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Abstract

Background.
A comprehensive understanding of the host immune response and identifying valuble markers to predict
disease severity and patient's prognosis is a crucial issue.

Methods.
Plasma levels of 12 soluble immune checkpoints (sICPs), 12 cytokines/chemokines and blood immune
cell subsets were analyzed through flow cytometry.

Results.
Seven sICPs, such as sCD25 (P < 0.001), sCD27 (P < .0.001), sPD-L1 (P < 0.001), sPD-L2 (P = 0.031),
sTim-3 (P < 0.001), sLAG-3 (P = 0.003), sGal-9 (P < 0.001) were positively correlated with disease severity
in PTB patients (n = 78). Four cytokines/chemokines, such as IL-6 (P < 0.001), IL-8 (P < 0.01), IP-10 (P < 
0.001) and IFN-γ (P < 0.01), and some routine laboratory examinations, such as absolute neutrophil
count (Neutrophil, P < 0.001), were also significantly elevated in severe PTB (SE). However, absolute
lymphocyte count (LY, P < 0.001) was significantly lower in SE patients. Through Lasso regression
analysis, six factors, including sCD25,sTim-3,IP-10, LY, Neutrophil, LDH were screened and weighted to
form the Immune Imbalance Score (IIS). Patients with higher IIS had higher possibility to experience
severe illness (P < 0.001) and shorter survival time (P < 0.001). Furthermore, the result of blood immune
cell revealed that the frequencies of exhausted CD8 + T (Tim-3 + CD8+T, n = 48, P = 0.0374) were
significantly increased in SE patients than those in non-SE patients.

Conclusion.
Patients with severe PTB exhibited a high non-specific inflammatory status, but their specific adaptive
immunity was suppressed. Patients’ IIS could potentially serve as biomarkers to predict PTB patients’
severity and progress.

Introduction
Tuberculosis (TB) is an infectious disease triggered by bacteria belonging to the Mycobacterium
tuberculosis (Mtb) complex. In humans, the disease is primarily transmitted via inhaling aerosol droplets
containing Mtb bacilli. Prior to the COVID-19 pandemic, TB was the leading cause of death from a single
infectious agent, claiming approximately 1.5 million deaths annually [1–2]. While the majority of patients
infected with Mtb may exhibit asymptomatic, mild or moderate TB, some may progress to advanced
illness. For patients with advanced TB, fibrosis, cavitation, and necrosis inflict long-lasting and
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irreversible harm on lung tissue and function, potentially resulting in respiratory failure and ultimately
death [1–3]. The in-depth research on host-pathogen interactions and post-mortem lung lesions reveals
that the pathological manifestations of TB primarily result from the damage to bystander tissues due to
excessive inflammatory response of host immune system [4–6]. Therefore, a comprehensive
understanding of the host immune response is crucial for identifying diagnostic markers, developing
more effective treatment interventions, and optimizing prognoses. These efforts could substantially
enhance clinical outcomes [7–10].

Immune exhaustion and immune system dysfunction is an characteristic of chronic infections [11, 12].
Our previous study found that in severe PTB (SE) patients, there is a reduction in peripheral lymphocytes,
pronounced activation of cell apoptosis pathways, widespread immune exhaustion, and cytokine storms
[13]. Immune checkpoints (ICPs) play a pivotal role in maintaining the balance of the immune system,
essential for its optimal function [14–16]. Soluble isoforms of checkpoints arise from the cleavage of
membrane-bound proteins or alternative splicing of mRNA and they competitively modulate the
functions of their membrane-bound counterparts [14, 17, 18]. Numerous studies revealed membrane-
bound and soluble isoforms of checkpoints are linked to T cell exhaustion across various chronic
infections, tumors etc [19–22]. However, it remains unclear whether soluble checkpoint molecules are
involved in the immune dysfunction of severe PTB and whether they could indicate PTB patients’ disease
severity and prognosis.

In this study, we analyzed the hematological and immunological characteristics of PTB patients and
healthy individuals, focusing on soluble checkpoints, inflammatory cytokine/chemokines, and T
lymphocyte subsets. The findings reveal that both stimulatory and inhibitory immune checkpoints, along
with certain cytokines were significantly elevated in severe patients. Furthermore, CD8 + T cells in blood
of patients with severe PTB demonstrate significant exhausted and dysfunction. Among all these, six
factors were screened and constitute a better predictor of PTB patients’ disease severity and prognosis.

Materials and Methods

Patients
This study enrolled active PTB patients and they were confirmed with bacteriological evidence by culture
or Xpert MTB/RIF and underwent treatment in Beijing Chest Hospital between May 2022 and February
2023.The patients were divided into two cohorts: one is retrospective cohort (n = 78) who were enrolled
for plasma checkpoints and cytokines/chemokines detection; the other cohort (n = 48) was for blood
immune cell subpopulation analysis. Criteria of inclusion were: age > 18 years; confirmed with active
PTB; adequate cardiac, pulmonary, renal, liver, and bone marrow function. Criteria of exclusion were:
autoimmune disease; history of organ allograft; severe pneumonia; incomplete clinical data. In every
cohort, patients are divided into severe PTB (SE) and non-severe PTB (non-SE) groups according to the
guidelines on drug-susceptible tuberculosis treatment (Module 4) by WHO and other references. Briefly,
SE patients: (1) had dense lesions occupying greater than 1/3 of one lung, or bilateral lesions greater
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than 1/2 whole lung, or cavitation up to 4 cm, or with a large amount of pleural effusion; (2) serum
CRP≥75mg/L, and PO2 < 80mmHg or oxygen index < 300 mmHg. Non-SE patients: lesion density did not
reach the criteria for severe. All patients were followed up until February 2024. This research was
approved by the ethics committee of Beijing Chest Hospital (JYS-2023-10) and all patients provided
written informed consent.

Sample collection and preparation
Peripheral blood was collected in EDTA anticoagulant tubes upon admission. For soluble factor
detection, plasma was aliquoted after centrifugation (3,000rpm, 10min, 4°C) and stored at − 80°C within
4h after collection. All samples were dissolved uniformly during testing to avoid repeated freeze-thaw
cycles. For flow cytometric analysis, anticoagulated blood samples are analyzed within 4 hours of
collection.

Plasma multiplexed beads immunoassay
44 SE, 34 non-SE patients and 10 HCs’ plasma multiple soluble proteins were tested, these proteins
consisted of two parts: part I, the LEGENDPlex Human Immune Checkpoint Panel 1 (BioLegend, Calsbad,
CA, USA), including sCD25, s4-1BB, sCD27, sCD86, free active TGF-β1, sCTLA-4, sPD-1, sPD-L1, sPD-L2,
sTim-3, sLAG-3, and sGalectin-9; part II, the LEGENDplex™ Human Essential Immune Response Panel,
including IL-1β, IL-2, IL-4, IL-6, CXCL8(IL-8), IL-10, IL-12p70, IL-17A, CXCL10 (IP-10), CCL2(MCP-1), TNF-α,
and IFN-γ (BioLegend). Data were acquired according to manufacturer’s protocol using LSRFortessa
instrument (BD Biosciences).

Blood immune cell subsets flow cytometric analysis
For blood immune cell subpopulation analysis, EDTA-anticoagulated blood samples were incubated with
two panel of antibodies, panel 1: FITC-anti-CD3 (HIT3a, BD Biosciences), APC-anti-CTLA-4(L3D10,
Biolegend), BV421-anti-CD25 (M-A251, BD Biosciences), percp-Cy5.5-anti-BTLA (MIH26, Biolegend);
panel 2: FITC-anti-CD3, PE-Cy7-anti-CD27 (O323, BD Biosciences), PE-anti-CD137(4B4-1, BD
Biosciences), APC-anti-PD-1(NAT105, Biolegend), BV421-anti-Tim-3 (F38-2E2, Biolegend), BUV-395-anti-
CD8(RPA-T8, BD Biosciences), APC-H7-anti-CD4 (RPA-T4, BD Biosciences), for 25 min at room
temperature, then erythrocytes (RBCs) were lysed for 15 min, and the stained cells were washed twice
for analysis with LSRFortessa instrument (BD Biosciences).

Statistical analysis
SPSS 24.0 statistical software was used for statistical analysis. One-way ANOVA and inter group testing
were used to analyze the difference between HCs and different groups of PTB patients; if the variance is
homogeneous, LSD-t test is used for multiple comparisons between groups; If the variance is uneven, the
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Dunnett's test will be used for inter group comparison. Mean ± standard deviation was used to analyze
the difference between 2 groups of normally distributed variables, Media, (interquartile range, IQR) and
Mann-Whitney U test was used for nonnormally distributed variables. The Systemic Immune-
Inflammation Index (IIS) was obtained from a LASSO regression model. A receiver operating
characteristic (ROC) curve was used to evaluate the diagnostic sensitivity and specificity of one
checkpoint, cytokine/ chemokines. The area under the ROC curve (AUC) was used as a measure of
discriminatory ability for the signature scores. Survival analysis was performed using the Kaplan–Meier
survival plot, and the log-rank test. A Cluster Heatmap analysis was conducted using R and R Studio.
Multivariable Cox regression mode was used to examine the death risk of different factors.

Results

Clinical characteristics and laboratory data
Totally, 126 PTB patients, including 70 non-SE and 56 SE cases, and 19 healthy controls were enrolled.
There was no significant difference in median age between the SE and the non-SE group. The study
schema was illustrated in Fig. 1. Patients’ blood routine indicators showed that the absolute white blood
cell count (WBC,109/L), absolute neutrophils count (NEUT,109/L), D-dimer (mg/L), hs-CRP (mg/L), lactic
dehydrogenase (LDH, U/L) were higher in patients with SE compared to those in non-SE patients,
whereas absolute lymphocytes count (LY,109/L), Hemoglobin (g/L), total protein (TP, g/L), Albumin (g/L)
were lower in SE patients compared to non-SE patients. Table 1 provides a detailed summary of these
characteristics.
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Table 1
Association of Patients’ Laboratory data and the severity of PTB

Characteristics HD patients

(n = 19)

Non-SE patients

(n = 70)

SE patients

(n = 56)

P values

Age 19(30,80) 69(19, 89) 56(22,85) P = 
0.180

Gender        

Male n(%) 10(52.6%) 39(56.5%) 45(80.4%)  

Female n(%) 9(47.4%) 30(43.5%) 11(19.6%)  

Laboratory data        

WBC(109/L) 6.20(5.35 ~ 9.46) 6.19(4.92 ~ 8.60) 8.37(6.66 ~ 
11.70)

P < 0.001

Lymphocyte(109/L) 1.71 ± 0.58 1.30 ± 0.57 0.74 ± 0.40 P < 0.001

Neulrophil(109/L) 3.93(3.21 ~ 6.68) 3.41(1.90 ~ 6.18) 7.65(5.41 ~ 
10.18)

P < 0.001

CD3±T (%) / 73.66 ± 7.33 70.78 ± 7.62 P = 
0.253

CD4±T (%) / 44.79 ± 10.6 39.81 ± 10.56 P = 
0.167

CD8±T (%) / 24.6 ± 9.25 28.14 ± 10.56 P = 
0.282

Hemoglobin(g/L) 128.28 ± 19.72 116.81 ± 21.62 99.91 ± 19.45 P < 0.001

Platelets (109/L) 222.5(188.5 ~ 
258.5)

268(177.5 ~ 311) 289.66 ± 132.15 P = 
0.390

D-dimer(mg/L) 0.85(0.36 ~ 0.95) 0.97(0.43 ~ 3.03) 3.49(1.51 ~ 4.60) P < 0.001

CRP(mg/L) 7.90(1.00 ~ 47.53) 23.19(4.53 ~ 
60.92)

69.86 ± 39.59 P < 0.001

LDH(U/L) 167(143 ~ 216.75) 166(147.5 ~ 205.5) 208(148 ~ 291) P = 
0.042

TP(g/L) 70.59 ± 5.96 65.91 ± 7.82 58.94 ± 6.99 P < 0.001

Albumin(g/L) 40.01 ± 7.38 36.92 ± 5.82 28.93 ± 5.51 P < 0.001

Elevations in seven plasma soluble checkpoints are associated with an increased risk of severe illness
in PTB patients
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We analyzed the plasma soluble checkpoints by immunofluorescence microsphere technology,
constructing a heatmap to illustrate the relative plasma levels in HCs (n = 10), non-SE (n = 34), and SE (n 
= 44) patients. Each column of the heatmap represented a patient, while the rows represented different
checkpoint molecules (Fig. 2A). The Plasma levels of sCD25 (P < 0.001), sCD27 (P < 0.001), sPD-L1(P < 
0.001), sPD-L2 (0.031), sTim-3 (P < 0.001), sLAG-3 ( P = 0.003), sGal-9 (P < 0.001) levels were 6.087
(4.48–10.87) ng/ml, 114.5 ± 81.12 ng/ml, 0.07(0.03–0.12) ng/ml, 7.36 ± 1.91 ng/ml, 69.67 ± 44.77 ng/ml,
2.12 (1.63–5.01 )ng/ml, 68.82 (47.31–105.4) ng/ml in SE patients; were 1.72 (1.12–2.93) ng/ml, 46.93
(31.77–72.76) ng/ml, 0.03 (0.01–0.05) ng/ml, 6.20 ± 1.70 ng/ml, 13.79 (6.71–23.68) ng/ml, 1.41 (0.81–
2.43 )ng/ml, 37.50 (21.91–56.40) ng/ml in non-SE, and were 0.79 (0.62–0.99) ng/ml, 55.80 ± 
17.27ng/ml, 0.02 ± 0.01 ng/ml, 7.39 (6.40–8.39) ng/ml, 9.43 ± 4.18ng/ml, 1.91 (0.81–1.50) ng/ml, 26.40 
± 5.41 ng/ml in HCs, respectively. These checkpoints were significantly higher in SE patients than in non-
SE and HCs, but there was no significantly difference between non-SE and HCs (Fig. 2B). Data were
shown as mean ± standard deviation (SD) or median (interquartile range, IQR). The other five checkpoints
showed no significant difference between SE and non-SE patients (data not shown).

Furthermore, we assessed the predictive value of these seven molecules in severity of PTB, using
receiver operating characteristic curve (ROC) to estimate the sensitivity and specificity, the area under
the curve (AUC) to estimate the capacity to distinguish non-SE from SE patients. sCD25 and sTim-3
showed superior predictive value (AUCs > 0.8). The ROC curves and AUCs for the seven checkpoint
molecules were displayed in Fig. 2C.

The plasma concentrations of four inflammatory
cytokines/chemokines are significantly increased in SE patients
To thoroughly assess the systemic inflammatory response in patients, we detected 12 inflammatory
cytokines/chemokines in plasma testing cohort. Cytokine/ chemokines heatmap depicted their relative
plasma levels in HCs and PTB patients (Fig. 3A). Plasma IP-10 (P < 0.001), IL-6 (P < 0.001), IFN-γ (P < 
0.01), IL-8 (P < 0.01) were 786.60 ± 532.70 pg/ml, 71.42 (26.30-193.50) pg/ml, 19.54 (9.17–28.60) pg/ml,
5.67 (2.96–21.79) pg/ml in SE patient, were 242.00 (150.40–411.0) pg/ml, 11.19 (6.20-25.36) pg/ml,
7.43 (3.31–14.52) pg/ml, 2.41 (1.38–4.85) pg/ml in non-SE, and were 164.90 (76.00-314,70) pg/ml,
22.11 (8.93–35.20) pg/ml, 7.96 ± 7.12 pg/ml, 2.81 ± 1.86 pg/ml in HCs, respectively. The levels of these
cytokines/chemokines were significantly increased in SE patients compared to non-SE and HCs.
However, there was no significantly difference between non-SE and HCs (Fig. 3B). The ROC curves and
AUCs for these four cytokines were detailed in Fig. 3C. Importantly, no significant differences were
observed in other eight cytokines between SE and non-SE patient (data not shown).

Immune Imbalance Score (IIS) could better predict PTB
patients’ severity and prognosis
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Soluble checkpoint molecules, such as sCD25, sCD27, sPD-L1, sPD-L2, sTim-3, sLAG-3, sGal-9, as well as
cytokine/chemokines such as IP-10, IL-6, IFN-γ, IL-8 were both significantly elevated in SE Patients.
Interrelationships analysis showed that there were positive correlations between these molecules
(Fig. 4A). We next conducted an in-depth analysis of the correlations between these molecules with
blood routine index. The concentrations of sCD25, sCD27, sTim-3, sGal-9, IP-10, sPD-L2 in plasma
demonstrated a moderate negative correlation with absolute lymphocyte count, but a weak to moderate
positive correlated with Neutrophil counnt (Fig. 4B).

Among 78 TB patients, the median follow-up time was 365 days (range: 0-365 days), and 14 deaths
occurred (all SE) as of February 27, 2023. Through Kaplan–Meier survival plot and log-rank test, we
found that patients with higher levels of sCD25, sCD27, sPD-L1, sTim-3, sGal-9 or higher levels of IP-10,
IL-6, IL-8, experienced shorter survival time (Fig. 5A,B and supplementary Table 1). Furthermore, 19
variables, including sCD25, sCD27, sPD-L1, sPD-L2, sTim-3, sLAG-3, sGal-9, IP-10, IL-6, IFN-γ, IL-8, WBC,
NEUT, LY, D-dimer, hs-CRP, LDH, Hemoglobin, Albumin were analyzed to evaluate their predictive value for
SE. Lasso regression model was employed to identify potential parameters. The result showed that
NEUT, sCD25, sTim-3, IP-10, LDH were the positive and LY was the negative indicators of SE
(Supplementary Table 2). These variables weighted to form the Immune Imbalance Score (IIS), and the
formula to calculate the IIS for patients was as follow:

SE patients had significantly higher IIS than non-SE patients (P < 0.001), and patients with higher IIS have
a shorter survival time (P < 0.001). The AUCs of IIS to predict severity and patients’ prognosis were
0.9098 and 0.9063, and IIS showed to improve the predict probability for SE and the poor prognosis of
patients compared any individual variable, (Fig. 6B,C). Sankey diagram showing that IIS integrated the six
factors and is convenient to analyze patients' severity and prognosis (Fig. 6D)

Higher frequency of exhausted CD8 T cells in SE patients
Given the pivotal role of immune checkpoint molecules in T cell-mediated precision immunity and the
central role of T cells in the eradication of Mtb, we analyzed the membrane checkpoint expressed on
peripheral blood T cells to evaluate T cell status in PTB patients. We employed flow cytometry to analyze
peripheral blood T cell subsets in 48 PTB patients, with the detailed gating strategy presented in
supplement Fig. 1, the result revealed that there were no differences in the frequencies of BTLA+, CTLA-
4 + CD137+, CD27+, CD25+, PD-1 + CD3+T cell, only a significant difference in the frequency of Tim-3 + 
CD3+T cell between SE and non-SE patients (supplementary Fig. 2). Subsequently, we conducted a
detailed analysis of Tim-3 expressed on different T subsets The result indicated that there were no
differences in the frequencies of CD3+, CD4 + T and CD8 + T cells between HCs (n = 9), non-SE (n = 36)
and SE group (n = 12) (Fig. 7A), the frequencies of Tim-3 + CD3+T, Tim-3 + CD4+T, and Tim-3 + CD8+T
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cells were significantly increased in PTB patients compared with HCs. However, only the frequency of
Tim-3 + CD8+T cells demonstrated a significantly increased between SE and non-SE patients (Fig. 7B).

Discussion
People’s health and homeostasis depend critically on a well-balanced immune system: too little
inflammation leds to an inability to eliminate viruses, bacteria and malignant cells etc. Conversely,
excessive inflammation results in autoimmunity or unwanted immunopathology. T cells are fundamental
to achieve immune system balance, as they differentiate between "self" and "non-self", react with
strongly and specifically to an almost unlimited range of "non-self". Immune checkpoint molecules play
an essential role in modulating the T cell immune response[14, 23]. In tuberculosis, most individuals
maintain the immune balance and clear bacterial infection or establish a homeostatic balance between
host immune system and pathogen, accompanied by inflammation resolution and minimal tissue
damage, thereby preventing disease progression in the initial phase of TB. In the minority, TB may
escalate to a severe stage characterized by permanent lung tissue damage and extensive pulmonary
dysfunction due to persistent inflammation[3, 24]. However, it remains unclear whether the cause of this
immune dysregulation lies in the overproduction of immune checkpoint molecules and pro-inflammatory
cytokines and chemokines. In this study, we found that the plasma levels of sCD25, sCD27, sPD-L1, sPD-
L2, sTim-3, sLAG-3 and sGal-9 levels in SE patients were significantly enhanced than those in non-SE and
HCs. Both CD25 and CD27 play critical roles in T lymphocyte activation, proliferation, survival, and
differentiation. Soluble CD25 and sCD27 may be derived from membrane-expressed CD25 and CD27 and
increased these molecules could interfere with the interaction between their ligands and membrane-
bound receptors, thereby inhibiting the activity of T cells through these receptor/ligand systems [25, 26].
PD-L2, Tim-3, LAG-3 and Gal-9 are inhibitory receptors and ligands. In chronic antigen stimulation, co-
inhibitory receptors are highly and constitutively expressed on T cells to limit excessive T cell over
activation and host tissue damage [22]. Qinfang Ou et al found that soluble stimulatory and inhibitory
checkpoint are upregulated in PTB than in HCs, however their research did not involve the correlations
between the plasma marker levels and disease severity and patients prognosis [27]. In Systemic lupus
erythematosus (SLE), elevated stimulatory and inhibitory checkpoint molecules are predictive biomarker
for severe manifestationss and long-term outcome [28]. Premeaux TA et al’study found that elevated
soluble checkpoint (stimulatory and inhibitory) are associated with poor immune reconstitution and
adverse outcomes in HIV patients [21]. Both stimulatory and inhibitory soluble checkpoint molecules are
significantly elevated, indicating immune dysregulation [29].

Soluble checkpoints are identified to not only associated with disease severity, but also possess
significant predictive values for disease progression [25, 29, 30]. In cancer patients, sCD27, sTim-3 serve
as markers of T-cell dysfunction, with elevated levels indicating poorer overall survival [25, 30]. In our
study, we discovered that the plasma levels of sCD25, sCD27, sPD-L1, sTim-3 and sGal-9 all negatively
correlate with the prognosis of PTB patients, especially for sTim-3. Over the past decade, researchers
have increasingly identified an expanding number of soluble immune checkpoints. These checkpoints
precisely indicate the exhaustion of T cells and NK cells. The highly specific and fine-tuned regulation of
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the immune response offers significant potential for therapeutic intervention in immune system
imbalances, such as tuberculosis.

T cells play an irreplaceable role in TB clearance, particularly through secretion of cytotoxicity molecules
such as perforin, granzyme and IFN-γ, which eliminate TB-infected cells. Boosting the numbers and
functionality of T cells is crucial for successful recovery in PTB patients [31]. However, the exhausted
CD8 + T cells in patients with severe PTB failed to secrete cytotoxic molecules than patients with mild
PTB patients, and expressed higher levels of exhausted markers PD-1, Tim-3, CTLA-4 and TIGIT. These
co-inhibitory receptors are essential for maintaining homeostasis and preventing tissue damage, but
they can also impede pathogen clearance [22, 31, 32]. Through flow cytometry analysis we observed an
increase in the percentage Tim3 + T cell in PTB patients. This combined with our previous single-cell
sequencing results, provide a demonstration of abnormal immune responses and immune dysfunction,
especially the abnormal activation, dysregulation, and exhausted characteristics of CD8 + T cells in SE
patients [13]. Tim-3 is demonstrated to be the most functionally dysfunctional subset of CD8 + T cells in
chronic viral infections and cancer in both preclinical models and in humans. Blocking Tim-3 improves
IFN-γ production, and facilitates the eradication of pathogen and tumors. [22, 33]. In chronically TB
infected mice, Tim-3-mediated T cell exhaustion impairs host resistance to Mtb, and anti-Tim-3
neutralized antibodies emerge as an effective therapeutic strategy [34]. These observations point to a
new therapeutic direction: the potential to more effectively control tuberculosis, particularly in SE
patients, through the use of immunomodulators such as anti-Tim-3 agents to reverse the exhaustion
process of T cells [35].

Although immune checkpoint molecules such as sCD27 and sTim3 offer significant predictive value,
they inadequately consider the levels of nonspecific inflammation, including centrilobular inflammation.
To evaluate the difference or severity of inflammatory response in SE and non-SE patients, this study
systematically evaluated a panel of inflammatory cytokines. We found that plasma concentrations of Il-6,
IL-8, IP-10 and IFN-γ were significantly increased in SE patients compared to non-SE patients.
Cytokines/chemokines play an important role in the immune response during early infection. For
instance, IL-6 had an role in potentiating immunity during early Mtb infection through potentiate IFN-γ
expression at the site of infection; IP-10 is important for activated CD4 + and CD8 + T cell migrated from
lymph node to infection site, IFN–γ can activate macrophage, and they are crucial for granuloma
formation[36, 37]. But they can also drive inflammation that increases lung tissue injury and promote a
pathogen-permissive host environment. Such as elevated cytokines ( IL-8 and IL-6) recruit more
neutrophils to the lesion site, these neutrophils not only create a favorable environment for the
proliferation of Mtb, resulting in a significant increase in bacterial counts, but also produce specific
matrix metalloproteinases (MMPs), which can exacerbate the nonspecific inflammatory response,
leading to tissue damage, cavity formation, lung structure destruction, and reduced lung function [36–
40]. These enzymes are also suspected of being involved in the transition from membrane to soluble
checkpoints, resulting in increased soluble checkpoint levels in blood, which contributes to the depletion
of antigen specific T cells [36, 41–43]. These findings explained that elevated checkpoint molecules and
cytokine were positively correlated with each other, and negatively with absolute lymphocyte count, but
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positively correlated with absolute neutrophil count. Tuberculosis, as a disease model rich in
information, offers exceptional resources for examining the intricate immune network among checkpoint
molecules, cytokines, and immune cells.

In summary, our research revealed the dysregulated, unresolved inflammation in SE patients and
identified IIS which integrated specific and nonspecific immune factors, could better evaluate the
immune imbalance of PTB patients, and be a biomarker that could classify individuals with severe PTB.
The predictive severity model holds promise for the management of individuals with SE, aiming to guide
host-targeted therapy and reduce lung tissue damage, function impairment, and mortality rate.

This study has several limitations. First, due to the soluble checkpoints levels and cellular immune
checkpoint molecules were got from different cohort of patients, it is difficult to determine the
association between them. Second, we conducted a singlecenter patients; more studies based on larger
cohort are necessary to verify our findings. Third, deeper studies were needed to investigate whether
some of these checkpoints might serve as potential therapeutic targets, with an aim to reverse immune
imbalance of sever PTB.
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Figure 1

Schematic diagram of study design.

Figure 2

Plasma checkpoints were elevated and correlated with severe illness in PTB patients.
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A. Cluster heatmap depicting the relative plasma levels of soluble checkpoint molecules in HCs (n=10,
green), mild/moderate (n=34, yellow), and severe/critical (n=44, red) patients with PTB. Each column of
the heatmap shows a patient, while the rows represent different checkpoint molecules. Significantly
different soluble checkpoints between HCs, mild and severe PTB patients. Differences are indicated as P
values. One-way ANOVA followed by post-hoc test was used to calculate the P-value. *P�0.05,**P�0.01,
***P�0.005, ****P�0.001. C. Receiver operating characteristic (ROC) curves and the area under the curve
(AUC)s of significantly different soluble checkpoints. ROC curves were used to estimate the sensitivity,
specificity, and AUCs were performed to estimate the capacity of sCD25,sCD27,PD-L1,PD-L2,Tim-3, LAG-
3, Gal-9 to distinguish non-SE from SE patients.
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Figure 3

Comparison of plasma cytokine/chemokines concentrations between groups.

A. Cytokine heatmap of HCs (n=10, green), mild/moderate (n=34, yellow), and severe/critical (n=44, red)
patients with PTB.
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B. Significantly different cytokines between HCs, mild and severe patients. Differences are indicated as P
values. One-way ANOVA followed by post-hoc test was used to calculate the P-value.*P�0.05,
***P�0.005.

C.ROC curves of IP-10, IL-6, IFN-γ, IL-8.

Figure 4

Correlations between elevated soluble checkpoint molecules, cytokines/chemokines and Laboratory
Examination index in PTB patients

A, Correlations between elevated checkpoint molecules and cytokines.

Checkpoint molecules,such as sCD25,sCD27, PD-L1, PD-L2, Tim-3, LAG-3, Gal-9, and
cytokine/chemokines such as IP-10, IL-6, IFN-γ, IL-8, were both significantly different between non-SE
and SE Patients, we analyzed the correlations between each other and found that there were all positive
correlations between them. The spot size is proportional to the correlation coefficient. P values with no
significant correlation are marked with a black cross.

B, Correlations between Laboratory Examination index and elevated checkpoint molecules,
cytokines/chemokines Spearman correlation method was used to calculated the P value. The spot size
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is proportional to the correlation coefficient. Red spot: positive correlation; Blue spot: negative
correlation; P values with no significant correlation are marked with a black cross.

Figure 5

Plasma checkpoints and cytokines/chemokines correlate with PTB patients’ prognosis
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A. Plasma checkpoints and cytokines/chemokines correlate with PTB patients’ prognosis. PTB patients
(n=78) were subdivided into two groups, dichotomization was based on the cut-off values of patients’
blood checkpoint or cytokines/chemokines levels. Patients with high levels of sCD25, sCD27, PD-L1,
Tim-3, Gal-9, or IP-10, IL-6, IL-8, had shorter survival time. Survival analysis was performed using a
Kaplan–Meier survival plot, and the log-rank test P value was calculated.

B. The AUC curves of sCD25, sCD27, PD-L1, Tim-3, Gal-9,IP-10, IL-6, and IL-8.
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Figure 6

IIS could better predict PTB patients’ severity and prognosis.

A. Cluster heatmap depicting the relative levels, counts or scores of six variables (Lymphocyte, LDH,
Neutrophil, IP-10, sCD25, Tim-3) and Immune Imbalance Index (IIS) in mild/moderate (n=34, yellow), and
severe/critical (n=44, red) patients with PTB. Each column of the heatmap shows a patient, while the
rows represent different variables. B. Left: Comparison of IIS between Non-SE and SE patients. The
difference was indicated by P value.****,P < 0.0001. Right: The AUC of IIS for predicting the severity of
PTB disease. C. Left panel: Correlation of PTB patients’ IIS and their prognosis. Dchotomization was
based on the cut-off of IIS. Patients with high levels of IIS had shorter survival time. Kaplan-Meier was
used. Right panel: The AUC of IIS for predicting mortality. D, Sankey diagram showing the distribution of
patients based on levels of biomarkers (sCD25, Tim-3, IP-10, Lymphocyte, Neutrophil, LDH), and their
relation to IIS categories (low or high) and disease severity groups (Non-SE or SE).
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Figure 7

T cell subsets were dysfunctional and exhausted in PTB patients

A, The frequencies of CD3+T, CD4+T, CD8+T cell in HCs ,non-SE and SE patients. There was no difference
in cell frequency of CD3+T cell, CD4+T cell, CD8+T cell between HCs, non-SE patients and SE patients.
B,The frequencies of Tim-3+CD3+T, Tim-3+CD4+T, and Tim-3+CD8+T cell in HCs ,non-SE and SE patients.
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There was significant difference in the frequencies of these subsets between HCs and non-SE patients,
as well as between HC and SE patients. However, between non-SE and SE patients, only the frequencies
of Tim-3+CD8+T cells show significant difference. Kruskal-Wallis test was used to assess overall
differences across groups, and post-hoc comparisons were performed using Dunn's multiple
comparison test to identify specific differences between pairs of groups.
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