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The potential value of
Notchl and DLL1 in the
diagnosis and prognosis
of patients with active TB

Jinling Xie, Yinzhong Chen, Shihao Chen, Huaquan Long,
Weijian Zhang and Guoan Liu*

Xinhui District People’s Hospital, Affiliated with the Southern Medical University, Jiangmen, China

Objectives: The Notch signaling pathway has been implicated in the
pathogenesis of active tuberculosis (TB), and Thl-type cell-mediated immunity
is essential for effective control of mycobacterial infection. However, it remains
unclear whether Notch signaling molecules (Notchl, DLL1, and Hesl) and Thl-
type factors (T-bet and IFN-y) can serve as biomarkers for tracking the
progression of active TB at different stages along with peripheral blood white
blood cell (WBC) parameters.

Methods: A total of 60 participants were enrolled in the study, including 37
confirmed TB patients (mild (n=17), moderate/severe (n=20)) and 23 healthy
controls. The mRNA expression of Notchl, DLL1, Hesl, T-bet and IFN-y in the
peripheral blood mononuclear cells (PBMCs) of the subjects was measured by
RT-qPCR, then analyzed for differences. Receiver Operating Characteristic curve
(ROC) was used to assess the effectiveness of each factor as a biomarker in
identifying lung injury.

Results: We found that mRNA expression levels of Notchl, DLL1, and Hesl were
upregulated in active TB patients, with higher levels observed in those with
moderate/severe TB than those with mild TB or without TB. In contrast, mRNA
levels of T-bet and IFN-ywere downregulated and significantly lower in mild and
moderate/severe cases. Furthermore, the combiROC analysis of IFN-y and the
percentage of lymphocytes (L%) among WBC parameters showed superior
discriminatory ability compared to other factors for identifying individuals with
active TB versus healthy individuals. Notably, Notch pathway molecules were
more effective than Thl-type factors and WBC parameters in differentiating mild
and moderate/severe cases of active TB, particularly in the combiROC model
that included Notchl and Hesl.

Conclusions: Our study demonstrated that Notchl, Hesl, IFN-y, and L% can be
used as biomarkers to identify different stages of active TB patients and to

monitor the effectiveness of treatment.
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Introduction

Tuberculosis (TB) is a widespread infectious disease caused by
Mycobacterium tuberculosis, with the lungs being the most
commonly affected organ. Despite numerous efforts to combat the
disease, it persists as a serious global public health challenge. The
World Health Organization’s Global TB Report 2021 (1) showed
that prior to the coronavirus (COVID-19) pandemic, TB was the
leading cause of death from a single infectious agent, surpassing
even HIV/AIDS. Although extensive research has been conducted
on the pathogenesis of TB, there is currently no cost-effective and
reliable hematological method available for monitoring the
progression of active TB and the effectiveness of treatment.

Upon infection with TB, the host mounts both adaptive and innate
immune responses aimed at eliminating the bacteria. Lymphocytes are
key immune cell types involved in this process. Previous studies have
shown that IFN-y secretion by Thl cells (a type of T-cell subset) is
beneficial for activating macrophages and mononuclear cells to control
TB infection in the early stages, enhancing host autophagy and
bacterial clearance (2-4). However, the persistent secretion of IFN-y
by T cells in patients with latent TB can lead to the development of
active TB within four years (5). This suggests that a strong association
between IFN-y secretion by Thl cells and disease progression of TB.

Of note, the role of Notch signaling in disease has received
considerable attention in recent years. Studies have reported that
this pathway can protect colonic epithelial cells from
proinflammatory responses (6), promote immune molecules
expression and exacerbate cytokine disorders (7), and also
involves in Thl differentiation and IFN-y secretion (8, 9). The
Notch signaling pathway is a highly conserved pathway that
mediates cell-cell communication through various Notch
signaling molecules. These molecules are present ubiquitously on
the cell surface and play a crucial role in determining the fate of the
cell. In mammals, the binding of the Notch receptor (Notchl-4) to
Notch ligand proteins (Delta-like 1, 3, 4, Jaggedl, and Jagged2)
leads to the activation of CSL transcription factors (CBF-1,
Suppressor of Hairless, Lagl) and downstream target genes (such
as Hesl), forming signal transduction pathways. For example,
Notch signaling was activated after binding of Notch receptor
with ligand DLL1, which influences the direction of cell
differentiation and regulates cell fate (10, 11).

In addition, recent studies have confirmed that Notch signaling
is involved in the progression of active TB (12-14). Blockade of
Notch signaling by DAPT restores theTh1/Th2 imbalance in TB
patients (13). DLLI1 levels in cerebrospinal fluid (CSF) and serum of
patients with tuberculous meningitis (TBM) were higher than those
in the bacterial meningitis, viral meningitis/encephalitis and
nondiagnosed groups, indicating that DLL1 may be a new
biomarker for TBM diagnosis (12). Based on these findings, we
hypothesized that Notch signaling molecules (Notchl, DLLI and
Hes1) and Th1-type response factors (T-bet and IFN-Y), along with
differences in white blood cell (WBC) parameters may serve as
potential biomarkers for predicting disease progression and
monitoring therapeutic effect in patients with active TB.

In the current study, the mRNA levels of Notchl, Hesl and DLLI
were upregulated in PBMCs from active TB patients, while the
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expression of T-bet, and IFN-y were downregulated. IFN-y was
superior to Notch pathway molecules in identifying active TB
patients from healthy controls, particularly the model combined with
L% had the best discriminatory power. Interestingly, Notch pathway
molecules could better differentiate mild and moderate/severe cases of
active TB than Thl-type factors and WBC parameters. Especially, the
combiROC model with Notchl and Hesl was more effective. These
may provide novel insights into the use of Notch signaling molecules as
biomarkers of progression and efficacy in active TB.

Materials and methods
Study subjects

Study participants were obtained at Xinhui District People’s
Hospital affiliated with Southern Medical University from
September 2021 to July 2022, and were aged 18 years or older.
The patients with confirmed active TB who had not yet started anti-
TB treatment and a control group of apparently healthy individuals
from the same hospital’s medical examination center underwent
physical examinations. This study had been approved by the Ethics
Committee of Xinhui District People’s Hospital affiliated with
Southern Medical University, Jiangmen (Medical Research Ethics
Audit 2019 No. 027), and written informed consent was obtained
from the participants.

Individuals enrolled in this study were described in detail as
follows. Negative chest x-ray and IFN-y release assay results further
confirmed apparently healthy control subjects. Patients with active TB
were diagnosed on the basis of clinical manifestations, positive results
of at least one laboratory test (TB DNA test, acid-fast bacilli smear test,
IFN-y release test), and characteristics of TB on chest radiograph,
meeting the diagnosis criteria of Tuberculosis WS288-2017 (15). Then,
they were classified as mild, moderate, and severe groups based on the
lung injury and symptoms. In mild cases, symptoms are mild and
imaging shows mainly plaques, nodules, and striae or tuberculomas or
isolated cavities. In moderate cases, symptoms may include cough,
sputum production, shortness of breath, or low-grade fever. Imaging
may show scattered lesions of low to moderate density in one or both
lungs, or even fusion, but the area of high-density lesions does not
exceed one-third of the volume of a lung. In severe cases, symptoms
include dyspnea, hemoptysis, or hyperthermia. Imaging may show
lobar infiltrates, caseous pneumonia, multiple cavitations, and
bronchial dissemination, even extrapulmonary dissemination occurs.
The study excluded individuals who were either taking antibiotics or
had medical conditions that could potentially affect the study
outcomes. These medical conditions included severe heart disease,
significant liver disease, active infectious diseases, hematologic
disorders, autoimmune diseases, and receiving immunotherapy.

Blood sample preparation
Approximately 7 mL of venous blood was collected from TB

patients and healthy individuals via venous puncture. Blood
samples were drawn into tubes containing EDTA-K2 (BD
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Vacutainer, New Jersey, USA). Of the 7 ml, 5 ml was used for the
peripheral blood mononuclear cells (PBMCs) isolation, and the
remaining 2 ml was used to register the complete blood count.
PBMCs were separated by Ficoll-Hypaque density gradient
centrifugation (TBD, Tianjin, China), which was centrifuged at
400 x g for 30 min at 20°C.

Complete blood count

Blood samples were analyzed for peripheral blood cell count
using the Sysmex XN2000 automated hematocytometer (Sysmex,
Tokyo, Japan). It provides analysis of peripheral blood cell
components, cell volume, cell percentage and other classification
parameters. Among these parameters, the number of total white
blood cells, the percentage and the number of granulocytes,
lymphocytes and monocytes are widely used in the monitoring of
infectious diseases. Complete blood count is performed under strict
quality control procedures. These include daily high and low
internal quality control, bi-weekly quality control and annual
quality assurance as the important parts of the Clinical
Laboratory QC Program.

RNA extraction and RT-PCR

According to the manufacturer’s protocol, the extraction of
total RNA of PBMCs from individuals was used Trizol method
(TRizol reagent, Takara Biotechnology, Dalian, China) and treated
with RNase-free DNase (Solarbio, Beijing, China). And then reverse
transcription was accomplished by a High-Capacity cDNA Reverse
Transcription synthesis kit (Vazyme, Nanjing, China).

Quantitative real-time PCR
Quantitative real-time PCR was performed using SYBR Green

PCR mixture (Vazyme Nanjing, China) to validate the differential
mRNA levels of Notchl, Hesl, DLLI, T-bet and IFN-y under the

TABLE 1 Human primer sequences used in real- time PCR.
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following conditions: 45 cycles of 95°C for 30 seconds, 95°C for 10
seconds and 60°C for 40 seconds in an Applied Biosystems
instrument. The human primer sequences were shown in Table 1.
The relative fold change in mRNA expression of all genes
was measured by the 278ACt method (16) using PB-actin as the
internal reference gene, according to the following calculation:
AACt = experiment group (Ct target — Ct internal reference) —
control group (Ct target — Ct internal reference). Means and SDs
were computed from triplet datasets.

Statistical analysis

Statistical analysis and graphs were performed by R language
(mainly R package GGploT2 [version 3.3.3]) (used for visualization)
and GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA;
www.graphpad.com). Categorical variables were shown as number (%),
and analyzed by % test. Continuous variables were shown as mean +
SD and analyzed by Student’s t-test if normally distributed, or as
median (interquartile range) and analyzed by Mann-Whitney U test
otherwise. For non-normally distributed independent samples,
Spearman method correlation analysis was used for assessing the
relationship between two genes. One-way analysis of variance
(ANOVA) and Kruskal-Wallis’s test were used for multivariate
comparisons among groups. ROC curve analysis was used to
evaluate the diagnostic efficiency of each factor. Differences were
considered statistically significant if p-value was < 0.05. sp < 0.05;
wxp < 0.01; ssp < 0.001; ssp < 0.0001, ns, not significant.

Results

The percentage of lymphocytes in
peripheral blood of active TB patients were
lower than those of healthy controls

A total of 60 participants were enrolled in this study, of which
23 healthy individuals were negative controls and 37 TB patients
were in the positive group. The main clinical information of all

Gene Human primer sequences 5-3’

F:5-CACTGTGGGCGGGTCC-3

Notchl

R:5-GTTGTATTGGTTCGGCACCAT-3

F:5-CGTGTCTCCTCCTCCCATT-3
Hesl

R: 5-GAGAGGTAGACGGGGGATTC-3
DLL1 F:5-GACGAACACTACTACGGAGAGG-3’ R:5-AGCCAGGGTTGCACACTTT-3’
T-bet F: 5-GGATGCGCCAGGAAGTTTCA-3

R: 5-GACTGGAGCACAATCATCTGGG-3’
EN F:5-GTGTGGAGACCATCAAGGAAGACA-3

U R:5-TTGGACATTCAAGTCAGTTACC-3’

B-actin F:5-CATGTACGTTGCTATCCAGGC-3’
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TABLE 2 Characteristics and white blood cell classification parameters of active TB patients and healthy individuals enrolled in this study.

ns

Characteristic Control group Active TB P-value
Numbers 23 37

Age (years), mean * SD 53.52 + 15.94 62.3 + 16.52 ns
Gender (n [%])

female 9 (15%) 6 (10%) ns
male 14 (23.3%) 31 (51.7%)

White blood cells (E+09/L), median (IQR)
Neutrophils (E+09/L), median (IQR)
Percentage of Neutrophils (N%) mean + SD
Lymphocytes (E+09/L), mean + SD
Percentage of lymphocytes (L%) median (IQR)

Ratio of Neutrophils/lymphocytes (N%/L%), median (IQR)

7.72 (7.15, 8.7)
4.34 (3.83, 5.56)
57.73 + 6.76
271 +£0.72
35.15 (29.82, 37.65)

1.65 (1.42, 2.02)

7.97 (5.36, 11.59)
5.98 (3.52, 8.74)
7225 + 13.71
1.27 + 0.60
15.3 (7.95, 27.25)

4.95 (2.29, 8.9)

ns

ns

ohkok

Monocytes (E+09/L), mean + SD

Percentage of monocytes (M%) mean + SD

Ratio of monocytes/lymphocytes (M%/L%), median (IQR)

6+ Pyalue is <0.001; **** P-value is <0.0001.
ns, not significant.

participants was shown in Table 2. The classification parameters of
the WBC were obtained through the complete blood count
conducting with the Automatic Hematology Analyzer Sysmex
XN2000. No significant difference was observed in age, sex, total
WBC count, neutrophil count, monocyte count and percentage (M
%) between the positive and healthy groups. However, the
percentage of lymphocytes (L%) was lower in the TB patients
than that in healthy controls, while the percentage of neutrophils
(N%), the ratio of neutrophils/lymphocytes (N%/L%), and the ratio
of monocytes/lymphocytes (M%/L%) in TB individuals were higher
than in the healthy controls. These results confirmed that the
lymphocytes were more attrition in the progression of active TB
compared to the healthy controls, which was similar with the
conclusions of previous studies (17, 18). The increase in N% was
likely due to a decrease in L%, as we term this phenomenon a
“increased passivity”. This is because neutrophils, lymphocytes, and
monocytes are the main components in peripheral blood

The relative expression level of Notch1
The relative expression level of DLL1
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0.47 £ 0.1
5.96 + 0.96

0.18 (0.15, 0.21)

0.55 + 0.31
6.66 + 3.25

0.48 (0.22, 0.74)

ns

ns

HHk

leukocytes, with the normal reference range for N% being 50%-
70%, and L% being 20%-40%. However, our study showed a true
decrease in both percentage and absolute number of lymphocytes.

The mRNA expression of Notchl,
DLL1 and Hesl were upregulated in
PBMCs of TB patients compared to
uninfected individuals

To investigate the mRNA expression of Notchl, DLLI and Hes1
in PBMCs of TB-infected and uninfected individuals, Q-PCR was
performed for comparison. It was observed that the mRNA
expression of Notchl, DLL1 and Hesl were upregulated in the
PBMCs of TB patients compared to uninfected individuals.
(Figures 1A-C). These findings demonstrated that the expression
of Notch pathway molecules was up-regulated during TB infection.

DLL1

®

&
&
)

<

The relative expression level of Hes1

The mRNA expression of Notchl, DLL1 and Hesl of active TB patients (n=37) and healthy controls (n=23) were detected by RT-QPCR. The data
were standardized to B-actin and presented as the mean + SD of triple independent experiments. Mann-Whitney U test (Wilcoxon rank sum test)
was used for statistical analysis. (A—C) respectively showed that the mRNA expression of Notchl, DLL1, and Hesl. *p < 0.05, ****p < 0.0001.
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The levels of Notch signaling
molecules were higher in moderate/
severe TB patients than that in mild
and uninfected individuals

To further explore the levels of Notch signaling molecules at
different stages of TB infection, participants were divided into
healthy (n=23), mild (n=17), and moderate/severe (n=20) groups
based on the lung injury and symptoms meeting the diagnosis
criteria of Tuberculosis WS288-2017. As shown in Figures 2A-C,
the mRNA expression of Notchl, DLL1 and Hes1 were significantly
higher in patients with moderate/severe TB compared to those with
mild TB or no infection. However, there was no difference observed
between the mild and healthy participants. These results suggested
that the expression of Notch signaling molecules may be associated
with the severity of TB infection.

The mRNA expression of T-bet
and IFN-y were down-regulated

in PBMCs of TB patients compared
to uninfected individuals

To explore the mRNA expression of T-bet and IFN-yin PBMCs
of TB infected and uninfected individuals, Q-PCR was performed
for comparison. It was observed that the mRNA expression of T-bet
and IFN-y were down-regulated in the PBMCs of TB patients
compared to uninfected individuals (Figures 3A, B). These results
demonstrated that the expression of Thl-type factors were down-
regulated during TB infection.

The levels of Thl-type factors were lower
in mild and moderate/severe TB patients
than that in uninfected individuals

To further explore the levels of T-bet and IFN-y at different
stages of TB infection, participants were divided into healthy, mild
and moderate/severe groups (the number of participators
respectively were 23, 17, 20) based on the lung injury and

The relative expression level of DLL1

The relative expression level of Notch1

FIGURE 2
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symptoms that met the diagnosis criteria of Tuberculosis WS288-
2017. As shown in Figures 4A, B, the mRNA expression of T-bet
and IFN-y were lower in mild and moderate/severe TB patients than
that in uninfected individuals and the difference were statistically
significant. No difference was observed between the mild and
moderate/severe groups. These results suggested that a decrease
in the frequency of Th1 cells, and the immune response mediated by
Thl-type factors is tends to be impaired in the progression of
TB patients.

The combiROC of IFN-y and L% contribute
to discriminate the active TB patients from
healthy individuals, while the combiROC of
Notchl and Hesl was favored for
distinguishing mild TB patients from
moderate/severe individuals

The results presented above proved that the Notch signaling
molecules and Th1-type factors had changed differently at different
stages of TB patients, as well as the WBC parameters. To further
verify the diagnostic efficiency of Notchl, DLL1, Hesl, T-bet, IFN-y
and the percentage of lymphocytes (L%) in discriminating the
severity of the disease provoked by TB from healthy individuals,
the ROC analysis method was used (Figure 5).

The results showed that IFN-y and L% were more effective than
other indicators in aiding the diagnosis of active or inactive TB, with
an AUC of 0.946 and a cut-off point of 0.26 for IFN-y, and an AUC
of 0.894 and a cut-off point of 20.95 for L% (Figure 5A). And then
the accuracy of their predictions was achieved the best diagnostic
efficacy in the combined model of both (Figure 5B), which was with
the AUC value of 1.00 and cut-off point of 0.136. On the other hand,
the molecules of the Notch pathway (Notchl, DLL1 and Hesl) were
superior to the factors of Th1 cells (T-bet and IFN-y) and the WBC
parameters in terms of diagnostic efficacy for discriminating mild
from moderate/severe TB, with AUC values of 0.897, 0.853 and
0.753, for Notchl, DLL1, and Hesl, respectively (Figure 5C). It is
worth noting that the diagnostic efficacy of Notchl and Hesl was
close, with an AUC value of 0.906 and cut-off point of 0.066 for the
combined model (Figure 5D). And a sensitivity of 0.800, specificity
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Comparison of the mRNA expression of Notchl, DLL1 and Hesl in healthy individuals (n=23) and active TB patients with mild (n=17) or moderate/
severe (n=20) disease were compared by using Kruskal-Wallis one-way analysis of variance by ranks. The standardization of data were used the
housekeeping gene B-actin and shown as the mean + SD of three times experiments. (A—C) presented the mRNA expression of Notchl, DLL1, and
Hesl in healthy controls and patients with different degrees of disease, respectively. **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant.

Frontiers in Immunology

05

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1134123
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xie et al.

% A
;E *k
% 2.5
° .
> 2.04
g ..0. [}
2 15 o* e
]
3 1.0 2eae I..-I
.0 n
S el oo g
) P Yt +
2 0.5 oo .
- n 1]
S ugg®® ]
0.0 : L L
o o &
S & 8
= & Qo“\

FIGURE 3

10.3389/fimmu.2023.1134123

> B -

4

L

5 2.54

° oe®

E’ 2.0 .

=

O 1.5- 0o’

2 e

o L u
5 101 - .
° o 0 n
2 0.5 S aan
s ®e0 u

3 L~
© 0.0 .

o o &2
= ) .

[ 00& Qoe\\}

The mRNA expression of T-bet and IFN-y of active TB patients (n=37) and healthy controls (n=23) were tested by RT-QPCR. The data were
normalized quotient to B-actin and presented as the mean + SD of three independent tests, performed by Mann-Whitney U test (Wilcoxon rank sum
test). (A, B), respectively, shown as the mRNA expression of T-bet and IFN-vy. **p < 0.01, ****p < 0.0001.

of 0.882, and CI in the range of 0.809-1.000, this model has high
accuracy in discriminating mild from moderate/severe TB patients.

Consequently, the diagnostic efficiency of the combined ROC
analysis of IFN-y and L% had the highest accuracy in discriminating
the active TB patients from healthy individuals. Additionally, the
combiROC of Notch1 and Hes1 was favored for distinguishing mild
TB patients from moderate/severe individuals. These findings
highlight the potential diagnostic utility of Notch pathway
molecules as biomarkers for management active TB, particularly
in identifying disease severity.

Discussion

Despite advancements in TB prevention and treatment, the
disease remains a significant global health threat with high
morbidity and mortality rates. Hyperreactive TB can cause
chronic inflammation, leading to irreversible damage in older
adults with subtle symptoms. Post-TB sequelae can significantly
add to the overall burden of pulmonary TB by reducing lung
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function and quality of life (19). Early diagnosis and monitoring
of TB progression can decrease the risk of long-term sequelae.
Identifying biomarkers to monitor TB progression, including post-
TB, is clinically significant.

This study analyzed the expression of Notch pathway molecules
(Notchl, DLL1 and Hesl) and Thl-type response factors (T-bet and
IFN-y) in TB patients, along with routine WBC parameters. The results
of WBC parameters showed a significant reduction of lymphocytes and
a corresponding increase in the proportion of neutrophils during active
TB progression. This phenomenon is typically seen in chronic bacterial
infections or mild viral infections. It has been reported that an elevated
neutrophils ratio is significantly associated with a decline in lung
function, while the opposite is true for the lymphocytes frequency
(20). Additionally, the results of lymphocytes were consistent with
findings from previous studies indicating their crucial role in
mycobacterial clearance (17, 18). Other report also considered that
the frequency of lymphocytes in peripheral blood is one of the valuable
parameters for predicting the risk of active TB (21). Therefore,
monitoring the frequency of lymphocytes in peripheral blood is
particularly important during the progression of active TB.
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Comparison of the mRNA expression of T-bet and IFN-y in healthy (n=23), mild (n=17) and moderate/severe (n=20) patients, performed by Kruskal-
Wallis's test. The normalization of data were used the internal control gene -actin and presented as the mean + SD of three technical replicates.
(A, B), respectively, show the mRNA expression of T-bet and IFN-y in different individuals groups. *p < 0.05, ****p < 0.0001, ns, not significant.
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ROC analysis was performed to assess the diagnostic value of IFN-vy, L%, Notchl, DLL1, and Hesl in patients with different stages of active TB.
(A), ROC analysis of IFN-y and L% in active TB cases vs. healthy individuals; (B), combiROC of IFN-y and L% in active TB patients vs. healthy controls;
(C), ROC analysis of Notchl, DLL1 and Hesl in moderate/severe TB patients vs. mild TB patients; (D), combiROC analysis of Notchl and Hesl in

moderate/severe TB cases vs. mild TB cases.

The results of this study confirmed that the mRNA expression
of Notchl, DLL1 and Hesl were higher in TB group compared to
the control group, particularly in patients with moderate/severe
disease. These results were consistent with previous researches (12,
14), indicating that the Notch signaling pathway is aberrantly
activated in TB patients with moderate/severe. In contrast, the
expression of Thl-type factors (T-bet and IFN-y) were down-
regulation compared to the healthy controls, with no significant
difference between mild and moderate/severe patients. These results
concurred with previous studies (22, 23), but rather, they
contradicted earlier studies (24, 25). It may be attributed to the
fact that earlier studies mostly focus on the transitional response
between latency and activity. In the early stages of TB infection, Th1
cells activation and IFN-7y secretion play an immunoprotected role
(2, 3). But as the disease proceeds, there is a severe depletion of T
cells and suppression of innate and adaptive immune function,
particularly the reduction of IFN-y-secreting Thl cells (22). This
suppression is accompanied by an increase in other pro-
inflammatory cells and cytokines (23, 26, 27), factors accelerate
the progression of TB patients to severe disease. The reduction of
Th1 response is associated with poor prognosis in patients with TB
infection (28). In this study, the decreased frequency of Thl cells
may predict that Thl-type-mediated protective immune responses
tend to be impaired as TB disease progress. This requires further in
vitro validation or disease follow-up studies. Meanwhile, this
highlights the need for new treatments for TB that boost Thl
immune responses. On the other hand, we further analyzed the

Frontiers in Immunology

correlation between Notch signaling molecules expression and the
WBC parameters, as well as the Th1-type factors, but no correlation
was found (data not shown). Other complex mechanisms may
regulate the Notch pathway and WBC in blood separately.
However, the Notch pathway may still be involved in regulating
other pro-inflammatory cells or pathways that impact the TB
infection process. Although the literature on this topic is scarce
and inconclusive, our findings suggest that further exploration in
this area is necessary.

Remarkably, there have been new discoveries of Notch signaling
molecules in disease treatment. Several studies have shown that
therapeutic targeting of molecules in the Notch pathway can be
effective in the prevention and diseases treatment (29-31). Thus, it
is clear that the Notch signaling is involved in cell differentiation
and offers new ideas for the treatment of some inflammatory
diseases. However, less research has been reported on its
usefulness as a biomarker for monitoring disease progression. In
this paper, the potential monitoring efficacy of Notch signaling
molecules was evaluated using ROC curves, along with Thl-type
response-related factors and routine WBC parameters at different
stages of TB disease progression.

The results showed that both the L% of WBC parameters and
the level of IFN-y were superior to other genes in aiding the
diagnosing active TB. The combination of both was the most
effective model. Currently, IFN-y is widely used as an aid in
monitoring the presence or absence of TB infection. However, it
is not yet ideal for monitoring the progression of TB disease.
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Previous studies (18, 21) have also found that lymphocyte
parameters, such as L%, can be used to predict the risk of active
TB disease. At present, the application of the lymphocyte parameter
L% in the monitoring active TB is not mentioned in the domestic
diagnostic criteria (15). This study showed that the combined
model of IFN-y and L% was helpful in identifying individuals
with active TB. The blood cell count is widely used in clinical
practice, easy to operate and inexpensive. Therefore, Combining
IFN-y and L% may aid in the diagnosis of active TB. This may
benefit more patients, especially in suspicious cases with negative
sputum test for bacteria or nucleic acid of the pathogenic bacteria.

On the other hand, the study found that Notch1, DLLI, and Hesl
molecules exhibit superior diagnostic efficacy in discriminating mild
from moderate/severe TB patients compared to Thl-type factors and
routine WBC parameters. The combined model of Notch1 and Hesl
had high accuracy in diagnostic efficacy. These findings suggest that
Notchl and Hesl molecules are potential biomarkers for mild and
moderate/severe TB, providing a basis for adjunctive diagnosis and
monitoring of disease efficacy. Previous research has identified
Notch3 as a diagnostic marker for cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL) (32, 33), while DLL1 has shown utility in diagnosing
tuberculous meningitis (12). Although no other Notch signaling
molecules have been identified as biomarkers for other diseases, the
regulation of immune cells function and cytokines secretion by Notch
signaling molecules can affect the outcome of TB disease.
Consequently, using Notch signaling molecules as biomarkers of
TB disease progression can provide a more accurate reflection of the
direction of disease progression. This paper proposes for the first time
that Notchl and Hes1 can be used as potential biomarkers to assist in
the monitoring of tuberculosis-induced moderate/severe lung disease,
providing novel ideas and directions to support clinical monitoring
and therapeutic effect observation.

In addition, there are still several limitations of this study.
Firstly, more studies are needed to support the potential clinical
monitoring value, including more data on the comparison of
monitoring efficacy from randomized trials containing patients of
different ages and with complex TB-associated disease. Also, pre-
and post- treatment testing of different treatment regimens.
Secondly, the expression of Notchl and Hesl should be tested in
post- treatment of patients with TB infection, which would provide
comprehensive data for a longitudinal study of Notchl signaling.
Finally, more comprehensive studies are needed to fully understand
the function of Thl cells and the mechanisms between Notch
signaling pathway and other cellular and factor alterations of
immune responses in active TB patients.

References

1. Global Tuberculosis report 2021. (2021).

2. Cooper AM, Dalton DK, Stewart TA, Griffin JP, Russell DG, Orme IM.
Disseminated tuberculosis in interferon gamma gene-disrupted mice. J Exp Med
(1993) 178(6):2243-7. doi: 10.1084/jem.178.6.2243

3. Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart TA, Bloom BR. An essential
role for interferon gamma in resistance to mycobacterium tuberculosis infection. J Exp
Med (1993) 178(6):2249-54. doi: 10.1084/jem.178.6.2249

Frontiers in Immunology

10.3389/fimmu.2023.1134123

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

This study involving human participants was reviewed and
approved by The Ethics Committee of Xinhui District People’s
Hospital affiliated with Southern Medical University, Jiangmen. The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

This project was designed and directed by GL and JX. JX, YC,
SC, WZ and HL conducted the data of participators collection and
analysis, as well as the experimental data. The manuscript was
written by GL and JX. All authors contributed to the article and
approved the submitted version.

Funding

The Medical and Health care science and technology projects of
Jiangmen, China (Nos. Jiangke[2019]107, 2019H013), supported
this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

4. Rovetta Al, Pena D, Hernandez Del Pino RE, Recalde GM, Pellegrini ], Bigi F,
et al. IFNG-mediated immune responses enhance autophagy against mycobacterium
tuberculosis antigens in patients with active tuberculosis. Autophagy (2014) 10
(12):2109-21. doi: 10.4161/15548627.2014.981791

5. Diel R, Loddenkemper R, Niemann S, Meywald-Walter K, Nienhaus A. Negative
and positive predictive value of a whole-blood interferon-gamma release assay for
developing active tuberculosis: an update. Am ] Respir Crit Care Med (2011) 183(1):88—
95. doi: 10.1164/rccm.201006-09740C

frontiersin.org


https://doi.org/10.1084/jem.178.6.2243
https://doi.org/10.1084/jem.178.6.2249
https://doi.org/10.4161/15548627.2014.981791
https://doi.org/10.1164/rccm.201006-0974OC
https://doi.org/10.3389/fimmu.2023.1134123
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xie et al.

6. Mathern DR, Laitman LE, Hovhannisyan Z, Dunkin D, Farsio S, Malik T7J, et al.
Mouse and human notch-1 regulate mucosal immune responses. Mucosal Immunol
(2014) 7(4):995-1005. doi: 10.1038/mi.2013.118

7. Wang X, Zhou Y, Zhu N, Wang L, Gu LJ, Yuan WJ. The deposition of Notch1 in
hepatitis b virus-associated nephropathy and its role in hepatitis b virus X protein-
induced epithelial-mesenchymal transdifferentiation and immunity disorder in renal
tubular epithelial cells. J Viral Hepat (2014) 21(10):734-43. doi: 10.1111/jvh.12244

8. Auderset F, Schuster S, Coutaz M, Koch U, Desgranges F, Merck E, et al.
Redundant Notchl and Notch2 signaling is necessary for IFNgamma secretion by T
helper 1 cells during infection with leishmania major. PloS Pathog (2012) 8(3):
€1002560. doi: 10.1371/journal.ppat.1002560

9. XieJ, Wen J, Chen C, Luo M, Hu B, Wu D, et al. Notch 1 is involved in CD4(+) T
cell differentiation into Thl subtype during helicobacter pylori infection. Front Cell
Infect Microbiol (2020) 10:575271. doi: 10.3389/fcimb.2020.575271

10. Nandagopal N, Santat LA, LeBon L, Sprinzak D, Bronner ME, Elowitz MB.
Dynamic ligand discrimination in the notch signaling pathway. Cell (2018) 172(4):869-
880 €819. doi: 10.1016/j.cell.2018.01.002

11. Li P, Elowitz MB. Communication codes in developmental signaling pathways.
Development (2019) 146(12):dev170977. doi: 10.1242/dev.170977

12. Peng T, Zhou Y, LiJ, Li ], Wan W, Jia Y. Detection of delta-like 1 ligand for the
diagnosis of tuberculous meningitis: An effective and rapid diagnostic method. J Int
Med Res (2014) 42(3):728-36. doi: 10.1177/0300060513498669

13. Li Q, Zhang H, Yu L, Wu C, Luo X, Sun H, et al. Down-regulation of notch
signaling pathway reverses the Th1/Th2 imbalance in tuberculosis patients. Int
Immunopharmacol (2018) 54:24-32. doi: 10.1016/j.intimp.2017.10.026

14. Castro RC, Zambuzi FA, Fontanari C, de Morais FR, Bollela VR , Kunkel SL, et al.
NOTCHI1 and DLLA4 are involved in the human tuberculosis progression and immune
response activation. Tuberculosis (2020) 124101980:101980. doi: 10.1016/
j.tube.2020.101980

15. Diagnosis for Pulmonary tuberculosis (WS288-2017). (2017).

16. Zhao W, Zhang W, Ma H, Yang M. NIPA2 regulates osteoblast function by
modulating mitophagy in type 2 diabetes osteoporosis. Sci Rep (2020) 10(1):3078.
doi: 10.1038/5s41598-020-59743-4

17. Naranbhai V, Kim S, Fletcher H, Cotton MF, Violari A, Mitchell C, et al. The
association between the ratio of monocytes:lymphocytes at age 3 months and risk of
tuberculosis (TB) in the first two years of life. BMC Med (2014) 12:120. doi: 10.1186/
512916-014-0120-7

18. La Manna MP, Orlando V, Dieli F, Di Carlo P, Cascio A, Cuzzi G, et al.
Quantitative and qualitative profiles of circulating monocytes may help identifying
tuberculosis infection and disease stages. PloS One (2017) 12(2):¢0171358. doi: 10.1371/
journal.pone.0171358

19. Menzies NA, Quaife M, Allwood BW, Byrne AL, Coussens AK, Harries AD,
et al. Lifetime burden of disease due to incident tuberculosis: A global reappraisal
including post-tuberculosis sequelae. Lancet Glob Health (2021) 9(12):e1679-87.
doi: 10.1016/52214-109X(21)00367-3

20. Halper-Stromberg E, Yun JH, Parker MM, Singer RT, Gaggar A, Silverman EK,
et al. Systemic markers of adaptive and innate immunity are associated with chronic

Frontiers in Immunology

09

10.3389/fimmu.2023.1134123

obstructive pulmonary disease severity and spirometric disease progression. Am |
Respir Cell Mol Biol (2018) 58(4):500-9. doi: 10.1165/rcmb.2017-03730C

21. Wang. J, Yin. Y, Wang. X, Pei. H, Kuai. S, Gu. L, et al. Ratio of monocytes to
lymphocytes in peripheral blood in patients diagnosed with active tuberculosis. Braz |
Infect Dis (2015) 19(2):125-31. doi: 10.1016/j.bjid.2014.10.008

22. Sahiratmadja E, Alisjahbana B, de Boer T, Adnan I, Maya A, Danusantoso H,
et al. Dynamic changes in pro- and anti-inflammatory cytokine profiles and gamma
interferon receptor signaling integrity correlate with tuberculosis disease activity and
response to curative treatment. Infect Immun (2007) 75(2):820-9. doi: 10.1128/
TAI.00602-06

23. Zhang L, Jiang Y, Cui Z, Yang W, Yue L, Ma Y, et al. Mycobacterium vaccae
induces a strong Thl response that subsequently declines in C57BL/6 mice. J Vet Sci
(2016) 17(4):505-13. doi: 10.4142/jvs.2016.17.4.505

24. Tsao TC, Huang CC, Chiou WK, Yang PY, Hsieh MJ, Tsao KC. Levels of
interferon-gamma and interleukin-2 receptor-alpha for bronchoalveolar lavage fluid
and serum were correlated with clinical grade and treatment of pulmonary tuberculosis.
Int J Tuberc Lung Dis (2002) 6(8):720-7.

25. Walrath J, Zukowski L, Krywiak A, Silver RF. Resident Th1-like effector memory
cells in pulmonary recall responses to mycobacterium tuberculosis. Am ] Respir Cell
Mol Biol (2005) 33(1):48-55. doi: 10.1165/rcmb.2005-00600C

26. Hirsch CS, Toossi Z, Othieno C, Johnson JL, Schwander SK, Robertson S, et al.
Depressed T-cell interferon-gamma responses in pulmonary tuberculosis: Analysis of
underlying mechanisms and modulation with therapy. J Infect Dis (1999) 180(6):2069—
73. doi: 10.1086/315114

27. Domingo-Gonzalez R, Prince O, Cooper A, Khader SA. Cytokines and
chemokines in mycobacterium tuberculosis infection. Microbiol Spectr (2016) 4(5).
doi: 10.1128/microbiolspec. TBTB2-0018-2016

28. Lienhardt C, Azzurri A, Amedei A, Fielding K, Sillah J, Sow OY, et al. Active
tuberculosis in Africa is associated with reduced Th1 and increased Th2 activity in vivo.
Eur J Immunol (2002) 32(6):1605-13. doi: 10.1002/1521-4141(200206)32:6<1605::
AID-IMMU1605>3.0.CO;2-6

29. Bassil R, Zhu B, Lahoud Y, Riella LV, Yagita H, Elyaman W, et al. Notch ligand
delta-like 4 blockade alleviates experimental autoimmune encephalomyelitis by
promoting regulatory T cell development. J Immunol (2011) 187(5):2322-8.
doi: 10.4049/jimmunol.1100725

30. Jiao Z, Wang W, Hua S, Liu M, Wang H, Wang X, et al. Blockade of notch
signaling ameliorates murine collagen-induced arthritis via suppressing Thl and
Th17 cell responses. Am | Pathol (2014) 184(4):1085-93. doi: 10.1016/
j.ajpath.2013.12.010

31. Amsen D, Helbig C, Backer RA. Notch in T cell differentiation: All things
considered. Trends Immunol (2015) 36(12):802-14. doi: 10.1016/}.it.2015.10.007

32. Leng C, Lu L, Wang G, Zhang Y, Xu Y, Lin X, et al. A novel dominant-negative
mutation of the CSFIR gene causes adult-onset leukoencephalopathy with axonal
spheroids and pigmented glia. Am J Transl Res (2019) 11(9):6093-101.

33. Dunn PJ, Maksemous N, Smith RA, Sutherland HG, Haupt LM, Griffiths LR.
Investigating diagnostic sequencing techniques for CADASIL diagnosis. Hum
Genomics (2020) 14(1):2. doi: 10.1186/s40246-019-0255-x

frontiersin.org


https://doi.org/10.1038/mi.2013.118
https://doi.org/10.1111/jvh.12244
https://doi.org/10.1371/journal.ppat.1002560
https://doi.org/10.3389/fcimb.2020.575271
https://doi.org/10.1016/j.cell.2018.01.002
https://doi.org/10.1242/dev.170977
https://doi.org/10.1177/0300060513498669
https://doi.org/10.1016/j.intimp.2017.10.026
https://doi.org/10.1016/j.tube.2020.101980
https://doi.org/10.1016/j.tube.2020.101980
https://doi.org/10.1038/s41598-020-59743-4
https://doi.org/10.1186/s12916-014-0120-7
https://doi.org/10.1186/s12916-014-0120-7
https://doi.org/10.1371/journal.pone.0171358
https://doi.org/10.1371/journal.pone.0171358
https://doi.org/10.1016/S2214-109X(21)00367-3
https://doi.org/10.1165/rcmb.2017-0373OC
https://doi.org/10.1016/j.bjid.2014.10.008
https://doi.org/10.1128/IAI.00602-06
https://doi.org/10.1128/IAI.00602-06
https://doi.org/10.4142/jvs.2016.17.4.505
https://doi.org/10.1165/rcmb.2005-0060OC
https://doi.org/10.1086/315114
https://doi.org/10.1128/microbiolspec.TBTB2-0018-2016
https://doi.org/10.1002/1521-4141(200206)32:6%3C1605::AID-IMMU1605%3E3.0.CO;2-6
https://doi.org/10.1002/1521-4141(200206)32:6%3C1605::AID-IMMU1605%3E3.0.CO;2-6
https://doi.org/10.4049/jimmunol.1100725
https://doi.org/10.1016/j.ajpath.2013.12.010
https://doi.org/10.1016/j.ajpath.2013.12.010
https://doi.org/10.1016/j.it.2015.10.007
https://doi.org/10.1186/s40246-019-0255-x
https://doi.org/10.3389/fimmu.2023.1134123
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The potential value of Notch1 and DLL1 in the diagnosis and prognosis of patients with active TB
	Introduction
	Materials and methods
	Study subjects
	Blood sample preparation
	Complete blood count
	RNA extraction and RT-PCR
	Quantitative real-time PCR
	Statistical analysis

	Results
	The percentage of lymphocytes in peripheral blood of active TB patients were lower than those of healthy controls
	The mRNA expression of Notch1, DLL1 and Hes1 were upregulated in PBMCs of TB patients compared to uninfected individuals
	The levels of Notch signaling molecules were higher in moderate/severe TB patients than that in mild and uninfected individuals
	The mRNA expression of T-bet and IFN-&gamma; were down-regulated in PBMCs of TB patients compared to uninfected individuals
	The levels of Th1-type factors were lower in mild and moderate/severe TB patients than that in uninfected individuals
	The combiROC of IFN-&gamma; and L% contribute to discriminate the active TB patients from healthy individuals, while the combiROC of Notch1 and Hes1 was favored for distinguishing mild TB patients from moderate/severe individuals

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References


