximal
regions or through binding at distal enhancer sites. (b) Classical model of Notch involvement in T cell alloactivation.
A naive T cell is activated by a hematopoietic APC that provides both antigen-specific signals and Notch signals
through Delta-like1/4-Notch1/2 interactions. (c) New model of Notch signaling and T cell alloactivation. Delta-like1/4
Notch signals are derived from nonhematopoietic fibroblastic stromal cells such as fibroblastic reticular cells or
follicular dendritic cells in secondary lymphoid organs. Fibroblastic stromal cells may also present alloantigens
through the expression of allopeptide-loaded MHC complexes. Abbreviations: APC, antigen-presenting cell; CoA,
coactivator; CoR, corepressor; RBP-Jk, CBF1/suppressor-of-hairless/Lag-1; DLL1/4, Delta-like 1,4; ICN,
intracellular Notch; MAML, mastermind-like; pMHC, peptide-loaded major histocompatibility complex; TCR, T cell
receptor.
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Fig 1.2 Potential inflammatory or tolerogenic alloantigen-presenting cells after allogeneic transplantation.

(Center) After allogeneic hematopoietic cell transplantation, donor T cells become activated by recipient

alloantigens, leading to graft-versus-host disease (GVHD). After solid organ transplantation, recipient T cells
become activated by donor alloantigens, leading to allograft rejection. (Left) Potential recipient hematopoietic
antigen-presenting cells (APCs). (Right) Potential recipient nonhematopoietic APCs. (Bottom) Potential donor
APCs. All nucleated cell types express major histocompatibility complex (MHC) class 1. Only some cell types
constitutively express MHC class II, while others express MHC class II in response to IFNy (inducible), denoted by
the asterisk. Red arrows indicate potential mechanisms of alloantigen transfer: exosomal transfer of intact
allopeptide-MHC complexes and endocytosis of cellular material followed by cross presentation of peptide

alloantigens by another cellular subset.
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Fig 1.3 Loss of epithelial integrity and intestinal dysbiosis during acute GVHD. (a) Small intestine during
homeostasis. The intestinal epithelium is constantly regenerated by LGR5+ ISCs. ILC3s release IL-22 to support
epithelial repair after injury. Paneth cells secrete a-defensins and REG3 proteins to regulate the intestinal microbiome.
(b) Small intestine during acute GVHD. Damage from myeloablative conditioning, including irradiation and
chemotherapy, injures the intestinal epithelium, including Paneth cells and ISCs, leading to loss of mucosal integrity.
LPS and other MAMPs translocate across the gut epithelium, activating recipient and donor innate immune cells,
which in turn release inflammatory cytokines (IL-1B, TNFa). Alloimmune activation of donor T cells occurs in the
mesenteric lymph node and locally in the lamina propria, leading to alloimmune reactivity that further damages the
intestinal epithelium. REG3a release into the blood is associated with intestinal GVHD and loss of Paneth cells.
Recipient ILC3s are lost through a combination of conditioning-associated and alloimmune damage preventing IL-
22-mediated maintenance of ISCs and leading to impaired regeneration of the gut epithelium. GVHD and intestinal
injury also dysregulate the microbiome, leading to dysbiosis, which reinforces GVHD pathogenesis. Abbreviations:
DAMPs, damage-associated molecular patterns; DC, dendritic cell; GVHD, graft-versus-host disease; IL, interleukin;
ILC3, type 3 innate lymphocyte; ISC, intestinal stem cell; LPS, lipopolysaccharide; MAMPs, microbe-associated
molecular patterns; TNFa, tumor necrosis factor alpha.
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Chapter 2

GCNT1-Mediated O-Glycosylation of the Sialomucin CD43 is a
Sensitive Indicator of Notch Signaling in Activated T Cells?

2.1 Abstract

Notch signaling is emerging as a critical regulator of T cell activation and function. However, there
is no reliable cell surface indicator of Notch signaling across activated T cell subsets. Here we
show that Notch signals induce upregulated expression of the Gentl glycosyl-transferase gene in
T cells mediating graft-versus-host disease (GVHD) after allogeneic bone marrow transplantation
(allo-BMT) in mice. To determine if Gentl-mediated O-glycosylation could be used as a Notch
signaling reporter, we quantified the core-2 O-glycoform of CD43 in multiple T cell subsets during
GVHD. Pharmacological blockade of Delta-like Notch ligands abrogated core-2 O-glycosylation
in a dose-dependent manner after allo-BMT, both in donor-derived CD4" and CD8" effector T
cells, and in Foxp3™ regulatory T cells. CD43 core-2 O-glycosylation depended on cell-intrinsic

canonical Notch signals and identified CD4" and CD8" T cells with high cytokine-producing

2 Reproduced from: Perkey, E., D. Maurice De Sousa, L. Carrington, J. Chung, A. Dils, D. Granadier, U. Koch, F.
Radtke, B. Ludewig, B. R. Blazar, C. W. Siebel, T. V. Brennan, J. Nolz, N. Labrecque, and I. Maillard. 2020. GCNT1-
Mediated O -Glycosylation of the Sialomucin CD43 Is a Sensitive Indicator of Notch Signaling in Activated T Cells.
J. Immunol. 204: 1674—1688.
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ability. Gcentl-deficient T cells still drove lethal alloreactivity, showing that core-2 O-
glycosylation predicted, but did not cause Notch-dependent T cell pathogenicity. Using core-2 O-
glycosylation as a marker of Notch signaling, we identified Ccl19-Cre* fibroblastic stromal cells
as critical sources of Delta-like ligands in graft-versus-host responses irrespective of conditioning
intensity. Core-2 O-glycosylation also reported Notch signaling in CD8" T cell responses to
dendritic cell immunization, Listeria infection, and viral infection. Thus, we uncovered a role for
Notch in controlling core-2 O-glycosylation and identified a cell surface marker to quantify Notch
signals in multiple immunological contexts. Our findings will help refine our understanding of the

regulation, cellular source, and timing of Notch signals in T cell immunity.

2.2 Introduction

Notch signaling is an evolutionarily conserved juxtracrine signaling pathway. Interaction of Notch
receptors (Notch1-4) with agonistic ligands of the Delta-like or Jagged families leads to proteolytic
release of the Notch intracellular domain, followed by its translocation to the nucleus where it
mediates the transcriptional activation of Notch target genes. T cell development requires Delta-
like4/Notch1 interactions in the thymus. In addition, Notch has emerged as a critical regulator of
mature CD4" and CD8" T cell activation, differentiation, and effector function in the periphery
(129). T cells incapable of receiving Notch signals showed reduced acute protective functions in
mouse models of intracellular bacterial (45), viral (46), fungal (55), and parasitic infection (32), as
well as in selected tumor models (130, 131). Notch also drives pathogenic T cell functions in
mouse models of T cell-mediated acute GVHD (25, 28, 29, 31), chronic GVHD (132), organ
rejection (30, 48, 120), and multiple sclerosis (133, 134). Despite the multiple immunological

effects of Notch signaling in T cells, it has remained impossible to prospectively identify individual
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cells experiencing active Notch signaling, a major limitation to studying the detailed impact and

regulation of the Notch pathway in vivo.

In mouse models of allogeneic bone marrow transplantation (allo-BMT) after myeloablative
conditioning, donor T cells received critical Delta-likel (DLL1) and Delta-like4 (DLL4)-mediated
Notch signals within the first 48 hours after transplant. The cellular niche providing DLL1/4
ligands was restricted to nonhematopoietic Ccl19-Cre* fibroblastic stromal cells and not
hematopoietic cells in secondary lymphoid organs (25). Additionally, both Ccl19-Cre* fibroblastic
stromal cells (17) and CD11c¢" classical dendritic cells (135) have been shown to provide DLL4
signals to drive T follicular helper cell differentiation. These findings highlight fine spatial and
temporal regulation of Notch signaling induction to mature T cells in these contexts. However,
outside of these observations, little is known about when and where T cells receive Notch signals,
and about the essential cellular sources of Notch ligands in a broader range of immune responses.
Identifying a common specific and sensitive surface indicator of Notch signaling across different
activated T cell subsets and immunologic contexts would aid in answering these important

questions.

CD43 (sialophorin, leukosialin) is a transmembrane sialomucin with an extensively O-
glycosylated extracellular domain that is highly expressed on T cells (136). Dynamic regulation of
glycosyltransferases during T cell development and activation results in the expression of two
CDA43 glycoforms (137). Mature naive T cells express a 115 kDa glycoform characterized by core-
1 O-glycans capped by sialic acid. During T cell activation, upregulated expression of Gentl and

its protein product the core-2 GIcNAc transferase-1 (C2GlcNACT-I) occurs. In concert with
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reciprocal downregulation of St3gall, which encodes the sialyltransferase that caps core-1 glycans,
these changes generate an activation-associated 130 kDa glycoform of CD43 characterized by
core-2 O-glycans (138). The switch from core-1 to core-2 O-glycosylation of surface
glycoproteins, including CD43 and P-selectin glycoprotein ligand-1 (PSGL-1), increases the
affinity of immune cells for P- and E-selectins, thus allowing initial rolling of activated (139) and
memory T cell subsets (140, 141) on inflamed endothelium. Glycoform-specific antibodies to
CD43 enable the detection of unique glycosylated forms of CD43, correlating with the overall O-
glycosylation status of surface proteins. The mAb S11 recognizes CD43 regardless of
glycosylation (136), while 1B11 specifically recognizes the core-2 activation-associated O-
glycoform (138). Others have used core-2 O-glycoform CD43 reactivity to identify recently
activated effector, as opposed to memory CD8" T cells in response to lymphocytic
choriomeningitis virus (LCMV) infection (142). Furthermore, alloreactive T cells upregulate the
core-2 O-glycoform of CD43, but not other glycoforms of CD43 during GVHD (143, 144).
Regulation of Gentl expression and core-2 O-glycosylation, in turn, is context-dependent. Central
memory CD8" T cells upregulate Gentl expression and subsequent CD43 core-2 O-glycoform
reactivity in a TCR-independent but IL-15-dependent manner in vivo (140). In vitro studies have
shown that naive CD4" and CD8" T cells require TCR signals in cooperation with diverse
cytokines, such as IL-2 and IL-12, to drive Gentl expression (145-147). However, IL-2 and IL-
12 were dispensable in vivo for activated CD8" T cells (148). Thus, our understanding of the

essential inputs that regulate Gentl expression and CD43 glycosylation remains limited.

Recently, we reported a transcriptional program activated by Notch signaling in alloantigen-

specific CD4" T cells in a mouse model of allo-BMT and GVHD (149). Notch signaling was
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required for inflammatory cytokine production and lethal T cell alloreactivity (25, 28, 47).
Interestingly, induction of Gentl mRNA depended on both alloantigenic stimulation and Notch
signals. These findings suggested that core-2 O-glycosylation of CD43 and other surface proteins
may serve as a new surface marker to indicate the receipt of functional Notch signals. To establish
whether core-2 O-glycosylation of CD43 depended on Notch signals, we used flow cytometric
analysis with glycoform-specific antibodies to CD43. Blockade of the DLL1/4 Notch ligands
decreased the core-2 O-glycosylation of CD43 in a dose-dependent manner, while overall CD43
expression remained stable or even increased slightly. Regulation was cell-intrinsic, depended on
canonical Notch signaling, and was observed across all recently activated T cell subsets. However,
Gcentl-deficient T cells with intact Notch still drove lethal GVHD, indicating that Notch signaling
instructs a wider pathogenic program than core-2 O-glycosylation. Instead, core-2 O-glycosylation
serves as a sensitive and simple flow cytometric indicator of Notch signaling in recently antigen-
activated T cells. Core-2 O-glycosylation status successfully predicted whether T cells had
received critical Notch signals in multiple models of allotransplantation, immunization, bacterial
infection, and viral infection. Together these data show that Notch signals are critical to drive
Gcentl-dependent core-2 O-glycosylation in recently activated T cells, although Gent/-dependent
core-2 O-glycosylation is not required for GVHD lethality. We propose that the core-2 O-
glycoform of CD43 can be used as a simple flow cytometric readout to map how Notch signaling
regulates T cell activation, differentiation, and effector function, opening new avenues for a deeper

understanding of Notch signaling’s contribution to immune responses.
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2.3 Results

2.2.1 Delta-like Notch signals drive Gcntl expression and core-2 O-glycosylation of CD43 in

alloreactive CD4" T cells.

Hallmarks and transcriptional consequences of Notch signaling have been investigated
systematically in developing T cells and in T cell leukemia (150, 151), but only recently in mature
T cells in the context of allo-BMT (149). To identify potential functional targets of Notch signals
in antigen-activated T cells that can be used as indicators of Notch signaling, we built on our
discovery that Notch signaling plays a critical role to drive T cell pathogenicity and GVHD after
allo-BMT (25, 28, 29, 31, 47, 149). To capture the effects of Notch signaling specifically in
alloantigen-reactive T cells, and not in bystander T cells, we studied the transcriptome of 4C CD4*
TCR Tg T cells transplanted in syngeneic or allogeneic mouse recipients, with or without blocking
antibodies to DLL1/4 Notch ligands. In this model, 4C CD4" T cells are activated by the host
MHC class I 1-A¢ alloantigen, while intact DLL11/4-mediated signaling is critical to drive lethal
GVHD (149). Transcriptomic profiling showed that the expression of canonical Notch target genes
such as Hesl, DitxI, and I/2ra was downregulated with pharmacologic Delta-like ligand blockade
(149) (Fig. 2.1A). Interestingly, upregulation of Gentl transcripts induced by allogeneic T cell
activation was completely abrogated by Delta-like ligand blockade (149) (Fig. 2.1A). This was
confirmed by qRT-PCR validation in a separate experiment (Fig. 2.1B), indicating that increased
Gentl mRNA expression required both alloantigenic stimulation and Notch signals. Conversely,
Delta-like ligand blockade induced a trend for increased expression of St3ga/l, which encodes the
sialyltransferase that adds a terminal sialic acid cap on core-1 O-glycans, making them inaccessible
for modification by core-2 glycosyltransferases (Fig 2.2A-B). Other core-2 GIcNAc transferases

were not highly expressed in 4C alloreactive T cells (Fig 2.2C).
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As others showed that Gentl expression is critical for core 2 O-glycosylation of CD43 (138), we
hypothesized that Notch signals would regulate cell surface expression of the core-2 glycoform of
CD43 in recently activated T cells. We used a pan-CD43 (S11) and a core 2 O-glycoform specific
(1B11) anti-CD43 antibody (Fig. 2.1C) to evaluate if Notch signaling regulates core 2 O-
glycosylation in 4C CD4" T cells after transplantation into lethally irradiated (11Gy) CBFI
recipients (H2-"4). By flow cytometric analysis, the proportion of 4C CD4" T cells reactive with
IB11 decreased upon DLLI1/4 inhibition in a dose-dependent manner (Fig. 2.1D-E). However,
mean S11 reactivity, which reflects total CD43 levels, was not negatively affected by Notch
blockade, instead increasing slightly with the highest dose of DLL1/4 inhibitors (Fig. 2.1F). These
data correlated with increased mRNA levels of Sprn, the gene encoding CD43, with Notch blockade
(Fig 2.2D). To correct for any overall changes in CD43 expression, the ratio of 1B11 to S11
reactivity was calculated in individual cells. The 1B11/S11 reactivity ratio was dependent on
Delta-like Notch signaling (Fig. 2.1F-G). To test if this regulation depended on the transcriptional
functions of Notch signaling, we transplanted CBF1 recipients as in (D) with wild-type 4C cells
or 4C cells expressing the pan-Notch inhibitor dnMAML, which blocks canonical RBP-
Jk/MAML-dependent signaling downstream of all Notch ligands and receptors (152). Importantly
4C and 4C-dnMAML cells showed similar levels of alloantigen-specific activation as indicated by
similar CD44 levels (Fig 2.2 E-F). However, 4C-dnMAML cells had significantly decreased 1B11
reactivity (Fig. 2.1 H) and 1B11/S11 ratios (Fig. 2.1 I) barely higher than isotype control staining
levels. In contrast, cell surface CD25 in 4C-dnMAML cells, while lower than in wild-type 4C
cells, remained above isotype control staining levels (Fig. 2.1 J-K). This is consistent with our

transcriptional profiling showing that Notch blockade decreased but did not eliminate all
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alloreactivity-induced //2ra expression (Fig. 2.1A). To test which Delta-like ligand could drive
IB11 reactivity, we used an in vitro system where Notch ligands were provided by OP9 stromal
cell line expressing either DLL1 (OP9-DL1) or DLL4 (OP9-DL4). Co-cultured wild-type 4C and
4C-dnMAML T cells were plated at a 1:1 ratio on this stroma. When plated on either OP9-DL1 or
OP9-DL4 stromal lines, wild-type 4C cells showed increased 1B11/S11 ratios, which was blocked
by ligand-specific antibodies (Fig. 2.1H). Thus, in concert with alloantigenic stimulus, either
DLLI or DLL4 could drive core-2 O-glycosylation of CD43 in vitro. Altogether, measuring 1B11
or the 1B11/S11 reactivity ratio quantified Notch signaling intensity in T cells through a simple
flow cytometry-based assay of cell surface glycoproteins. When plated on either OP9-DL1 or OP9-
DL4 stromal lines, wild-type 4C cells showed increased 1B11/S11 ratios, which was blocked by
ligand-specific antibodies (Fig. 2.1H). Thus, in concert with alloantigenic stimulus, either DLL1
or DLL4 could drive core-2 O-glycosylation of CD43 in vitro. Altogether, measuring 1B11 or the
IB11/S11 reactivity ratio quantified Notch signaling intensity in T cells through a simple flow

cytometry-based assay of cell surface glycoproteins.

2.2.2 Core-2 O-glycosylation of CD43 depends on cell-intrinsic canonical Notch signaling in

multiple alloreactive polyclonal T cell subsets.

Next, we evaluated the abundance of CD43 core-2 O-glycoforms in multiple polyclonal donor-
derived T cell subsets after allo-BMT with high-intensity conditioning (11 Gy). We transplanted
1x10° T-cell depleted bone marrow (TCD BM) plus B6 (H2"®, Thyl.1/2) wild-type or B6-
dnMAML T cells labeled with the eFluor450 cell proliferation dye into partially MHC-
mismatched CBF1 (H2¢, Thy1.2) hosts (Fig. 2.3A). 1B11 reactivity in proliferated eFluor450

dilute CD4" conventional T cells (Tconv) and Treg was significantly reduced among dnMAML T
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cell subsets from day 4 until day 14 post-transplant. 1B11 reactivity was also significantly reduced
in dnaMAML CD8" T cells, but to a lesser extent than in CD4" T cells. Maximum differences
occurred on day 4, suggesting higher dependence on Notch signaling at early time points for core-
2 glycosylation (Fig. 2.3 A-B). Notch-dependent regulation of core-2 glycosylation was seen in
both secondary lymphoid organs (Fig. 2.3 C) where Notch signals are received, but also in GVHD
target tissues (Fig 2.3 C). These signals were imprinted early during T cell activation, as a single
dose of DLL1/4 blocking antibodies at the time of transplant was sufficient to prevent upregulation
of 1B11 reactivity, but not when delayed to day 2 (Fig 2.4 A-C). To establish if regulation of 1B11
reactivity by Notch was cell-intrinsic, we co-transplanted wild-type and Notch1/2-deficient T cells,
or wild-type and dnMAML T cells into MHC-mismatched CBF1 recipients. Both wild-type and
Notch-deficient T cells proliferated similarly post-transplant (Fig 2.4 D-E), as shown previously
(28, 29). However, compared to co-transplanted wild-type T cells, both Notchi/2-deficient and
dnMAML T cells had significantly diminished 1B11 reactivity (Fig. 2.3 D-E). Furthermore, 1B11
reactivity predicted the ability of proliferated wild-type CD4" T cells to produce IL-17 and IFNy
(Fig. 2.3 F) and the ability of CD8" T cells to produce IFNy (Fig. 2.3 G). Thus, across allogeneic
polyclonal T cell subsets, core-2 O-glycosylation of CD43 requires cell-intrinsic canonical Notch

signals and identifies alloreactive T cells of high cytokine-producing potential.

2.2.3 Notch loss-of-function impacts core-2 O-glycosylation to a similar degree as Gentl

deficiency, but Notch signaling can drive GVHD through Gcntl-independent mechanisms.

Upregulated Gentl expression is critical for core-2 O-glycosylation of mucin-like glycoproteins
including CD43, as well as other selectin ligands such as PSGL-1. In fact, core-2 modifications

are required for PSGL-1 to bind P-selectins (153) and perhaps E-selectins (146, 154). Interestingly,
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P-selectin-deficient mice were protected from GVHD, but T cells from PSGL-1 deficient mice still
caused GVHD (155). This suggests that core-2 O-glycosylation of other selectin ligands, such as
CD43, may mediate trafficking of alloreactive T cells in GVHD target organs. Loss of Notch
signaling also blunted trafficking of alloreactive T cells into target GVHD tissues including the
intestinal lamina propria in a model of acute GVHD (28) and skin in a model of chronic GVHD
(132). Since Notch signaling regulates Gentl expression and core-2 glycosylation of CD43 and
likely other selectin ligands, we evaluated if Gentl expression mediated trafficking to target tissues
or other pathogenic effects of Notch signaling in T cells during GVHD. To compare the impact of
Notch inhibition and Gcentl loss in T cells, we transplanted wild-type, dnMAML, or Gcentl-
deficient B6 T cells into CBF1 recipients. dnMAML CD4" Tconv phenocopied Gentl”~ T cells,
while dnMAML Treg and CD8" T cells nearly fully phenocopied Gentl~~ T cells in terms of 1B11
reactivity and 1B11/S11 ratio after allo-BMT (Fig. 2.5 A-B). These effects were seen both in
lymphoid organs and in target organs including liver, GI epithelium and lamina propria (Fig. 2.6
3 A-B). Thus, Notch signals were the dominant input driving Gentl expression and core-2 O-
glycosylation in this context. Consistent with previously published results, inMAML CD4" (Fig.
2.5 C) and CD8" (Fig. 2.5 D) T cells had impaired accumulation in target tissues, but not lymphoid
tissues. However, GentI™”~ T cells accumulated in similar numbers as wild-type T cells in both
lymphoid organs and target tissues, except for the small intestine epithelium. Thus, while
trafficking and/or accumulation of alloreactive T cells in liver or GI target tissues relies on Notch
signals, these effects of Notch signaling are not driven by Gcentl expression and core-2 O-
glycosylation. Furthermore, the production of inflammatory cytokines was blunted in dnMAML
but not Gent17-CD4" (Fig. 2.5 E, Fig. 2.6 C) and dnMAML but not Gentl7~ CD8" T cells (Fig.

2.5F, Fig. 2.6 D). Foxp3" Tregs were also significantly expanded among dnMAML but not Gentl~
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~CD4" T cells (Fig. 2.6 E). Consistent with these results, GentI~7~ T cells transplanted into wild-
type recipients mediated GVHD lethality and morbidity with similar if not increased kinetics as

compared to wild-type T cells (Fig. 2.5 G, solid lines).

Notch appeared to drive GVHD pathogenicity independently of core-2 O-glycosylation, as mice
receiving Gentl™~ T cells could be protected from GVHD by inactivating the DI/1/4 ligand genes
in Ccl19-Cre* host fibroblastic stromal cells (Fig. 2.5 G, dotted lines), as shown previously with
wild-type T cells (25). Together, these data show that Notch signals are crucial for Gent/-mediated
core-2 O-glycosylation of CD43 in alloreactive T cell subsets. However, Notch can drive GVHD

pathogenesis through mechanisms independent of Gent!.

2.2.4 Core-2 O-glycosylation of CD43 in T cells predicts the cellular source of Notch ligands
that drive lethal T cell alloreactivity after allo-BMT with myeloablative and

nonmyeloablative conditioning.

Because Notch signals were necessary for cell-intrinsic upregulation of 1B11 reactivity, we
hypothesized that 1B11 reactivity could be used as a surrogate marker of Notch signaling in
activated T cells. As a corollary, 1B11 reactivity should predict which cellular subset is the critical
source of Notch ligands that drive lethal T cell alloreactivity across multiple allo-BMT models.
We previously reported that in fully MHC-mismatched allogeneic BMT with prior myeloablative
conditioning, nonhematopoietic lymphoid tissue fibroblastic stromal cells lineage traced by the
Ccl19-Cre transgene provided the critical DLL1/4 ligands to drive GVHD (25). However, nothing
is known about the source of Notch ligands that drive lethal alloimmunity after transplantation

with reduced-intensity conditioning (52), a clinically relevant scenario. Indeed, radiation-sensitive
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hematopoietic cells, eliminated in myeloablative models, may provide a critical source of Notch
ligands to drive lethal T cell alloreactivity. To test this question, we used a “parent into F1”” model
of allo-BMT where expression of parental alloantigens by the recipient causes tolerance to donor
cells, allowing transplantation with titratable conditioning intensity (103). In a model with high-
intensity irradiation-based conditioning (11 Gy), mice that received dnMAML T cells were
protected from GVHD, similarly to recipient mice lacking DI//1/4 in Ccl19-Cre* fibroblastic
stromal cells (Fig. 2.7 A), in concordance with our previous results in a fully MHC-mismatched
model (25). To test if 1B11 reactivity could predict this outcome, we co-transplanted wild-type
and dnMAML T cells into Ccl19-Cre*DII17/DII4" or littermate control mice. Wild-type recipients
showed striking differences between co-transplanted dnMAML and wild-type CD4" Tconv in
IB11 expression and 1B11/S11 ratios (Fig. 2.7 B). In contrast, these differences disappeared in
Ccl19-Cre*DII'DII4 recipients, indicating that no additional source of Notch ligands was
available to CD4" Tconv beyond the critical source in fibroblastic stromal cells (Fig. 2.7 B-C).
Alloreactive CD8"* T cells showed similar effects, with the vast majority of Notch inputs driving
1B11 reactivity from Ccl19-Cre* cells (Fig. 2.7 B-C). We next studied GVHD in a parent into F1
model with non-myeloablative irradiation-based conditioning (3 Gy). The differences in 1B11
reactivity and 1B11/S11 ratio of co-transplanted wild-type and dnMAML T cells indicated that
Notch signals were received by wild-type T cells in wild-type recipients. However, in Ccl19-
Cre"DIIIDII4 recipients, these differences in 1B11 reactivity disappeared, except for CD8* T
cells in skin draining lymph nodes (pLN) where minor differences in 1B11 expression remained
(Fig. 2.7 D-E), suggesting another cellular source of Notch ligand available to CD8" T cells in
these lymphoid organs. Consistent with these flow cytometric results, Ccl19-Cre™ DII1” Dil4"

recipient mice were protected from lethal GVHD (Fig. 2.7 F). Thus, even after allotransplantation
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with reduced-intensity conditioning, non-hematopoietic fibroblastic stromal cells were the critical

source of Notch ligands that drive GVHD.

2.2.5 Core-2 O-glycosylation of donor T cells predicts a fibroblastic source of Notch ligands

that drives lethal alloreactivity after donor lymphocyte infusion without prior conditioning.

In models with no prior conditioning, Notch also drives lethal alloimmunity, but the source of
ligand remains unknown (28). To test the key cellular source of Notch ligands after
allotransplantation with no prior conditioning, we created four-way bone marrow chimeric
recipient mice with loss of Delta-like ligands in different cellular compartments. Wild-type or
Ccl19-Cre"DII'DII4” CBF1 mice were transplanted after lethal irradiation with bone marrow
from poly(1:C)-induced Mx-Cre* DII1”/DII4"/ or Cre” control CBF1 mice. Chimeras were allowed
to reconstitute for six weeks, generating recipients lacking Delta-like ligands in the hematopoietic
compartment (Fig. 2.8 A, recipient ii), fibroblastic stromal compartment (recipient iii), both
(recipient iv), or neither (recipient i). These mice then received a parental donor lymphocyte
infusion of co-transferred 5x10° wild-type and 5x10® dnMAML B6 T cells (H2*®) without prior
conditioning— a model capable of triggering alloimmune-mediated hematopoietic failure in CBF1
recipients (H2%?) (Fig. 2.8 A). To predict the critical cellular source(s) of Notch signaling, we
examined 1B11 and S11 reactivity in these co-transferred T cells (Fig. 2.8 B-C) at day 6 post-
infusion. Presence of DLL1/4 in the hematopoietic compartment had no impact on CD4" Tconv
Notch-dependent 1B11 reactivity (Fig. 2.8 B-C, recipient i vs. recipient ii). However, loss of
DLL1/4 ligands in the fibroblastic stromal compartment eliminated Notch-dependent 1B11

reactivity (Fig. 2.8 B-C, recipient i vs. recipient iii). Alloreactive CD8" T cells also depended on

41



a fibroblastic source of DLL1/4 to show increased Notch-dependent 1B11 reactivity (Fig. 2.8 D-

E).

Thus, we hypothesized that a fibroblastic source of Delta-like Notch ligands would be critical to
drive lethal alloreactivity. To test this hypothesis, we transplanted CBF1 recipients as

in Fig. 4F, but with no prior conditioning and 50° lymph node cells from wild-type or dAnMAML
parental B6 mice. In this model, lethal T cell alloreactivity depended on canonical Notch signaling
and was rescued when the fibroblastic stromal source of DLL1/4 was eliminated (Fig. SF). Thus,
IB11 reactivity predicted the functionally relevant source of Notch ligands, and fibroblastic

stromal cells remained the essential source even in the absence of irradiation conditioning.

2.2.6 Delta-like Notch signals drive core-2 O glycosylation of CD43 and CD8+ T cell

effector differentiation after dendritic cell immunization.

To assess if Notch-dependent regulation of CD43 core-2 O-glycosylation applied to other types of
antigen-activated T cells, we used a model of BMDC immunization pulsed with OVA peptide
(DC-OVA). In this model, CD8" T cell differentiation into KLRG1*IL7R" short-lived effector cells
(SLECs) depends on cell-intrinsic Notch signals (45, 46). However, the generation of KLRGI1"
IL7R" early effector cells (EECs) and KLRGITL7R* memory precursor cells (MPECs) remains
intact. At the time of adoptive DC-OVA transfer, mice were treated with anti-DL.L1/4 or isotype
control antibodies as noted in Fig. 2.9 A. On day 10, Ag-specific CD8" T cells were assessed by
K°-OVA tetramer staining (Fig. 2.9 A). The overall percentage (Fig. 2.9 A) and total number (not
shown) of Ag-specific CD44"CD8" T cells were not affected by DLL1/4 blockade. However,
differentiation into SLECs was blunted by anti-DLL1/4 antibodies (Fig. 2.9 B). Consistent with

the effects of Notch on core-2 O-glycosylation, 1B11 reactivity of OVA-specific CD8" T cells
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depended on DLL1/4 Notch signals (Fig. 2.9 C). The Notch-dependent 1B11 reactivity was not
restricted to SLECs, but was also seen in OVA-specific CD8" T cells MPECs and EECs,
suggesting that these cellular subsets have also received Notch signals (Fig. 2.9 D). Concordant
results were observed when the response of adoptively transferred OT-I cells to DC-OVA was
examined (Fig. 6E-G). These data show that Notch regulates short-lived effector cell

differentiation and 1B11 reactivity in polyclonal and monoclonal models of OV A responsiveness.

2.2.7 Delta-like Notch signals control core-2 O-glycosylation of CD43 in Ag-specific CD8" T

cells after Listeria infection.

Compared to infection, DC-OVA immunization does not trigger robust innate immune stimuli.
Thus, it is possible that additional cytokine pathways, such as IL-12, that have been shown to drive
core-2 O-glycosylation in vitro (31) may not be triggered in this model. To determine if Gentl
expression was also regulated by Notch during an anti-infectious response, we studied control vs.
Notchl/2-deficient OT-I CD8" T cells in naive mice and on day 3 after a sublethal dose of Listeria
monocytogenes expressing ovalbumin (Lm-OVA). Gentl expression was induced after Lm-OVA
infection in control, but not in Notch-deficient OT-I cells (Fig. 2.10 A). Next, we administered
Lm-OVA to wild-type or E8I-Cre* Notchl”/ Notch2”/ mice (lacking Notchl/2 in all CD8" T cells).
In parallel, we treated a group of wild-type mice with anti-DLL1/4 antibodies. Eliminating Notch
signals either through loss of Notch1/2 receptors or through antibody-mediated DLL1/4 blockade
did not impair or even slightly increased the overall expansion of antigen-specific CD8" T cells
after Lm-OVA infection (Fig. 2.10 B). However, differentiation into SLECs depended on CD8* T
cell-intrinsic Notch signals, which was recapitulated by blocking Delta-like ligands (Fig. 2.10 C).

Consistently, 1B11 reactivity in bulk Ag-specific CD8" (Fig. 2.10 D) and fractionated SLEC, EEC
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and MPEC subsets (Fig. 2. 10 E) depended on cell-intrinsic Notch signals and Delta-like Notch
ligands (Fig. 2.10 C-D). Compared to wild-type or E8I-Cre* Notch 1’/ Notch2'/ mice, CD44"CD4*
T cells from mice receiving anti-DLL1/4 treatment had decreased 1B11 reactivity, indicating that
Notch also regulates core-2 O-glycosylation in activated CD4" T cells after Lm-ova infection (Fig.
2.10 F). Furthermore, 1B11 reactivity was higher in wild type compared to ES8I-Cre*
Notch1”/Notch2”/ mice at day 8 and day 30 after LCMV clone 13 infection (Fig 2.11). Altogether,
our data identify core-2 O-glycosylation and 1B11 reactivity as conserved and sensitive readouts

of Notch signaling activity in T cells in multiple types of T cell responses.

2.4 Discussion

Multiple studies have shown that Notch signals regulate T cell differentiation and function during
adaptive immune responses with context-specific effects. However, in most contexts, little is
known about the cellular source, regulation, and timing of Notch signals received by T cells.
Identification of a simple and generalizable cell surface marker of Notch signaling in activated T
cell subsets will enhance our understanding of how Notch shapes T cell responses in specific

Immune contexts.

In this study, we report that Gentl-dependent core-2 O-glycosylation of CD43 behaves as a new
cell surface marker to indicate whether a T cell has received Notch signals after antigen activation.
This marker was quantitative, as it directly correlated with dose-dependent pharmacologic
blockade of Notch ligands and could be easily monitored by flow cytometry with the mAb 1B11.
Upregulated core-2 O-glycosylation of CD43 was cell-intrinsically controlled by Notch signaling

within multiple T cell subsets and depended on Notch signals mediated via its canonical
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transcriptional activation complex. Importantly, the usefulness of this new surface marker was
generalizable from alloimmunity to immunization, bacterial, and viral infection models.
Furthermore, monitoring CD43 glycosylation status could predict the critical cellular sources of

Notch ligands that drove lethal alloimmunity.

We and others previously relied on CD25 as a marker of Notch signaling, as its expression is
regulated by Notch in developing as well as mature T cells (156). However, 1B11 functioned as a
superior marker for Notch signaling over CD25 for three reasons. First, blocking Notch signaling
after allo-BMT expanded the proportion of Foxp3* Tregs, which highly express CD25
irrespectively of Notch signals (8, 11). Instead, 1B11 reactivity in Tregs was regulated by Notch,
as it was in Foxp3 CD4" conventional T cells. Second, 1B11 reactivity appears more sensitive and
less transient than CD25 expression. For example, we had previously not observed decreased
CD25 expression among dnMAML T cells in unirradiated allotransplantation models (28).
Furthermore, only a small fraction of Ag-specific CD8" T cells express CD25 at day 8 post-
infection (26) or day 6 post-DC immunization (157). Instead, we have shown that 1B11 remains
highly detectable on CD8" T cells until day 14 post activation in transplantation, while others have
shown its presence until at least day 14 after acute viral infection (142). In fact, virus-specific
Notch-deficient CD8* T cells still had reduced 1B11 reactivity at day 30 after inoculation with
LCMV clone 13, a model of chronic infection. Third, 1B11 reactivity had a stricter requirement
for Notch signals than CD25, as we observed small but significant CD25 upregulation in dnMAML
AC T cells. Thus, 1B11 reactivity provides both more sensitive and more specific information than

CD2S5 expression as a readout of Notch signaling activity.
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In addition to its increased expression in GVHD (144, 158), 1B11 reactivity has previously been
proposed as a marker to distinguish CD8" effector T cells from memory T cells in response to viral
infection (142). Similar to our studies where high 1B11 reactivity correlated with cytokine
production, the authors showed that high 1B11 reactivity correlated with cytolytic function.
Because of the centrality of Notch signaling in driving CD8" T cell effector differentiation and
short-lived effector functions, we speculate that Notch orchestrates both Gent/-dependent 1B11
reactivity and effector T cell differentiation during early stages of T cell activation. Whether other
signals can bypass Notch signaling to drive activation-associated Gentl upregulation, core-2 O-
glycosylation, and effector T cell differentiation remains to be seen. In contrast to in vitro
experiments, in vivo findings showed that IL-12, IL-2, and IL-15 were dispensable for functional
P-selectin ligand formation and thus likely for Gentl induction and core-2 O-glycosylation in
effector CD8" T cells (139). In CD4" T cells, Gentl expression depended on TCR signaling in
concert with STAT4-dependent IL-12 signaling or other diverse cytokines in vitro (145, 147).
However, little was known about the regulation of Gentl in CD4" T cells in vivo. Given that
dnMAML CD4 Tconv fully recapitulated and dnMAML CDS8 T cells largely recapitulated the
impact of Gcentl deficiency on 1B11 expression, Notch signals appear critical for Gentl
upregulation and core-2 O-glycosylation at least in the context of allo-BMT. We show that a short
pulse of Notch signaling in cooperation with antigen activation drives 1B11 reactivity in effector
T cells. Over time, 1B11 reactivity tends to decay in antigen-activated CD4" and CD8" T cells. In
contrast, memory CD8" T cells were reported to express Gentl in an IL-15-dependent and antigen-
independent manner (140). It would be interesting to test if Notch signals also cooperate with IL-

15 in this context to regulate Gientl expression.
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To show the utility of 1B11 reactivity as a surrogate surface marker of Notch signaling, we asked
whether it could be used to predict the cellular source of Notch ligands that drive lethal
alloimmunity. We previously showed that non-hematopoietic fibroblastic stromal cells lineage
traced by the Ccl19-Cre transgene were the source of Delta-ligands after allo-BMT with high-
intensity myeloablative conditioning (25). However, in models of allotransplantation with reduced
or no prior conditioning, it was unclear if viable hematopoietic cells could substitute for
fibroblastic stromal cells as a source of Notch ligands. By comparing 1B11 reactivity in co-
transferred wild-type and dnMAML T cells, we predicted that in both models of allotransplantation
with reduced or no prior conditioning, fibroblastic stromal cells were necessary and hematopoietic
cells dispensable to drive lethal Notch-mediated T cell pathogenicity. Additionally, we used 1B11
reactivity as a surrogate marker to compare Notch signals received by CD8" T cells during L.
monocytogenes infection. Using 1B11, we predicted that pharmacologic blockade of DLLI1/4
ligands would recapitulate cell-intrinsic loss of Notchl/2 receptors in CD8* T cells. This was
confirmed when studying the differentiation of Ag-specific CD8" T cells into SLECs. Together,
these findings show for the first time that Delta-like Notch ligands are essential and Jagged ligands
are dispensable during Notch-dependent CD8" T cell differentiation. This is consistent with recent
findings that dendritic cells lacking DII] but not Jag! had decreased ability to support anti-tumor
T cell response (128). Furthermore, the fact that pharmacologic blockade of DLL1/4 ligands fully
recapitulated the loss of 1B11 reactivity and effector differentiation seen in Notch1/2 deficient
CD8" T cells suggests there is a limited role for ligand-independent Notch signaling in vivo, in

contrast to suggestions by other groups based on in vitro findings (42, 159).
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What is the functional significance of Notch-dependent Gentl-mediated core-2 O-glycosylation
in activated T cell subsets during GVHD? Gcentl is crucial for the creation of functional ligands
for P- and E-selectin in leukocytes and their trafficking into some inflamed non-lymphoid tissues.
In our model of partially MHC-mismatched allo-BMT, Gcentl-deficient T cells could still traffic
into liver and GI target tissues and mediate lethal GVHD in a Notch-dependent manner. Thus,
Gcentl function is likely not central to T cell pathogenicity in this context. Interestingly, others
have shown that P-selectin-deficient recipients had decreased lethality in GVHD models, although
PSGL1-deficient T cells did not induce reduced mortality (155). Together with our data, these
findings suggest that T cells can traffic into the GI tract and liver independently of functional P-
selectin ligands. Other mechanisms such as 0437/ MAdCAM-1 interactions may also be involved
in T cell trafficking into the gut during GVHD (114). P-selectin deficient mice may be protected
from GVHD as subsequent migration of donor bone-marrow-derived myeloid cells into target
tissues, which is necessary to sustain GVHD (68, 71), may require P-selectin to traffic into target
tissues. Additionally, because morbidity in our allo-BMT model is predominantly driven by early
GI damage, we did not examine skin-homing T cells, which may have a more stringent requirement
for expression of P- and E-selectin ligands. In fact, we recently showed in a model of chronic

GVHD that Notch-deprived T cells had significantly impaired accumulation in the skin (132).

In humans, a core-2 O-glycan-specific mAb for CD43, 1D4, recognizes a subset of what has been
described as memory CD4*CD45RO" mature T cells (160). Another mAb, T305, specific for core-
2 O-glycosylated CD43 showed increased reactivity in T cells of patients with GVHD,
autoimmunity or viral infection (161). These findings suggest that similar regulation of core-2 O-

glycans may exist in recently activated human effector T cells in humans.
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Much remains to be understood about Notch signaling during T cell activation. Our work defining
a cell-intrinsic generalizable indicator of Notch signals in activated T cell subsets will help answer
pressing questions in the field. For example, the cellular source of Notch ligands remains unknown
in immunization and infection models. Also, little is known about the dynamic regulation of Notch
ligand expression and activity in antigen-presenting cells vs. fibroblastic stromal cells. Assessing
surface core-2 O-glycosylation of CD43, a simple marker correlated to Notch-dependent T cell

function, will help decipher the immunobiology of Notch signaling in T cell immunity.
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Figure 2.1. Notch signaling drives Gentl-mediated core-2 O-glycosylation of CD43 in alloreactive CD4+ T
cells. (A-B) Purified IAd alloantigen-specific V13+ Thyl.1+ 4C CD4+ T cells were transplanted into lethally
irradiated (11 Gy) B6 MHC-matched (syngeneic) or BALB/c MHC-mismatched (allogeneic) hosts with or without
neutralizing antibodies to Delta-like1/4 (DLL1/4) Notch ligands, then sort purified at day 1.75 post-transplant. (A)
Fragments per kilobase per million mapped reads (FPKM) for Gentl and highlighted Notch target gene transplanted
into lethally irradiated MHC-mismatched CBF1 (H-2Kb/d) recipients receiving titrated doses of anti-DLL1/4 Abs.
(Figure legend continues on next page)
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Figure 2.2. Related to Fig 2.1. Effects of Notch blockade on expression of sugar modifying enzymes.
Expression of St3gall by transcriptomic profiling (A) and qRT-PCR (B). Transcriptomic profiling of core-2
GlcNAc transferases (C) and Spn, the gene encoding CD43 (D). # = no mapped reads. (E-F) CD44 expression in
alloreactive 4C or 4-dnMAML T cells from Fig 2.1 H-K.

(Fig 2.1 legend, continued) Glycoform-specific flow cytometric analysis of CD43 was performed on day 6 on fully
divided 4C cells. DLL1/4 blockade («DLL1/4) induced dose-dependent downregulation of the percentage of 1B11hi
4C T cells (D-E) and 1B11 staining intensity (F, left panel), without loss in overall CD43 abundance (S11 staining
intensity) (F, middle panel). The core-2 glycosylation status of CD43 could be examined on a single-cell basis by
calculating a ratio of 1B11/S11. The core-2 glycosylation status of CD43 could be examined on a single-cell basis
by calculating a ratio of 1B11/S11 staining intensity (F-G). (H-K) Purified CD4+ 4C or 4C-dnMAML were
transplanted into CBF1 recipients as in (D). Proliferated alloreactive T cell subsets were assayed for 1B11 (H), S11,
1B11/S11 ratios (I) and CD25 (J). Among 4C-dnMAML T cells 1B11 reactivity was blunted in both CD25+ and
CD25- populations (K). (L) Wild-type 4C T cells mixed 1:1 with 4C-dnMAML T cells were co-cultured on OP9-
DL1 or OP9-DL4 stromal cells and stimulated in vitro with LPS matured bone-marrow-derived dendritic cells from
poly(I:C)-induced Mx-Cre+ DIII"/DIlI4 "/ mice. Either OP9-DL1 or DL4 could increase core-2 CD43 O-
glycosylation in a Notch ligand-dependent fashion. Mean and one standard deviation plotted in bar graphs.**p<0.01,
**%p<(0.001 by Student’s t-test (B, H, J), one-way (E, G) or two-way (L) ANOVA with post-hoc Tukey’s tests to
assess differences in means.
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Figure 2.3. CD43 core-2 O-glycosylation requires cell-intrinsic canonical Notch signals in multiple
alloreactive polyclonal T cell subsets. (A-C) 5 x 10° purified B6 (H-2*®, Thy1"?) wild-type or inMAML T cells
were labeled with eFluor450 proliferation dye and transplanted separately into lethally irradiated (11 Gy) MHC-
mismatched CBF1 (H-2"9, Thy1??) recipients with analysis at day 4, 7 and 14. Core-2 O-glycosylation of CD43 in
proliferated Foxp3 CD4" Tconv, Foxp3* Treg, and CD8" T cells was blunted by dnMAML-mediated Notch
blockade at day 4 and day 7 (A-B), both in secondary lymphoid organs and GVHD target tissues (C). (D-G) 2.5 x
10° B6 wild-type plus 2.5 x 10 dnMAML-GFP T cells or 2.5 x 10° B6 wild-type plus 2.5x10° N1//N2// Rosa*** T
cells were co-transplanted as in (A). For both N1//N2//and dnMAML T cells, 1B11 reactivity was significantly
blunted in alloreactive CD4" Tconv and CD8" T cells (D-E). Among wild-type CD4" (F) and CD8" (G) cells, 1B11"
status predicted cytokine production. spl = spleen, mln = mesenteric lymph node, liv = liver, se = small intestinal
epithelium, ce = colonic epithelium. **p<0.01, ***p<0.001, one-way ANOVA with Tukey’s post-hoc-tests.
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Figure 2.4 Related to Figure
2.3 (A) 1BI11 reactivity in
donor alloreactive T cell
subsets at day 28 post allo-
BMT (B-D) 2.5 x 106 purified
B6 (H-2°*, Thy1'2) wild-type
and dnMAML-GFP T cells
(H-2°®, Thy1'2) were labeled
with proliferation dye and co-
transplanted into lethally
irradiated (11 Gy) MHC-
mismatched CBF1 (H-2"9,
Thy1%?) recipients receiving
DLL1/4-blocking or isotype
control antibodies as indicated
in (B). A single dose of
DLL1/4-blocking antibodies
at day O (control Ab vs. d0)
was sufficient to block Notch-
dependent upregulation of
IB11 reactivity in both CD4"
(C) and CD8" (D) T cells. In
contrast, delaying blockade
until day 2 did not block
upregulated1B11 reactivity
(control Ab vs. d2.,4). (E-F)
Related to Fig. 2D-E.
Representative flow
cytometry plots of
proliferation as tracked by
eFluor450 dilution in co-
transplanted wild-type and
CD4-Cre" Notch17'Notch2?*
ROSA26eYFP (E) and in co-
transplanted wildtype and
CD4" dnMAML-GFP" cells

(F).
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Figure 2.6 Related to Figure 2.5
Flow cytometric measurement of
1B11/S11 ratios in wild-type,
Gentl”, and dnMAML CD4" (A)
and (B) CD8+ T cells from
GVHD target organs. liv = liver,
se = small intestinal epithelium, ce
= colonic epithelium, slp = small
intestinal lamina propria, clp =
colonic lamina propria. (C, D)
Summary data from Fig. 3E and
Fig. 3F. (E-F) Foxp3* Treg
abundance among donor CD4" T
cells.
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Figure 2.7. CD43 core-2 O-glycosylation reports Notch-dependent alloreactivity and identifies the critical
Ccl19-Cre+ fibroblastic cell source of Delta-like ligands in GVHD. (A) Survival, % weight change, and clinical
GVHD score of lethally irradiated (11 Gy) Ccll9-Cre*DII” DII4” vs. Cre- littermate control CBF1 recipients
transplanted with 5 x 105 TCD BM and 2 x 107 wild-type or dnMAML splenocytes. n=5 mice per group, data
representative of two independent experiments. (B-C) Flow cytometric analysis of CD43 core-2 O-glycosylation in
co-transplanted wild-type and dnMAML T cell subsets harvested from Ccll9-Cre*DIII/DII4" or Cre littermate
controls at day 6 post-transplant. (D-E) Flow cytometric analysis of CD43 core-2 O-glycosylation as in (B-C). (F)
Survival and % weight change in a non-myeloablative model of allo-BMT (3 Gy) where recipients received 4 x 107
splenocytes. Survival curve represents pooled data from three independent experiments of n=5 mice per group. Weight
loss data are shown from one experiment. *p<0.05, **p<0.01, ***p<0.001, (A, F) log-rank test and (C, E) two-way
ANOVA with Tukey’s post-hoc-tests.
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Figure 2.8 CD43 core-2 O-glycosylation in alloreactive T cells identifies a critical role for Ccl19-Cre+
fibroblastic cells as a source of Delta-like ligands even in the absence of prior conditioning. (A) Experimental
scheme. Four-way bone marrow chimeras were generated by transplanting bone marrow from poly(I:C) induced
Mx-Cre+ DII1”'DII47 or Cre- CBF1 littermate controls into syngeneic Ccl19-Cre+ DII1”/DII47 or Cre- littermate
controls. After 8 weeks of reconstitution, recipients received a donor lymphocyte infusion of 5 x 106 purified wild-
type and 5 x 106 dnMAML T cells. Flow cytometric analysis of core-2 O-glycosylation of CD43 in alloreactive
CD4+ Tconv (B-C) and CD8+ T cells (D-E). (F) Survival of non-irradiated Ccl19-Cre+ DIII"/DIli4 7/ or Cre-
littermate control CBF1 recipients transplanted with 60 x 106 wild-type or dnMAML B6 lymph node cells. Survival
data are from two pooled independent experiments with a total of n=8 mice per group. *p<0.05, **p<0.01,
**%p<0.001, (C, E) two-way ANOVA with Tukey’s post-hoc-tests and (F) log-rank tests.
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Figure 2.9. Delta-like Notch ligands drive Klrgl® short-lived effector T cell differentiation and CD43 core-2
O-glycosylation in antigen-specific CD8" T cell subsets after dendritic cell immunization.(A-D) B6 mice treated
with anti-DLL1/4 or isotype control antibodies were immunized with 5 x 10° bone marrow-derived dendritic cells
(BMDC) pulsed with OVA peptide (SIINFEKL). Antigen-specific CD8" T cells were monitored by flow cytometry
with K®>-OVA tetramer. (A) Blockade of Delta-like ligands did not negatively affect the expansion of antigen-
specific CD8"* T cells, but markedly blunted differentiation into KLRG1*ILR7" short-lived effector cells (SLECs).
(B) Abundance of the CD43 core-2 O-glycoform in bulk antigen-specific CD8" T cells (C) or in SLEC, KLRG1"
ILR7 early effector cell (EEC), and KLRG1TLR7" memory precursor cell (MPEC) subsets (D). Data representative
of two experiments with n=6 mice per group. (E-G) BMDC immunization was performed as in (A-D), but mice
received 5 x 10* purified CD45.1" OT-1 CD8" T cells by adoptive transfer one day before immunization. Data are
representative of two experiments with n=3 mice per group. *p<0.05, **p<0.01, ***p<0.001, (A-C, E-F) student’s #-
test and (D, G) two-way ANOVA with Tukey’s post-hoc-tests.
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Figure 2.10 Delta-like Notch ligands control CD43 core-2 O-glycosylation in antigen-specific CD8" T cells
during immune response to Listeria infection. (A) 10° purified wild-type or E8I-Cre* Notch”Notch2”/ CD8* OT-1
(CD45.2") cells were transplanted into B6.SLJ recipients (CD45.1%) followed by infection with Listeria
monocytogenes expressing ovalbumin (Lm-OVA) or mock infection. On day 3 post-infection activated
CD8'CD45.2"CD44" were sorted from infected mice and naive CD8'CD45.2"CD44"° FACS were sorted from non-
infected mice and analyzed for Gentl mRNA by qRT-PCR. (B-F) Wild-type or E8I-Cre* Notch”/Notch2” mice were
infected with a sublethal dose of 2 x 10> CFUs of Lm-OVA. A subset of wild-type mice received anti-DLL1/4
antibodies. The antigen-specific CD8" T cell response was monitored as in Fig. 6. SLEC differentiation (B) and
core-2 O-glycosylation of CD43 (C) depended on intact DLL1/4-mediated Notch signals and expression of the
Notch1/2 receptors in CD8" T cells. Notch-dependent core-2 O-glycosylation of CD43 was independent of early
differentiation state in CD8" T cells (D) and also affected CD4" T cells, as activated CD44"CD4" T cells showed
decreased 1B11 reactivity in mice treated with anti-DLL 1/4 antibodies, but not mice lacking Notch receptors only in
CD8" T cells (E). Data representative from two-independent experiments of n=3 per group. *p<0.05, **p<0.01,
**%p<(0.001, one-way (A-D, F) or two-way (E) ANOVA with Tukey’s post-hoc-tests.
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Figure 2.11. CD43 core-2 O-
glycosylation is an indicator
of Notch signals in viral-
specific CD8" T cells during
chronic LCMV
infection.Flow cytometric
measurement of 1B11 in wild-
type and ESI-Cre* Notch1"f
Notch2finfected with 2 x 10°
PFUs of LCMV clone 12. (A)
Experimental scheme and
1B11 fluorescence intensity of
LCMV specific CD8* T cells at
day 8 (B) and day 30 (C) post
infection.



Chapter 3

Notch Signals from Fibroblastic Reticular Cells Drive Alloreactive T
Cell Gut Tropism During GVHD

3.1 Abstract

Graft-versus-host disease targeting the gastrointestinal tract (GI-GVHD) is one of the most feared
complications of allogeneic bone marrow transplantation (allo-BMT), with high morbidity and
mortality. A growing body of evidence indicates that genetic or pharmacological blockade of the
Notch signaling pathway in donor T cells prevents lethal GI-GVHD. In established transplantation
models, we used genetic loss-of-function to study how Notch signaling regulated GI-GVHD. We
observed decreased accumulation of donor CD8" and CD4" conventional T cells (Tcon) but
relative preservation of Foxp3* Treg in the GI-tract. Notch loss-of-function selectively blunted
expression of the gut-homing integrin a4p7 in alloreactive CD8" and CD4" Tcon, while Notch-
deprived Treg showed preserved or increased expression of a4B7. Notch-dependent induction of
a4fB7 in alloreactive T cells required Notch ligand expression in secondary lymphoid organ
fibroblastic reticular cells lineage traced by a Ccl19-Cre transgene. Notch-deprived T cells co-
transplanted with Notch-sufficient T cells accumulated in the gut with higher numbers than Notch-
deprived T cells transplanted alone, indicating Notch can control gut-trafficking in part through
non-cell intrinsic mechanisms. However, co-transfer experiments also revealed that Notch-

sufficient effector T cells (but not Treg) preferentially accumulated in the gut compared to Notch-
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deprived cells, revealing Notch also controls gut trafficking through cell-intrinsic mechanisms.
Compared to pan-T cell loss of the B7 integrin chain, Notch blockade was more protective in our
mouse model of allo-BMT. Thus, we defined a critical mechanism for how Notch signaling
controls gut tropism of pathogenic donor T cells after allo-BMT. These findings provide key
mechanistic insight into the striking protection from GI-GVHD that we observed in a non-human
primate (NHP) model of allo-BMT with single-agent blockade of the Delta-like4 Notch ligand.
These observations and continued work will uncover novel roles and mechanisms for Notch-
dependent regulation of pathogenic T cell gut tropism, while suggesting clinical strategies to

prevent GI-GVHD.

3.2 Introduction

The Notch signaling pathway is a critical regulator of pathogenic T cell activation and function in
multiple mouse allo-BMT models (25, 28, 29, 31). Importantly, Notch signals exert differential
effects on T cell subsets in a context-dependent manner. For example, Notch blockade blunts
inflammatory cytokine production from effector CD4* and CD8" T cells (47), but expands Foxp3*
regulatory T cells (Tregs) and enhances their function (28, 31). However, the collective
contribution of these individual effects to overall survival in GVHD models is unknown. In
humans, gastrointestinal GVHD (GI-GVHD) is a primary driver of morbidity and mortality after
allo-BMT (162). In CD4" T cell-mediated models of GVHD, we previously showed that Notch-
deficient CD4" T cells fail to accumulate in the GVHD target organs of the gastrointestinal tract
(28), corresponding to decreased histopathologic scoring for GI-GVHD in this model. However,

it is unknown whether decreased T cell accumulation in the gut contributes to the protective effects
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of Notch blockade during allo-BMT or if other effects of Notch signaling on alloreactive T cell

function explain this protection.

Immune cell trafficking from the circulation into lymphoid and non-lymphoid tissues is a step-
wise, highly regulated process. First, immune cells diverge from laminar blood flow and roll/tether
to the endothelium via weak interactions between selectins on the endothelium and selectin ligands
on the immune cell. Notch signaling might be critical for this initial process, because Notch is a
crucial regulator of Gentl expression. Gentl, a T-cell activation associated glycosyltransferase,
controls the core-2 O-glycosylation of P-selectin ligands, determining their ability to interact with
P-selectin (26). After rolling/tethering, a second firm adhesion stage occurs. During this stage,
stable contacts are formed through specific integrin interaction with integrin ligands expressed by
the endothelium, such as 04f1/VCAM-1, LFA-1/ICAMI, and 047/ MAdCAM-1. This process
may require integrin activation through chemokine receptor signaling triggered by chemokines
released in the micro-environment. After firm adhesion, signals in part mediated by integrin
binding allow the immune cell to traverse the endothelium into the parenchyma. This multi-step
process with specific selectin/selectin ligand pairs, chemokine/chemokine receptor pairs, and
integrin/integrin ligand pairs allows combinatorial control of tissue tropism, as both immune cell
subsets and tissue-specific endothelium express different molecules. Gut tropism in T cell subsets
relies on the expression of the integrin heterodimer 047 (or lymphocyte Peyer’s patch adhesion
molecule 1, LPAM-1) and the chemokine receptor CCR9. a4p7 was described as the preferential
ligand for MAdCAM-1 (mucosal vascular addressin cell adhesion molecule 1) (163) compared to
other integrins such as a4B1 (VLA-4) and aLB2 (LFA-1). MAdCAM-1 is expressed by high-

endothelial venules in mucosal tissue secondary lymphoid organs including mesenteric lymph
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nodes and Peyer’s patches. MAdCAM-1 is also expressed by other venules in mucosal tissues,
including intestinal lamina propria and mammary glands (164). Although MAdCAM-1 was first
described as a mucosa-specific molecular gate, it is also expressed on marginal reticular cells
(MRCs) present in all secondary lymphoid organs (16) and specialized lymphatic endothelial cells
that line the floor of the subcapsular sinus in lymph nodes (165), raising the possibility that it is
involved in trafficking within lymphoid organs as well. Given a437/MAdCAM-1’s critical role in
T cell mucosal tissue tropism, its function has been explored in GI-GVHD. Many of these studies
relied on genetic excision of ltgh7, the gene that encodes the B7 integrin. In one study, Itgh7"" T
cells mediated moderately reduced GVHD with decreased histopathological GVHD scores in the
small intestine, colon, and liver. Irgh7"" T cells had decreased accumulation in the gut and
increased accumulation in secondary lymphoid organs and blood (166). A second study reported
greater protection from clinical GVHD corresponding with lower donor T cell infiltration in the
intestines and liver (167). In GI-GVHD, 047/ MAdCAM-1 interactions are particularly critical to
allow access of alloreactive T cells to the intestinal crypt base where they mediate damage to
intestinal stem cells (114). Importantly, it remains debated whether donor T cells have direct access
to the intestinal niche or first need to traffic to secondary lymphoid organs. One group reported
that donor CD4" T cells were directly primed by MHC class II molecules in intestinal epithelial
cells within days after transplantation (90). In another study, direct transfer of a4p7" T cells
mediated worse GI-GVHD than a4p7 T cells (168), suggesting that a pre-existing gut-homing
program might bypass priming in secondary lymphoid organs. It is unclear from this study,
however, if donor a4p7" T cells trafficked directly into the intestine or first to Peyer’s patches or
mesenteric lymph nodes where 04B7 could help T cells extravasate across MAdCAM-1* HEV.

Conversely, another group that carefully tracked donor T cells using luciferase reporters and
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bioluminescence imaging showed that donor T cells first arrive in secondary lymphoid organs

where they are primed, acquire gut-homing properties, and then migrate to the GI tract (96, 169).

Careful in vitro studies showed that retinoic acid (RA) signaling controls T cell expression of both
a4B7 and CCRY, the receptor for the chemokine CCL25 expressed by intestinal epithelial cells
(170). Mucosal tissue-resident dendritic cells (171) and stromal cells present in mesenteric lymph
nodes (172) have been shown to express the RA-producing enzymatic machinery that imprints this
gut-homing phenotype. RA induction of ‘gut-homing’ molecules appears to be shared among other
SLO immune cells. For instance, splenic MAACAM-1" MRC are capable of producing RA under
conditions of TLR agonism, which lead to upregulated 04p7 and CCR9 expression in marginal
zone B cells (173). In addition to supporting gut homing, RA has been shown to cooperate with
TGF-B to suppress pro-inflammatory Th17 cells and drive Foxp3* induced Tregs (174). However,
it is unknown what signals might convert this normally tolerogenic RA-induced gut-homing
program to a pathogenic response in an inflammatory setting like inflammatory bowel disease
(IBD) or allo-BMT, where inhibiting the RA pathway in donor T cells protected mice from GVHD

(175, 176).

In this study, we used a mouse model of MHC-mismatched allo-BMT to further explore the
mechanisms underlying the effects of Notch signaling on alloreactive T cell gut trafficking. We
report several key findings, including decreased accumulation of alloreactive T cells in the small
intestine and especially the colon, with relatively preserved Treg frequencies in these organs. In
mouse models, Notch loss-of-function also blunted a4p7 expression in effector CD4* T cells early

post-transplant and CD8" T cells throughout the course of disease, while not negatively affecting
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the expression of a4B7 in Tregs. These gut-tropic effects of Notch were imprinted by Delta-like
ligands from non-hematopoietic secondary lymphoid organ fibroblastic reticular cells. Mixed
transplants of wild type T cells and T cells expressing the pan-Notch inhibitor dnMAML
(dominant negative Mastermind-like) revealed that cell-intrinsic effects of Notch signaling drove
T cell 04B7 expression and accumulation in the gut, although non-cell intrinsic effects of Notch
signaling also likely played a role. Finally, in contrast to global loss of integrin 37, Notch loss-of-
function selectively blunted a4p7 in alloreactive CD8" cells but not Tregs and provided greater
protection from GVHD. Together these results show that Notch signals, likely delivered to
alloreactive T cells by fibroblastic reticular cells in secondary lymphoid organs, program the gut
tropism of pathogenic T cells and subsequent GI-GVHD. Our study recapitulates key effects seen
in a recent non-human primate (NHP) model of allo-BMT, while providing additional mechanistic
insights. Our data suggest strong evolutionary conservation of this effect and indicate that Notch

blockade could be a strong candidate for the pharmacological prophylaxis of GI-GVHD.

3.3 Results

3.3.1 Notch loss of function causes relative accumulation of donor Tregs in lymphoid

organs and GVHD target tissues

Because mice receiving large doses of T cells succumb early to acute GVHD, we established a
model of sub-lethal GVHD to assess the effects of Notch signaling on alloreactive T cell trafficking
over a long course of disease. We showed previously that CBF1 mice receiving allo-BMT with
5x10% B6 wild-type T cells and high-intensity conditioning (11 Gy) experienced near-uniform

lethality by day 40 post-transplant (Chapter 2) (26). To avoid this high lethality but still trigger
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acute GVHD, we transplanted eFluor450 labeled 1x10% B6 wild-type or dnMAML T cells (H-2"",
Thyl.1) into CBF1 recipients (H-2°, Thy1.2). To distinguish the initial donor T cells in the
inoculum from any donor bone marrow-derived T cells, we provided a source of T-cell depleted
CDA45.1" Thy1.2 bone marrow. As a negative control, we also transplanted a group of recipients
with syngeneic T cells and bone marrow (Fig 3.1 A). This model led to noticeable clinical signs
of acute GVHD, although it remained sub-lethal until at least day 28 post-transplant. Recipient
mice receiving wild type allogeneic T cells but not syngeneic or dnMAML T cells had decreased
frequency of bone marrow-derived CD4"CD8" double-positive thymocytes at day 28 post-
transplant (Fig 3.1 B). This ongoing thymic damage indicated that we had established a Notch-
sensitive model of sub-lethal GVHD. While we showed that Notch blockade causes expansion of
Tregs in secondary lymphoid organs (25, 26, 28, 47), it was unclear if Notch loss-of-function
would lead to preferential accumulation of Treg in GVHD target organs. Thus, we assessed Foxp3
staining in donor T cells at days 4, 7, 14, and 28 post-transplant. At day 4, donor T cells were not
readily detectable in either small intestine or colon epithelial preparations, consistently with other
reports (96). However, by day 7 post-transplant, CD4" Foxp3" made up a significantly higher
fraction of donor T cells in both mesenteric lymph node and colon epithelium in mice receiving
dnMAML T cells. (Fig 3.2 A). The difference between wildtype and dnMAML donor T cells in
percentage of Treg leveled off by day 28 post-transplant in secondary lymphoid organs (Fig 3.2
B), but was maintained in both the liver, colon epithelium, and small intestine epithelium late in
disease (Fig 3.2 C). Thus, Notch-deprived Treg expand in secondary lymphoid organs early post-

transplant and may seed GVHD target organs.
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3.3.2 Notch loss-of-function blunts a4f7 expression in effector CD8" and CD4* T cells but

not Tregs

Expression of the activated heterodimeric form of the a4f7 integrin is critical for T cell interaction
with MAACAMI " gut endothelium and subsequent extravasation into the intestine from the blood.
To evaluate if this effect was due to T-cell intrinsic Notch signals, we studied the expression of
a4B7 in alloreactive donor T cell subsets. In mice, expression can be easily monitored by the
antibody LPAM-1, which recognizes the heterodimeric form (177) or by dual staining with
antibodies specific for a4 and B7. To determine when the upregulation of 047 occurs post allo-
BMT, we examined the kinetics of individual a4 and 7 integrin expression in activated
alloreactive T cell subsets. Consistent with other reports indicating acquisition of a4p7 only after
several cell divisions (96), we found that a4B7 was only detectable in CD44" alloreactive T cell
subsets >72hrs after allo-BMT (Fig 3.3) while CD44- subsets showed low levels and little
upregulation of a4p7 (data not shown). Next, we evaluated how Notch loss-of-function affected
longitudinal a4B7 expression in donor T cell subsets across the course of allo-BMT. At day 4 post-
transplant, donor syngeneic T cells failed to upregulate 047 while allogeneic wild type T cells
displayed marked upregulation of a4p7 in CD4" Foxp3~ Tcon, CD4" Foxp3* Treg, and especially
in CD8" T cells (Fig 3.4 A). Notch loss-of-function blunted this upregulation, as a decreased
fraction of donor CD8* and CD4" Tcon dnMAML cells expressed a4p7 as compared to wild type
Tcon. In contrast to Tcon, however, .InMAML Treg showed increased rather than decreased o437
expression compared to wild type Treg in the spleen at day 4 post-transplant (Fig 3.4 A). Notch
was required to maintain a4f7 in donor CD8" T cells in the spleen (d4, d7, d14) and mLN (d7,
d28) throughout the course of transplant (Fig 3.4 B, top panels), while Notch-deficient CD4" Tcon

had significantly decreased a4p7 only at day 4 post-transplant a4p7 (Fig 3.4 B, middle panels).
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However, 0437 expression of Notch-deficient Treg was never significantly lower than wild type

Treg (Fig 3.4 B, lower panels).

3.3.3 Secondary lymphoid organ resident fibroblastic reticular cells are the critical source

of ligands to drive the Notch-dependent gut-homing program of effector T cells

We did not readily detect alloreactive donor T cells in the gut at day 4 but did detect them at day
7 post allo-BMT, consistent with findings from other groups (96, 169). Furthermore, upregulation
of 04P7 expression in activated donor T cells in secondary lymphoid organs only occurred starting
at day 3 post allo-BMT. This suggests that alloreactive T cells are primed and acquire a Notch-
dependent gut-homing program in secondary lymphoid organs. This would be consistent with our
previous finding that resident non-hematopoietic fibroblastic reticular cells in secondary lymphoid
organs, traced by the Ccl19-Cre transgene, are the critical source of Delta-like ligands that drive
lethal T cell alloreactivity after allo-BMT (25), even with no prior myeloablative conditioning
(26). However, a recent study indicated that alloreactive CD4" cells can be primed directly by
alloantigens presented by ileum intestinal epithelial cells (90). To identify the cellular source of
Notch ligands that drives 047 expression, we performed allo-BMT into CBF1 recipients with
Ccl19-Cre-mediated deletion of D//] and DI//4 ligand genes or Cre negative controls (Fig 3.5 A).
We then assessed a4f7 expression in alloreactive CD8" subsets in spleen, mesenteric lymph, and
pooled peripheral (cervical, brachial, axial, and inguinal) lymph nodes at day 7 post allo-BMT (Fig
3.5 B). Wild type alloreactive CD8" cells in peripheral and mesenteric lymph nodes had similar
high expression of a4f37 with splenic CD8" expressing even higher levels of a47. However, CD8"
cells transplanted into Ccll9-Cre ™ DII"/DII4" recipients had significantly dampened expression

of a4fB7 in all three organs (Fig 3.5 C) suggesting that fibroblastic reticular cells are the critical
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source of Notch signals that drive acquisition of gut homing properties. High expression of a4p7
in wild type pLN and spleen contrasts with previous reports in which alloreactive CD8" cells in
the spleen and especially cervical lymph nodes had lower frequencies of 04p7 positivity than
mesenteric lymph nodes (96). However, this could be dependent on the amount of inflammation
in the model, as TLR signaling has been suggested to regulate RA production by the MAdCAM-
1" MRC subset of FRCs (173) which also express high amounts of DLL4 post-transplant (See
Chapter 5). To understand if effects on 04p7 expression correlated with decreased T cell gut
accumulation, we quantified donor CD8"* T cells in secondary lymphoid organs (Fig 3.5 D) and
small intestine epithelium (SIEL) and lamina propria (SILPL) (Fig 3.5 E). Ccli19-Cre*
DILI"/DII4 recipients had dramatically decreased accumulation of donor CD8" cells in the small
intestine. Reciprocally, there was an increased number of donor CD8" cells in the mesenteric
lymph nodes of Ccll9-Cre™DII"//DII4" mice consistent with what others have observed in
secondary lymphoid organs with integrin B7 loss in T cells (166, 167). We also examined donor
CD4" CD25 Tcon and observed less dramatic but similar effects of decreased 04p7 expression in
the mLN and pLN, as well as a trend for lower expression in the spleen (Fig 3.6 A). This correlated
with increased accumulation of donor CD4 Tcon in mesenteric lymph nodes (Fig 3.6 B) and
dramatically decreased accumulation in the small intestine (Fig 3.6 C) in Ccl19-Cre™ DIII//DII4"f
recipients. CD4" CD25" Treg frequency was increased in the spleen, mLN, and small intestine
lamina propria of Ccl19-Cre*DIIV/DII4" mice (Fig 3.6 D), consistent with the increased Treg
frequency seen with dnMAML T cells in Fig 3.2. While more work needs to be done to explicitly
rule out the effects of a Ccl19-Cre lineage-traced source of Notch ligands in the gut itself, these
results suggest that FRCs in spleen, mLN, and pLN program gut homing in recently activated

donor CD8" and CD4" Tcon through Delta-like Notch ligands.
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3.3.6 Notch signals control alloreactive T cell gut tropism through both cell-intrinsic and

non-cell intrinsic mechanisms

It is unclear if Notch signals drive the gut homing program of T cells through cell-intrinsic effects,
non-cell-intrinsic mechanisms, or a combination of the two. First, it could be that Notch regulates
a4p7 cell-autonomously, thus regulating entry into specific locations of the Gl-tract through
interaction with MAdCAM1™ blood vessels (28). Notch could also cell-intrinsically control other
molecules important for gut-homing, such as Gprl5 (178) or directly modulate specific signaling
pathways, such as ERK signaling (47), mTOR, or Myc (149) that in turn regulate gut homing. If
this is the case when wild type cells and dnMAML cells are co-transplanted, wild type cells should
accumulate preferentially in the GI tract. Second, Notch signals could control gut homing through
non-cell-intrinsic mechanisms. Notch signals control inflammatory cytokine production in donor
CD4 and CDS8 cells in secondary lymphoid organs (25, 28, 47), thus the Notch-driven
inflammatory cytokine milieu may drive 047 and a gut homing program rather than Notch signals
controlling it directly. Additionally, the Notch-dependent inflammatory cytokine environment,
including TNFa, could also drive the endothelium to upregulate integrin ligands such as VCAM-
1, MAdCAM-1, or ICAM-1 (179) allowing T cells easier entry into target tissues. In a model of
experimental autoimmune encephalitis, we previously showed that Notch signals regulate the
accumulation of autoreactive CD4" T cells in the CNS in part through non cell-intrinsic
mechanisms (133). In the case of allo-BMT, this may be compounded by vascular leakiness as
conditioning regimens directly damage the endothelium (180). Third, Notch effects on gut homing
could be through a mixture of both cell-intrinsic and non-cell intrinsic mechanisms. Mixed

mechanisms were apparent previously with Notch regulation of CD8* T cytokine production in
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GVHD. In this context, Notch signals were required within CD8" T cells themselves and also

helper CD4" T cells to induce high inflammatory cytokine production in CD8" T cells (47).

To dissect the roles of cell-intrinsic vs. non-cell-intrinsic Notch signals, we transplanted CBF1
recipients with 1x10° allogeneic T cells either at a 1:1 ratio or a 0:1 ratio of wild type to inMAML
cells (i.e. 5x10° wild type plus 5x10° dnaMAML T cells or 1x10° dnMAML cells). We then
monitored T cell accumulation in secondary lymphoid and target organs at day 7 post-transplant
(Fig 3.7 A). Consistent with previous findings, there was no negative effect of Notch inhibition on
the expansion of CD8" and CD4" Tcon in spleen (Fig 3.7B, left and middle panels) or mLN (Fig
3.8 A, left and middle panels), with wild type and dnMAML cells roughly maintaining the initial
1:1 ratio at which they were transplanted (solid line comparison). There were also no differences
in overall cell numbers between recipients transplanted with a 1:1 ratio of wild type:dnMAML
cells or transplanted only with dAnMAML cells (dashed line comparison). dnMAML Foxp3* Tregs
were much more likely to expand compared to wild type Tregs in both spleen (Fig 3.7 B, right
panel) and mLN (Fig 3.8 A, right panel) consistent with previous findings, although this effect
was much stronger when only dnMAML T cells were transplanted (solid versus dashed line

comparison).

However, in colon lamina propria (top panels) and epithelium (bottom panels), both wild type
CD8" T cells (left panels) and wild type CD4" Tcon (middle panels) represented a significantly
higher fraction of donor T cells compared to co-transferred dAnMAML T cells (Fig 3.7 C, solid line
comparison). We calculated the ratio of wild type:dnMAML cells for each T cell subset and organ

and summarized them in Fig 3.7 D. CD8" T cells, indicated in the top panel, in spleen, mLN, and
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liver remained close to the initial 1:1 transplantation ratio (black dotted line). In the GI-tract, CD8*
T cells had higher wild type:dnMAML ratios in the small intestine epithelium (SIEL, ~1.5:1 ratio),
colon epithelium (CEL, ~3:1 ratio), and colon lamina propria (CLPL, ~2.5:1 ratio) (Figure 3.7 D,
top panel). When examining the wild type:dnMAML ratios in CD4"* Tcon, there was an even more
profound cell-intrinsic gut accumulation defect in dnMAML T cells, particularly in the colon.
There was significant over-representation of wild type CD4" Tcon in the small intestine epithelium
(~2.7:1 ratio), small intestine lamina propria (~3.2:1 ratio), colon epithelium (~7.5:1 ratio), and
colon lamina propria (~9:1 ratio) (Fig 3.7 D, middle panel). There was minor over-representation
of wild type CD4" Tcon in spleen, mLN and liver (~1.3:1 ratio), likely due to the fact that
dnMAML CD4" cells are more likely to be Foxp3* Tregs than Foxp3™ Tcon. Altogether, this
competitive experiment suggested that Notch loss-of-function leads to cell-intrinsic defects in gut

homing.

However, when comparing recipient mice that received a 1:1 mix of cells compared to recipients
that received dnMAML alone (0:1), the recipients that received a mixture of cells had more
dnMAML CD8" (Fig 3.7 C left panels, dashed line comparison) and CD4" Tcon (Fig 3.7 C middle
panels, dashed line comparison) cells accumulate in the colon epithelium and lamina propria. This
greater accumulation was more striking considering that recipients transplanted with a 1:1 mix
initial had half (5x10°) the absolute amount of dnMAML cells compared to recipients transplanted

with a 0:1 ratio (1x10°).

Altogether, these findings suggest that both cell-intrinsic and non-cell intrinsic effects of Notch

signaling drive donor CD8" and CD4" Tcon cell accumulation in the GI-tract. Consistent with a
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selective effect on CD8* and CD4" Tcon cells, Foxp3* Tregs maintained the initial 1:1
transplantation ratio in the colon (Fig 3.7 C, right panels) and small intestine (Fig 3.7 D, bottom
panel). To further confirm the cell-intrinsic effects on CD8" and CD4" Tcon but not CD4" Treg
cell accumulation in the gut, we conducted a similar experiment but with a 1:2 mixture of wild
type:dnMAML T cells (Fig 3.9 A). Compared to dnMAML, wild type CD8" T cells accumulated
preferentially in the colon (Fig 3.9 B, top panel), while wild type CD4" Tcon accumulated
preferentially in the small intestine and colon (Fig 3.9 B, middle panel). In contrast, dnMAML
Tregs maintained or expanded beyond the initial transplantation ratio in both secondary lymphoid

organs and the gut (Fig 3.9 B, bottom panel).

To test whether the effects of Notch signaling on 047 expression were cell-intrinsic or non-cell
intrinsic, we assessed 0437 expression by flow cytometry in donor T cell subsets from recipients
that received a 1:1 competitive transplant and recipients that received dnMAML T cells alone.
Consistent with a cell-intrinsic effect in CD8" T cells, 047 was lower in co-transplanted dnMAML
compared to wild type T cells in the spleen (Fig 3.7 E, left panel) and mLN (Fig 3.8 B, left panel).
Additionally, dnMAML CDS8" transplanted alone did not have significantly lower 047 expression
than dnMAML CDS8" T cells transplanted with wild type cells, indicating that non-cell intrinsic
effects of Notch signaling did not regulate a4f7 expression in both spleen (Fig 3.7 F left panel)
and mLN (Fig 3.8 B, left panel). Minor and no effects of cell-intrinsic Notch signals were seen on
CD4" Tcon and Treg, respectively, in both spleen (Fig 3.7 F, middle and right panels) and mLN
(Fig 3.8 B, middle and right panels). To assess whether dnMAML T cells present in the GI tract
had a bona fide gut-resident phenotype, we studied CD103 expression in donor CD8* T cells in

spleen, colon epithelium, and small intestinal epithelium. Cells in gut epithelium had higher levels
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of CD103 compared to spleen consistent with gut-homed T cells (Fig 3.7 G), but there were no
differences in CD103 expression in wild type vs. dnMAML T cells (Fig 3.7 G/H). This
demonstrates that Notch inhibition likely interferes with the entry and/or survival of gut-homed T
cells but not with their acquisition or maintenance of a tissue-resident phenotype. Together, these
results indicate that Notch signals control the gut-homing program of alloreactive effector T cells

but not Tregs through both cell-intrinsic and non-cell intrinsic mechanisms.

3.3.7 Notch loss-of-function selectively modulates a4B7 expression in alloreactive T cell

subsets and prevents GVHD to a higher extent than global integrin p7 loss

Other groups have shown that expression of integrin 7 is critical for GVHD in mice (166, 181,
182) and blocking antibodies to human a4fB7 have been tested in the clinic as a prophylaxis for
GVHD (183). Thus, we hypothesized that Notch signaling may mediate GI-GVHD at least in part
through its effects on a4p7 expression. To test this hypothesis, we transplanted CBF1 recipients
with wild type, ltgh7”-, dnMAML, or dnMAML/Itgh7”- T cells (Fig 3.10 A). Global B7 loss and
Notch loss-of-function did not affect donor T cell frequency in the blood 14 days post-transplant
(Fig 3.10 B). B7 loss also did not affect the ability of T cells to experience Notch signals, as
alloreactive wild type and Itgh7- CD4" T cells had similar levels of the core-2 O-glycoform of
CD43, a surrogate marker of Notch signaling (26) (Fig 3.10 C, left panel). Itgh7-CD8" T had a
mild reduction in this Notch signaling marker, although to a much lesser extent as AnMAML and
dnMAML/Itgh7" cells (Fig 3.10C, right panel). However, CD25 expression was blunted in
dnMAML and dnMAML/Itgb7”- CD8" cells but not Itgh7” cells compared to wild type T cells
(Fig 3.11). Compared to /tgh7 loss, Notch loss-of-function had T cell subset specific effects on

a4p7 expression . Itgh7” and dnMAML/Itgh7”- CD8" T cells expressed no 04f7, as expected.
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dnMAML CD8" had significantly blunted, but not fully abolished 047 expression (Fig 3.10 D,
right panel). Furthermore, while ltgh7- and dnMAML/Itgh7”~ CD4" T cells lacked o4p7,
dnMAML CD4" T cells had comparable levels of a4p7 compared to wild type cells in the blood
(Fig 3.10 D, left panel) consistent with our previous data showing little Notch-dependent
differences in CD4" T cells at day 14 post-transplant in secondary lymphoid organs (Fig 3.4 B).
In contrast to previous reports, /tgb7” T cells did not mediate less severe GVHD than wild type T
cells (Fig 3.10 E). In fact, Itgh7"" T cell recipients showed trends for slightly increased weight loss
early during the course of GVHD and had higher skin GVHD (Fig 3.10 E). In contrast, recipients
of dAnMAML T cells were almost completed protected in terms of survival, weight loss, and GVHD
scores compared to recipients receiving wild type or ltgh7”- T cells. Any exacerbation of skin
GVHD or early weight loss due to global integrin 7 was mitigated by the loss of Notch signals as
recipients receiving dnMAML/Itgb7- were protected from GVHD similarly to recipients receiving
dnMAML/Itgb7"" T cells. Due to practical limitations, we were unable to assess the Gl-tract and
other GVHD target organs for histopathologic scoring or evaluate the accumulation of donor T
cells. We plan to complete these experiments in the future. These results suggest that Notch
blockade likely will have greater GVHD prophylactic activity in allo-BMT than pharmacologic

blockade of a4p7.

3.4 Discussion

Notch signaling regulates pathogenic T cell alloimmunity in multiple GVHD models. Both in
human GVHD and in mouse models of GVHD, tissue damage in the GI tract is a key driver of
lethality. We observed that Notch loss-of-function prevents accumulation of alloreactive T cells in
the gut in mice. Recently, our laboratory and collaborators have been investigating the efficacy of
pharmacologic Delta-like4 (DLL4) Notch ligand blockade as a GVHD prophylaxis strategy in a
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non-human primate (NHP) model of allo-BMT (184, 185). DLL4 blockade led to striking
protection from clinical GI-GVHD, reduced GI histopathological scores, and significant
improvement in overall survival (186). DLL4 blockade dramatically reduced the amount of
alloreactive effector T cells accumulating in the colon with preferential preservation of Tregs over
effector T cells. Anti-DLL4 treatment downregulated 047 expression in alloreactive CD8" T cells
but not Foxp3" Tregs. However, the exact immunobiological mechanism for these highly

conserved effects of Notch inhibition on GI-GVHD had not previously been documented.

In this study, we recapitulated in mice the key effects of Notch blockade observed in NHPs while
providing mechanistic insights that would be impossible to obtain in the NHP model. In both NHP
and mice, Notch loss-of-function led to decreased alloreactive effector T cell accumulation in the
gut with relative preservation of donor Treg, and blunted a4f7 expression in effector T cells but
not Tregs. In mice, we showed that these effects are likely due to a cellular source of Notch ligand
derived from FRCs in secondary lymphoid organs. These trafficking effects depend on both cell-
intrinsic and non-cell intrinsic effects of Notch signals. However, Notch loss-of-function did not
block the acquisition of CD103" gut-resident phenotype in T cells that made it into the intestine,
suggesting that Notch likely controls seeding of alloreactive T cells to the intestine or their survival
rather than subsequent acquisition of a gut-resident phenotype. Finally, we showed that Notch loss-
of-function likely mediates greater GI GVHD protection than global loss of integrin 7. However,

many open questions still exist about how Notch signals control gut trafficking of T cells.

Notch loss-of-function was more protective than global deletion of integrin 7 in our mouse model,

but others have shown that /zgh7”" T cells mediate less severe GVHD (166, 167). Why might this
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discrepancy exist? In certain models of allo-BMT, other integrins besides 047 may be important
for alloreactive T cell arrest and adhesion to inflamed GI endothelium during GVHD. Controlled
trials in Crohn’s disease have indicated that natalizumab, which is specific for 04 and blocks both
a4B1 and o4P7 has similar efficacy as vedolizumab, which is only specific for the o4p7
heterodimer (187). In some contexts, however, other integrins may regulate Gl-specific T cell
pathology (188). For example, a4p1 but not a4f7 has been shown to be critical for ileal homing
of T cells in a humanized mouse model of Crohn’s disease (189). Inflammatory cytokines such as
TNFa are key drivers of upregulation of integrin receptors on endothelium (179). Interestingly,
human colonic epithelial cell lines pre-treated with TNFo/IFNy induced upregulation of ICAM-1
(the ligand for LFA-1) and VCAM-1 (the ligand for a4p1) in co-cultured endothelial cells (190).
This may be particularly important during allo-BMT as both TNFa and IFNy are produced early
after the conditioning regimen in the gut (90). In fact, a prior allo-BMT study showed that
irradiation drives global VCAM-1 upregulation in the ileum and colon, which was maintained in
allo-BMT recipients. Additionally, [CAM-1 but not MAdCAMI1 was strongly upregulated in the
ileum at day 3 post allo-BMT (191). MAdCAM-1 was only mildly upregulated at day 9 post-allo-
BMT. However, because of the lack of co-staining with cellular identity markers, it is difficult to
conclude if this regulation is specific to the endothelium or the underlying lamina propria, which
can express both VCAM-1 and ICAM-1, or the epithelium which expresses high levels of ICAM-
1 during GVHD (192). One explanation for the non-intrinsic effects of Notch signaling on gut
trafficking is that Notch-sufficient T cells produce more inflammatory cytokines such as TNFa
that cause upregulation of integrin ligands on inflamed endothelium. Better resolution with new
immunofluorescence and with flow cytometric studies is needed to dissect the dynamic landscape

of integrin and adhesion molecule expression in the gut endothelium after allo-BMT. We have
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started such studies by investigating the expression of these markers at baseline in secondary
lymphoid organ and intestinal lamina propria stromal cells, which reveals that only a small
proportion of endothelial cells in small intestinal lamina propria and mLN (~5%) express

detectable levels of MAdCAM-1 (Fig 3.12).

The integrin/adhesion molecule pairings that drive GI-GVHD likely vary depending on
conditioning damage, the type of pathogenic T cell effector response, and the niche that pathogenic
T cells require access to in order to mediate GI-GVHD. First, conditioning may damage
endothelial cells, rendering them “leaky” and allowing extravasation of alloreactive T cells to
become less dependent on specific integrins (180, 193). Second, if alloreactive T cells drive a
strong, early, and lethal cytokine storm, pathogenicity may not strictly depend on trafficking into
target tissues. In some models for example, alloreactive T cells do not need to re-encounter
alloantigen in target tissues to mediate lethal GVHD (74). In other models that require re-exposure
to alloantigen in target tissues (81)(66, 67, 90), there may be greater requirement for integrins in
GVHD pathogenesis. Third, pathogenic T cell access to specific adhesin-gated microanatomical
niches likely matters. Careful imaging studies by Fu. et al. recently described that alloreactive T
cells, irrespective of conditioning intensity, primarily invade the crypt base of the ileum
epithelium, with fewer alloreactive T cells seen in the villi and upper crypt region. This distribution
matches the location of MAdCAM-1" blood vessels close to intestinal stem cells, which are then
directly damaged by alloreactive T cells (114). However, the degree to which this infiltration into
the crypt base depends upon 047/ MAdCAMI1 alone may vary if crypt base vessels also express
VCAM-1 and ICAM-1. For example, transplantation of /rgh7”~ T cells or treatment with an anti-

MAdCAM-1 antibody halved but did not eliminate the accumulation of alloreactive T cells in the
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intestinal crypt, suggesting that there may be a47/MAdCAMI-independent access to this niche
(114). Additionally, MAdCAM-1 can be glycosylated with sugar residues that allow binding of L-
selectin, which may allow alternative entry mechanisms for naive or central memory T cells into
the intestinal crypt (194). It is also unknown if a similar microanatomical localization of
alloreactive T cells occurs in the colon, where the effects of Notch signaling on alloreactive T cell
accumulation appeared most profound, and other trafficking molecules such as Gprl5 might be

involved in homing (178, 195, 196).

Migration across inflamed endothelium occurs in distinct stages. Integrin interaction and adhesion
is the second stage preceded by selectin interaction, which mediates the initial rolling/tethering of
immune cells. Inflammation-associated upregulation of E- and P-selectin in GI endothelium may
cause increased rates of rolling/tethering of alloreactive T cells to the gut endothelium and
subsequent trafficking. In fact, P-selectin-deficient mice are protected from GVHD (155). We
recently reported a critical role of Notch signaling in regulating expression of the Ag-activation
associated core-2 O-glycosyltransferase Gcntl which decorates surface proteins with sugar
residues required for their interaction with P-selectin (53, Chapter 2). However, T cells lacking
Gcentl were still able to accumulate in the GI tract in similar numbers as wild type T cells and
mediate lethal GVHD (26). However, it could be that Notch regulation of both functional selectin
ligand generation and integrin formation is a one-two punch that controls the early rolling/tethering
interaction and the later adhesion/arrest stage of T cell trafficking across inflamed endothelium.
Inhibiting this compound regulation could have much greater effects on T cell trafficking than
blocking either step alone. Thus, it would be interesting to test if compound Gcentl/Itghb7 mutants

better phenocopy the effects of Notch signaling on T cell trafficking.
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Another intriguing possibility is that a4B7 expression may be important during T cell activation in
secondary lymphoid organs. MAdCAMI1" high-endothelial venules in mesenteric lymph node and
Peyer’s patches regulate initial entry or re-circulation of a4f7" T cells into secondary lymphoid
organs. MAdCAMI1" lymphatic endothelial cells line the floor of the capsular sinus of all lymph
nodes. Fibroblastic MAdCAMI1" marginal reticular cells exist in spleen and lymph nodes.
Interestingly, we showed that in lymph nodes MAdCAMI1" marginal reticular cells (MRCs)
express very high levels of Delta-like4 that becomes upregulated within the first 12h post allo-
BMT (Chapter 4). Could 047 expression facilitate increased interactions with DLL4" MRCs
and increase Notch signaling in a feed-forward loop? Our preliminary evidence indicates that this
might be the case for CD8" T cells, as B7-deficient cells showed trends for blunted expression of
the core-2 O-glycoform of CD43, a surrogate read-out of Notch signaling (Fig 3.10). This will be
interesting to explore further as 0437/ MAdCAM-1 in concert with retinoic acid signaling has been
shown to provide strong costimulatory signals to naive and memory T cells in a NHP model of
HIV (197). In addition, others have suggested that MRCs upregulate RA-synthesis pathways in

response to TLR signals that in turn drive a4p7/CCR9 expression in marginal zone B cells (173).

One simple explanation for the stronger protective effects of Notch loss-of-function compared to
global B7 loss is suggested by our data that Notch inhibition selectively blunts a47 expression in
effector CD8" and to a lesser extent CD4" effector cells, but not in Tregs. In fact, data from both
the NHP model and our mouse model indicates that very early after allo-BMT, a4f7 levels may
be higher in Notch-deprived Tregs. This observation could be critical as a4p7" Tregs correlated

with GVHD protection in the clinic (198), while antigen-experienced CD45RO* 047" CD8" T
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cells correlated with intestinal GVHD (199). What might be the mechanisms of this selective
regulation of a4B7 in effector but not regulatory T cells? Differential regulation suggests that
Notch does not directly regulate a4f7 transcriptionally. Instead, Notch might modulate signaling
pathways and metabolism, e.g. via mTORCI signals, that differentially regulate effector v. Treg
function (200). We plan to assess the effects of Notch signaling on the transcriptomes of donor
Tregs v. CD8" and CD4" Tcon to further our understanding of this differential regulation. We also
plan to conduct experiments where we co-transfer wild type vs. dnMAML vs. ltgh7” effector T

cells and Treg to dissect if differential gut homing of T cell subsets affects GVHD lethality.

Much remains to be understood about the role of Notch signaling in regulating T cell trafficking
in the context of allo-BMT. It is unknown if Notch signaling controls a4f7 directly through
transcription of Itga4 and Itgb7, differentially regulates pairing with other integrins (201), or
regulates expression through other post-translational mechanisms. Also, it is unknown if Notch
signals regulate T cell gut-homing in other immunological contexts. Recently, a study dissected
the role of Notch signaling in a Th2 model of house dust mite allergen. The authors found that
Notch controlled the expression of SIPR1 and thus the ability of SIP to mediate egress of antigen-
activated T cells from the draining lymph node to the lung (53). We saw a similar effect in our
study with Notch-deprived T cells tending to accumulate more in secondary lymphoid organs.
Together, our results in concert with complementary NHP data represent a critical and
evolutionarily conserved role of Notch signals in regulating alloreactive T cell trafficking to GI
target tissues and subsequent GI-GVHD. Altogether, we believe that these findings provide
compelling evidence for pharmacologic Notch blockade as a potential therapeutic strategy for

GVHD prophylaxis.
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3.5 Figures
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Figure 3.1 Establishing a sub-lethal model of GVHD. (A) 1x10° Thy1.1" allogeneic wildtype, allogeneic
dnMAML T cells (H-2""), or syngeneic (H-2%¢) were labeled with eFluor450 cell proliferation dye and transplanted
into lethally irradiated recipients (H-2%¢). Recipients received CD45.1" Thy1.2" bone marrow to distinguish BM-
derived cells from initial T-cell inoculum. (B) Percentage of CD4" CD8" cells among newly formed CD45.1*
Thy1.2* thymocytes at d28 post-transplant. **p<0.01, ***p<0.001, one-way ANOVA with Tukey’s post-hoc-tests.
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Figure 3.2 Notch loss of function leads to relative Treg accumulation in secondary lymphoid organs and
GVHD target organs. Donor T cells at different timepoints from Fig 3.1 were assayed by flow cytometry. (A)
Foxp3 expression of donor Thy1.1+ eFluor450 wildtype or dAnMAML T cells summarized in (B). n=3 mice per
group per timepoint. *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA with Tukey’s post-hoc-tests. mLN =
mesenteric lymph node, SIEL = small intestine epithelium lymphocytes. Data at day 4,14,28 is from a single
experiment. Data at d7 is representative of at least n=3 experiments.
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Fig 3.3. ad4B7 upregulation
occurs 72h post allo-BMT.
Donor Thy1.1" CD44* T cell
subsets were isolated from
recipient spleens and assessed
for integrin expression by flow
cytometry.
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Figure 3.4. Notch loss of
function blunts a4p7
expression in effector T
cells. Donor T cell subsets
from Fig 3.1 were assessed
for 04B7 expression by flow
cytometry after indicated
timepoints. (A) Flow
cytometry plots of a4p7*
donor T cell subsets isolated
from spleen at day 4 post-
transplant. (B) Summary
data at indicated times post-
transplant in spleen and
mLN. n=3 mice per group
per timepoint. *p<0.05,
**p<0.01, ***p<0.001,
one-way ANOVA with
Tukey’s post-hoc-tests. Syn
= syngeneic. mLN =
mesenteric lymph node.
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Fig 3.5. Delta-ligands from Ccl19-Cre lineage
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Fig 3.6. Delta-ligands
from Ccl19-Cre lineage
traced fibroblastic
reticular cells are the
critical source of Notch
signals that drive
alloreactive gut-homing
program of CD4+ cells.
Same experiment as Fig
3.5. (A) 04B7 expression in
donor Thyl.1" CD4* CD25
T con . Absolute number of
donor CD4" CD25°T cells
was quantified in
secondary lymphoid organs
(B) and small intestine (C).
% CD25" CD4" Tregs was
quantified as a % of total
donor T cells. n= at least 3
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 = pooled
peripheral (cervical, axial,
brachial, inguinal) lymph
nodes. SIEL = small
intestinal epithelial
lymphocyte fraction.
SILPL = small intestinal
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Fig 3.7 Notch drives gut-
homing through cell-
intrinsic and non-cell
intrinsic mechanisms.
Experimental Scheme.
CBF1 recipients were
transplanted with 1x10°
BM plus 1x10° T cells at a
ratio of 1:1 or a ratio of
0:1 wildtype:dnMAML.
Donor T cell numbers in
spleen (B) and colon
lymphocyte fractions (C).
Ratios of
wildtype:dnMAML T cell
subsets were calculated
and plotted on a log2 axis
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black dotted line (D).
Flow cytometry plots of
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Fig 3.8 Notch drives T cell adf7
expression cell-intrinsically in mLN. Same
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Fig 3.9 Notch drives cell-intrinsic effects
on gut-homing (A) Experimental Scheme.
CBF1 recipients as in Fig 3.7 but with a 1:2
wildtype:dnMAML ratio. Ratios of
wildtype:dnMAML T cell subsets were
calculated and plotted on log2 axis with the
initial 1:2 transplant ratio noted as a dotted
line (B). mLN = mesenteric lymph node
SIEL = small intestinal epithelial lymphocyte
fraction. SILPL = small intestinal lamina
propria lymphocyte fraction. CEL = colon
epithelial lymphocyte fraction. CLPL = colon
lamina propria lymphocyte fraction.
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Figure 3.10. Notch loss of function selective regulates a4p7 in donor T cells and is protects mice more from
GVHD compared to global Itgb7 loss. (A) Experimental scheme. Recipient CBF1 mice were transplanted with
5x10% BM cells plus 5x10° T cells from indicated donors. Peripheral blood was analyzed at d14 post-transplant for
% of alloactivated donor CD44" T cells (B). 1B11 (C) and a4p7 (D) expression was analyzed by flow cytometry.
(E) Clinical GVHD was monitored throughout the course of allo-BMT. n=5 mice per group. *p<0.05, **p<0.01,
**%p<(0.001, one-way ANOVA with Tukey’s post-hoc-tests.
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A Fig 3.11. CD25 expression related to Fig 3.10.
CD25 CD25 expression in CD44* CD8* cells ***p<0.001, one-way ANOVA
D14 blood | CD8* with Tukey’s post-hoc-tests.
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Fig 3.12. Expression of integrin ligands in secondary lymphoid organ and gut lamina propria stromal cells.
Pooled peripheral lymph nodes (cervical, brachial, axial, inguinal pLN), mesenteric lymph nodes (mLN), and small
intestine lamina propria were digested with collagenase and non-epithelial non-hematopoietic CD45" EpCAM"
Ter119 stromal fractions were examine by flow cytometry. VCAM-1 and MAdCAM-1 expression was determined
by flow cytometry. BEC = blood endothelial cells, LEC = lymphatic endothelial cells, FRC = fibroblastic reticular
cells MRC = marginal reticular cells, HEV = high endothelial venule endothelial cells.
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Chapter 4

Fibroblastic Reticular Cells Control T Cell Immunity through
Dynamic Regulation of Delta-like Notch Ligands Independently of
Antigen Presentation

4.1 Abstract

Graft-versus-host disease (GVHD) is the limiting immune complication of allogeneic bone
marrow transplantation (allo-BMT). Fibroblastic reticular cells (FRCs) have recently been
implicated as key initiators of GVHD pathogenesis through provision of Delta-like Notch ligands
that drive lethal T cell alloreactivity. Here, we explore how the early allo-BMT environment shapes
FRC biology. Allo-BMT rewired the transcriptome of FRC subsets to a pro-inflammatory state.
This included the conversion of FRCs that previously expressed low levels of the Delta-like4
(DLL4) Notch ligand into FRCs that highly expressed DLL4, in addition to upregulation of DLL4
in subsets already expressing DLL4 at baseline. Conversion of DLL4"° FRCs to DLL4" FRCs was
driven by interaction with alloreactive T cells and was potentiated by the intensity of myeloablative
conditioning. Furthermore, we show that FRCs upregulated MHC class Il antigen presentation
machinery after allo-BMT. Yet FRCs remained dispensable as a source of MHC class II
alloantigen presentation in CD4" T cell-driven GVHD, suggesting that antigen and Notch ligands
could be delivered by distinct cellular subsets during T cell activation. We confirmed this paradigm

in a model of dendritic cell immunization where Notch ligands from FRCs but not DCs were
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critical to drive the CD8" T cell effector response. Thus, we show that FRCs function as a critical
third party in T cell:APC interactions that changes the outcome of the T cell response in

allotransplantation and other immunological contexts.

4.2 Introduction

Graft-versus-host disease (GVHD) is a life-threatening complication of allogeneic bone marrow
transplantation (allo-BMT) mediated by pathogenic donor T cells. Donor T cells encounter
alloantigen presented by alloantigen-presenting cells (APCs), leading to activation, acquisition of
effector function, and their ultimate role in driving pathology in GVHD target organs. There
remains an ongoing debate about the nature of the critical APC subsets during GVHD (see
Chapter 1, section 1.6). Several reports revealed that MHC class II alloantigen presentation by
non-hematopoietic recipient tissues are critical to drive CD4" T cell mediated GVHD (66, 67, 82).
A follow-up study in one model of allo-BMT showed that intestinal epithelial cells were the critical
source of MHC class II alloantigen presentation (90). However, recipients lacking MHC class 11
in intestinal epithelial cells still developed severe skin GVHD and showed alloantigen-dependent
expansion of donor T cells in secondary lymphoid organs, suggesting that other non-hematopoietic

APCs might be important.

Our group recently identified fibroblastic reticular cells (FRCs) in secondary lymphoid organs as
the critical source of Delta-like Notch ligands driving lethal T cell alloimmunity in multiple models
of allo-BMT (25, 26). Notch signaling is a juxtracrine signaling pathway originally described as
being critical for T cell development that emerged as a critical regulator of mature T cell function

in multiple contexts (44). Cell-to-cell contact allows Notch receptor (Notch1-4) interaction with
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agonistic Delta-like or Jagged ligands. This interaction causes cleavage and release of the Notch
intracellular domain, which then translocates to the nucleus to mediate transcriptional activation
of Notch target genes. We and others showed that Notch signals are crucial to drive T cell
pathogenicity in several models of allo-BMT and organ transplantation (25, 26, 28-31, 47, 48, 52).
Importantly, essential Notch signals were received within the first 48h of allo-BMT, suggesting
that they are delivered around the same time as alloantigen. Thus, because FRCs provide critical
juxtracrine Notch signals to alloreactive T cells through cell-to-cell interactions, we hypothesized
that FRCs might function as critical alloantigen-presenting cells after allo-BMT through dynamic

regulation of Notch ligand expression and MHC class II alloantigen presentation.

Fibroblastic reticular cells (FRCs) are a heterogenous group of cells that encompass several related
non-hematopoietic and non-endothelial mesenchymal cell subsets in lymphoid tissues. While
FRCs do serve structural purposes, as other fibroblasts, they are also specialized in organizing and
orchestrating innate and adaptive immune responses. Distinct FRC subsets express unique
combinations of chemokines, cytokines, and other signaling molecules that differentially attract,
retain, and regulate mature immune cells including naive T and B cells (202). New genetic tools,
including use of transgenic mice expressing a Cre recombinase under the control of Ccll9

regulatory elements has allowed precise targeting of FRCs in vivo (6, 8).

FRCs have also been shown to present self-antigens to both CD8" T cells (24, 203) and CD4" T
cells (98, 204) to drive tolerance and expand Foxp3* T regulatory cells. In fact, immune-mediated
damage to FRCs in acute GVHD correlates with loss of peripheral tolerance mechanisms and

development of chronic GVHD (102). FRCs are also known to capture exosomal peptide-loaded

96



MHC class II from dendritic cells and present it on their surface to drive tolerance in CD4" T cells
(205). However, this tolerance-inducing presentation of self-antigens might be turned on its head

when donor T cells recognize what was once self-antigen as foreign.

Furthermore, little is known about how FRCs and other lymph node stromal cell subsets (LNSCs)
are regulated at the onset of allo-BMT. Allo-BMT causes massive changes in innate and adaptive
immune stimuli. The combined effects of tissue damage, translocation of microbial products across
a damaged gut epithelium, and alloreactive T cell-derived inflammatory cytokines likely regulates
both antigen presentation and expression of Notch ligands in FRCs (206). Thus, in order to
understand how allo-BMT regulates FRC immune function, antigen presentation, and the Notch
pathway, we profiled the transcriptome of several defined FRC subsets both at baseline and after
allo-BMT. We found large changes in the transcriptome of FRC subsets after allo-BMT, including
upregulated expression of interferon-related genes, MHC class I and MHC class II antigen
presentation machinery, and the Delta-like4 (DLL4) Notch ligand. We show that allo-BMT
increases DLL4 expression in CD157" FRC subsets that previously expressed DLL4. In addition,
allo-BMT converted CD157" FRCs expressing low levels of DLL4 into cells expressing high
amounts of DLL4. We show that this increase in the number of DLL4" FRC was mediated by
signals from allogeneic T cells and peaked at 12h post allo-BMT. Increases in DLL4 expression
occurred in settings of both MHC-mismatched and MHC-matched allo-BMT and depended on the
intensity of myeloablative conditioning. While we did not yet identify the signal(s) from
alloreactive T cells that drive(s) this upregulation, our findings suggest the existence of a critical
cross-talk between alloreactive T cells and FRCs that mediates increased Notch signaling in a feed-

forward loop.
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Allo-BMT also caused increases in both the transcriptomic and surface expression of MHC class
IT alloantigen presentation likely mediated by increases in expression of the Class II trans-activator
(Ciita). FRCs traced by the Ccl19-Cre were critical sources of Notch ligand that drove lethality in
a monoclonal model of CD4" T cell mediated GVHD. However, in this same model, FRCs were
not a necessary source of alloantigen presentation. This suggested that antigen and Notch ligands
can be delivered from separate cellular sources in trans during T cell activation. To further test
this tripartite model of T cell activation in another immunological context, we monitored CD8* T
cell responses to DC-immunization. In this model, antigen presentation is limited to the DC, and
we could restrict the cellular source of Delta-ligands to FRCs, DCs, both, or neither. In this context,
FRCs and not DCs were the critical source of Delta-ligands that drove Notch-dependent generation
of short-lived effector cells. Together, this work provides evidence for a three-cell model of T cell
activation that operates in both allo-BMT and DC immunization. Thus, T cells require direct

interaction with an APC to receive antigen and with a FRC to contact Notch ligands.

4.3 Results

4.3.1 Allogeneic bone marrow transplantation drives transcription of an inflammatory gene

signature including DI//4 in CD157" FRCs

Our laboratory showed that FRCs, lineage traced by the Ccl19-Cre transgene, were the critical
source of Delta-like Notch ligands that drove lethal GVHD after allo-BMT (25, 26). The highest
abundance of Delta-like4 after allo-BMT was restricted to a subset of FRCs marked by high

expression of CD157 and CD21" follicular dendritic cells. However, little is known about how
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lymph node stromal cell subsets (LNSCs), including FRCs, respond to allo-BMT. Thus, we used
transcriptomic profiling to 1. Determine how allo-BMT regulates gene expression in LNSCs and
2. Understand if DLL4-expressing FRCs had a distinct transcriptional profile. To this end, we used
a double-reporter system where all cells that have activated the Ccl19-Cre transgene are lineage
traced by a Rosa26°Y'P reporter (6) combined with a BAC transgenic reporter encoding the
regulatory regions of D//4 fused to a mCherry reporter (207). Using this system, we defined four
LNSC populations of interest for transcriptomic profiling. These included lymphatic endothelial
cells (LECs) and three populations of FRCs lineage-traced by Ccl19-Cre: CD157" D//4-mCherry
double negative fibroblastic reticular cells (DNFRC), CD157" DIl4-mCherry single positive
(SPFRC), and CD157" DII4-mCherry* double positive (DPFRC) (Fig 4.1A). C57BL/6 mice with
this double-reporter system either received an MHC-mismatched allo-BMT with 11 Gy
conditioning and 20 x 10° BALB/c splenocytes + 5 x 10° BM cells or were left untreated. LNSC
subsets from pooled peripheral lymph nodes (cervical, brachial, axial, inguinal) were then sort
purified 12h after allo-BMT. In each case, no less than 1,400 cells were sorted per population.
RNA was isolated, cDNA was synthesized with oligo(dT) priming, and libraries were created with
indices for [lumina sequencing. Reads were pseudoaligned to an index constructed from the mouse
transcriptome plus transgene sequences of Eyfp and mCherry with the kallisto program.
Expression was converted to a log2 scale, normalized across samples, and genes with a low
expression (<1 TPM in >5 samples) were filtered out prior to subsequent analysis. Expression of
the LEC marker Lyvel and the fibroblast marker Pdgfrb along with Bst/ (the gene encoding

CD157) confirmed the identity of our sorted populations (Fig 4.1 B, top panels).’ Expression of

* Gene-wise expression data can be accessed at https://ericperkey.shinyapps.io/LNSC_Allo/
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Eyfp revealed high expression in Ccl19-Cre* lineage traced FRCs with lower expression in LECs,
as expected, as a minor population of LECs expresses the Ccl19-Cre transgene (25). DI/4-mCherry
expression was high in LECs and DPFRC, but low in DNFRC and SPFRC at baseline.
Interestingly, there were trends for increased abundance of mCherry transcripts with allo-BMT
although these did not reach significance (Fig 4.1 B, bottom panels). Principal component
analysis revealed large differences between LECs and FRCs with fewer differences among FRC
subsets when examining the 1% principal component by the 2" principal component (Fig 4.1 C,
top panel). When examining the 3™ principal component by the 2" principal component, three
distinct clusters (DNFRC, LEC, and combined DPFRC + SPFRC) were visible. These clusters all
changed in similar directions after allo-BMT (Fig 4.1 C, bottom panel, arrows). To ascertain
global differences in gene expression due to allo-BMT, we used limma/voom to identify
differentially expressed genes due to allo-BMT in all LNSC subsets. There was upregulation of a
strong interferon-associated gene signature including Statl, Cxcl9, Cxcll0, and Ly6a. DIl4

transcripts were increased as well (text in blue) (Fig 4.1 D).

To ascertain if we could identify any differences between Delta-like4 expressing and non-
expressing FRCs, we then compared SPFRCs and DPFRCs at baseline. As expected, mCherry and
DIl4 transcripts were significantly enriched in the DPFRC fraction. Also enriched were several
genes highly expressed in MAdACAM-1" marginal reticular cells (MRCs) including Cxc/13,
Tnfsfll, Rampl, and Enpp2 (9, 15), suggesting that MRCs may be over-represented in the DI/4-
mCherry" FRC fraction (Fig 4.1 E). Enrichment of Cr2 transcripts in DPFRCs also suggested that
follicular dendritic cells also are preferentially represented in the D//4-mCherry” FRC fraction.

Conversely, SPFRCs were enriched for genes shown by others to be expressed preferentially
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CCL19" T-zone FRCs including Coll4al, Slc7all, Stmn2(9). We next examined the expression
of Notch ligands in the LNSC populations. As expected, LECs had high levels and DNFRC low
levels of DII4 transcripts, which were not changed by allo-BMT. On baseline, CD157* DIi4-
mCherry” SPFRC also had low expression of D//4 compared to CD157" D//4-mCherry” DPFRC
(Fig 4.1 F, cyan to purple comparison). Allo-BMT drove upregulation of DIl4 transcripts in
CD157* DIli4-mCherry” DPFRC (purple to magenta comparison). Unexpectedly, allo-BMT also
caused significant upregulation of DI[4 mRNA in CD157" DIli4-mCherry" SPFRC (cyan to blue
comparison) so that they had similar levels to DPFRC (blue to magneta comparison). This
suggests that allo-BMT causes upregulated D//4 expression in FRCs that are already expressing
DIl4, while also driving new expression of D//4 in FRCs that on baseline did not express it. It
further suggests that regulation of D//4 mRNA occurs with faster kinetics than the abundance of
mCherry protein. Allo-BMT did not regulate D/l and Jag2 expression and there were trends for
decreased Jag! expression in all LNSC subsets, especially LECs. DI/3 was not expressed in any

subset.

Together, these data show that LNSCs dynamically respond to allo-BMT, leading to upregulated
expression of many interferon and inflammation-associated genes. D//4-mCherry positive FRCs
are associated with a gene program seen in MRCs, suggesting that MRCs on baseline are enriched
for DIl4. Allo-BMT leads to dramatic increases in DI[4 expression in multiple CD157" FRC
subsets. Significant upregulation of DI//4 transcripts in FRCs still negative for DI//4-mCherry
protein suggests a rapid increase in expression. It also raises the possibility that allo-BMT might

convert FRC subsets that do not typically express DLL4 into cells expressing high amounts of
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DLL4. This could increase the number of DLL4M FRC niches available to alloreactive T cell

subsets, potentially driving Notch-dependent T cell pathology in GVHD.

4.3.2 Allogeneic but not syngeneic transplantation causes upregulation of Delta-like4
surface protein on CD157" FRCs, including both MAdCAM-1* MRCs and MAdCAM-1-

subsets

Next, we sought to refine our observations by evaluating the abundance of cell surface DLL4
protein in distinct FRC subsets. To do this, we used a parent-to-F 1 model of allo-BMT that requires
Notch ligand expression in Ccl19-Cre* FRCs to drive lethal T cell-mediated GVHD (26). We used
a single flow cytometry panel to monitor DLL4 surface protein levels in distinct LNSC subsets as
well as potential hematopoietic APCs (Fig 4.2 A). Due to increases in non-specific staining with
irradiation and allo-BMT, we calculated an adjusted geometric mean fluorescence intensity
(gMF]I) for Delta-like4 expression by subtracting the gMFI of an isotype control antibody for each
replicate. Endothelial cells including blood endothelial cells (BECs, ii), MAdCAM-1- LECs (iii),
and especially MAdCAM-17 (iv) subcapsular floor LECs expressed high levels of DLL4 on
baseline (208), but without regulation after allo-BMT (Fig 4.2 B, top panel). CD21" follicular
dendritic cells expressed high levels of DLL4 (v) while there was minor but detectable DLL4
expression in CD157" FRCs (viii) and MRCs (ix) on baseline. Only CD157" FRCs and MRCs
had significantly upregulation surface DLL4 at 12h post allo-BMT (Fig 4.2 B, middle panel).
Hematopoietic cell subsets including B cells (x), CD11¢"Class 1™ resident dendritic cells (rDCs,
xi), and CD11¢™MHCIM migratory DC (mDCs, xii) expressed low levels of DLL4 compared to
LNSC subsets, but rDC and mDCs showed slight increases in DLL4 at 36h post allo-BMT (Fig

4.2 B, bottom panel).
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To determine if the upregulation of DLL4 seen in CD157" fibroblasts (including both MAdCAM-
1- CD157" FRCs and MRCs) was due to damage caused by myeloablative conditioning,
allotransplantation, or both, we transplanted CBF1 recipients as in Fig. 4.2A with syngeneic
(CBF1), allogeneic (C57BL/6), or no cells. Significant upregulation of DLL4 was only seen when
recipients were transplanted with allogeneic but not syngeneic cells in terms of both the percentage
of FRCs that were positive for DLL4 (Fig 4.2 C) and their adjusted gMFI (Fig 4.2 D). As above,

this regulation remained restricted to the CD157" fibroblastic compartment.

These data suggest that specific CD157" subsets of FRCs dynamically upregulate surface DLL4
after allo-BMT. This regulation occurs in a defined time window peaking around 12h post allo-
BMT, but decreasing by 36h post allo-BMT. DLL4 expression is lower and regulated with a
different kinetics in hematopoietic cells. Furthermore, upregulation of DLL4 expression in
CD157" fibroblasts only occurs with allogeneic transplantation, but not syngeneic transplantation

or myeloablative conditioning alone.

4.3.3 Delta-like4 upregulation is controlled by signals from alloreactive T cells and

myeloablative conditioning intensity potentiates this upregulation

In order to further understand the mechanisms of DLL4 upregulation in CD157" fibroblasts and
identify the allograft cells involved, we examined expression of DLL4 in different allo-BMT
models. First, we confirmed that the abundance of D//4 transcripts was increased by allogeneic but
not syngeneic BMT by sorting CD157" fibroblasts and LECs at 12h post allo-BMT and assessing

relative DII4 transcript levels by RT-qPCR (Fig 4.3 A). CBF1 recipients were either transplanted
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with allogeneic T cell-depleted bone marrow (TCD BM) alone, TCD BM + 20 x 10° splenocytes,
or TCD BM + 5 x 10° purified T cells. Upregulated DLL4 expression was seen only when
alloreactive splenocytes and T cells were transplanted. Furthermore, there was no significant
difference between pure T cells versus bulk splenocytes, suggesting that alloreactive T cells were
the main driver of DLL4 upregulation in FRCs (Fig 4.3 B). Next, we wanted to understand if this
regulation occurred in other models of allo-BMT and in recipients of different genetic
backgrounds. Thus, we transplanted BALB/c (H-2¢¢) mice after 8 Gy irradiation with no cells,
syngeneic cells (BALB/c), MHC-mismatched allogeneic cells (C57BL/6, H-2°®), or MHC-
matched allogeneic cells (B10.D2, H-29¢). Both MHC-mismatched and MHC-matched
allotransplantation, but not syngeneic transplantation, drove DLL4 upregulation in BALB/c
CD157" fibroblasts (Fig 4.3 C). While irradiation alone did not drive DLL4 upregulation (Fig 4.2
C), we wanted to understand if the degree of myeloablative conditioning could affect DLL4
expression. We used the same parent-to-F1 model as in Fig 4.2. In this model, F1 recipients are
tolerized to donor parental alloantigens, preventing rejection of donor cells without myeloablative
conditioning. However, donor cells recognize the complementary parent’s alloantigens as foreign
and mediate a GVH reaction. We previously showed that such models still depend on Notch signals
from Ccl19-Cre FRCs to drive lethal GVHD; however significantly more alloreactive T cells are
required to drive lethality in these models (26, 28). We transplanted CBF1 recipients (or Ccl19-
Cre® DIV/DII4" as a control) with 20 x 10% C57BL/6 splenocytes + 5 x 10° BM with no
conditioning, 3 Gy (300 rad), or 11 Gy (1100 rad). With no prior conditioning, we observed a
slight trend for increased DLLA4, but this did not reach statistical significance. However, with 3 Gy

and 11 Gy conditioning, we observed dose-dependent increase in DLL4 expression (Fig 4.3 D)
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Together, these data begin to unravel how DLL4 might be regulated in CD157" fibroblasts after
allo-BMT. This upregulation depends on alloreactive T cells, independently of MHC mismatch.
These data suggest that a very early factor released by alloantigen-activated T cells drives
upregulation of DLL4 on FRCs. This signal is predicted to cooperate with the intensity of

myeloablative conditioning, although how this cooperation occurs remains unknown.

4.3.4 Allogeneic transplantation drives upregulation of MHC class II antigen presentation

machinery in FRCs

Multiple groups suggested that recipient nonhematopoietic cells rather than hematopoietic cells
are the critical source of MHC class II-restricted alloantigen presentation that drives CD4" T cell
mediated GVHD (66, 67, 82). The exact cell types involved are yet to be fully determined, although
recent reports showed that intestinal epithelial cells can prime alloreactive CD4" T cells to initiate
GI-GVHD (90). However, when MHC class II was deleted from intestinal epithelial cells in this
model, alloreactive but not syngeneic T cells still expanded in secondary lymphoid organs and
mice remained highly susceptible to skin GVHD. This suggests that there may be other important
non-hematopoietic APCs that induce GHVD. Because Ccl19-Cre lineage traced FRCs engage in
early cell-to-cell contact with alloreactive T cells to deliver Notch ligands (25, 26), we
hypothesized that they may also present alloantigens to T cells. First, we explored the regulation
of MHC class II presentation machinery in LNSC subsets including FRCs after allo-BMT. We
examined transcriptomic profiles for expression of MHC class II genes encoded in the H-2 locus
and found that allo-BMT drove upregulated expression of most of the genes in both LECS and all

three FRC subsets (Fig 4.4 A). Increased expression of the Class II transactivator (Ciita) in all four
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stromal subsets may explain this upregulation (Fig 4.4 B). Ciita has been shown to control
endogenous expression of MHC class Il genes in FRCs and other stromal subsets through
induction by an IFN-y sensitive promoter (pIV) (205). To build on these mRNA findings, we
examined surface MHC class II expression by flow cytometry. We transplanted CBF1 recipients
as in Fig 4.2 and monitored MHC class II expression with an antibody reactive to both I-A and I-
E. On baseline, there were low but detectable levels of MHC class II in CD157" FRCs, LECs, and
BEC:s (blue lines) which was significantly upregulated at 36h post allo-BMT (red lines). Still, this
expression was minor compared to that of B cells or DCs (Fig 4.4 C). Interestingly, surface
expression was not detectably upregulated at 12h, the time point at which we observed most DLL4
upregulation. Instead upregulation was only seen by 36h and continued to 50h post allo-BMT (Fig
4.4 D). Together, these data show that after allo-BMT, LNSC subsets including CD157" FRCs
upregulate MHC class II, which nominates them as candidate alloantigen-presenting cells.

However, this upregulation occurred late compared to DLL4.

4.3.5 CD4" TEa TCR transgenic cells require Delta-like Notch signals from Ccl19-Cre

lineage traced FRCs to drive lethal GVHD

We established that FRCs express heightened MHC class II antigen presentation machinery after
allo-BMT. We next needed to establish a model to test whether this machinery was relevant to
prime alloreactive CD4" T cells. Another group used TEa TCR transgenic cells to test the role of
recipient hematopoietic cells versus nonhematopoietic cells in alloantigen presentation. The TEa
TCR recognizes an allopeptide from I-E¢ processed and presented on I-A®. C57BL/6 mice express
[-A®® but are null for I-E. BALB/c mice express both I-AY4 and I-E¥4, CBF1 offspring of a

C57B6/LxBALB/c cross will be I-A*d and I-E¥™!!, This allows expression and presentation of the
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TEa allopeptide loaded on I-AP. Using this model, past data showed that TEa cells primarily rely
on recipient non-hematopoietic antigen-presenting cells (66). To use this model, we first needed
to establish that it depended on a Ccl19-Cre lineage traced FRC source of Delta-like Notch ligands
to drive GVHD. Thus, we transplanted 5 x 10* purified Thyl.1* TEa-TCR Tg cells with 5 x 10°
BM cells into Ccll9-Cre* DI DII4"f or Cre- CBF1 littermate controls. A group of Cre- mice
received anti-DLL1/4 antibodies at day 0 and day 3 post allo-BMT while the other groups received
control antibodies (Fig 4.5 A). At day 7 post allo-BMT, expression of the core-2 O-glycoform of
CD43 (1B11), previously shown to be sensitive indicator of Notch signaling (Chapter 2, (26))
was monitored in spleen (spl), mesenteric lymph node (mLN), and peripheral lymph nodes (pLN).
Both anti-DLL1/4 and loss of the Delta-like ligands in Ccl19-Cre lineage traced cells blunted 1B11
to similar extent in CFSE diluted Thy1.1" CD4" TEa cells (Fig 4.5 B). Likewise, CD25 expression,
also regulated by Notch signaling in alloreactive T cells (47), was similarly decreased in the anti-
DLL1/4-treated and Ccll9-Cre* DIII"/ DIl4// recipients (Fig 4.5 C). Next, we monitored GVHD
lethality in a separate experiment. Mice with intact Notch signals succumbed to lethal GVHD,
while anti-DLL1/4 antibodies were protective. Even better protected were Ccll9-Cre* DIUV/DII4”
recipients, consistent with previous findings in polyclonal allo-BMT models (25). Together, these
data establish that CD4" TEa cells require Notch ligands from Ccl19-Cre lineage traced FRCs to

mediate lethal alloimmunity.

4.3.6 CD4" TEa TCR transgenic cells do not require alloantigen presentation from Ccl19-

Cre" FRCs to drive lethal GVHD

After establishing that the TEa TCR Tg model of GVHD was dependent on a FRC source of Notch

ligands, we asked if the same FRCs were the critical source of alloantigen in this model. Thus, we
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generated CBF1 mice lacking the I-A® MHC class II allele that presents allopeptide to TEa cells
only in Ccl19-Cre lineage traced cells (Fig 4.6 A, Ccl19-Cre* [-A®*?). We sought to retain other
MHC class 1II alleles (I-AY, I-E%) on Ccl19-Cre lineage traced cells as other groups have shown
tolerogenic roles for MHC class II antigen-presentation from Ccl19-Cre cells (22, 98, 102) and
thus a loss of all MHC class II from these cells might affect mice even before allo-BMT. We
confirmed that our genetic deletion strategy worked by examining I-A® and I-A¢ expression
separately in different cellular subsets. Cre littermate controls had expression of both I-A® and I-
A% d7 post allo-BMT. However, Ccl19-Cre* I-A**»@ mice had nearly eliminated surface expression
of I-A® but preserved I-A¢ expression (Fig 4.6 B). This selective loss of I-A® occurred
predominantly in CD157" FRCs and to a lesser extent in LECs, a small fraction of which are traced
by Ccl19-Cre (Fig 4.6 C). To test if expression of I-A® by Ccl19-Cre* cells drives GVHD, we
transplanted Ccl19-Cre" I-AP”? or littermate controls with TEa cells as in Fig 4.5. As a negative
control, we also transplanted BALB/c mice (conditioned with 8 Gy), where only donor but not
recipient antigen presentation can occur because they do not express I-A®. Eliminating MHC class
IT alloantigen presentation from FRCs had no effect on overall survival, weight loss, or clinical
GVHD scores (Fig 4.6 D). However, BALB/c mice still eventually succumbed to lethal GVHD
suggesting that donor antigen presentation can mediate much of the lethality in this model. To
determine if there were any subclinical effects on donor T cells themselves, we examined
activation (CD44) and Notch surrogate (CD25, 1B11) read-outs in mice euthanized at day 6 post-

transplant and found no differences (Fig 4.6 E).

These findings suggested that T cells that directly contact FRCs and receive all their Notch inputs

from FRCs instead receive alloantigen stimulation from a separate cellular source. This finding
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competes with a prevailing model suggesting that Notch ligands are delivered to T cells at the
immune synapse with APCs (43, 49, 128, 209). To test if TEa cells could receive Notch ligands
and antigen from distinct cellular sources, we turned to an in vitro system where we can provide
Notch signals from an OP9 cell line (26). TEa cells were plated in vitro with bone marrow-derived
DCs (BMDCs) isolated from poly(I1:C)-induced Mx-Cre* DI1#“DII14%4 CBF1 mice, eliminating
the possibility that TEa cells could receive Notch ligands from their source of alloantigen. Only
activated TEa cells plated on OP9 stroma expressing DLL4 (OP9-DL4) and not control stroma
(OP9-C) had higher ratios of the core-2 O-glycoform of CD43 (1B11) to total CD43 (S11), a
measure that reflects Notch signaling. This increase in 1B11/S11 ratio was abrogated with anti-
DLLA4 treatment, indicating that it was dependent on Notch signaling (Fig 4.6 F). Together with
our findings from Fig 4.5, this suggests that FRCs are dispensable sources of antigen presentation
during GVHD while still being required as a source of Notch signals. This also demonstrates that
T cells can receive separate juxtracrine signals, antigen and Notch ligands, from distinct cellular

Sources.

4.3.7 Notch ligands and antigen presentation derive from distinct cellular sources in CD8*

T cell responses to dendritic cell immunization

We were interested in further testing the hypothesis that Notch signals are derived from cellular
sources distinct from antigen-presenting cells. To test this in a system where we could control the
cellular source of antigen, we turned to a model of ovalbumin-specific CD8" T cell response to
BMDC immunization (DC-OVA). In this model, CD8" T cell differentiation into KLRG1"TL7R"
short-lived effector cells (SLECs) depends on Notch signals delivered by Delta-like ligands (26,

45, 46, 210) (Chapter 2). However, the generation of KLRGIIL7R" early effector cells (EECs)
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and KLRGITL7R" memory precursor cells (MPECs) remained intact in the absence of Notch
signaling. One limitation of this model is that classical monocyte-derived BMDC matured with
GM-CSF and IL-4 do not express high levels of Notch ligands (especially DLL4) even with
lipopolysacchide (LPS) maturation (data not shown). However, FLT3L-matured DCs stimulated
with LPS and resiquimod (R-848, TLR7/8 agonist) produced a mixture of DCs that express high
levels of DLL4 (211). We used this FLT3L maturation protocol to produce DLL4" DCs from wild
type or DLL4%C DCs from Mx-Cre*DIl17“DII4%* C57BL/6 mice (after in vivo poly(I:C) treatment
of both groups). After maturation and stimulation with LPS + R-848, BMDC cultures were purified
through positive selection of CD11c¢" cells and stained for cDC markers. Flow cytometry revealed
a relatively pure population of CD11¢* Class IT" ¢DC-like cells containing both CD24"* ¢cDC1-like
cells and SIRP1a" ¢cDC-2 like cells(212), both of which expressed high levels of DLL4 (Fig 4.7
A). We next tested if DLL4" DCs could provide a Notch stimulus in vitro. BALB/c DLL4" DCs
were able to provide Notch signals to alloreactive eFluor 450 dilute C57BL/6 CD4"* T cells in an
MLR. This was indicated by higher 1B11/S11 ratios in wild type but not dnMAML or N144N24/A
T cells when they were primed with DLL4" DCs versus DLL4%° DCs (Fig 4.7 B). SIINFEKL-
pulsed C57BL/6 DLL4" DCs compared to DLL4X° DCs also drove higher 1B11/S11 ratios in
CFSE dilute CD8" OT-I cells, but not when Notch signals were blocked with anti-Notch1/2

antibodies (Fig 4.7 C).

We established that FLT3L DLL4" DC can provide both Notch stimulus and antigen in vitro. We
next wanted to test their contribution to providing Notch ligands in vivo compared to FRCs. After
pulsing DLL4M DC (red, ‘+) or Mx-Cre*DIl1¥ D114/ DII4X° DC (blue, ‘ko’) with SIINFEKL we

transferred 1 x 10° DCs into Ccl19-Cre*DIlI*“DII4"* (‘ko’) or Cre- (wild type, ‘+’) littermate
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controls. As a negative control for pan-T cell loss of Notch signaling, we also immunized CD4-
Cre" dnMAML recipients (Fig 4.8 A). SIINFEK L-specific responses were monitored by K’-Ova
staining at day 10 post immunization. There were no trends for reduced frequency of Ova-specific
CD44" cells among all CD8" T cells with Notch blockade (Fig 4.8 B). In fact, loss of Notch ligands
in FRCs (Ccl19-Cre* DIII*”DII4*™) or loss of the ability to receive Notch signals in T cells (CD4-
Cre™ dnMAML) caused a trend for increased frequency of antigen-specific cells, as previously
reported (26, 45) (Chapter 2). To assess Notch signals received by Ova-specific CD8" T cells, we
assessed expression of the core-2 O-glycoform of CD43 (1B11), which we showed to be a sensitive
indicator of Notch signaling (26). While deletion of Delta-ligands in DCs reduced 1B11 expression
in Ova-specific CD8" T cells (Fig 4.8 C, red vs. blue filled histograms), greater effects were seen
when deleting Delta-like ligands only in FRCs (Fig 4.8 C, red filled vs. red open histograms). This
suggests that antigen-presenting DCs can provide Notch signals but cannot compensate for loss of
Delta-like Notch inputs from FRCs. We next assessed differentiation into KLRG1'IL7R" SLECs
among antigen-specific CD8" T cells. In recipients whose FRCs expressed Delta-like ligands,
~30% of antigen-specific cells were SLECs irrespectively of priming by DLL4" or DLL4%C DCs
(Fig 4.8 E, top flow panels). However, if FRC were deficient for Delta-like ligands, SLECs were
significantly reduced (~10% of antigen-specific cells), irrespective of their priming with DLL4"
or DLL4X0 DCs (Fig 4.8 E, bottom flow panels). SLECs were further decreased in dnMAML
recipients down to ~3%, suggesting other minor sources of Notch signals available to T cells
neither derived from APCs or FRCs Delta-like ligands (Fig 4.8 E, right flow panel). Finally, to
confirm that this effect was not due to differences in naive T cell repertoire between our transgenic
recipients, we pre-transferred 5 x 10* CD8* CD45.1" OT-I TCR transgenic cells into Ccll9-Cre*

DIII*ADI14%4 or Cre littermate controls the day before BMDC immunization. We then assessed
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CD8" CD45.1" CD44" OT-I cells at day 7 post immunization and confirmed that loss of Delta-like
ligands on FRCs prevented SLEC differentiation (Fig 4.8 G) and diminished 1B11 expression (Fig

4.8 H).

These experiments show that even in the context of antigen-presenting dendritic cells that have the
capacity to provide Delta-like ligands in vitro, FRC niches remained the dominant source of Delta-
like Notch signals that controlled CD8" T cells response in vivo. Viewed in context with our allo-
BMT data, this suggests that T cells engage in tripartite interactions with both APCs and FRCs
during early stages of in vivo priming. Cross-talk between FRCs and antigen-activated T cells
drives DLL4 expression in FRCs, which may in turn drive further Notch signaling in T cells via a

feed-forward loop.

4.4 Discussion

FRCs are critical initiators of T cell alloreactivity and GVHD lethality through the provision of
Delta-like Notch ligands. Understanding their regulation and function during the initiation of
GVHD is critical to develop new strategies to target them therapeutically. Furthermore, many of
the rules that govern FRCs and Notch signaling during allo-BMT may apply to other immune
contexts. Here, we explored how allo-BMT shaped FRC biology. We revealed that allo-BMT
dramatically changes the transcriptional landscape of distinct FRC subsets. These changes
included upregulation of inflammatory pathways including antigen presentation and the Notch
ligand DIl4. FRC subsets that were previously expressed low amounts of D//4 rapidly expressed
high amounts of DIl4 within 12h of allo-BMT. This increase in percentage of DLL4" FRCs

depended on cross-talk with alloreactive T cells and was potentiated by the intensity of
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myeloablative conditioning. Furthermore, allo-BMT increased FRC expression of the MHC class
IT antigen presentation machinery. However, while FRCs remained critical to drive T cell
pathogenicity through Notch, they were dispensable as sources of alloantigen. This suggested that
pathogenic T cell priming requires physical interaction of an alloreactive T cell with both an APC
and a DLL4" FRC. We then tested this hypothesis in a DC immunization model. This allowed us
to restrict antigen presentation to a known APC subset. We found that FRCs also provided the key
source of Delta-like ligands that drove early effector response. Together, this highlights the

primacy of the FRC niches in regulating T cell immune responses through the Notch pathway.

In this study, we ruled out the necessity of cell-intrinsic MHC class II antigen presentation by
FRCs in order to drive GHVD. Instead, other cellular subsets may be sufficient to prime
alloreactive T cells. Others have shown that intestinal epithelial cells directly prime alloreactive
CD4" T cells through MHC Class IT (90). Yet, other nonhematopoietic cellular subsets could prime
alloreactive T cells as well. For example, we showed that both blood and lymphatic endothelial
cells upregulated MHC class II expression to a similar degree as FRCs. In the context of allo-
BMT, expression and presentation of alloantigens may be broad enough to create redundancy in
APC subsets, as others have shown with hematopoietic APCs in GVHD (76). However, an
interesting possibility still exists that recipient FRCs can capture exosomal MHC class II from
residual dendritic cells. In fact, this is the dominant form of MHC class II that exists on the surface
of FRCs prior to transplantation (205). Ccl19-Cre mediated genetic excision of I-A® would not rule
out the possibility that FRCs pick up and express non-cell intrinsic exosomal derived MHC class

IT on their surface. To test this hypothesis, we are planning more refined imaging studies to

113



evaluate if T cells engage in immune synapses with FRCs displaying exosomally derived MHC

class II.

If FRCs do not present alloantigens, then critical Notch signals can be delivered in trans to APCs
from a distinct cellular subset. This challenges the current model of Notch signaling in mature T
cells. Many other groups have suggested, although not often proven with genetic loss-of-function,
that hematopoietic professional antigen-presenting cells (APCs) such as dendritic cells (DCs) are
the critical cellular source of Notch signals to T cells (43, 49, 121, 128, 213). In fact, imaging
studies suggested that Notch receptors and ligands interact between T cell:DC conjugates at the
immune synapse (209). Yet, even when we immunized mice with DCs expressing high amounts
of DLLA4, they could not compensate for the loss of Notch ligand on FRCs. Why might FRCs be
dominant sources of Notch ligands, when they likely do not form immune synapses with T cells?
Antigen and costimulatory signals are most efficiently delivered in cis at the immune synapse.
Only when the levels of costimulatory ligands are very high can bystander cells trigger
costimulation in trans to APCs (214). The co-dependency of antigen and costimulatory signals at
the immune synapse depends on colocalization and sharing of critical signal amplifying
machinery, such as Lck, between the two pathways (215). However, canonical Notch signaling
does not require participation in such amplification pathways and may be delivered to the nucleus

just as well even if triggered outside of the immune synapse.

The dependency on FRC-derived Notch ligand may also be temporal. TCR signaling itself has
been shown to trigger the Notch pathway (159, 216), thus APC provision of Notch ligands may be

redundant with its provision of antigen. FRC provision of Notch ligands, however, may serve a
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critical role just prior to T cell: APC encounter or after T cell: APC encounter has stopped. We have
also shown that naive CD4" T cells experience FRC-derived Notch signals (Chapter 5), suggesting
that the former is possible. Less is known about the provision of Notch signals to activated T cells
after DC interaction has ceased. Could ligand-dependent Notch signals be important only once
initial TCR-induced Notch signals have ended? We are planning intravital imaging studies to track
FRC-DC-T cell interactions at different timepoints after T cell activation to understand if T cells

engage in close interactions with FRC even after DC interaction has ended.

We found that T cell alloactivation was required to drive DLL4 upregulation among FRCs. This
indicates that antigen activation temporally precedes the peak delivery of Notch signals by T cells.
Together, this suggests a model in which recently antigen-activated T cells shape their own DLL4"
FRC niche to control their further differentiate. This may coincide with the recruitment of recently
activated but not yet divided CXCR3™" T cells (217) by CXCL9 and CXL10, which are upregulated
in FRCs during allo-BMT. The size of this niche and the level of Delta-like4 expression would
control the magnitude of Notch-dependent T cell differentiation. We are currently exploring what
T cell activation-associated signals might regulate DLL4 expression in FRCs to test this hypothesis

further.

What other signals might FRCs provide to alloreactive T cells besides Notch signaling? We are
still investigating other key immunomodulatory molecules upregulated during allo-BMT by FRCs.
Interestingly, one of the genes with the greatest differential expression between baseline FRCs and
allo-BMT FRCs is I/15ra. IL-15 signals are delivered through cell-to-cell contact requiring

expression of ///5ra on the signal-sending cell. In allo-BMT, IL-15 signaling has been shown to
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regulate CD8" T cell-mediated graft-versus-leukemia effects (218, 219). FRCs have been shown
to be critical controllers of the IL-15 availability for ILCls in the gut (220). Thus, FRCs might
also regulate critical IL-15 signals that in turn differentially regulate pathogenic versus anti-

leukemic T cell activity.

Altogether, our study reveals that distinct FRC subsets are differentially regulated by the allo-BMT
environment, which in turn regulates T cell alloimmunity. We propose that alloreactive T cells
drive the creation of their own pathogenic niche, dynamically upregulating DLL4 in FRCs through
early activation-associated signals. These Delta-like4 Notch signals, in turn, program T cell
pathogenicity in a feed-forward loop. We are actively exploring if upregulated expression of DLL4
on FRCs exists in other immunological contexts including immunization and acute infection.
Interestingly, one study indicated that DLL4 is upregulated transcriptionally in FRCs post
challenge with house dust mites (53). While we have previously shown that hematopoietic cells
are dispensable sources of Notch ligands to drive T cell alloreactivity, we now show that FRCs are
dispensable sources of alloantigen presentation. This is consistent with a model of T cell activation
regulated by distinct cellular partners including DCs and FRCs. We believe that this model may
not only be applicable to T cell alloreactivity, but also more broadly relevant to understand how

FRCs govern T cell activation in other immune responses.
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Fig 4.1. Allogeneic-BMT drives transcriptomic changes in lymph node stromal cell subsets including
upregulation of Delta-like4 in CD157" fibroblastic reticular cells. C57BL/6 mice with Ccl19-Cre" Rosa26°Y™"
and DI/4-mCherry reporters were either transplanted with 20x10® BALB/c splenocytes + 5x10° BM cells after 11 Gy
conditioning (allo-BMT) or not irradiated and not transplanted (baseline). Peripheral lymph nodes (cervical,
brachial, axial, inguinal) were harvested 12h post allo-BMT or at baseline and different stromal cell subsets were

isolated by FACS for transcriptomic analysis. (A) Flow cytometric gating of lymph node stromal cell subsets for
(Figure legend continued on next page)

analysis including lymphatic endothelial cells (LECs),
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Fig 4.2 Allogeneic transplantation causes DLL4 upregulation in specific CD157" subsets of fibroblastic
reticular cells. (A-B) CBF1 recipients were transplanted with 20x10° C57BL/6 splenocytes plus 5x10° BM cells
after 11 Gy conditioning. pLN stromal and hematopoietic cell subsets were gated in the same panel (A) and assessed
for DLL4 or isotype control staining summarized in (B). n=4 per group, representative of three independent
experiments. (C-D) CBF1 recipients were irradiated with 11 Gy and transplanted with either syngeneic (CBF1, H-
250) syn-BMT) or allogeneic (C57BL/6, H-2%8, allo-BMT) cells and assessed by flow cytometry at 12h post
transplant as in (A). Representative plots of DLL4 staining in PDPN* CD31" fibroblasts with adjusted DLL4 MFI
summarized in (D). n=3 per group, representative of two independent experiments. LECs = lymphatic endothleial
cells. FRCs = fibroblastic reticular cells. MRCs = marginal reticular cells. rDC = CD11c"Class 1™ resident
dendritic cells. mDC = CD11c™ClassII™ migratory DCs. pLN = pooled peripheral lymph nodes (cervical, axial,
brachial, inguinal).

(Fig 4.1 legend continued from previous page) CD157 DIl4-mCherry double negative fibroblastic reticular cells
(DNFRC), CD157*Dll4-mCherry” single positive (SPFRC), and CD157"DI/4-mCherry* double positive (DPFRC).
(B) Gene expression of stromal subset markers and transgenes as log2 transcripts-per-million (log2TPM). (C)
Principal component clustering analysis of cell subsets shown by PC1 v PC2 (top) and PC3 v PC2 (bottom). (D)
Volcano plots showing the global transcriptomic effects of allo-BMT v. baseline in pooled, indicating DI//4 as a
differentially expressed gene in blue. (E) Volcano plot showing global transcriptomic differences between DI/4-
mCherry” SPFRC and mCherry" DPFRC, DIl4 is noted in blue. (F) Expression of Notch ligands, of note D//3 was not
detected. *p<0.05, **p<0.01, ***p<0.001 by empirical Bayes method in limma/voom.
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Fig 4.3 Upregulation of DLL4 in CD157" FRCs is driven by alloreactive T cells irrespective of MHC-
mismatch and is potentiated by the degree of myeloablative conditioning. (A) Cc/19-Cre+DII1%? DII44* or
Cre- control CBF1 mice were transplanted as in Fig 4.2 C. Relative expression of D//4/Hprt by RT-qPCR in FACS
isolated CD157" FRCs or LECs, normalized to baseline CD157" FRCs. (B) Cell surface DLL4 expression was
assessed by flow cytometry in CBF1 mice on baseline or 12h post 11 Gy irradiation alone, post allo-BMT with T-
cell depleted (TCD) BM alone, TCD BM + 20 x 106 splenocytes, or TCD BM + 5 x 10 purified T cells. (C)
BALB/c (H-2"P)recipients were irradiated (or not) with 8 Gy and transplanted with 5 x 10° BM + 10 x 10°
splenocytes from BALB/c (H-2PP, syngeneic), C57BL/6 (H-22®, MHC-mismatched allogeneic), or B10.D2 (H-
2P MHC-matched allogeneic) mice. DLL4 MFI and % DLL4*FRCs were assessed by flow cytometry 12h post
transplant. (D) CBF1 recipients were conditioned with increasing doses of irradiation (0 Gy, 3 Gy, 11 Gy) and
transplanted as in Fig 4.2. DLL4 expression was assessed at 12h post transplantation. n=3 per experiment. *p<0.05,
**p<0.01, ***p<0.001 by post-hoc Tukey tests following one-way ANOVA. TCD BM = T-cell depleted bone
marrow.

119



8 » 10 s 4 v
m o
E?ﬁﬁam‘;gg‘ﬁ%""? ?.,?
= °u o [ ! = v
N o N ~2
8. M. ® g 8y o g 2 &
26l ! g - 7@ n 1 5
Allo- =+ =+ -+ -+ -+ -4+ -+ - 0-:-?+-+T
W, 2 E¢ ¢ 2P §oroe
oDMa  HobMbi  H2DWhe  CA74
H2-DMa H2-DMb1 H2-DMb2 .
4 g# @ 7 e a . & £10 8 g
3 B i 56$‘f “§3!A°£§ i "
2 1 %8 gt wg PR T EO iy §
_11é 44@ é =1 i 8 E o
° A 0 o a
AII(())— -t -+ -+ -+ -t -+ -+-+ Tt -+ -+-+ -t -+-+-+
BUT & B B g B g 8 g & g 8 g £ B &
T 28 R R R
B . c
Cllta . CD157"9 FRCs CD157" FRCs
P © 1 isotype control ] Baseline .
2.0 @ 1 Baseline| & B cells
= ] 36h post allo-BMT | & DCs
z1.5 goﬂ S .:
- . R S L
%’1 Ol ° . WIE LECs BEC
4 s
058 89 ; |
0.0 : @ ]

e 2
w
- & g ik IA/IE ”
[=) (7]
D
1500 1 @ baseline
post allo-BMT:
w 1000 A O 12h
< @ 36h
[ T
© 50h
g 500

CD157™  CD157" LECs BECs
FRCs FRCs

Fig 4.4. Allogeneic transplantation causes upregulation of MHC Class II Antigen presentation machinery in
lymph node stromal cell subsets. Log2 transcript per million (TPM) expression data of (A) MHC Class II genes
and (B) Ciita from transcriptomic profiling experiment in Fig 4.1. (C-D) CBF1 mice were transplanted as in Fig 4.2.
MHC Class II expression in noted stromal and hematopoietic cell subsets at baseline and at varying timepoints post
allo-BMT. N= 4 mice per group. Representative of two experiments. ***p<0.001, **p<0.01 by post-hoc Tukey test
after one-way ANOVA, compared to baseline.
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Fig 4.5. Ccl19-Cre lineage traced FRCs are the critical source of Delta-like Notch ligands that drives GVHD
lethality after transplantation with monoclonal CD4+ TEa TCR-transgenic T cells. (A-D). CBF1 recipients
were transplanted with 5 x 10* purified CD4" TEa cells + 5 x 10° TCD BM after 11 Gy irradiation. Recipients were
Ccl19-Cre+DIl1 ¥4 DII4%4 or Cre” littermate controls treated with or without Smg/kg anti-DLL1/4 at d0 and d3 post
allo-BMT. Mice not receiving anti-DLL1/4 were given an isotype control antibody. (A) Experimental scheme. (B-C)
In one experiment mice were euthanized at day 7 post-transplant and Notch signaling surrogate readouts were
assessed including (B) Core-2 O-glycosylated CD43 (1B11) and (C) CD25 expression in isolated CFSE dilute
Thyl.1* CD4" TEa cells. n = at least 4 per group. ***p<0.001 by post-hoc Tukey test after one-way ANOVA. (D) In
another experiment overall survival was monitored post-transplant. n = 8 mice per group. Spl = spleen. mLN =
mesenteric lymph node. pLN = pooled peripheral lymph nodes (cervical, brachial, axial, inguinal).

121



A B DLN d7 post allo-BMT

Live/CD45/Ter119/PDPN*/CD31/CD21- FRCs
Ccl19-Cre* J-A%E - .
1-Ablioxybwt) 1 04 - | 93 1 93
or x Cal19-Cre - - :
Ccl19-Cre i | i
I I8 (o~ '_Z ! i
Ccl19-Cre- -
Colt9-Cre* I-Abonys ! oy 2|y 59
|-Aba/d Ccl19-Cre* |- 1 1 R
JARE | ] e "
MHC Class Il Control - @
(1-A%) i et |01 3
ckO b R RRA R | R et | ISR S R R
CD157 CD157 CD157
c .
pLN MHC Class Il expression
d7 post allo-BMT
15000 L4 oCcl19-Cre
o Ccl19-Cre*|A®
T 1000 °
=
o
5000
0
IAP |A¢ 1A |A¢ IAb |A¢ IA® |A° IA® |A¢
CD45* CD157™ CD157" LECs BECs
CD11¢* FRCs FRCs
D
TEa RagkO CBF1 TCD BM alone
CD4" T cells (1A) —@-TEa — Ccl19-Cre or Ccl19-Cre+ IA¥
+TCD BM —@—TEa — Ccl19-Cre+ |A»¢
—>/.A11ey —@-TEa — BALB/c (IA%)
1 8
< 1004 ® 0
: g 26
3 s 8
€ z
8 50 2 - 24
S H >
= (O]
- 2
0 b K
0 20 3 40 50 30— 20 30 40 50 0§ 7o 30 30 30 30
Days post transplant Days post transplant Days post transplant
E F
D6 post allo-BMT
live/Thy1.1*/CD4*/CFSE*# TEa cells Invitro
CD44 CD25 CD43 (1B11) Live/Thy1.1*/CD4CD69' TEa cells
4500 800, 25000, oCel19-Cre- o2 0 1soype
4000 ° 20000 oCcl19-Cre+ IA»v B @ apL4
T T 400 T 5
‘%3500 Py l§ . . ‘%15000 :/\_) ]
S =
3000 200 10000 &
2500 5000 § 0
2000 0 0 E o,
PLN  mLN PLN  mLN PLN  mLN OP9- OPS-

C DL4
Fig 4.6. Ccl19-Cre lineage traced fibroblastic reticular cells are dispensable as a source of MHC Class 11
antigen-presentation that drives GVHD. (A) Mouse breeding scheme to generate Ccl19-Cre" I-A*»¢ CBF1 mice
lacking the I-A® but not the I-A¢ MHC Class II allele specifically in Ccl19-Cre lineage traced cells (MHC Class 11
cKO) or littermate control sufficient for both I-A® and I-A¢ in all cells (controls). Flow plots showing expression of
I-A® and I-A%in fibroblastic reticular cells (B) and summary data showing MHC Class II expression in noted subsets
(C) at 7 days post allo-BMT. (D-E) 5 x 105 TCD BM + 5 x 10* CD4"* Thy1.1* TEa cells (recognizing alloantigen on
I-A) were transplanted into Ccl19-Cre” I-A*»4 (I-A® ¢KO, blue lines) recipients, littermate controls (intact I-A®, red
lines), or BALB/c mice (no recipient I-A®, black lines). (D) GVHD was assessed through monitoring survival, %
weight change, and composite GVHD score. N = 8 mice per group. Representative of two experiments. (E) In this
experiment TEa cells were also CFSE labeled to monitor division. All cells diluted CFSE by day6 and CFSE%t
TEa cell expression of CD44, CD25, and core-2 O-glycoform CD43 (1B11) was noted. (F) TEa cells were plated in-
vitro with bone marrow derived DCs isolated from Mx-Cre* DI14“DII4" CBF1 mice on a stromal feeder layer of
OP9-C or OP9 cells expressing DLL4 (OP9-DL4). Wells were treated with anti-DLL4 antibody versus isotype
control. At day 4 activated CD69* TEa cells were assessed for Notch signals via the ratio of the core-2 O-glycoform
of CD43 (1B11) to pan-CD43 (S11). N = 3 per group.
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Fig 4.7 FLT3L matured bone marrow derived dendritic cells express high levels of DLL4 and provide Notch
signals in vitro. Bone marrow from poly(I:C) induced Mx-Cre* DII1**DIl4 #* or Mx-Cre littermate controls was
matured with FLT3L and stimulated with LPS + R848 to induce Delta-like4 expression. Bone marrow maturation
protocol lead to the development of both DC1-like CD24+ and DC2-like SIRP1a" ¢DCs. Expression of Delta-like4
in both subsets (A). (B) BALB/c FLT3L-DCs were used to stimulate polyclonal C57BL/7 CD4" T cells (wild type,
dnMAML, or N/#4N2%4) in an in vitro mixed-lymphocyte reaction. Proliferated eFluor450dilute CD4" T cells were
assessed for 1B11 and S11 expression. (C) SIINFEKL-pulsed FLT3L-DCs were used to stimulate CD8" OT-I cells
in-vitro and 1B11 and S11 expression was assessed by flow cytometry in CFSE dilute cells. *p<0.05, **p<0.01,
**%p<(0.001, one-way ANOVA with Tukey’s post-hoc-tests.
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Fig 4.8 Ccl19-Cre lineage
traced FRCs are the
dominant source of Delta-like
Notch ligands that control
CD8' T cell responses to
dendritic cell immunization.
(A) FLT3L-DCs from Fig 4.7
were pulsed with SIINKFEKL
and injected IV (1 x 10° cells)
to stimulate endogenous CD8+
T cells in Ccl19-Cre+DII1 44
DIl4% | CD4-Cre" dnMAML,
or wild type littermate controls
(Ccl19-Cre-). Spleens were
harvested at day 10 post
immunization. (B) % of Ag-
activated CD44" tetramer-ova*
cells of total CD8" T cells. (C)
The core-2 O-glycoform of
CD43 (1B11) was assessed by
flow cytometry and
summarized in (D). (E)
Representative flow cytometry
plots of KLRG1"IL-7Ra”
SLECs as a % of Ag-specific
CDS8" T cells, summarized in
(F). (G-H) BMDC
immunization was performed
as in (A-F), but mice received 5
x 10* purified CD45.1* OT-1
CDB8" T cells by adoptive
transfer one day before
immunization. (G) % SLECs
and (H) CD43 (1B11) gMFI of
CD45.1" CD44" OT-I cells at
day 7 post immunization. Data
representative from two-
independent experiments of at
least n=3 per group. *p<0.05,
**p<0.01, ***p<0.001, one-
way ANOVA with Tukey’s
post-hoc-tests (D,F) or t-test
(G,H). ko = genetic excision of
DIl1 and DIi4. DN =
dnMAML. SLEC = short-lived
effector cells.



Chapter S

Fibroblastic reticular cells deliver Notch signals to naive T cells

5.1 Abstract

The Notch signaling pathway is a critical regulator of T cell activation and function. In many
contexts, Notch signals are thought to be delivered to T cells by antigen-presenting cells at the
immune synapse. However, it is unclear if Notch signals can be triggered in mature T cells in the
absence of antigen presentation, including in naive T cells. Thus, we sought to understand the
effects of Notch blockade on naive CD4" T cells compared to alloantigen-activated T cells through
transcriptomic profiling. Compared to alloantigen-activated cells where DLL1/4 blockade
regulated the expression of ~200 genes, Notch signals in naive CD4" T cells only controlled
transcription at one genetic locus. This locus contained Dix/ and Rasall as well as a previously
described Notch-regulated enhancer element. Genetic loss of function revealed that fibroblastic
reticular cells in secondary lymphoid organs were the critical source of Delta-like1/4 that provide
Notch inputs to naive CD4" T cells. Together, these results show that FRCs deliver Notch signals
to naive T cells prior to antigen-mediated signaling, and that the T cell activation status shapes the
gene expression signature regulated by Notch. These data lay the groundwork to further explore
how Notch signals might regulate naive T cell function and how Notch cooperates with other

signals, including antigen and costimulation, to shape T cell activation.
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5.2 Introduction

Notch is a conserved signaling pathway that links cell-to-cell interactions to transcriptional
regulation. Upon physical interaction with a ligand from a neighboring cell, the Notch receptor is
cleaved and the intracellular domain of Notch (ICN) traffics to the nucleus. ICN then forms a
ternary transcriptional activation complex with the transcription factor RBP-Jk and a co-activator
of the Mastermind-like family (MAML). The Notch transcriptional complex binds consensus
RBP-Jk sites in gene regulatory regions to enhance transcription of target genes. While there are
some shared Notch targets across cell types, many transcriptional targets of Notch signaling are

thought to be cell-type and context-specific.

To better understand the effects of Notch signaling in T cells, our laboratory profiled the
transcriptomic effects of Delta-like1/4 signals in alloreactive CD4" T cells early after alloantigen
activation (149). Allogeneic (as opposed to syngeneic) transplantation led to profound changes in
the transcriptional landscape of T cells affecting thousands of genes. This included the acquisition
of a strong Th1 program defined by the transcription factor 7bx21 and Ifng expression. The effects
of Notch blockade were more limited, impacting a few hundred genes critical for pathogenic T
cell function. Interestingly, Notch blockade significantly blunted /fng without changing 7hx21
expression. Transcriptomic effects of Notch signaling in an antigen-activated CD4" Th2 house
dust mite allergen model of immunity (53) and antigen-specific CD8" response to influenza
infection have also been explored systematically (221). Effects of Notch over-expression (31) and
Rbpj deletion (222) have been profiled in Foxp3* Tregs. While there were some conserved effects
of Notch signaling across of these studies, many immunologically important changes were unique.

Viewed together, these studies suggest that Notch’s function as a transcription factor is to amplify
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transcription of genes in a cell-type and immunologic-context dependent manner that are
ultimately controlled by other master transcription factors such as 7hx21 (50). While there is an
accumulating body of work on the molecular signature of Notch signaling in activated T cells,
there has been little exploration of the effects that Notch signals might have in mature naive T

cells.

Much of the previous literature on Notch signaling in mature T cells assumed that Notch signals
are delivered by antigen-presenting cells (APCs) concurrently to antigen-mediated stimulation of
the T cell receptor (43, 209). However, we and others (17, 25) showed that the critical source of
Notch ligand is derived from fibroblastic reticular cells (FRCs) lineage-traced by Ccl19-Cre in
secondary lymphoid organs. Could FRCs provide Notch signals to naive T cells as well? Imaging
studies within secondary lymphoid organs showed that naive T cells are in intimate contact with
FRCs as they migrate along the desmin-rich extracellular matrix that FRCs ensheath (223). Thus,
active Notch signals might be delivered to naive T cells from the subsets of FRCs that also provide

Notch ligands to antigen-activated T cells.

In this short chapter, we seek to understand if and how Notch signaling regulates naive CD4" T
cells. In contrast to the effects of Notch signaling during T cell activation where several hundred
genes are regulated by Notch, we show that short-term blockade of Notch signaling in naive CD4*
T cells regulates expression of just one genetic locus containing D¢x/ and Rasall. However, naive
CDA4"'T cells from mesenteric lymph nodes compared to the spleen expressed the genetic hallmarks
of an interferon signature, indicating that the organ site regulates naive T cell transcription far

more than Notch signaling. Furthermore, we show that Notch signals in vivo are delivered by
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secondary lymphoid organ resident FRCs traced by a Ccl19-Cre transgene, the same cellular subset
that provides Notch signals to alloreactive T cells during allo-BMT and to CD8" T cells during
dendritic cell immunization (Chapter 4). Together, these data establish that naive T cells

experience Notch signaling in vivo from fibroblastic niches.

5.3 Results

5.3.1 Naive CD4" T cells in secondary lymphoid organs receive Notch signals, but only one

genetic locus is transcriptionally regulated by Notch signaling

To understand the impact of Notch signaling in circulating naive T cells, we turned to a monoclonal
population of TCR transgenic CD4" T cells that we previously studied early after allogeneic
transplantation (149). The VB13*4C TCR recognizes allopeptides presented by the BALB/c MHC
class IT I-A¢ molecule, making it ideal to model naive T cells, as it should not be activated by other
peptides on the C57BL/6 (I-AP) background. 4C TCR Tg mice were treated 12h or 36h prior with
anti-DLL1/4 antibodies or 12h prior with control antibody (iso). We then sort purified 1x10° CD4*
VB13" CD62L" CD44- CD25 CD69 4C naive TCR transgenic cells from the spleens and
mesenteric lymph nodes of C57BL/6 mice. RNA was extracted followed by cDNA synthesis with
oligo(dT) priming and samples were index for library preparation for [lumina sequencing. Reads
were pseudoaligned to the mouse transcriptome with the kallisto program. Expression was
converted to a log2 scale, normalized across samples, and genes with a low expression (<1 TPM
in >3 samples) were filtered out prior to subsequent analysis (Fig 5.1 A). Principal component
analysis indicated that cells clustered predominantly by organ (mLN = circles vs. spleen =

triangles), but not by Notch signaling status (Fig 5.1 B). To ascertain global differences in gene
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expression due to Notch signaling, we used limma/voom to compare all spleen and mLN samples
treated with isotype control antibody to all spleen and mLN samples treated for 12h and 36h with
anti-DLL1/4. Only two genes, Dtx/ and Rasall, showed significantly different mRNA abundance
with Notch blockade (Fig 5.1 C). Both genes were similarly regulated after either 12h or 36h of
anti-DLL1/4 treatment, and there was no difference between organs (Fig 5.1 D). ¥ Dix/ is a well-
defined Notch target gene in T-ALL that is regulated by an RBP-Jk-binding site containing
enhancer in the second intron (224). This enhancer in the second intron of Dtx/ corresponds to
ATAC-seq data showing open chromatin regions present in both naive and activated splenic CD4"
T cells. Rasall runs anti-parallel to Dtx/ in very close proximity and could be regulated by the
same enhancer (Fig 5.1 E). Next, we re-examined the expression of these genes from our previous
transcriptomic profiling in 4C T cells transplanted into syngeneic (Syn) or allogeneic recipients
with or without anti-DLL1/4 (149). Using the same analysis pipeline and statistical cut-offs, Notch
regulated the expression of far more genes in alloreactive cells (Fig 5.2 A) compared to naive cells.
Interestingly, alloantigenic stimulation downregulated expression of Dtx/ (Syn-iso), although it
was further downregulated by anti-DLL1/4 (iso-aDLL1/4). Alloantigen stimulation caused a trend
towards Rasall downregulated expression, but this did not reach statistical significance (perhaps

due to its low expression).’ (Fig 5.2 B). Together, these findings show that active Notch signals

4 Gene-wise expression data on effects of anti-DLL1/4 blockade on naive 4C CD4" T cells can
be accessed online at https://ericperkey.shinyapps.io/4C_Naive App/

> Gene-wise expression data on effects of anti-DLL1/4 blockade on Allo-Ag activated CD4* 4C
cells can be accessed at https://ericperkey.shinyapps.io/4CChung/
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are delivered to naive CD4" T cells in vivo. However, these signals have limited transcriptomic

effects compared to signals delivered at the time of T cell activation.

5.3.2. Mesenteric lymph node resident naive CD4" T cells have hallmarks of interferon

signaling

To ascertain if there are organ-specific differences in naive CD4" T cells, we performed differential
expression analysis on cells isolated from spleen or mesenteric lymph nodes in mice treated with
isotype control antibody. Interestingly, there were more genes regulated by the organ site than by
Notch signaling (Fig 5.3 A). Vcaml and Slc40al, both markers of red pulp macrophage, were
enriched in the spleen. This may represent minor contamination from FACS purification, although
the master transcription factor of red pulp macrophage, Spic (225), was not preferentially
expressed in cells sorted from the spleen. Cells from the mesenteric lymph nodes had higher
expression of many interferon-responsive genes including Ifitl, Oasl2, Rsad, MxI, and Ifi3
irrespective of Notch blockade (Fig 5.3 B). GSEA performed on mesenteric lymph node-specific

genes was enriched for both IFN-a and IFN-y signatures (Fig 5.3 C).

5.3.3 Delta-ligands from fibroblastic reticular cells are the cellular source of Notch signals

to naive CD4" T cells

We previously reported that alloreactive CD4" and CD8" T cells receive Delta-like Notch signals
from non-hematopoietic secondary lymphoid organ fibroblastic reticular cells (FRCs) lineage
traced by a Ccl19-Cre transgene (25). Conversely, others have suggested that the predominant

source of Notch ligands during T cell activation are antigen-presenting dendritic cells (43, 49,
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128). To determine the cellular source of Notch ligands that naive CD4" T cells receive, we
purified naive polyclonal CD4" from Ccl19-Cre*DIII/DII4” or Cre littermate controls treated
with anti-DLL1/4 or isotype control. Expression of Dzx/ in naive CD4" cells isolated from spleen
and peripheral lymph nodes was significantly blunted in Ccll9-Cre*DIII/DII4" mice.
Furthermore, the abundance of DtxI mRNA in Ccl19-Cre*DIl17/DII4"/ mice was similar to that in
mice treated with systemic anti-DLL1/4 antibodies (Fig 5.4), indicating that there is no additional
cellular source of Delta-like ligands that can compensate for loss of DI/ and DIl4 expression in
FRCs. This indicates that Notch signals can be delivered by FRCs independently of antigen in

secondary lymphoid organs.

5.4 Discussion

In this brief study, we have explored the effects of Notch signaling on naive CD4" T cells with the
goal of understanding if Notch signals can be delivered independently of antigen. A secondary
goal of this study was to determine if and how Notch might regulate naive T cell homeostasis and
function. We conclusively show that naive CD4" T cells experience active Notch signaling,
although the transcriptomic effects were limited to the regulation of two genes at a single locus
(DtxI and Rasall) with a well-known Notch-regulated enhancer. The transcriptomic program of
naive T cells was more impacted by their organ site, as cells recovered from mesenteric lymph
nodes displayed a distinct interferon signature. FRCs, and no other cells, were the critical source
of Notch ligands for naive T cells, highlighting again their role in creating an immunological niche

for T cells.
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Pan-T cell Notch inhibition does not appear to cause defects in naive T cells homeostasis in mouse
models, although more data are needed (25). Conversely to pan-T cell inhibition, Treg-specific
Notch inhibition without any particular antigenic challenge led to profound changes in Treg
function, both positive (31) and negative (222) depending on the immunological context. It will
also be important to study if “pre-loaded” Notch signals might become important during T cell
activation. Notch signals might precede antigen-mediated activation, especially if Notch signals
are delivered by FRCs and not antigen-presenting dendritic cells. Notch “pre-loaded” T cells might
be primed to quickly react to an antigen stimulus, by analogy with how high levels of mTORC1
activity (perhaps itself driven by Notch2 signals) metabolically position marginal zone B cells to
quickly differentiate into plasma cells (226). Interestingly, one group reported that freshly isolated
naive CD4" T cells had high levels of cleaved ICN, indicative of “pre-loaded” active Notch signals
(159). In fact, this group needed to rest cells overnight, allowing enough time for ICN to decay,
before being able to study the role of Notch signaling in vitro. They suggested that the presence of
ICN was an artifact of the isolation process as EDTA-containing medium has been shown to cause
Notch cleavage in vitro through the chelation of calcium away from the receptor (227). However,
another intriguing explanation may be that these Notch signals are not artifactual and are instead
delivered from a source in vivo. Such findings will need to be considered when designing in vitro

T cell activation assays from freshly isolated naive T cells.

Could the targets of Notch signals in naive T cells have effects on T cell activation? Both D#x/
and Rasall have been reported to increase the signaling threshold for T cell activation. DTX1 has
E3 ubiquitin ligase function that degrades MEKK1, suppressing MAPK signals during T cell

activation (228, 229). DTXI1 has itself been shown to bind and degrade Notch receptors through
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its tandem WWE domains. However, deletion of these domains did not prevent the ability of DTX1
to negatively regulate T cell, showing that DTX1 modifies T cell activation in a Notch-independent
manner (229). RASALI1 is a GTPase activating protein that negatively regulates ERK signaling
while also directly binding the ZAP-70 kinase domain to inhibit TCR signaling (230). Thus, Notch
signals would be predicted to increase the threshold for T cell activation through upregulated
expression of Dtx/ and Rasall. While this would be paradoxical with our current understanding
that Notch drives T cell activation and effector function, we plan to conduct experiments with

naive T cells isolated from mice treated with or without Notch blockade to address this possibility.

Why are the transcriptomic effects of Notch limited in naive as compared to activated T cells?
This could be due to the nature of how Notch acts as a transcription factor. The amount of
transcription by RNA polymerase at a given promoter is related to the frequency of transcriptional
bursts and the size (duration and amplitude) of these bursts, which are in turn controlled by
interactions with transcription factors bound to enhancers. Many transcriptional factors such as
steroid hormone receptors increase mRNA expression by increasing the burst frequency of
transcription (231). However, in Drosophila, increased ICN did not regulate this on-off frequency
of transcription. Instead, Notch increased the length and amplitude of any given transcriptional
burst. Importantly, Notch only drove these sustained increases in transcriptional burst size at
enhancers already occupied by other tissue-specific transcription factors (41). Furthermore, the
chromatin of naive T cells is far less open than activated T cells. T cell activation causes a near
doubling in the amount of accessible chromatin regions, dependent on the transcription factor AP-
1 that is induced by costimulatory signaling (232). Thus, the closed chromatin of naive T cells plus

the absence of activation-associated transcription factors such as 7bx21, Gata3, and Rorc at
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different enhancers may limit the genetic loci that are sensitive to loss of Notch signaling in naive

T cells.

Another recently described mechanism may come into play to limit the effects of Notch signaling
in naive T cells. The RBP-Jk binding site at the Dtx//Rasall enhancer could be acting as a sink
for ICN, recruiting and then actively degrading the Notch transcriptional complex to prevent its
action at other loci. This phenomenon is related to variable thresholds of Notch transcriptional
complexes needed for activation at different loci. Notch transcriptional activation complexes can
dimerize and bind Suppressor of Hairless paired sites (SPS), which are two RBP-Jk binding sites
lying in head-to-head orientation and in close proximity. SPSs have a higher affinity for Notch
transcriptional complexes compared to single RBP-Jx binding sites. Curiously, introduction of a
single synthetic SPS site in Drosophila led to a classic Notch loss-of-function wing phenotype
(233). ICN captured by this SPS were degraded by CDKS, leading to less available ICN to bind to
other RBP-Jx sites. This caused a Notch loss-of-function phenotype, which could be rescued by
over-expression of ICN. The D#x1/Rasall enhancer could in principle function as SPS “Notch-
sink”. In fact, B cells with mutant Notch receptors unable dimerize had decreased levels of D#x/
suggesting that the Dix/ enhancer is an SPS. However, these B cells had reciprocal increases in
Notch-dependent Myb transcription, which was mediated by enhancers selectively bound by
monomeric but not dimeric Notch transcriptional complexes (234). We hypothesize that a similar
mechanism may be occurring during T cell activation. Epigenetic remodeling during T cell
activation may decrease accessibility of Notch to the D#x/ locus, as evidenced by decreased Dtx/
transcription post T cell activation. This closure of a “Notch-sink” may then increase the relative

availability of Notch transcriptional complexes available at other loci. In summary, we show that
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Notch has context-dependent effects on the transcriptome that depend on T cell activation. Still,
what transcriptional effects of Notch signaling are directly regulated by the Notch transcriptional
complex remains to be seen. Further epigenomic studies are ongoing to understand how T cell
activation status regulates the occupancy of Notch transcriptional complexes at different target

genes.

Why might naive T cells in the mLN but not spleen have an interferon signature? While our mice
should be immunologically naive, gut-derived microbial products may trigger the release of type
I interferons from innate immune cells present in the GI tract that in turn drive responses in naive
T cells. Also, the interferon signature could be indicative of very early T cell activation. Ifit3 was
the top scoring gene in an interferon gene module uncovered by single-cell transcriptomic profiling
of human T cells (235). While IFN-a induced Ifit3 expression independently of TCR stimulation,
Ifit3 was also induced within 8h of TCR stimulation ex vivo. This interferon activation module
depended on autocrine IFN-y signals and preceded a later proliferation-associated activation
module. However, this is unlikely in naive 4C T cells as the 4C TCR should not be activated by
any antigen in these mice. Furthermore, we did not detect any Ifng transcripts in our cells (data not
shown). Still, presence of an interferon signature in mesenteric lymph nodes may predispose naive
CD4" T cells to the subsequent acquisition of Thl phenotype after antigen stimulation, as others

have reported (236), which may be relevant for GVHD pathology in the gut.

We revealed that sorted naive polyclonal CD4" T cells from spleen and pLN expressed Dtx/ which
was abrogated when we deleted Delta-like ligands in FRCs. This demonstrates that naive T cells

experience Notch signals independently of antigen. Still, because we sorted bulk naive CD4* T
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cells, it is unclear if all naive T cells experience Notch signaling or only a subset experience Notch
signals at any given time. Could there be a specific FRC niche that attracts and provides Notch
signals to a limited number of naive T cells? In the previous chapter, we showed that only
specialized subsets of FRCs express DLL4 while other subsets had no expression (see Chapter
4). These rare DLL4Me" FRCs might set up a distinct immunological niche contributing to
heterogeneity in the signals that naive T cells receive. We are planning single-cell transcriptomic
and imaging studies to understand if active Notch signals occur in all or only a subset of naive T
cells and if this subset might be located in specific FRC niches. If this is the case, FRCs that differ
in DLL4 expression as well as other signaling molecules might construct distinct immunologic

niches that could send naive T cells down disparate differentiation trajectories.
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Fig 5.1 Notch blockade has distinct but limited effects on the transcriptome of naive CD4" T cells. (A)
Experimental scheme. C57BL/6 4C TCR-Tg mice were treated with intraperitoneal injections of anti-DLL1/4 (5
mg/kg) 12h or 36h before isolation or with Smg/kg of isotype control antibody 12h before isolation. CD19:CDS§"
CD4" VB13*CD62L" CD44 CD25 CD69 naive 4C cells were FACS purified from spleen and mLN separately and
transcriptomically profiled. (B) Principal component analysis reveals predominant clustering by organ but not by
anti-DLL1/4 treatment (12h or 36h). (C) Volcano plot showing differentially expressed genes between pooled anti-
DLL1/4 samples versus isotype control. (D) D#x/ and Rasall expression in individual groups. (E) Genome browser
tracks showing open chromatin ATAC-seq data from the Immgen database at the Dtx1/Rasall locus in CD4" T cells.
The RBP-Jk-binding site is highlighted in red. mLN = mesenteric lymph node. **p<0.01, ***p<0.001 by empirical
Bayes method in limma.
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Rasall expression. Syn = syngeneic. ***p<0.001 by empirical Bayes method in limma.
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Fig 5.3 Organ specific effects on naive CD4" T cells. Experiment from Fig 5.1 (A) Volcano plot of global
transcriptomic differences between naive 4C cells isolated from mesenteric lymph node (mLN) vs. spleen in mice
treated with isotype control antibody. (B) Expression of selected differentially expressed genes associated with an
interferon response signature. (C) GSEA analysis of differentially expressed genes ranked by log2 fold change.
**%p<(0.001 by empirical Bayes method in limma.
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Fig 5.4 Ccl19-Cre lineage traced fibroblastic reticular cells provide Delta-like Notch signals to naive CD4" T
cells. Polyclonal CD44- CD62L" CD4"* were FACS purified from Ccl19-Cre*DIII*? DII4*4 or Cre” littermate
controls treated with anti-DLL1/4 or isotype control (Smg/kg). Dtx1 expression was assessed by RT-qPCR. pLN =
pooled (cervical, brachial, axial, inguinal) peripheral lymph nodes. **p<0.01, *p<0.05 by one-way ANOVA with
post-hoc Tukey test.
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Chapter 6

Conclusions and Perspectives

Notch inhibition is emerging as a novel pharmacological strategy to modulate pathogenic immune
responses after allogeneic bone marrow transplantation, and thus prevent GVHD. In turn, findings
in this context may apply to other immunological disorders, including organ rejection and
autoimmunity. However, long-term systemic inhibition of Notch causes on-target toxicities
including damage to blood endothelial cells (237) and the GI tract (238), which have limited the
application of Notch inhibitors clinically. To expand the therapeutic window, new Notch inhibition
strategies must be developed. These strategies could include blocking specific Notch
receptor/ligands pairs, intervening in short but critical temporal windows, targeting only the key
cellular subsets that provide Notch ligands, or inhibiting critical pathways that control ligand
expression in these subsets. While much preclinical work has documented the role of Notch
signaling in mature T cell responses, much less work has been done to carefully dissect the cellular
sources and regulation of Notch ligands as well as the timing of their interaction with T cells. A
full understanding of these questions will be critical to develop better therapeutic strategies that
selectively modulate Notch signaling in immune disorders while preserving critical homeostatic

functions of the pathway.
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In this thesis, I explored the role that fibroblastic reticular cells (FRCs) in secondary lymphoid
organs play in regulating T cell immune responses after allo-BMT and in other immunological
contexts. First, using a novel cell surface indicator of Notch signaling, we documented the non-
redundant role of FRCs in driving T cell alloimmunity through Delta-like Notch ligands during
allotransplantation with reduced intensity or no myeloablative conditioning (Chapter 2). This was
an important finding, because it proved that even in a context when recipient hematopoietic cells
were present, FRCs remained critical to drive Notch-dependent T cell pathology. Next, we showed
that Delta-like Notch ligands from FRCs imprinted a gut-homing program in alloreactive effector
T cells, including the acquisition of the critical integrin a4f7, that drove accumulation of
alloreactive effector cells in the GI tract (Chapter 3). I then turned to investigating how allo-BMT
regulates FRC subsets. Allo-BMT caused upregulated expression of inflammatory genes and
Delta-like4 in FRCs. This upregulation was restricted to specific subsets of CD157" FRCs and
was driven by alloreactive T cells. Allo-BMT also caused FRCs to upregulate the MHC class II
antigen presentation machinery, suggesting that they may be involved in alloantigen presentation.
However, while FRCs were critical to mediate lethal CD4" T cell alloimmunity through the
provision of Notch ligands, they were dispensable as sources of alloantigen. This suggested that
Notch signals and antigen can be delivered from separate cellular sources. We confirmed that this
was the case in a DC immunization model, and thus not restricted to alloimmunity. FRCs acted as
a critical non-redundant source of Notch ligands to drive effector CD8" T cell differentiation, even
when they were primed by DCs highly expressing DLL4 (Chapter 4). Furthermore, I showed that
naive CD4" T cells receive Notch signals in vivo from FRCs, independently of any antigen
(Chapter 5). Together, these studies highlight the critical roles of FRC niches in delivering Notch

signals to T cells in different immunological contexts. In this chapter, I will discuss the
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implications of my findings and provide a conceptual framework to understand the role of FRCs

and Notch signaling in allo-BMT and other immune responses.

T cell-FRC crosstalk and regulation of the immunological niche during allo-BMT

We showed in Chapter 4 that the FRC niche dynamically responds to signals from alloreactive T
cells by upregulating expression of Delta-like4 within 12 hours of allotransplantation. This
suggests that alloreactive T cells control expression of DLL4 in the FRC niche through production
of yet-to-be-determined signals, that are in turn induced by antigen activation. In addition, these
signals from alloreactive T cells may recruit previously DLL4™#" FRCs into the DLL4" FRC
niche. The resulting expansion of DLL4 availability would allow a greater number of donor T cells
to acquire a Notch-dependent pathogenic effector program. Thus, we propose the existence of a
positive feedback loop model of alloactivation where T cells shape their own DLL4" niche that

further endows them with pathogenic effector functions (Fig 6.1).
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There is precedent for the concept that antigen-activated T cells control their own immunological
niche. IL-17 derived from Th17 CD4" T cells cooperated with unknown inflammatory signals to
drive survival and proliferation of FRCs. This, in turn, was required for expansion of the lymph
node and subsequent B cell response (239). What might be the signal produced very early by
alloreactive, but not syngeneic, T cells that drives upregulated expression of DLL4 in FRCs? We
are currently exploring two candidates: TNF-a and IFN-y. TNF-a has been shown to be produced
within the first 5 hours of T cell activation (240), thus meeting the criteria to be a very early signal.
While IFN-y may not typically be thought to be released early after T cell activation, it has been
shown that T cells can engage in autocrine IFN-y signaling as soon as 12h after TCR stimulus
(235). Based on our gene expression profiling, both TNF-a are IFN-y are upregulated in
alloreactive T cells at 42h post-transplant. Allo-BMT induced genes in FRCs after allo-BMT are

also enriched for both IFN-y and TNF-a gene-signatures by GSEA analysis (Fig 6.2).
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We are planning further experiments with T cells deficient in either TNF-a or IFN-y to test if either
signal could be important for DLL4 upregulation in FRCs. If neither signal regulates DLL4
upregulation, it will be interesting to profile the transcriptomic response of FRCs post allo-BMT,
but now with allogeneic T cells deficient for both TNF-a and IFN-y. Comparisons of the FRC gene
signature in this setting to the gene signatures in the context of wild type allo-BMT, syngeneic-
BMT, or myeloablative conditioning alone would reveal different gene response modules that may

regulate DLL4 and other aspects of FRC biology.

We observed fine temporal control of DLL4 upregulation in FRCs. Surface expression, which was
dramatically upregulated at 12h post-transplant returned to baseline levels by 36h post-transplant
(Chapter 4, Fig 4.2). This coincides with the time window during which we have shown that
Notch signals are critical to drive T cell pathogenicity (25), as anti-DLL1/4 treatment provided
limited clinical benefit if given 48h post allo-BMT. It will be interesting to further explore if this
defined temporal pulse of DLL4 upregulation explains the time window of therapeutic anti-
DLL1/4 intervention in alloreactive T cells. Once we identify signals that control DLL4
upregulation, we plan to use them to modify both the magnitude and temporal duration of DLL4

upregulation on FRCs to determine if this can control subsequent T cell responses.

What is the microanatomical localization of the DLL4" FRC niche both prior to and during allo-
BMT? On baseline, we showed that DLLL4 expression was predominantly restricted to MAdCAM-
1- CD157" FRCs, MAdACAM-1" MRCs and FDCs by flow cytometry. We showed that DII4-
mCherry" FRCs were enriched for both Cxc/13 and Tnfsf11 transcripts, markers of B-zone FRCs

and MRCs. DIlI4-mCherry- CD157" FRCs, while low for DIi4, were enriched for transcripts such
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as Coll4a, Slc7all, and Stmn2, all genes shown by single-cell RNAseq to be enriched in CCL19"
T-zone FRCs (9). These observations imply that in resting lymph nodes many DLL4" FRCs are
located far from the paracortex and the T cell zone. In fact, preliminary imaging studies in our lab
have shown that Cc/19-Cre lineage-traced FRCs that were brightest for the D//4-mCherry reporter
were located close to the subcapsular sinus in resting lymph nodes and in interfollicular regions,
consistent with MRCs and B-zone FRCs. Thus, paracortical T-zone FRCs may not express high
levels of DLL4 on baseline. This might anatomically limit initial Notch-mediated priming of T
cells in the T-zone during non-inflammatory response. In order to receive Notch signals, T cells
may instead need to traffic towards the T-B border and interfollicular regions where DLL4" FRCs
likely reside. Alternatively, strong initial TCR stimulus might lead to early production of signals
that induce expression of DLL4 on T-zone FRCs, as we hypothesize it does in allo-BMT, providing
a mechanism for antigen-mediated activation to drive subsequent Notch-dependent programming
of T cells in the T-zone. We plan to study if T cell activation during immunization or anti-microbial
responses also regulates DLL4 expression in FRCs, and if this regulation has consequences for the

magnitude and quality of T cell responses.

The anatomical localization of DLL4 FRCs early after allo-BMT is unclear. We have previously
detected DLL4 expression by immunofluorescence in splenic CD157" FRCs and CD21" FDCs.
Allo-BMT also dramatically alters the ultrastructure of FRC networks, increases relative FRC
density, and changes surface maker expression of FRCs in the spleen and to a lesser degree in
lymph nodes (25). Upregulated expression of DLL4 as detected by flow cytometry occurred
predominantly in both MRCs and MAdCAM-1- CD157" FRCs. This was documented as both an

increase in the mean fluorescence intensity of DLL4 staining, but also as an increase in the
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percentage of FRCs that were positive for any detectable surface DLL4 expression. Allo-BMT
also drove upregulated expression of DLL4 in the FRC subsets that already express DLL4 at
baseline, including MRCs and B-zone FRCs. However, it is unclear if allo-BMT also drives new
FRC subsets in different microanatomical niches, such as the T-zone, to upregulate DLL4
expression. Curiously, we saw dramatic upregulation of endogenous DI//4 mRNA in FRCs that
were negative for D//4-driven mCherry reporter expression. This suggests that D//4-mCherry
FRCs or a subset of DI/l4-mCherry” FRCs rapidly increased transcription of DI/4 prior to
transcription and expression of the mCherry protein. Thus, DLL4 expression, instead of being part
of the cellular identity of particular FRC subsets, might instead be rapidly driven by the cellular
activation status early after allo-BMT. This is also evidenced by the low-degree of global
transcriptional differences between DI/l4-mCherry” and DI/I4-mCherry- CD157" FRC subsets on
principal component analysis compared to differences between both CD157" FRC subsets and
CD157 FRCs. These findings also urge caution when using the DI//4-mCherry reporter as marker
of endogenous D//4 expression in settings where DI/4 transcription may be rapidly regulated, such

as after allo-BMT.

We have yet to define what physical interactions allow T cells to engage in contacts with FRCs in
order to receive Notch signals. We hypothesized that expression of CCL19 may attract naive
CCR7" T cells to FRCs. CXCL13 expression may also play a role in attracting CXCR5" T cell
subsets close to or into B cell follicles (e.g. for T follicular helper differentiation). In allo-BMT,
increased DII4 expression also coincided with upregulation of many inflammatory molecules
important in the immunological response including CXCL9, CXCL10, and CXCLI11 (Fig 6.3).

Thus, these molecules may attract and retain recently antigen-activated CXCR3" T cells allowing
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sustained Notch signaling (217), although it is unclear if and how FRC-derived CXCL9/10/11
might compete or cooperate with the same set of chemokines also produced by dendritic cells. It
is also unclear if integrin interactions are required. FRCs express high levels of ICAM-1 and
VCAM-1, while MRC:s, the stromal subset with highest levels of DLL4, also express MAdCAM-
1. We are planning to conduct T cell-specific loss-of-function experiments to determine if

particular chemokine receptors and integrin interactions might facilitate delivery of Notch signals

to T cells.
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Fig 6.3 Upregulated expression of CXCL9/10/11 in lymph node stromal cell subsets post allo-BMT.

We previously documented a minor but still important role of DLL1 signals in driving T cell
alloreactivity (29). DIl1 expression was not regulated by allo-BMT in FRCs, but Ccl19-Cre lineage
traced CD157M FRCs still expressed transcripts (Chapter 4, Fig 4.1). It is unclear how DLL4 vs.
DLLI expression in FRCs might be controlled. Immunofluorescence imaging of mice with a DI/~

mCherry BAC reporter or an eGFP reporter knocked into the endogenous D//] locus revealed
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minimal expression of either reporter in FRC subsets in peripheral lymph nodes. However, both
reporters revealed DLL1-reporter positive fibroblastic cells in the spleen. Ccl19-Cre lineage traced
cells are also known to control marginal zone B cell and ESAM" ¢DC2 homeostasis through DLL1
in the spleen (17) but not lymph nodes, where neither cell subset exists. We plan to further explore
the differential effects of DLL4 versus DLL1 with two novel mouse genetic systems that allow us
to: 1. Swap the ectodomains of each ligand and 2. Overexpress each ligand in a Cre recombinase
dependent manner. Such studies will determine if the dominance of DLL4 over DLLI in control
of T cell responses is due to differences in expression, microanatomical localization, or

biochemical differences in how each ligand signals to Notch receptors (241-243).

The transcriptomic profiling described in this dissertation has already been a useful hypothesis-
generating tool to launch further exploration of FRC biology in GVHD. This has allowed us to
nominate other potential immunological niche factors that FRCs provide to alloreactive T cells.
Candidate genes upregulated by FRCs in allo-BMT that are worth exploring include //15ra, which
is critical to present IL-15 in trans to other cells. IL-15 signaling will be interesting to explore as
it has been shown to be differentially regulate GVHD versus graft-versus-leukemia effect (218).
Regulation of genes involved in the MHC class I and class II antigen presentation pathways is also
worth further exploration. We found that MHC class II antigen presentation by FRCs was
dispensable to prime alloreactive T cells CD4" T cells. However, both MHC class II and MHC
class I could be important to facilitate alloreactive CD4" and CD8"-mediated killing of FRCs in
GVHD. Such immune-mediated damage to FRCs was shown recently to contribute to the profound
dysregulation of immunity seen in chronic GVHD (101, 102). Further work is required to fully

understand how allo-BMT impacts FRC biology. We are planning imaging studies to assess the
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microanatomical localization of DLL4-expressing FRCs after allo-BMT, as well as single-cell
transcriptomic profiling, to understand further how the heterogeneity of FRC subsets might evolve

in this context.

Notch transcriptional targets in mature T cells

In Chapter 5, I examined the role of the Notch signaling pathway in regulating naive CD4* T
cells. Notch signals were delivered to T cells by FRCs in secondary lymphoid organs and only
controlled transcription of two genes in naive T cells: D#x/ and its neighboring gene Rasall. 1
compared this limited Notch-dependent transcriptomic footprint to the much larger Notch-
dependent transcriptomic footprint seen in alloantigen-activated CD4" T cells (149). We believe
that additional study on how the Notch transcriptional machinery differentially acts in naive T cells
versus T cells at different stages of activation will provide key mechanistic insights as to how both

T cell subsets are regulated, but also as to how Notch transcriptional regulation occurs in general.

Notch mediates direct transcriptional “canonical” effects through the ICN/RBP-Jxk/MAML
transcriptional complex. Direct transcriptional targets of Notch signaling have been carefully
dissected in hematological malignancies, including T-ALL and B cell malignancies, using gamma-
secretase inhibitor washout assays and ChIP-seq for members of the core Notch transcriptional
complex, including RBP-Jk and ICN itself (244, 245). Such techniques are difficult to execute in
mature T cells, especially given the low numbers of antigen-specific T cells recovered from in
vivo experiments early after antigen activation. Yet, genome-wide information will be essential to

fully understand the role of Notch signaling in this context.
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Notch signaling regulates T cell responses in diverse contexts and in ways that can seem
contradictory (44). Only recently have the transcriptomic effects of Notch signaling in mature T
cells been explored using loss-of-function methods. While some common effects were seen, Notch
signals drove largely distinct signatures as it does in other biological contexts (31, 53, 149). Thus,
Notch has context and cell-type specific effects. How can Notch accomplish such diverse
transcriptional regulation of T cell subsets? One model is that Notch signals drive a similar set of
direct transcriptional targets in all T cell subsets, irrespective of immunological context. The
diverse phenotypic effects of Notch signaling would be secondary to other partners, which would
be controlled by the cell type, cytokine milieu, or strength of TCR signaling. To ascertain what
might be common Notch transcriptional targets, we identified genes that were consistently
regulated by Notch loss-of-function in three separate transcriptomic profiling experiments. One
was our laboratory’s data examining the role of Notch signals in alloreactive CD4" T cells, which
predominantly represents a Thl response (149). The second was generated in a CD4" T cell Th2
allergic response to house dust mites (53). The third was derived from a CD8" T cell response to
viral infection (unpublished data, in collaboration with the Nathalie Labrecque, University of
Montreal). Consistent with our studies in Chapter 2, we found that Gcntl expression was
regulated in all three contexts (Table 6.1 A). The previously described Notch targets 77ib2 and
Dix] were also regulated in all three contexts. Interestingly, expression of two transcription factors
was consistently downregulated with Notch loss-of-function, including the 447 (Aryl-hydrocarbon
receptor) and Maf (c-MAF), both of which have been shown to be regulated by Notch in other T
cell contexts (54, 246). Future research should evaluate if Notch’s different transcriptional effects
could be due to how Ahr and Maf cooperate with other cell-type and immunologic-context specific

transcription factors.
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A. Transcripts down with | Ahr, Dgkh, Dtxl, Frmd4b, Gentl, 1110, Maf, Trib2
Notch loss of function
B. Transcripts up with Notch | Ltb, Itghl, Ncfl, Rampl, Rgs2, Sema4c, Tnfsf10
loss of function
Table 6.1 A common Notch transcriptional signature in activated T cells

Another model for how Notch controls transcription is that the direct transcriptional targets of the
Notch transcriptional complex may vary depending on the epigenetic landscape of the cell. In
Drosophila, Notch has been shown to only substantially increase transcription at enhancers already
occupied by tissue-specific transcription factors (41). Furthermore, the fact that Notch signals have
a limited effect on naive CD4" T cells could reflect the closed chromatin state of these T cells.
Notch transcriptional complexes might only have access to multiple Notch-responsive enhancers
once T cell activation has dramatically reshaped the chromatin landscape (232). Cell-type specific
(e.g. short-lived effector vs. memory precursor CD8* vs. CD4* Thl, Th2, Th17, Tth, Treg, etc.)
epigenetic regulation may further determine what enhancers Notch binds and regulates, as others
have proposed (50). In this model, Notch would act as a transcriptional co-stimulator only at
“primed enhancers” (41). In reality, a combination of the two models involving both ubiquitous
and context-specific Notch transcriptional targets may better explain the effects of Notch in T cell
biology. We are actively developing methods to further explore how Notch might directly regulate
its transcriptional targets within the epigenetic landscape of mature T cells, including low cell

number input cut-and-run techniques, to elucidate where the Notch transcriptional complex binds.

In Chapter 3, I showed that Notch signals delivered by FRCs drove a gut homing program in
alloreactive effector T cells including the acquisition of a4f7, an integrin critical for T cell
migration into intestinal target tissues during GVHD. However, it is not clear how this is regulated

by Notch signals. When we examined gene expression of /¢tga4 and [tgb7 in our transcriptomic
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profiling of alloreactive T cells, both were strongly downregulated with alloantigen activation, and
Notch inhibition mildly increased the abundance of transcripts from both genes (149) (Fig 6.4).
Interestingly, Itghl is consistently upregulated with Notch loss-of-function in multiple
immunological contexts (Table 6.1 B), suggesting a conserved role of Notch in downregulating
Itgbl in antigen activated T cells. High expression of integrin f1 has been shown to negatively
regulate the expression of 0437 by outcompeting 7 for pairing with a4 (201). While retinoic acid
signaling has been shown to control a4f7 expression (and acquisition of other gut-homing
molecules in T cells) (170), this was accomplished through transcriptional regulation of /tga4 not
Itghl or Itgb7 (201). Thus, by decreasing levels of Izgbl, Notch signaling may represent a novel
mechanism to indirectly upregulate a4B7 expression independently of retinoic acid by increasing
the pairing frequency of a4 with 7. We are currently planning experiments to test the effects of
Notch inhibition on expression of individual integrin chains to determine if this mode of regulation

is occurring.
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Fig 6.4 Regulation of integrin transcription in alloreactive CD4" T cells. Expression of Itgb1, Itgb7, and Itga4 in
4C CD4+ TCR transgenic alloreactive T cells(149) at 42h post allogeneic or syngeneic-BMT. Ab = anti-DLL1/4
treatment. GD = isotype control. Syn = syngeneic-BMT.
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The role of Notch signals from the FRC niche in broader immunological contexts

Our studies defined a dominant role for FRC-derived Notch ligands compared with other cellular
subsets in allo-BMT, regardless of the degree of conditioning intensity (Chapter 2). FRCs were
also non-redundant sources of Notch ligands after DC immunization even when DCs expressed
high levels of DLL4 (Chapter 4). Finally, FRCs provided Notch ligands independently of antigen
to naive CD4" T cells (Chapter 5). This is consistent with work documenting the critical role of
FRCs in driving T follicular helper cell differentiation through Delta-like4 ligands (17), while
dendritic cells were largely dispensable for this function (246). Together, these findings suggest a
three-cell model of T cell priming where distinct cell-to-cell contacts with both APCs and FRCs

control the outcome of T cell differentiation and function.

Yet, it is unclear if this model extends to other T cell immune responses. Much of the evidence
that antigen-presenting cells are a source of Notch ligands has been correlative or from in vitro co-
culture experiments. However, some studies have used in vivo genetic loss-of-function approaches
to show roles for dendritic cell-derived Notch ligands in regulating T cell immunity. For example,
H-Y antigen-specific Marilyn TCR transgenic CD4" T transferred into male recipients with
CD11c-Cre deletion of DI/l4 expressed less activation markers and were smaller compared to cells
transferred into Cre- controls (49). Another study showed that DLL1 expressed by DCs was critical
for the survival of memory CD4" T cells (247). Yet another study showed that deletion of D//1 but
not Jag2 in DCs impaired tumor clearance (128). Our laboratory has also assessed the necessity of
Ccl19-Cre” FRC-derived Notch ligands in a CD4" T cell-driven model of experimental
autoimmune encephalitis, which we have previously shown depends on Notch (133). In this model,

mice still had clinical disease when Notch ligands were deleted from FRCs. This suggested that
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there may be alternative sources of pathogenic Notch ligands, perhaps in the blood brain barrier,

that drove pathogenic T cell function (unpublished data).

Altogether, we continue to uncover new roles for FRC-derived Notch ligands in many aspects of
T cell immunobiology. In a heterotopic model of cardiac allograft rejection that depends on Notch
signals in T cells, we showed that Delta-ligands from FRC controlled pathogenesis (unpublished
data). In ongoing collaborative studies, we have identified that Notch-ligands from splenic FRCs
control the balance of progenitor versus terminally exhausted CD8" T cells during chronic viral
infection. Current experiments are ongoing to understand the contribution of FRC-derived Notch

ligands in driving CD8" T cell responses to acute bacterial and viral infections.

FRCs control other immunological processes through Notch signals. Delta-likel ligands from
FRCs control the development and maintenance of marginal zone B cells and ESAM" ¢DC2
subsets in the spleen (17). Thus, we are exploring if elimination of Delta-like ligands from FRCs
could impact DC function in our DC immunization model. Ongoing ligand-dependent Notch
signals are critical in sustaining certain hematological malignancies, including those driven by
mutations in the PEST domain of Notch. These mutations decrease the degradation of intracellular
Notch, generating an oncogenic gain-of-function allele. However, these Notch mutants still require
ligand to drive the initial proteolytic cleavage of the Notch receptor. Close observations of lymph
node biopsies from angioimmunoblastic T-cell lymphoma and chronic lymphocytic leukemia with
and even without PEST-domain mutations have revealed distinct positive staining for cleaved
intracellular Notch in cancer cells within the lymph node, while cancer cells that had traversed the

lymph node capsule into extra-nodal tissue lacked intracellular Notch staining (248). If FRCs
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provide the critical Notch inputs to sustain Notch-driven malignancies, it would suggest another
therapeutic application of targeting either stromal ligands or the pathways controlling their

expression.
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Chapter 7

Materials and Methods

Mice

C57BL/6 (B6, H-2*®, Thyl.2), C57BL/6 x BALB/cJ F1 (CBF1, H-2"4, Thyl.2), C57BL/6-
Thyl.1/2 (B6, H-2"® Thyl.1/2), and B10.D2 (H-2%%) mice were bred at the University of
Michigan and the University of Pennsylvania. BALB/cJ mice were purchased from Jackson
Laboratories. Itgh7”~ (249) mice were purchased from Jackson Laboratories and bred in house.
Mx1-Cre, Ccll9-Cre (6), Cd4-Cre, DI,  DI4”, — Notchl”,  Notch2”  and
ROSA26PNMAML Rosa26°7PF alleles (abbreviated DNMAML) were described previously (25, 28).
4C Ragl”TCR transgenic mice on the B6 background reactive to I-A¢ were previously described
(250). Gent1-deficient mice were previously described (251). OT-I TCR transgenic mice recognize
the Ovalbumin (OVA) peptide SIINFEKL and were maintained on the B6 background. ES8I-
Cre"Notchl”/ Notch2"/ lack Notchl1/2 genes in CD8" T cells, as described (45). TEa TCR transgenic
mice were a gift from Dr. Todd Brennan (Cedar-Sinai Medical Center) and were previously
described (66). Mice carrying a Delta-like4-mCherry BAC reporter construct were a gift from Dr.
Tannis Aifantis (NYU) and were previously described (207). Mice with a conditional I-A®1°* allele
were previously described (90). For transplantation experiments, cohoused littermate controls
were used as donors and recipients at the University of Michigan or the University of Pennsylvania,
per protocols approved by the University of Pennsylvania’s Office of Regulatory Affairs and the

University of Michigan’s Committee on Use and Care of Animals. For Listeria monocytogenes
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and LCMYV infection, experimental mice were housed at the Maisonneuve-Rosemont Hospital
Research Center Facility, Montreal, QC and treated in accordance with the Canadian Council on

Animal Care guidelines.

Bone marrow transplantation, systemic antibody-mediated Notch inhibition, and

GVHD assessment.

For transplantation, CBF1 or C57BL/6 recipients were irradiated using a Cesium-137 source with
titrated doses: high-intensity myeloablative conditioning (11 Gy, split into two doses separated by
3h), reduced-intensity non-myeloablative conditioning (3 Gy), or no conditioning. BALB/c
recipients received 8 Gy in a single dose. Recipients were 8-16 weeks old. Both female and male
mice were used as recipients and equally distributed among experimental groups. T cell-depleted
BM (TCD BM) prepared with anti-Thy1.2 antibodies and complement (Cedar Lane Laboratories)
was injected i.v. with or without splenocytes and/or purified T cells, as described (29). Cell
numbers infused for each experiment are noted in the text and figure legends. For experiments
with 4C or TEa CD4" T cells, T cells were purified with negative magnetic selection for CD4" T
cells (Stem Cell Technologies) and labeled with eFluor450 cell proliferation dye. For polyclonal
experiments, wild-type, Gentl-deficient, Itgh7”-, or dnMAML T cells were purified with negative
magnetic selection for T cells (Stem Cell Technologies) and labeled with eFluor450 or CFSE cell
proliferation dye (Invitrogen). For long-term experiments, mice received noted doses of
splenocytes and/or lymph node cells with TCD BM. Clinical GVHD scores and weight changes
were monitored at least once weekly, as described (103). In selected experiments, recipient mice
received humanized IgG1 mAbs specific for DLL1 or DLL4 i.p. (5§ mg/kg) (29). A human IgGl

Ab to Herpes Simplex Virus gD glycoprotein was used as isotype control. Each antibody batch
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was tested for specificity and efficacy by assessing loss of DIl4-dependent T cell progenitors (36)

or DLL1-dependent marginal zone B cells in vivo (252).

BMDC generation, immunization, Listeria monocytogenes infection, chronic
Lymphocytic Choriomeningitis Virus infection (LCMYV clone 13), and analysis of

T cell response.

Bone-marrow derived DCs were generated with GM-CSF and IL-4 as previously described(45),
matured with LPS (100 ng/mL; Sigma) and the TLR7/8 agonist R-848 (100 ng/mL; Sigma) and
loaded with OV Azs7.064 peptide (SIINFEKL, 2 pg/mL; Sigma). A total of 5x10° DCs were i.v.
injected. For experiments with OT-I cells, 5 x 10* purified (Stem Cell Technologies) CD45.1* OT-
I CD8" T cells were adoptively transferred the day before DC immunization. For FLT3L-BMDC
experiments, FTL3L was added in culture as described (211) and DCs were stimulated with LPS
+ R-848. Cells were then purified via positive CD11c" selection prior to use in vitro or in vivo. To
assay anti-infectious response, L. monocytogenes expressing ovalbumin (Lm-OVA) was grown,
as described (45). A sublethal dose of 2 x 10° CFUs was i.v. injected. The endogenous CD8" T
cell response was monitored with K°>-OVA staining. To monitor responses to chronic viral
infection, mice were infected with LCMV clone 13 (2 x 10° PFU i.v.) and virus-specific CD8* T

cells were assayed at day 8 and day 30 post-infection with K°-gp33 tetramer staining.

In vitro 4C, TEa, OT-1, polyclonal® T cell stimulation on OP9 stroma.

OP9 cell lines overexpressing DLL1 and DLL4 have been described before (253, 254). The night
before the experiment, 1 x 10* OP9 cells were seeded onto 96-well flat-bottom plates in 20% FCS
+ oMEM. 4C wild-type CD4" T cells and 4C dnMAML CD4" T cells were purified, labeled with

eFluor450 proliferation dye and plated in a ratio of 2:2:1 with BMDCs from poly(I:C)-induced
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Mx1-Cre™~ DIII"/ DII4” CBF1 mice in complete RPMI (10% FCS) + 2p-mercaptoethanol.
Blocking antibodies (anti-DLLI, anti-DLL4, both, or isotype control) were added at a
concentration of 25 pg/mL. Cells were harvested at day 4 post-plating. In other experiments
purified TEa CD4" cells were used with CBFI BMDCs. In yet other experiments, purified
polyclonal C57BL/6 CD4" cells were stimulated with BALB/c BMDC:s. In selected experiments,
purified CD8" OT-I T cells were stimulated with C57BL/6 BMDCs pulsed with SIINFEKL

peptide.

Preparation of single-cell suspensions from lymphoid and GVHD target organs.

Single-cell suspensions of cells from spleen, mesenteric lymph node, or pooled peripheral lymph
nodes (cervical, brachial, axial, inguinal) were prepared by physical disruption through 70 pm cell
strainers. Single-cell suspensions were prepared from liver (132), intestinal lamina propria, and

intestinal epithelium (28) as previously described.

Antibodies, flow cytometry, and cell sorting.

The following antibodies were from Biolegend: anti-CD4 (clone GK1.5); CD8a (clone 53-6.7);
CD44 (clone IM7); CD25 (clone PC61); CD45.1 (clone A20); CD45.2 (clone 104); Thyl.1 (clone
OX-7); Thy1.2 (clone 30-H12); H-2K® (clone AF6-88.5); H-2K¢ (clone SF1-1.1); IFNy (clone
XMG1.2); IL-17A (clone TC11-18H10.1); pan-CD43 (clone S11), core-2 O-glycosylation CD43
(clone 1B11); KLRGI (clone 2F1); CD127/IL7Ra (clone A7R34); CD11c (clone N418); MHC II
(clone M5/114.15.2); PDPN/gp38 (clone 8.1.1); CD31 (clone 390); Ter119 (clone TER-119);
CD157 (clone BP-3); CD21/35 (clone 7E9); CD45 (clone 30-F11); MAdCAM-1 (clone MECA-
367); VCAM-1 (clone 429); 1-A® (clone KH74); I-A¢ (clone 39-10-8); 04B7 (clone DATK32);
CD103 (clone 2E7); CD24 (clone 30-F1), SIRP1a (clone P84). Anti-FoxP3 (clone FJK-16s) was
from eBioscience. Anti-VB13 (clone MR12-3) and DIl4 (clone 9A1.5) was from BD Biosciences.
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SIINFEKL peptide loading on H-2K® MHC and conjugation to PE was done as previously
described (255). Non-viable cells were excluded from analysis with Zombie Aqua Fixable
Viability Dye (Biolegend), or DAPI (Sigma-Aldrich). For intranuclear staining,
FoxP3/Transcription Factor Staining Buffer (eBioscience) set was used per manufacturer’s
protocol. Assessment of intracellular T cell cytokine production after short ex vivo stimulation
was previously described (25). Flow cytometric analysis was performed using a 4 or 5-laser
Fortessa (BD). Sorting of T cells was performed using a 4-laser FACSAria II/III (BD).
Alloreactive or naive 4C T (Thyl.1" CD4"), naive OT-1 CD8" T cells (CD8*CD44!), and day 3
OT-I effector CD8" T cells (CD8"CD45.2"CD44") were sorted directly into TRIzol Reagent

(Invitrogen).

Lymph node stromal cell preparation and sorting

Stromal cells were isolated as described previously (25). Briefly, pooled peripheral lymph nodes
(cervical, axial, brachial, inguinal) were harvested from mice, diced into small slices with a scalpel,
and incubated at 37C for 15 mins in RPMI media containing 1mg/mL collagenase IV (Invitrogen),
40 ng/mL DNAse I (Roche), 5% of FBS, and 25 mM HEPES. Samples were pipetted gently and
incubated for two more rounds of 15 min digestion. After each round, the supernatant was collected
and filtered into flow cytometry buffer, replacing digestion media. Stromal cell populations were

sorted directly into TRizol.

Quantitative real-time PCR

Total RNA was extracted from TRIzol with phenol/chloroform and purified with RNeasy Micro
Kit (QIAGEN). cDNA was generated with SuperScript II (Invitrogen) using poly-dT primers and
subjected to quantitative PCR with TagMan reagents (Applied Biosystems). Gene expression
analysis was performed using the following primers: Gentl (Mm02010556 sl); St3gall
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(MmO00501483 ml); Hprt (Mm03024075 ml); DIll4 (Mm00444619 ml). Relative gene

expression was determined using the AACt method, with normalization to Hprt.

RNA-sequencing

Cell populations were sorted with a BD ARIA II directly into TRIzol supplemented with 0.5% 2-
ME and then frozen at -80C. RNA was extracted per the published TRIzol protocol (Thermo-
Fisher) using glycogen as a carrier. RNA abundance was quantified using Qubit RNA high
sensitivity fluorometric assay. Selected RNA samples were assessed for quality by Agilent
TapeStation using HSRNA assay. The Takara Clonetech SMART-seq HT RNA kit was used to
synthesize cDNA using recommended inputs. RNA-seq libraries were prepared using the Illumina
Nextera XT kit with 150ng cDNA input. Libraries were individually quality controlled and
quantified using a TapeStation DNA assay and Qubit DNA fluorometric assay. The molarity of
each library was calculated based on these data and libraries were pooled at equal molar ratios

prior to sequencing on an Illumina Nextseq500 (75 bp SE v 2).

Pseudoalignment and gene expression analysis

Transcript abundance using calculated using pseudoalignment to an index built from the mouse
transcriptome by the Kallisto program (256). For pseudoalignment of sequences from lymph node
stromal cells samples, the sequences for mCherry, eYFP, and human CD4 were added to the index.
Transcript per million (TPM) values were then log2 transformed, normalized, and genes with low
expression were filtered out. Gene-wise expression was then fit to a linear model by empirical
Bayes method using the Voom (257) and Limma (258) R packages. Differential gene expression

was defined as a Benjemini and Hochberg corrected p-value of <0.01 and a log2 fold change >1.
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Gene Set Enrichment Analysis

GSEA was completed using the Broad institute GSEA program against curated genes sets with a

pre-linked list containing differentially expressed genes weighted for log2 fold change (259).

Statistical analysis

Sample size for in vivo mouse experiments was determined empirically based on prior experience
of known effect sizes and variation and used to calculate power with “pwr” statistical package in
R. All statistical tests were performed using Prism software (GraphPad Prism version 8). Unless
otherwise noted, data with more than one group was analyzed for differences with one-way
ANOVA or two-way ANOVA depending on the number of factors. If a factor significantly
explained the variation of the data multiple comparisons between groups were made with Tukey’s
test assuming o = 0.05 and adjusted p-values were reported. The multiple comparisons performed
are represented in the figures by lines between groups. Data with only two groups were compared
with an unpaired, 2-tailed Student’s #-test. If variance between the two groups differed significantly
by an F test, Welch’s correction for #-tests was applied. Survival curves were compared using a
log-rank (Mantel-Cox) test. Unless otherwise noted graphs were generated in GraphPad Prism and
presented as mean +/- one standard deviation. Unless otherwise noted, adjusted p-values for

comparisons were reported as *p<0.05, **p<0.01, ***p<0.001.
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