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Notch signaling provides an important cue in the mammalian developmental process.
It is a key player in T cell development and function. Notch ligands such as Delta-like
ligands (DLL) 1, 3, 4, and JAG1, 2 can impact Notch signaling positively or negatively, by
trans-activation or cis-inhibition. Trans and cis interactions are receptor-ligand interaction
on two adjacent cells and interaction on the same cell, respectively. The former sends
an activation signal and the later, a signal for inhibition of Notch. However, earlier reports
suggested that Notch is activated in the absence of Notch ligand-expressing APCs in
a purified population of CD4 T cells. Thus, the role of ligands in Notch activation, in
a purified population of CD4T cells, remains obscure. In this study, we demonstrate
that mature CD4 T cells are capable of expressing Notch ligands on their surface very
early upon activation with soluble antibodies against CD3 and CD28. Moreover, signaling
solely through CD28 induces Notch ligand expression and CD3 signaling inhibits ligand
expression, in contrast to Notch which is induced by CD3 signaling. Additionally, by using
decoys, mimicking the Notch extracellular domain, we demonstrated that DLL1, DLL4,
and JAG1, expressed on the T cells, can cis-interact with the Notch receptor and inhibit
activation of Notch. Thus, our data indicate a novel mechanism of the regulation of Notch
ligand expression on CD4 T cells and its impact on activated Notch.

Keywords: Notch1, DLL1, DLL4, JAG1, CD28, cis

INTRODUCTION

Notch signaling is one of the most conserved signaling pathways in eukaryotes and is critical
throughout development in vertebrates as well as in invertebrates (1). Deregulation of Notch
signaling is associated with a wide range of diseases including cancer (2). There are four different
Notch receptors found in mammals, Notch1-4. Canonical Notch ligands fall into a category called
Delta/Serrate/Lag-2 (DSL) ligands, named for their conserved DSL like domain. The ligands in
mammals can be categorized into two groups, homologs of Drosophila Notch ligands Delta or
Serrate. The Delta like ligands (DLL) in mammals are DLL1, DLL3, and DLL4 and Serrate like
ligands are JAG1 and JAG2 (3, 4). In addition to containing a DSL domain, all five vertebrate
ligands possess extracellular epidermal growth factor (EGF) like repeats. JAGI and 2 also have a
conserved cysteine rich domain. The mature Notch receptor also consists of an extracellular (ECD)
with EGF like repeats, a transmembrane (TM) and an intracellular domain (ICD). The EGF like
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repeats in the extracellular domain of Notch receptors and
ligands are primarily involved in the ligand-receptor interaction
(3,4). The number of EGF-like repeats in the ECD of mammalian
Notch paralogs vary from 36 in Notch1 and 2 to 34 in Notch 3 and
29 in Notch4 (5).

Notch can be activated in T cells by interaction with canonical
Notch ligands on antigen presenting cells (APC) such as dendritic
cells and marginal zone B cells (6-9). However, in T cells,
our lab and others have observed that activation of Notch is
initiated by signaling through TCR and CD28 in the presumptive
absence of ligands (10-15). In ligand dependent Notch signaling,
binding of Notch ligand to the receptor is followed by two
proteolytic cleavages. Prior to transit to the cell surface, Notch
is cleaved in the trans-Golgi by furin protease. This cleavage,
known as S1, results in the production of N-terminal ECD
and a transmembrane peptide containing the TM and the ICD.
In ligand dependent activation, mechanical stress by ligand-
receptor interaction pulls the Notch ECD from the cell surface
and exposes S2 site for cleavage (16, 17). Following ligand
binding, the ECD separates from the TM subunit, unmasking
an ADAM cleavage site (S2). This initiates cleavage by ADAM
proteases which results in a conformational change that renders
the transmembrane bound Notch peptide a substrate for the
intramembranous y-secretase complex. This final cleavage by
y-secretase, known as the S3 site, releases the transcriptionally
active intracellular domain of Notch into cytosol (NICD). In
canonical Notch signaling, this fragment translocates to the
nucleus and associates with the DNA binding protein CSL
resulting in Notch target gene transcription.

Earlier reports suggested that the two ADAM proteases,
ADAM 10 and 17 are differentially involved in Notch processing
(18). ADAM 10 is required for S2 cleavage in ligand dependent
activation in mammals. In contrast, ADAMI17 is suggested to
cleave Notch in a ligand independent manner (18). However, it
is still unclear how this preferential cleavage occurs. It is possible
that unfolding of the ECD in the acidic environment of the
endosomes unmasks the S2 site for ADAMI17 cleavage in the
context of ligand-independent activation (19).

In T cells, Notch plays a critical role in determining the
cell fate at different stages of development, as well as function
in the periphery. Interestingly, Notch ligands also play an
important role in orchestrating these decisions. The lymphoid
progenitors are steered toward the T cell lineage, avoiding a
B cell fate, by the differential expression of Notch ligands (20,
21). In addition, DLL1-Notch interaction in thymus promotes
survival of CD4- CD8- pre T-cells by regulation of cellular
metabolism (22-24). Once released in the periphery, signaling
through Notch regulates several functions of naive mature T
cells such as proliferation, and CD4 T cell polarization (11, 12,
25, 26). APCs can tailor responses of T cells toward a specific
antigen by regulating Notch signaling through different Notch
ligand interactions which, in turn, determines the choice between
different T helper cell subsets (7). For example, the interaction
of Notch with Delta like ligands have been associated with Th1
and Th17 polarization (27-29). Assisted by the cytokine milieu
provided by the antigen presenting cells, another factor that
can manipulate T cell responses toward specific pathogens is

the strength of signaling through the TCR, determined by the
amount of antigen presented on the major histocompatibility
complex (MHC). TCR signal strength can regulate T helper cell
polarization (30), and can control the differentiation of CD4 into
effector and memory T cells (31). Th1 polarization is favored by a
stronger TCR signal (29). Additionally, the extent of polarization
is regulated by TCR signal strength determined by the dose of
antigen (32). In in-vitro assays, this manipulation can result from
the differential amount of antibodies engaging a component of
the TCR complex (CD3) and the costimulatory molecule (CD28).
Interestingly, increasing signal strength through CD3 leads to
an increase in activated Notch and Notch, in turn, can also
regulate the strength of TCR signal (11, 33). Although Winandy
and Colleagues, recently published findings supporting ligand-
independent activation of Notch in naive CD4 T cells, the role, if
any for Notch ligands is not well-defined (15, 19).

In this report, we present data demonstrating CD28 mediated
NFkB signaling drives expression of Notch ligands DLL1, DLL4,
and JAG1 on CD4 T cells within early hours of T cell activation.
In contrast, signaling solely through TCR suppressed ligand
expression on T cells, which is distinct from TCR dependent
Notch activation. These data support a model whereby CD28
mediated signaling upregulates Notch ligand expression and
subsequently these ligands associate in cis with Notch. In
several other developmental systems in both invertebrates and
vertebrates, cis-interaction between Notch and Notch ligands
result in inhibition of Notch activity. We suggest in CD4 T cells,
the cis-interaction between Notch receptor and Notch ligand is
inhibitory and provides a mechanism to limit the duration or
intensity of the TCR-induced Notch signal. Furthermore, when
Notch ligand expression is blocked, cis-inhibition is relieved, thus
driving Notch activation.

MATERIALS AND METHODS

Mice

All animals were housed in animal facilities as per the guidelines
approved by the Institutional Animal Care and Use Committee
at the University of Massachusetts Amherst. C57BL/6] mice
and C57BL/6-Tg(Tcra2D2, Terb2D2)1Kuch/] were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA). Spleens
of C57BL/6-Tg(Nr4al-EGFP/cre)820Khog/] reporter mice were
obtained from Dr. Leonid Pobezinsky of the University of
Massachusetts Amherst, Amherst, MA and Dr. Eric Huseby of
University of Massachusetts Medical School, Worcester, MA.
Mice aged 7-12 weeks were used for all experiments.

T Cell Isolation and in-vitro Assays

CD4T cells were isolated by magnetic separation using anti-
CD4 magnetic particles (BD Pharmingen). Cells were activated
after isolation with soluble anti-CD3¢ (145-2C11) and anti-CD28
(clone 37.51) (BD Pharmingen) 1 jLg/mL each, crosslinked with
anti-hamster IgG (Sigma) 4.5 wL/mL. Cells were activated at 1.5
x 10 cells/mL. Cells were activated in a 1:1 mixture of RPMI
and DMEM (RDG) supplemented with 10% Fetal Bovine Serum
(PEAK), L-Glutamine, Na-Pyruvate, Penicillin/Streptomycin,
and 2-mercaptoethanol.
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BMDC and T Cell Co-culture

Bone marrow was collected from the femurs and tibias
of female C57BL/6] mice. Cells cultured in RPMI-1640
medium supplemented with 10% Fetal Bovine Serum (PEAK),
L-Glutamine, Na-Pyruvate, Penicillin/Streptomycin, and 2-
mercaptoethanol in a 100 mm bacteriological petridish. The cells
were then grown for 10 days in the presence of 200 U/mL
of rmGM-CSE, with change of media on day 3, 6, and 8.
After 10 days non-adherent cells in suspension were harvested
and resuspended into RPMI complete with 10 ng/mL rmIL-4
(Biolegend) and 200 U/mL rmGM-CSF (Biolegend), plated at 1
x 106 cells in a 12 well-tissue culture grade plate. One microgram
per milliliter of LPS was added per well for LPS maturation
of BMDCs. After 18h cells were harvested stained with cell
trace violet dye (Life Technologies) and pulsed with 10 pg/mL
of MOGs35_55 in a 24 well-plate for 2 h. Control BMDCs did not
receive any MOGs5_s5 treatment. CD4 T cells isolated from 2D2
Transgenic mice were stained with CFSE (Life technologies). T
cells were plated in a 48 well-tissue culture grade plate along with
antigen pulsed BMDCs at a ratio of 10:1 (3 x 10° T cells: 3 x 10°
BMDC:s). Activation was conducted for indicated time points.

Decoys for Notch Ligands

HEK 293T grown in 1:1 mixture of RPMI and DMEM
supplemented with 10% Fetal Bovine Serum(GIBCO), -
Glutamine, Na-Pyruvate, and Penicillin/Streptomycin, HEK
293 T cells were transiently transfected with rAAV-collagen-
N1ECD or rAAV-collagen constructs were made by Dr. Yong
Ran and were obtained from Dr. Todd E. Golde at the University
of Florida. Supernatants collected from the transfected cells
and concentrated using Amicon Ultra Centrifugal filter units
(Millipore) as described.

Flow Cytometry and AMNIS Imaging Flow

Cytometry

Surface staining of T cells was performed with 1% BSA in PBS
using indicated antibodies CD25-APC, DLL1-APC (HMD1-3),
DLL4-APC (HMD4-1), DLL4-PE (HMD4-1), CD339 (JAG1)-
APC (HMJ1-29), CD339(JAG1)-PE (HMJ1-29) (Biolegend),
Notchl-PE (22E5) (eBioscience). Intracellular staining was
performed for detecting intracellular Notch using Foxp3 staining
buffer set (eBioscience) for fixing and permeabilizing the cells and
staining with Notchl-PE (mN1A) antibody (BD Pharmingen).
For live-dead staining Zombie violet fixable dye (Biolegend) was
used prior to fixation. Flow cytometry data was acquired on a BD
LSR Fortessa (5 Laser) and analyzed using FlowJo software after
gating on live CD4™ T population. Imaging flow cytometry data
was acquired on AMNIS ImageStream® MKII and analyzed using
IDEAS software.

Confocal Imaging

Surface staining of T cells was performed using indicated
antibodies DLL1-APC (HMDI1-3), DLL4-APC (HMD4-
1), JAGI-APC (HM]J1-29) (Biolegend), Notchl-PE (22E5)
(eBioscience). For confocal microscopy, poly-p-lysine coated
MatTek glass bottomed culture dishes were used with No.
1.5 cover glass on the bottom. Cells were first surface stained

for the ligands and the Notch1ECD followed by fixation with
4% PFA/PBS for 10 min at room temperature, quenched with
50 mM MNH,4CI/PBS for 5 min. Fixed cells were then incubated
with 300 nM DAPI for 20 mins at RT. Cells were then washed
three times with prewarmed PBS 3-4 min each and then 200
L PBS was added to the culture dishes and cells were imaged
using Nikon AIR-SIMe. Images were analyzed using NIS
elements software.

Inhibitors
The inhibitors used for the experiments are Lck inhibitor
(CAS 213743-31-8) (Sigma), PI3K inhibitor LY294002 (CST),
Akt inhibitor MK-2206(Sigma), and NFkB inhibitor BAyl11-
7085 (Sigma).

Statistical Analysis

All data are represented as mean & SEM. Statistical Analysis was
performed using the GraphPad Prism5 software. P-values were
determined using a two-tailed Student’s ¢-test as indicated on the
figure legends. A p < 0.05 was considered significant (*p < 0.05,
p < 0.01, **p < 0.001, ns, not significant). Each experiment
was performed at least three times.

RESULTS

T Cells Upregulate Notch Ligands Upon

Activation

Activation of T cells by antibody cross-linking of the CD3e
chain of the TCR complex and CD28 leads to the activation of
Notchl, through y- secretase mediated cleavage and release of
the Notch ICD (10-12). The potential mechanisms by which
Notch is activated is linked to TCR mediated signaling in T cells
(11, 15). Notch ligands, on the other hand, have been determined
to be a decisive factor for Th polarization, based on the antigens
encountered on the surface of antigen presenting cells (7, 27-29).
In a purified population of T cells, whether Notch ligands are
involved in Notch activation remains to be determined.

To determine the potential role of the Notch ligands DLLI,
DLL4, and JAGI in purified CD4T cells we investigated the
kinetics of Notch ligand expression following signaling through
TCR and CD28. We observed an immediate upregulation of all
ligands as early as 30 min following activation with soluble anti-
CD3e/anti-CD28 (Figures 1A-C, Figure S1A). This expression is
maintained even after 2h of activation and shows a significant
increase of ligands on the cell surface. Interestingly, not all the
cells express individual Notch ligands, with about 40% of the
cells expressing the ligands DLL1 and JAG1 by 2 h of activation
(Figures 1A,C). In the case of DLL4, only about 10% ligand
positive cells are observed at 2h of activation (Figure 1B). This
indicates that the kinetics of ligand expression varies between the
ligands. Additionally, as shown in Figure 1D and Figures S1B-D
CDA4T cells can express multiple ligands. For this experiment all
antibodies were tested on CHO-cells expressing Notch ligands
DLL1 or JAG1 (Figure S11). Collectively the data shows that
CDA4T cells are capable of expressing multiple Notch ligands early
after activation with soluble anti-CD3e/anti-CD28.
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FIGURE 1 | Activation of T cells induces expression of Notch ligands. CD4 T cells from C57BL/6 mice were treated with soluble anti-CD3e and anti-CD28 at 1 wg/mL
each for indicated time points. Cells were harvested and analyzed by flow cytometry by gating on live cell population as determined by absence of Zombie staining.
MFI and percentage of ligand positive cells were plotted values were plotted for (A) DLL1, (B) DLL4, and (C) JAG1. Histograms to the right of (A-C) show expression
of DLL1, DLL4, and JAG1 at each time point. (D) Percentage of cells showing co-expression of ligands on CD4 T cells. CD4 T cells from C57BL/6 mice were treated
with soluble anti-CD3e and anti-CD28 at 1 ng/mL each for 6 h and stained for antibodies against DLL1 and DLL4, or DLL1 and JAG1, or DLL4 and JAG1. Data
represent three independent experiments. Data represent mean + SEM. *p < 0.05, *p < 0.005, and “**p < 0.001. ns, not significant.

Notch Ligands Expressed on T Cells Do
Not Induce Notch Activation

Data from earlier studies suggested that expression of different
ligands on the APCs are important regulators of T helper cell
subset formation. However, the specific status or role of ligand
expression on the T cells in the presence of APCs has not been
investigated. To determine if Notch ligands are also expressed in
the presence of APCs on the T cells, we generated bone marrow
derived dendritic cells (BMDCs) and co-cultured the BMDCs
with T cells. Specifically, CD4 T cells derived from transgenic 2D2

mice, capable of recognizing MOGs5_s5 peptide, were activated
in the presence of MOGs35_55 pulsed BMDCs. 2D2 T cells were
also activated with soluble antibodies against CD3¢ and CD28
together in the absence of any APC or antigen. We did not
observe an increase in any of the three Notch ligands on the T
cells activated with BMDCs (Figures 2A-C and Figures S2A-D).
As we have shown previously (10, 11) T cells activated with
antibodies against CD3e and CD28 together showed increase in
activated Notch (Figure 2D). Additionally, the level of activated
Notch in T cells stimulated with anti-CD3¢/anti-CD28, was
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FIGURE 2 | Notch ligands are not expressed on CD4 T cells in the presence of APCs but Notch1 is activated. CD4 T cells from 2D2 Transgenic mice were cocultured
with MOGgs_s5 pulsed mature bone marrow derived dendritic cells (BMDC) obtained from 2D2 mice. T cells were stained with CFSE and BMDCs with Cell trace violet
cell tracker dye before setting up for coculture. CD4 T cells stimulated with anti CD3e or anti CD28 or anti CD3e and anti-CD28, at 1 pg/mL each was activated along
with the coculture. Cells harvested after 6 h and analyzed by flow cytometry for ligands and N1ICD and after 24 h for CD25. Analysis is done by gating on CFSE
positive T cells and cell trace violet positive BMDCs. MFI values and percentage of positive cells for the indicated proteins for indicated treatments were plotted for (A)
DLL1, (B) DLL4, (C) JAGT, (D) Intracellular cleaved Notch1 (N1ICD), and (E) CD25 on CD4 T cells. (F) MFI values and percentage of positive cells with intracellular
Notch in CD4T cells after 24 h of activation. CD4 T cells from C57BL/6 mice were stimulated with soluble anti-CD3e and anti-CD28 at 1 wg/mL at a concentration of
0.3 x 10% or 3 x 10° for 24 h. Cells were harvested after 24 h and intracellularly stained for Notch1 ICD. Data represent three independent experiments. Data
represent mean + SEM. *p < 0.05, “*p < 0.005, and ***p < 0.001. ns, not significant.

comparable to the level found in T cells stimulated with
MOGs5-55 pulsed BMDCs (Figure 2D). The activation status of
the CD4 T cells under different conditions was confirmed by the
level of CD25 expression (Figure 2E). Because the production
of NICD (Figure 2D) and the expression of CD25 (Figure 2E)
are both known outcomes of Notch activation, these data also
provide a measure of Notch activity, although it is likely that
other factors also contribute to CD25 expression. In order to
understand if T cells adjacent to each other can act as ligand
presenting cell to the neighboring cell, we activated CD4 T
cells at different concentrations in the absence of APC. So that
diluting the cells in the culture medium will reduce cell-to-
cell contact, reducing the interactions between Notch ligand
and receptor between two adjacent T cells if any. However,
activation of CD4 T cells at two different concentrations did
not show any changes in activation of Notch, even after 10 fold
increase in the number of cells for activation. Thus activation of
Notch is occurring independent of trans-presentation of ligand to
Notch (Figure 2F and Figure S3). Thus, as observed previously,
Notch is also activated in the absence of ligands on the T cells.
Signaling through TCR in combination with CD28 is sufficient
to activate Notch in mature CD4 T cells (10, 11, 15). In contrast

to what we observed in CD4 purified T cells activated by
soluble anti-CD3e/anti-CD28, APCs + antigen do not induce
ligand expression on CD4T cells (Figures 2A-C). These data
demonstrate that APC presentation of antigen to CD4 T cells
does not induce ligand expression on the CD4 T cells. However,
even though the CD4 cells do not express Notch ligands, robust
Notch activation is induced in these cells.

Notch Ligands Colocalize With Receptors
on the Same T Cells and Can Inhibit

Activated Notch by cis-Interaction

As shown in our previous experiments, Notch is activated solely
upon signaling through CD3e and CD28. However, it is still
unclear whether Notch ligands expressed on CD4 T cells regulate
Notch activity. Thus, we wanted to investigate the physiological
role of ligands on T cells. Previous studies in Drosophila have
shown that the interaction between the Notch receptor and the
ligand can occur either in cis or in trans. When membrane bound
ligands activate the Notch receptor on a neighboring cell, the
phenomenon is called trans-interaction (1, 19, 34). However,
when Notch ligands and receptors interact on the same cell,
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this sends an inhibitory signal and thus suppresses intracellular
signaling of Notch. This phenomenon is known as cis-interaction
or cis-inhibition (35, 36). Cis-inhibition has been shown to be
an important player in determining fates of different types of
cells in the developmental process of Drosophila, such as neuro-
genesis, wing margin formation, and also in the maintenance of
postnatal human epidermal stem cells (37, 38). Whether such
a mechanism exists in mature CD4 T cells to regulate Notchl
activity is unknown. To study cis interaction, we activated T
cells for 2 and 6h and imaged the cells by AMNIS Imaging
Flow Cytometry to assess colocalization of Notch extracellular
domain with the ligands. For these experiments, we used an
antibody specifically recognizing the extracellular domain of
Notchl (N1-ECD), in addition to antibodies directed against
the DLL1, DLL4, and JAGI1. The unstimulated cells showed
poor or no expression of Notch ligands and only expressed low
levels of N1ECD on the surface (Figures 3A-C). An increase in
expression of all three Notch ligands was observed after 2 and
6h of activation. In addition, surface staining for the ligands
and N1ECD demonstrated colocalization and interaction in cis
(Figures 3A-C). The degree of colocalization, as measured by the
calculated similarity score, shows that the N1IECD and ligands
colocalize at 2 and 6h and there is no expression of ligand
on the cell surface in unstimulated cells. This supports the
previous data obtained by flow cytometry (Figures 1A-C). The
cells display surface expression of NIECD which increases with
the activation of the T cells as well. Interestingly, unlike N1IECD,
the ligands are concentrated at certain positions on the cell
surface. We employed confocal microscopy to further confirm
the colocalization we observed in our AMNIS data. In the images
shown in Figures 4A-C, our confocal data demonstrate that
ligands are always associated with N1ECD.

Since we have observed earlier that Notch activation can
occur independent of Notch ligands on the CD4T cells
(Figure 2D), we next wanted to address the exact role played
by the ligands in Notch activation. Studies in vertebrates and
invertebrates show that cis-interaction of the ligands and receptor
can inhibit the activation of Notch (35, 36). One such DSL
ligand DLL3 has been shown to be an antagonist of Notch
signaling (39). In order to determine whether cis-inhibition
occurs in T cells, we used decoys mimicking the extracellular
domain of Notch, which can block ligand-receptor interaction
by binding to the Notch ligands, to understand the effect
of same cell interactions of Notch receptor and ligand. For
these experiments, we transfected HEK293T cells with the
soluble N1-Col-rAAV and Col-rAAV constructs and collected the
supernatants. We used these supernatants containing decoy N1
ECD to determine if it blocks Notch receptor-ligand interaction.
The decoy containing supernatants were concentrated and added
along with anti-CD3¢/anti-CD28 CD4T cells. We observed a
significant increase in activated Notch in CD4 T cells activated
for 24h, upon blocking receptor-ligand interaction with the
Notch decoy (Figure 4D). This suggests that cis-inhibition by
Notch ligands may regulate Notch activity in T cells. The decoys
likely prevent cis-interaction between Notch ligand and receptor
which, in turn, results in Notch activation. Thus, from these
above data, we concluded that Notch ligands, when expressed

on CD4T cells, are closely associated with N1ECD and this
may result in cis-inhibition of Notch activity although further
experimentation, such as FRET, is required to conclude direct
physical interaction between Notch and ligands and mutational
analysis of sites of interaction could allow us to determine
whether this interaction results in cis-inhibition of Notch.

Signaling Through CD28 Is Sufficient to
Induce Notch Ligand Expression and CD3
Signals Suppress Ligand Expression on the

CDA4T Cells
Signaling through TCR and CD28 is well-known to activate
Notch, however, the contribution of TCR and/or CD28 to Notch
ligand expression has not been explored prior to the data reported
here. Since we observed an induction of Notch ligands by
combined CD3¢ and CD28 signaling, we wanted to explore how
individual signaling through CD3e and CD28 contribute to the
process of Notch ligand expression on CD4 T cells. We stimulated
CDA4T cells with antibodies against CD3e alone, CD28 alone
or a combination of antibodies against CD3e and CD28 for
6h, followed by surface staining for DLL1, DLL4, and JAG1
Surprisingly signaling through CD28 alone was sufficient to
upregulate all three ligands on the cells (Figures 5A-C). These
data indicate that signaling solely through CD28 is sufficient to
induce Notch ligand expression on CD4 T cells. This is in contrast
to the induction of Notch activation where signaling through
CD28 does not activate Notch but signals through CD3¢ alone are
sufficient to induce Notch activation in primary CD4 T cells (10).
As shown above, CD28 signaling alone can induce robust
Notch ligand expression on naive CD4 T cells. However, when we
compared ligand expression induced by signals through CD28 to
ligand expressed induced by the combination of anti-CD3e/anti-
CD28, significantly lower levels of ligand expression are induced
by anti-CD3e/anti-CD28 (Figures 5A-C). These data led us
to consider that signaling through CD3e¢ may suppress ligand
expression. Signaling through CD28 alone is not capable of
activating T cells. Signaling through CD3e alone is not sufficient
to completely activate T cells either so we wanted to assess the
relative contribution of CD3 and CD28 to TCR signal strength.
For that, we used Nur77-GFP reporter mice (40). Nur77 is an
immediate-early gene that is upregulated by TCR signaling in
thymocytes as well as mature T cells (41). In this system, GFP
expression, driven by the Nur77 promoter, acts as an indicator
of the magnitude of the strength of each signal through CD3¢ or
CD28 or the combination of the two together (42). Thus, CD4 T
cells obtained from these mice were activated with either CD3e
alone or CD28 alone or CD3e plus CD28 together for 6h, the
magnitude of activation was measured by the increase in GFP
expression. We observed that signaling through CD3e induces
significant GFP expression. However, no measurable Nur77 is
detected in cells stimulated with anti-CD28 (Figure 5D). Thus,
signaling solely through CD28 is correlated with the highest levels
of ligand expression on T cells, whereas signal through CD3e
as measured by Nur77 -GFP expression partially suppresses
ligand expression (Figures 5A-D and Figures S4, S5). However,
once ligands are induced through CD28 signaling, CD3e signals
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partially suppress the percent of cells expressing Notch ligands
and significantly decrease the level of ligand expression as
measured by MFI (Figures S4A-C). Thus, CD28 acts as an
inducer of Notch ligands in CD4T cells in contrast to CD3g,
which suppresses Notch ligand expression.

To further explore the role of CD3e on ligand expression, we
titered the dose of soluble anti-CD3¢ while keeping the dose of
anti-CD28 constant (Figures 6A-C). In these experiments, we
found that at limiting doses of anti-CD3e (0.1 ug/mL), all three
ligands were expressed at high levels whereas at 10 and 100-fold
increases in anti-CD3e (1 and 10 pg/mL), ligand levels dropped
significantly. Both the percentage of CD4T cells expressing
ligands as well as the MFI of ligand expression diminished

significantly in a dose-dependent fashion. These data indicate
that increasing signals through TCR result in suppression of
ligand expression.

NFkB Regulates Notch Ligand Expression

Downstream of CD28

CD28 signaling is known to regulate multiple proteins and
signaling pathways, such as PI3K/PKB and NFAT, differently
than TCR signaling (43-47). One such target of CD28 are the
NFkB family proteins. The IL-2 promoter has two NFkB binding
sites which are dependent on CD28 and are known as the CD28
response elements (CD28RE) (48-52). NFkB is sequestered in
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FIGURE 5 | Signaling through CD28 is sufficient to induce expression of Notch ligands on CD4 T cells and signaling through CD3 suppresses ligand expression.
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(A) DLL1, (B) DLL4, and (C) JAG1. (D) CD4T cells from Nur77-GFP reporter mice were treated with either soluble anti-CD3e or anti-CD28 or anti-CD28 and
anti-CD3e together for 6 h. Cells were harvested and analyzed by flow cytometry by gating on live cell population as determined by the absence of Zombie staining.
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the cytoplasm by IkB and phosphorylation of IkB by IkB kinase  thus aids in the translocation of NF«B to the nucleus (53-
(IKK) targets it for degradation, allowing NF-kB to enter the = 55). In primary macrophages, JAGI is induced in an NFkB
nucleus. CD28 signaling alone increases the activity of IKK and  dependent fashion (56). Additionally, in human Jurkat T cells,

Frontiers in Immunology | www.frontiersin.org 10 May 2020 | Volume 11 | Article 735


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mitra et al.

Regulation of Notch Ligands on CD4 T Cells

Jagl mRNA increases almost 4-fold upon activation with PMA
which activates NFkB signaling (57).

Based on the evidence above, we examined the role of
NFkB in CD28 mediated Notch ligand expression. For these
experiments, we used a pharmacological inhibitor of NFkB,
BAy11-7082, which blocks the translocation of NF«kB to the
nucleus. Naive CD4T cells were stimulated with antibodies
against CD28 or CD3e plus CD28 in the presence or absence
of the inhibitor. Unlike the other potential targets of CD28
(Figures S6-S8), the inhibition of NFkB showed a significant
decrease in Notch ligand expression upon stimulation with anti-
CD28 alone (Figures 7A-C, Figure S9). To control for loss of
ligand expression due to potential toxicity of BAY11, viability
of cells treated with BAY11 as compared to DMSO vehicle was
assessed and no significant toxicity was observed with BAY11
treatment (Figure 7D). Therefore, we conclude that signals
through CD28 and NFkB are, at least in part, responsible for
Notch ligand expression on CD4 T cells.

DISCUSSION

Although ligand independent Notch activation previously has
been described in different systems, the involvement of Notch
ligands in the Notch activation process in T cells has not
been well-studied (10, 11, 15). The role of Notch ligands in
the activation of Notch signaling in T cells has been debated
for several years. Early data from our lab and others (10,
11) suggested that, in T cells, Notch activation may occur
through ligand independent events. Indeed, recent work from
Winandy and Colleagues, provide compelling evidence for ligand
independent activation of Notch in CD4T cells (15). In this
report, we demonstrate that even though they do not appear to
participate in Notch activation, ligands are induced by signals
through CD28 and co-localize with Notch. Our data suggest
the cis-interaction between Notch and Notch ligands results in
blockade of Notch activation. Furthermore, we provide evidence
that engagement with the TCR complex results in a significant
diminution of ligand expression on CD4T cells, potentially
relieving cis-inhibition of Notch activity.

We initiated our study with a question addressing the status
of the three Notch ligands DLL1, DLL4, and JAG1 on CD4T
cells, post-activation. In previous studies, these three ligands
were shown to be the main player in modulating Notch signals
and determining T helper cell fate (7, 27-29). Surprisingly, we
found considerable change in the levels of surface expression
of these three Notch ligands on mature CD4 T cells, within an
hour of activation. This expression increases with progression
of the activated state of the T cells. Other data reported DLL1
expression in activated T cells, but these experiments examined
ligand expression several days following TCR activation (58). In
contrast, our study shows that Notch ligands may be expressed
on T cells very early in the activation process (Figures 1A-C).
Furthermore, ligand expression is exclusively CD28 signaling
dependent. The complete absence of ligand expression by CD3e
mediated signaling alone, suggests that CD3e may act as a
negative regulator of ligand expression (Figures 5A-C). This

also is supported by the reduction in overall ligand expression
upon activation using a combined CD3 and CD28 signaling.
All three ligands showed the same trend in expression patterns
and appeared to be regulated by a similar mechanism, although
the kinetics of individual ligand expression can vary. Also,
based on the transcript data, we concluded that the ligand
transcripts do not show any signs of regulation by CD3 or CD28
signaling, hence indicative of a post-transcriptional regulation
(Figure S10).

Activation of CD4 T cells with MOG35_55 peptide presenting
BMDCs does not induce ligand expression on T cells.
Nevertheless, in the absence of ligand on T cells, there was a
considerable level of activated Notch observed in CD4 T cells.
This was comparable to the amount of activated Notch in CD4 T
cells undergoing activation with soluble antibodies against CD3e
and CD28. Thus, the results obtained from this experiment
strongly suggest that ligand expression on mature T cells only
occurs in the absence of APCs and in case of antigen independent
activation of T cells. This cis-inhibition process may represent
a fail-safe against antigen-independent T cell activation or a
feedback response in case of particularly intense or prolonged
co-stimulatory signals. Furthermore, it will be interesting to
study the differences in the strength of signal sent through APC
mediated antigen dependent vs. antigen independent, antibody
mediated activation. Whether or not the presence or absence
of antigen during T cell activation causes any changes in the
magnitude of signal, remains unaddressed. Our observation
reestablishes the fact that Notch activation in mature CD4T
cells is ligand independent and regulated by TCR signaling only
(10, 11, 15).

In order to further understand the impact of ligand expression
on T cells, we wished to examine whether there is physical
interaction between the ligands and the receptors on the same
cells. We used AMNIS Imagestream analysis and confocal
microscopy for these studies which demonstrated colocalization
of ligand and receptor on the cell membrane. Since AMNIS is
also an excellent tool to quantify the extent of colocalization and
the number of cells showing such phenomenon, this approach
provided us with a quantitative view of Notch/Notch ligand co-
localization on a single cell basis. The data demonstrated that
Notch ligands and Notch1 receptor colocalize on activated CD4 T
cells (Figures 3A-C). The effect of such cis-interaction, when
examined using decoy peptide, suggests that these ligands are
capable of inhibiting Notch activation when interacting in cis.
However, since our data demonstrate close localization between
Notch and ligands and do not demonstrate direct contact
between these molecules, further experiments are required to
explain the phenomenon and confirm the occurrence of cis
inhibition by the ligands. Moreover, it will be interesting to see
the differences between the interaction of Notch with each type
of ligand and their biological effects on CD4 T cells. Interestingly,
unlike N1ECD, the ligands are concentrated at certain positions
on the cell surface (Figures 4A-C). Whether or not, the punctate
distribution of the ligands on the T cells surface found proximal
to the CD28 engaged with an antibody, has not been determined.

Because we found ligand expression is a unique response
to signaling through the CD28 costimulatory molecule, we
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attempted to define the signaling pathway downstream of CD28
responsible for ligand induction. Since both the Lck and PI3K-
Akt pathways are activated by CD28 signaling, we used different
inhibitors against the major components of these pathways.
However, we found no indication that either Lck or PI3K/Akt
plays a role in the induction of Notch ligand expression
following treatment with anti-CD28 only (Figures S6-S8). In

our experiments, we showed that CD3e signaling resulted in
the suppression of CD28 mediated induction of Notch ligand
expression. Using Nur77-GFP reporter mice, we compared
signal strength between CD3e signaling alone to combined
signaling through CD3e and CD28. Here, we observed that
the signal strength, as assessed by GFP expression, is similar
in both the cases. This supports our observation that CD3e
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signaling can suppress Notch ligand expression but cannot
completely eliminate the induction of ligand expression induced
by independent signaling through CD28 (Figures S4A-C). Thus,
we conclude that Notch ligands are regulated by unique signaling
through CD28 and signals through CD3e likely is a negative
regulatory factor for ligand expression. Furthermore, when
individual pathways downstream of CD28 were tested as possible
regulators of Notch ligands, we identified NFkB as a regulatory
factor that contributes to ligand expression. Perhaps this is
not surprising since in B cells, JAG1 has been shown to be
regulated by NFkB (57). In case of T cells there are several
pathways that lie immediately downstream of CD28 and act
upon NFkB, such as PKCO and Akt/mTOR. Therefore, it will be
interesting to determine the intermediate signaling steps between
CD28 and NFkB that regulate this pathway to induce Notch
ligand expression.

Our findings confirm previous findings of ligand independent
activation of Notch in mature CD4T cells (10, 11, 15).
Additionally, we have defined a novel activity of CD28 in
regulating Notch ligand expression. Also, these studies provide
a basis for further understanding of the role of CD28 signaling
in T cells. The colocalization of ligand and receptors on the
same cell also suggests that there is a possibility of cis-inhibition
of Notch activity in the T cells (Figure8). We and others
have shown previously that Notch activation contributes to
the TCR signal strength (11, 33). It is interesting to note that
our current data presented here reveal that Notch ligands are

induced through CD28 engagement and the ligands co-localize
with Notch suggesting that ligand expression may act through
cis-inhibition to block Notch activity and, hence, prevent full T
cell activation. Additionally, our data show that when signaling
through CD28 is combined with signals through the TCR
complex, ligand expression is significantly reduced in a dose
dependent fashion and Notch activity is induced. This novel
mechanism of CD28 mediated induction of Notch ligand on
T cell surface provides an important insight to the significance
of CD28 in impacting T cell function and opens an area of
further study to understand cis-inhibition of Notch in mature
CD4 T cells.
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