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A B S T R A C T

The present study evaluates role of Notch1 signaling in the regulation of T cell immunity in leprosy. Peripheral
blood mononuclear cells from leprosy patients and healthy controls were activated with Mycobacterium leprae
antigens along with activation of Notch1 signaling pathway and then lymphoproliferation was analyzed by
lymphocytes transformation test and the expression of Notch1 and its ligands DLL1, Jagged1 and Jagged 2, T cell
activation marker and Th1-Th2 cytokines on Th cells in PBMCs of study subjects were analyzed by flow cyto-
metry. Further, these parameters were also analyzed after inhibition of Notch1 signaling pathway. Higher
percentage of Notch1expressing Th cells were noted in TT/BT cases and higher percentage of DLL1 expressing Th
cells in TT/BT and BL/LL cases. M. leprae antigens were found to induce the expression of Jagged1 on Th cells.
Interestingly activation of Notch1 signaling pathway induced lymphoproliferation in BL/LL cases in response of
PGL-1. Activation of Notch1 signaling was also found to induce the expression of T cell activation markers CD25,
CD69 and Th1 cytokine IFN-γ in response to M. leprae antigens. Immunomodulation through Notch1 signaling
seen in our study could be helpful in augmenting Th1 response in leprosy.

1. Introduction

Leprosy is a spectral disease which manifests itself in different
clinical forms causing damage to the peripheral nerves resulting in
sensory and motor nerve function impairment with characteristic de-
formity and disability. Tuberculoid form of the disease is the result of
high cell mediated immunity with Th1 type of immune response
whereas lepromatous form of leprosy is characterized by low cell
mediated immunity with humoral Th2 type of immune response [1].

Notch is a single transmembrane receptor protein that regulates a
broad range of cell fate decisions. In mammals, expression of four Notch
genes (Notch1-4) and at least five of their ligands (Jagged1 and 2;
Delta1,3 and 4) are reported [2]. The interaction between the Notch and
its ligands Delta or Serrate/Jagged, constitutes an evolutionary
pathway important for cell fate decisions [2]. Notch engagement with
its ligands leads to the proteolytic cleavage of the notch domain by

presenilin which moves to the nucleus where it interacts with the
transcriptional repressor RBP-Jκ and converts its transcriptional acti-
vator [3,4]. Notch signaling has been described by different groups to
promote such diverse outcomes as tolerance [5], regulatory T cell dif-
ferentiation [6–8], enhancement of T cell expansion [9,10], inhibition
of the cytotoxic T cell activity [8], regulation of T cell differentiation
[10,11] and cytokine production [7,8]. Thus the role of Notch in T cell
is complex and context dependent.

Notch1 signaling has been shown to play a role in induction of
suppressor of cytokine signaling (SOCS)3 in macrophages [12], in
modulation of gene expression pattern known to affect the function of
mature macrophages [13], in regulation of T cell activation and pro-
liferation [14] and in enhancing the expression of CD25 on T cells [9].
As in leprosy outcome of disease depends on the type of T cell response
developed by patient, in the present study role of Notch1 signaling in
lymphoproliferation or in regulation of Th1/Th2 response in leprosy
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was evaluated. For this purpose we activated and inhibited the Notch1
signaling pathway in peripheral blood mononuclear cells from leprosy
patients and healthy controls along with stimulation by two different
antigens of Mycobacterium leprae and then analyzed lymphoprolifera-
tion, expression of T cell activation marker CD25 and CD69 and Th1-
Th2 cytokines IFN-γ and IL-4 by T helper cells. We also investigated the
expression of Notch1 and its ligands DLL1, Jagged1 and Jagged 2 on Th
cells in PBMCs of leprosy patients and healthy controls with or without
stimulation with M. leprae antigens.

2. Materials and methods

2.1. Study subjects

Ten clinically diagnosed untreated tuberculoid leprosy (TT/BT)
patients, ten untreated lepromatous leprosy (BL/LL) patients attending
OPD of National JALMA Institute for Leprosy and Other Mycobacterial
Diseases were included in the study. All the patients were diagnosed on
the basis of clinical signs and symptoms and bacteriological index (BI)
grading. Ten students and staff working in the laboratories of NJIL &
OMD were included in the study as healthy controls. All the healthy
controls were examined clinically and were not suffering from any in-
fectious disease. Eight milliliter peripheral blood was collected in he-
parinized vials from all study subjects after taking informed written
consent and the study was approved by institutional human ethics
committee.

2.2. Isolation of peripheral blood mononuclear cells (PBMCs)

PBMCs were isolated from the venous blood by Ficoll-hypaque
density gradient centrifugation method [15]. PBMCs were then sus-
pended in RPMI-1640 (Sigma, USA) supplemented with 100 unit pe-
nicillin/ml, 100 μg streptomycin/ml (Sigma, USA), L-glutamine (Sigma,
USA) and 5% heat inactivated fetal bovine serum (Sigma, USA).

2.3. Lymphocyte transformation test (LTT)

PBMCs were cultured in 96 well flat bottom plate (NUNC, Denmark)
with 2× 105 cells per well in 200 μl culture medium (RPMI-1640) with
or without stimulation with optimum doses of different antigens/mi-
togen: phytoheamagglutinin (PHA) 5 μg/ml, whole cell sonicate of M.
leprae (WCS) 10 μg/ml and phenolic glycolipid-1 (PGL-1) of M. leprae
10 μg/ml along with anti Notch1 antibody (Thermo Scientific, USA)
10 μg/ml. For inhibition of Notch signaling PBMCs were treated with
Gamma Secretase Inhibitor (Calbiochem, USA) 5 nm for 30min before
addition of stimulants. Plates were then incubated at 37 °C in 5% CO2

with humidified air for five days. Cells were then pulsed with 1μci 3H-
thymidine (Bhabha Atomic Research Centre, Mumbai India) and in-
cubated for 16–18 hours. Cells were harvested with a cell harvester
(Skatron, Instruments) on a glass fiber filter and 3H-thymidine in-
corporation was determined in β-scintillation counter (LKB Rackbeta,
Finland). Stimulation index (SI) for each antigen was measured by di-
viding mean count per minute (CPM) of stimulated cells by the mean
CPM of unstimulated cells. PHA was included as stimulator of lym-
phoproliferation (data not shown).

2.4. Stimulation and staining of cells for flowcytometry

2×106 cells/ml were stimulated with plate bound anti-CD3 (BD
Biosciences, USA) 2 μg/ml, anti-CD28 (BD Biosciences, USA) 2 μg/ml
and with or without antigens WCL, PGL-1, plate bound anti-Notch1
antibody and GSI. Plates were incubated for 24 h at 37 °C in 5% CO2

incubator with humidified air. Six hours before the termination of in-
cubation cells were treated with monensin (4 nm). After incubation
cells were stained for surface markers with anti-CD3 FITC (BD
Biosciences, USA), anti-CD4 PECy5 (BD Biosciences, USA), anti-CD4
PerCP (BD Biosciences, USA), anti-CD4 PE (BD Biosciences, USA), anti-
Notch1 PE (R&D, USA), anti-DLL1 APC (R&D, USA), anti-Jagged1 FITC
(R&D, USA), anti-Jagged2 APC (R&D, USA), anti-CD25PECy7 (BD
Biosciences, USA) and anti-CD69APC (BD Biosciences, USA) for 30min
in dark at 4 °C. Cells were then washed and fixed with 4% formaldehyde
in phosphate buffer saline (PBS, pH-7.4). Fixed cells were then washed

Fig. 1. Representing the gating criteria of Notch1, DLL1, Jagged1 and Jagged2 expressing T helper cells in different study groups. Gating of PBMCs (a), gating of
CD3+CD4+Th cells from PBMCs (b), gating of Notch1+ cells from Th cells (c), selection of DLL1+ cells from Th cells (d), again gating of CD3+CD4+Th cells with
different combination of dyes from PBMCs (e), selection of Jagged1 cells from Th cells (f), selection of Jagged2 cells from Th cells (g).
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for intracellular staining, permeabilized and then stained for in-
tracellular cytokine with anti-IFN-γPE (BD Biosciences, USA) and anti-
IL-4PE (BD Biosciences, USA) for 30min in dark at 4 °C. All the anti-
bodies for flowcytometry were purchased from BD Biosciences, USA.
Stained cells were acquired in BD FACS Aria and the percentage of cells
was calculated using FACS Diva Software.

3. Calculation

Values after antigen stimulation were calculated by subtracting the
unstimulated value from stimulated value. Data was statistically ana-
lyzed using Graph Pad Prizm software version 3.0 and differences
among the groups were calculated by Mann Whitney test. P value less
than 0.05 was considered as significant.

Fig. 2. Percentage of Notch1 expressing T helper cells in different study groups
with or without stimulation. PBMCs of different study subjects were incubated
with medium only (a), stimulated with whole cell sonicate ofM. leprae (b), with
phenolic glycolipid-1 of M. leprae (c) and incubated for 24 h. After incubation
cells were washed and stained with fluorescent labeled anti-CD3, anti-CD4 and
anti-Notch1 antibodies and percentage of Notch1 expressing Th cells were de-
termined by flowcytometry *p < 0.05 (n=10).

Fig. 3. Percentage of DLL1 expressing T helper cells in different study groups
with or without stimulation. PBMCs of different study subjects were incubated
with medium only (a), stimulated with whole cell sonicate ofM. leprae (b), with
phenolic glycolipid-1 of M. leprae (c) and incubated for 24 h. After incubation
cells were washed and stained with fluorescent labeled anti-CD3, anti-CD4 and
anti-DLL1 antibodies and percentage of DLL1 expressing Th cells were de-
termined by flowcytometry. *p < 0.05, **p < 0.01 (n= 10).
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Fig. 4. Percentage of Jagged1 expressing T helper cells in different study groups
with or without stimulation. PBMCs of different study subjects were incubated
with medium only (a), stimulated with whole cell sonicate ofM. leprae (b), with
phenolic glycolipid-1 of M. leprae (c) and incubated for 24 h. After incubation
cells were washed and stained with fluorescent labeled anti-CD3, anti-CD4 and
anti-Jagged1 antibodies and percentage of Jagged1 expressing Th cells were
determined by flowcytometry. *p < 0.05(n= 10).

Fig. 5. Percentage of Jagged2 expressing T helper cells in different study groups
with or without stimulation. PBMCs of different study subjects were incubated
with medium only (a), stimulated with whole cell sonicate ofM. leprae (b), with
phenolic glycolipid-1 of M. leprae (c) and incubated for 24 h. After incubation
cells were washed and stained with fluorescent labeled anti-CD3, anti-CD4 and
anti-Jagged2 antibodies and percentage of Jagged2 expressing Th cells were
determined by flowcytometry (n=10).
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4. Results

4.1. Expression of Notch1 and its ligands DLL1, Jagged1 and Jagged2 on T
helper cells

Notch1 and its ligands DLL1, Jagged1 and Jagged2 expressing Th
cells were analyzed by Flowcytometry in different categories of study
subjects (Fig. 1). Notch1 expressing cells were significantly higher in
TT/BT patients than BL/LL patients and WCS significantly increased the
Notch1 expressing cells in HC than BL/LL patients (Fig. 2).

DLL1 expressing Th cells were significantly higher in TT/BT and BL/
LL patients than HC. None of the antigens significantly induced the
DLL1 expression among different categories of subjects (Fig. 3). Jagged
1 and Jagged 2 expressing cells were not significantly different among
different categories of study subjects (Figs. 4 and 5). WCS significantly
increased Jagged1 expressing Th cells in TT/BT patients than BL/LL
cases (Fig. 4). None of the antigen tested induced the percentage of
Jagged2 expressing cells after stimulation (Fig. 5).

4.2. Notch signaling regulates lymphoproliferation

Proliferative response of lymphocytes of different categories of
study subjects was measured after the stimulation of Notch1 signaling
pathway in PBMCs with anti-Notch1 antibody and inhibition of Notch
signaling pathway by treatment of PBMCs with GSI with or without
stimulation with M. leprae antigens by lymphocyte transformation test.
Results were represented as stimulation index (SI) and SI two or more
than two was considered as proliferation. Inhibition of Notch signaling
by GSI significantly inhibited lymphoproliferation mediated by WCS
and PGL-1 with or without activation of Notch1 signaling by anti
Notch1 antibody in all categories of study subjects. No effect was noted
on the proliferation after activation through Notch receptor in presence
of WCS in HCs and BT/TT however, higher S.I was noted in BL/LL after
stimulation with PGL-1 (Fig. 6a and b). Lymphoproliferative response
by the activation of Notch1 signaling with WCS was significantly higher
in HCs and BT/TT in comparison to BL/LL (Fig. 6a). (discussion)

4.3. CD25 expression on T helper cells by Notch1 signaling

Activation of T cells leads to expression of CD25 which is α chain of
IL-2 receptor and is necessary for the binding of IL-2. CD3/CD28
mediated expression of CD25 was analyzed on the T helper cells after
activation of Notch1 signaling pathway by anti Notch1 antibody and
inhibition of Notch1 signaling pathway by GSI in presence of M. leprae
antigens by flowcytometry (Fig. 7). Inhibition of Notch signaling sig-
nificantly reduced CD25 expression on T helper cells mediated by CD3/
CD28 with or without stimulation with anti-Notch1 antibody in all
categories of study subjects. Activation of Notch1 signaling through
anti-Notch1 antibody significantly increased WCS mediated CD25 ex-
pression on T helper cells in HC and WCS and PGL-1 mediated CD25
expression on T helper cells in BL/LL patients (Fig. 8).

4.4. CD69 expression on T helper cells by Notch1 signaling

CD3/CD28 mediated expression of early T cell activation marker
CD69 was also analyzed on T helper cells after activation and inhibition
of Notch1 signaling pathway in presence of M. leprae antigens by
flowcytometry (Fig. 9). Activation of Notch1 signaling significantly
induced CD69 expression on T helper cells in HC and BL/LL cases. In-
hibition of Notch signaling significantly reduced CD69 expression on T
helper cells mediated by CD3/CD28 with or without stimulation with
anti-Notch1 antibody in all categories of study subjects. Activation of
Notch1 signaling by anti-Notch1 antibody significantly increased WCS
mediated CD69 expression on T helper cells in HC and WCS and PGL-1
mediated CD69 expression on T helper cells in BL/LL patients (Fig. 10).

4.5. Notch1 signaling mediated regulation of IFN-γ expression in T helper
cells

Th1 cytokine IFN- γ is important for anti mycobacterial immunity in
mycobacterial diseases such as leprosy and TB. CD3/CD28 mediated
expression of IFN-γ was analyzed in T helper cells after activation or
inhibition of Notch1 signaling pathway in presence of M. leprae anti-
gens by flowcytometry (Fig. 11). Inhibition of Notch1 signaling sig-
nificantly decreased CD3/CD28 with or without anti Notch1 mediated
expression of IFN-γ in all categories of study subjects with or without

Fig. 6. Lymphoproliferative response after activation and blocking of Notch1
signaling pathway with antigenic stimulation in different study groups. Notch1
signaling pathway was activated with plate bound anti-Notch1(N1) antibodies
and inhibited by the treatment of cells with GSI in PBMCs of different study
subjects and cells were stimulated with whole cell sonicate (a), phenolic gly-
colipid-1 (b) of M. leprae. Cultures were incubated at 37 °C for 5 days and then
pulsed with 3H thymidine for 16–18 hrs. After incubation cells were harvested
on glass fiber filter paper and 3H thymidine incorporation was measured by β-
scintillation counter. Stimulation index (SI) for each antigen was measured by
dividing mean count per minute (CPM) of stimulated cells by the mean CPM of
unstimulated cells. **p < 0.01 p***<0.005 (n= 10).
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Fig. 7. Representing the gating criteria of CD25 expressing T helper cells in different study groups. Gating of PBMCs (a), gating of CD3+CD4+Th cells from PBMCs
(b) and gating of CD25+ Th cells (c).

Fig. 8. Percentage of CD25 expressing T helper cells after activation and blocking of Notch1 signaling pathway in different study groups with or without stimulation
with antigen. Notch1 signaling pathway was activated with plate bound anti-Notch1(N1) antibodies and inhibited by the treatment of cells with GSI in PBMCs of
different study subjects and cells were incubated for 24 h with medium only (a), with whole cell sonicate of M. leprae (b), with phenolic glycolipid-1 of M. leprae (c).
After incubation cells were washed and stained with fluorescent labeled anti-CD3, anti-CD4 and anti-CD25 antibodies and percentage of CD25 expressing Th cells
were determined by flowcytometry. *p < 0.05**p < 0.01 p***<0.005 (n=10).
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stimulation with WCS and PGL-1. Activation of Notch1 signaling sig-
nificantly increased CD3/CD28 mediated expression of IFN-γ in re-
sponse to PGL-1 in BL/LL cases (Fig. 12).

4.6. Notch1 signaling mediated regulation of IL-4 expression in T helper
cells

CD3/CD28 mediated expression of Th2 cytokine IL-4 was analyzed
in T helper cells after activation and inhibition of Notch1 signaling
pathway in presence M. leprae antigens by flowcytometry (Fig. 13).
Inhibition of Notch1 signaling pathway by GSI significantly decreased
CD3/CD28 mediated expression of IL-4 in T helper cells in TT/BT pa-
tients and CD3/CD28 and Notch1 mediated expression in healthy
controls. Further, inhibition of Notch signaling significantly decreased
WCS mediated IL-4 expression in T helper cells in TT/BT patients and
WCS and anti-Notch1 mediated IL-4 expression in T helper cells in HC
and BL/LL patients. Activation of Notch1 signaling increased IL-4 ex-
pression in T helper cells in presence of PGL-1 in HC. Inhibition of
Notch signaling decreased IL-4 expression in T helper cells mediated by
PGL-1 and anti-Notch-1 antibody in TT/BT and BL/LL patients
(Fig. 14).

5. Discussion

Notch1 signaling has been reported to play a role in regulation of T
cell activation, proliferation and differentiation. Therefore, keeping
these facts in consideration in the present study we tried to evaluate the
role of Notch signaling in the regulation of T cell responses in leprosy.
As TCR stimulation considerably increases expression of four Notch
receptors within 24 h [7], expression of Notch1 and its ligands DLL-1,
Jagged1 and Jagged2 on Th cells of leprosy patients and healthy con-
trols after 24 h of activation with M. leprae antigens was analyzed. We
found higher percentage of Notch1 expressing Th cells in TT/BT case
than BL/LL cases which suggested that Notch1 may be playing a role in
restriction of infection and regulation of immune response during le-
prosy. Percentage of DLL1 expressing Th cells was found significantly
higher in TT/BT and BL/LL cases as compared to healthy controls which
could be due to exposure of these patients to M. leprae antigens. Ex-
pression of Jagged1 on Th cells was induced after the stimulation with
WCS in TT/BT cases which suggests that M. leprae antigens induces the
expression of Jagged1 that could have a role in Th1 type of response
seen in tuberculoid patients. Expression of Notch and its ligands was not
evaluated on APCs and it will be interesting to study the same to cor-
relate their role in favoring Th1/Th2 differentiation during leprosy.

There are several reports addressing the effect of Notch molecules

on T cell proliferation, but so far reports are inconsistent. Some reports
by different groups suggested that activation of Notch through its li-
gands induce tolerance or suppress T cell proliferation [6,11,14]. On
the contrary two reports indicated that chemical γ-secretase inhibitor,
which were inhibitors of Notch signaling decreased T cell proliferation
[9,10]. It has also been reported that over expression of Notch1-IC
enhances CD4+T cell proliferation [9] Taking these facts in con-
sideration for the first time role of Notch1 signaling in T cell pro-
liferation in leprosy was evaluated. Inhibition of Notch1 signaling sig-
nificantly decreased M. leprae antigen mediated lymphoproliferation in
all categories of study subjects. In BL/LL cases activation of Notch1
signaling increased PGl-1 mediated lymphoproliferation and SI in-
creased to more than 2. It could be inferred that Notch1 signaling
pathway regulate lymphoproliferation in leprosy and lymphoproli-
ferative response to PGL-1 in lepromatous leprosy.

Notch1 molecule has also been reported to play a role in Th1/Th2
differentiation. Some studies suggested role of notch in Th1/Th2 dif-
ferentiation [11,16] In contrast to these studies, another study showed
that CD4+T cells lacking only Notch1 or Notch2 had no defect in Th2
differentiation, demonstrating that these Notch receptors are redundant
in this context [17]. Notch signaling has also been linked to Th2 dif-
ferentiation by other groups [18,19]. Potential role of Notch signaling
in T cell activation has also been reported in few studies [11,14].
Overall discovery of contribution of Notch1 signaling in T cell activa-
tion and Th1/Th2 differentiation has opened a new pathway about the
regulation of T cell responses in infectious diseases, therefore in the
present study we tried to evaluate the role of Notch signaling in T cell
activation and Th1/Th2 differentiation in leprosy. For this purpose
CD3/CD28 and M. leprae antigen mediated expression of T cell acti-
vation markers CD25 and CD69 and expression of Th1/Th2 cytokines
IFN-γ and IL-4 in Th cells was studied after activation and inhibition of
Notch1 signaling pathway. GSI decreased CD25, CD69 and IFN-γ ex-
pression in M. leprae antigen activated Th cells (with or without anti
Notch1 antibody) in leprosy patients and healthy controls. Inhibition of
CD25 and CD69 expression of on T cells by blocking of Notch1 pathway
has also been shown previously [10]. Further, activation Notch1 sig-
naling was noted to enhanced T cell activation in response to WCS and
PGL-1 in BL/LL cases by increasing expression of activation markers
CD25 and CD69 on Th cells BL/LL cases in our study. Enhanced ex-
pression of CD25 after constitutive activation of Notch1 has also been
reported [8]. IFN-γ expression in response to PGL-1 was also increased
after activation of Notch1 signaling in BL/LL cases. Activation of
Notch1 signaling did not increase IL-4 expression rather inhibition
decreased M. leprae antigens mediated IL-4 expression in Th cells in
leprosy patients.

Fig. 9. Representing the gating criteria of CD69 expressing T helper cells in different study groups. Gating of PBMCs (a), gating of CD3+CD4+Th cells from PBMCs
(b) and gating of CD69+ Th cells (c).
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Fig. 10. Percentage of CD69 expressing T helper cells after activation and blocking of Notch1 signaling pathway in different study groups with or without stimulation
with antigen. Notch1 signaling pathway was activated with plate bound anti-Notch1(N1) antibodies and inhibited by the treatment of cells with GSI in PBMCs of
different study subjects and cells were incubated for 24 h with medium only (a), with whole cell sonicate of M. leprae (b), with phenolic glycolipid-1 of M. leprae (c).
After incubation cells were washed and stained with fluorescent labeled anti-CD3, anti-CD4 and anti-CD69 antibodies and percentage of CD69 expressing Th cells
were determined by flowcytometry. *p < 0.05**p < 0.01 p***<0.005 (n=10).

Fig. 11. Representing the gating criteria of IFN-γ expressing T helper cells in different study groups. Gating of PBMCs (a), gating of CD3+CD4+Th cells from PBMCs
(b) and gating of IFN-γ+ Th cells (c).
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Fig. 12. Percentage of IFN-γ expressing T helper cells after activation and blocking of Notch1 signaling pathway in different study groups with or without stimulation
with antigen. Notch1 signaling pathway was activated with plate bound anti-Notch1(N1) antibodies and inhibited by the treatment of cells with GSI in PBMCs of
different study subjects and cells were incubated for 24 h with medium only (a), with whole cell sonicate of M. leprae (b), with phenolic glycolipid-1 of M. leprae (c).
After incubation cells were washed and stained with fluorescent labeled anti-CD3, anti-CD4 and anti- IFN-γ antibodies and percentage of IFN-γ expressing Th cells
were determined by flowcytometry. *p < 0.05**p < 0.01 (n= 10).

Fig. 13. Representing the gating criteria of IL-4 expressing T helper cells in different study groups. Gating of PBMCs (a), gating of CD3+CD4+Th cells from PBMCs
(b) and gating of IL-4+ Th cells (c).
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6. Conclusions

Overall our findings suggest that activation of Notch1 signaling
could help in restoring the cell mediated immune response in lepro-
matous patients as it promotes the expression of CD25, CD69 and IFN- γ
–by Th cells of BL/LL cases and can evoke T cell activation and Th1
response. The role of Notch signaling in T cell activation or im-
munomodulation in lepromatous leprosy patients needs to be re-
validated in future studies.
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