? frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Nemat Ali,
King Saud University, Saudi Arabia

REVIEWED BY
Sadaf Dabeer,

Emory University, United States

Jasbinder Kaur,

Government Medical College and Hospital,
India

*CORRESPONDENCE
Jiahua Fan
fanjh3@mail2.sysu.edu.cn

"These authors have contributed equally to
this work

RECEIVED 27 March 2024
ACCEPTED 03 July 2024
PUBLISHED 17 July 2024

CITATION

Lu C, XuY, Li X, Wang M, Xie B, Huang Y, Li Y
and Fan J (2024) Nutritional status affects
immune function and exacerbates the
severity of pulmonary tuberculosis.

Front. Immunol. 15:1407813.

doi: 10.3389/fimmu.2024.1407813

COPYRIGHT

© 2024 Lu, Xu, Li, Wang, Xie, Huang, Li and
Fan. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums
is permitted, provided the original author(s)
and the copyright owner(s) are credited and
that the original publication in this journal is
cited, in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Immunology

TvPE Original Research
PUBLISHED 17 July 2024
po110.3389/fimmu.2024.1407813

Nutritional status affects
immune function and
exacerbates the severity of
pulmonary tuberculosis

Chunli Lu, Yunyi Xu®, Xueya Li? Min Wang?®, Bei Xie*,
Yaling Huang®, Yan Li* and Jiahua Fan>®*

‘Department of Clinical Nutrition, Guangzhou Chest Hospital, Guangzhou, China, ?Department of
Clinical Laboratory, Guangzhou Chest Hospital, Guangzhou, China, *Department of Tuberculosis,
Guangzhou Chest Hospital, Guangzhou, China, “Department of Institute of Tuberculosis, Guangzhou
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Aim: To comprehensively evaluate the association and impact of nutritional
status and immune function on the severity of pulmonary tuberculosis (PTB).

Methods: This descriptive cross-sectional study involved 952 participants who
were diagnosed with active PTB. Severe PTB involves three or more lung field
infections based on chest radiography. Nutritional status was evaluated using
various indicators, including body mass index (BMI), the nutritional risk screening
score (NRS-2002), total protein (TP), prealbumin (PA), transferrin (TRF), and
serum albumin (ALB) levels and the prognostic nutritional index (PNI). Immune
dysfunction was defined as a CD4" count <500 cells/ul or a CD4"/CD8" ratio <1.
Neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR)
were also calculated. Multivariate logistic and generalized linear regression were
used to assess the associations between nutritional status, immune function, the
severity of PTB, and the number of infected lung fields, adjusting for age, sex, and
diabetes. Mediation analysis was conducted to evaluate the extent to which
immune function mediated the impact of nutritional status on the severity of PTB.
Sensitivity analysis was performed to enhance the robustness of the results.

Results: Compared to those in the general PTB group, patients in the severe PTB
group tended to be older men with diabetes. Higher nutritional risk, higher
proportion of immune dysfunction and lower lymphocyte counts were observed
in the severe group. BMI and the PNI were found to be protective factors, while
PLR was identified as a risk factor for disease severity. Immune dysfunction and
the PLR are mediators of the relationship between nutritional status and PTB
severity. When BMI, the PNI, and the PLR were combined with traditional clinical
indicators, these parameters showed promising diagnostic value, and the AUC
reached 0.701 (95% Cl: 0.668-0.734).
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Conclusion: The findings suggest that nutritional status is significantly associated
with the severity of PTB, and immune function mediates the effects of nutritional
status on the severity of PTB. Maintaining adequate BMI, PNI levels, and immune
function or reducing PLR levels helps reduce the risk of severe PTB.
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Introduction

Tuberculosis is an ancient infectious disease in human history
that poses a serious global public health problem. The Global
Tuberculosis Report released by the World Health Organization
in 2023 revealed that in 2022 (1), there were 10.6 million new cases
of tuberculosis worldwide, with an incidence rate of 133 per 100,000
people. In 2022, tuberculosis ranked as the second leading infectious
cause of death globally, following COVID-19, with 1.3 million
deaths attributed to tuberculosis. Pulmonary tuberculosis (PTB)
accounts for the majority of tuberculosis cases, and a small
percentage of patients with PTB may require intensive care unit
(ICU) admission for complex treatment due to complications such
as multiorgan failure, respiratory failure, septic shock, and acute
kidney injury (2). Compared to most patients with ordinary PTB,
critically ill patients with PTB have a significantly higher mortality
rate (3, 4). Enhancing the prognosis of critically ill patients with
PTB is essential for reducing TB-related mortality.

Current research indicates that immune and nutritional status are
important factors influencing the clinical prognosis of tuberculosis
patients (5, 6). Various studies have indicated that various types of
inflammatory cytokines of both the innate and adaptive immune
systems coordinate the immune response of an individual to
Mycobacterium tuberculosis infection, and nutritional intervention is
associated with a substantial reduction in the incidence of tuberculosis
in households (7). Parameters such as the neutrophil-to-lymphocyte
ratio (NLR), platelet-to-lymphocyte ratio (PLR), and T lymphocyte
subsets serve as key indicators of immune status, reflecting the body’s
inflammatory response and immune equilibrium. In addition to
conventional indicators such as body mass index (BMI), total protein
(TP), prealbumin (PA), and transferrin (TRF) for assessing the
nutritional status of the body, serum albumin levels, the nutritional
risk screening score (NRS-2002), and the prognostic nutritional index
(PNI) are pivotal markers for evaluating nutritional and immune
status. While existing research has delved into the link between
nutritional status, immune function, and tuberculosis severity (5, 6),
large sample size cohort studies simultaneously exploring the joint
impact of nutrition and immunity on tuberculosis severity remain
limited. A comprehensive investigation of how nutrition and immunity
influence the severity of PTB is still lacking.
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Therefore, this study aimed 1) to examine the relationship
between nutrition, immunity, and the severity of PTB and 2) to
determine the nutritional and immune function indexes related to the
early identification of PTB severity and their discrimination ability.

Methods
Study cohort

This study included 952 inpatients who were diagnosed with
active PTB at Guangzhou Chest Hospital between January and
December 2023. The inclusion criteria for patients were as follows:
1) met the diagnostic criteria for PTB and 2) met the diagnostic
criteria for active PTB. The exclusion criteria were as follows: 1)
patients with malignant tumors and 2) patients with systemic
immune diseases such as lupus erythematosus or HIV-positive
individuals. General patient information, including sex, age, BMI,
smoking status, basic disease status, disease course, treatment
history, initial pulmonary imaging characteristics, complete blood
count, lymphocyte subsets, biochemical test results, etc., was
collected. This study was approved by the Medical Ethics
Committee of Guangzhou Chest Hospital (2022-90), and written
informed consents were obtained from each individual.

Definition of severe
pulmonary tuberculosis

The degree of pulmonary involvement, hemoglobin level, age and
comorbidities of PTB patients are the key factors affecting the severity of
PTB (4). Moreover, since the serum ALB concentration decreases
significantly with increasing percentage of the lung field infectious
area (8), the number of infected lung fields >3 was the only
independent predictor of shorter survival in patients with tuberculous
lung destruction. Therefore, this study defined severe PTB as active PTB
with the number of infected lung fields >3 lung fields on chest imaging.
All patients were divided into the severe PTB group (number of infected
lung fields 23) (n=519) and a non-severe PTB group (number of
infected lung fields <3) (n=433) based on their radiographic findings.
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Assessment of the nutritional and immune
status of patients

The subjects in this study underwent nutritional risk screening
using the NRS-2002 (9) during hospitalization. The screening was
conducted according to the standards of “WS/T 427-2013 Clinical
Nutrition Risk Screening”, with scoring based on three components:
nutritional status score, disease severity score, and age score. The
final score is the sum of these three scores. For the nutritional status
score and disease severity score, the highest score in each category
was used as the final score for that category. Individuals with an
NRS-2002 score of >3 are considered to have nutritional risk (10),
while those with a score of <3 are considered to have no nutritional
risk. In addition, body mass index (BMI), total protein (TP),
prealbumin (PA), transferrin (TRF), and serum albumin (ALB)
levels were collected.

For immune status, those with a CD4" count <500 cells/ ul or a
CD4"/CD8" ratio <1 were regarded as having immune dysfunction,
while individuals with a CD4" count 2500 cells/ul and a CD4"/
CD8" ratio >1 were considered to have normal immune function.
The neutrophil-to-lymphocyte ratio (NLR) and platelet-to-
lymphocyte ratio (PLR) were calculated, and prognostic
nutritional index (PNI) was calculated as follows: PNI = serum
albumin (g/L) + 5 x peripheral blood lymphocyte count (x10°/L).

Immune cell assay

The subjects fasted overnight, and 3 mL of fasting antecubital
venous blood was collected in EDTA-K anticoagulation tubes for the
CD4"/CD8"/CD3" lymphocyte subpopulation technique to
determine the immune cell content. Utilizing a proprietary original
single-cell-specific solid-phase capture technology, human blood
samples were targeted for immune cell capture using monoclonal
antibodies coated on immunocytochemically stained slides. Immune
cells such as CD3", CD4", and CD8" cells were captured through
antigen-antibody binding reactions. Subsequently, with the
combination of chemical staining and computer image analysis
techniques, visualization analysis of immune cells and precise
absolute counting were achieved to comprehensively evaluate the
body’s cellular immune function. The BEION M4-BF biological
microscope used in this study was obtained from Shanghai Beion
Medical Technology Co., Ltd., China.

Statistical analysis

Statistical analyses were conducted using R software, version
4.0.3, unless otherwise specified. Non-normally distributed
continuous data were expressed as median (M) and interquartile
range (P25, P75), and analyzed using the Mann-Whitney U test.
Categorical data were presented as frequencies (percentages) and
analyzed using the chi-squared test. Multifactorial logistic
regression and generalized linear models were used to analyze the
risk factors associated with severe PTB and an increase in the
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number of infected lung fields in tuberculosis patients. The R-
square of the model is used to indicate the percentage of variation in
the severity of PTB or the number of pulmonary fields infected with
tuberculosis explained jointly by nutritional or immune function
indicators (11, 12). Receiver operating characteristic (ROC) curves
were used to evaluate the diagnostic performance of single
indicators and combined tests. A significance level of P<0.05 was
considered to indicate statistical significance.

Random forest model

All indicators of nutritional or immune status were used
separately or together to construct a random forest model with
the R package randomForest V4.7-1.1 with the default settings to
explore important indicators contributing to the classification of
subjects with or without severe tuberculosis. Feature importance
was evaluated by SHapley Additive exPlanations with the R package
DALEX V2.4.3 and visualized with the R package shapviz V0.9.0.
The subjects were randomly split at a 3:1 ratio for model training
and verification. For clarity, only the top 10 indicators are shown in
the figure.

Mediation analysis

To evaluate whether immune status mediated the impact of
nutritional status on the severity of tuberculosis or the number of
pulmonary fields infected with tuberculosis, we applied causal
mediation analysis using the mediate function from the R
package mediation. We estimated the total effect, direct effect and
indirect effect of immune status or nutritional status on the severity
of tuberculosis or the number of pulmonary fields infected with
tuberculosis from these models. The results were confirmed by 100
bootstrap replicates of the simulation.

Results

Baseline characteristics based on the
severity of tuberculosis

Table 1 shows the baseline characteristics based on the severity of
tuberculosis. Overall, the cohort population aged between 34 and 64
years, with a median age of 52 years. There were 67.8% of the patients
were male, with 519 individuals rated to have severe PTB, accounting
for approximately 54.52% of the total population. Compared to
individuals in the general PTB group, those in the severe PTB group
were more likely to be older men with diabetes, regardless of their
historical smoking status, with a higher proportion of mear-positive
sputum, a longer course of the disease, and a greater bacillary load. In
terms of indicators related to nutritional status, the severe PTB group
had a higher proportion of patients at nutritional risk, higher NRS-
2002 scores, and lower BMI, PNI, ALB, PA, and TRF. Regarding
indicators related to immune status, a greater proportion of individuals
in the severe PTB group had immune dysfunction, especially a

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1407813
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al. 10.3389/fimmu.2024.1407813

TABLE 1 Characteristics of participants by tuberculosis severity (n = 952).

Number of infected @ Number of infected

Total Population lung fields lung fields

Characteristic <3 >3 P value

(n=952)

(n=433)

(n=519)

Male, n (%) 645 (67.8%) 269 (62.1%) 376 ( 72.4%) 0.001
Age (years) 52.00 [34.00, 64.00] 48.00 [32.00, 61.00] 54.00 [35.00, 65.00] <0.001
Current smoking, n (%) 196 (20.6%) 94 (21.7%) 102 ( 19.7%) 0.469
With diabetes, n (%) 317 (33.3%) 128 (29.6%) 189 ( 36.4%) 0.027
Nutritional status
Nutritional risk, n (%) 440 (46.2%) 165 (38.1%) 275 ( 53.0%) <0.001
NRS score (2002) 2.00 [1.00, 3.00] 2.00 [1.00, 3.00] 3.00 [1.00, 4.00] <0.001
BMI * 20.15 [18.70, 22.50] 20.80 [18.80, 22.90] 19.70 [18.60, 21.60] <0.001
PNI (g/l) 43.70 [36.19, 49.30] 46.70 [40.05, 50.60] 41.10 [34.10, 46.83] <0.001
TP (g/) * 70.23 [64.72, 75.36) 71.08 [65.38, 75.46] 69.52 [64.47, 75.16] 0.092
ALB (g/) * 36.70 [30.60, 42.00] 39.00 [33.40, 42.90] 34.60 [29.15, 39.85] <0.001
PA (g/)* 204.61 [150.17, 252.05] 217.10 [164.60, 268.83] 192.80 [141.96, 240.48] <0.001
TRF (g/) * 210.25 [164.48, 260.80] 220.39 [180.75, 268.76] 198.34 [155.83, 251.87] <0.001
Immune function
Immunocom promise, n (%) 526 (55.3%) 205 (47.3%) 321 ( 61.8%) <0.001
CD4'<500, n (%) 513 (53.9%) 198 (45.7%) 315 ( 60.7%) <0.001
CD4%/CD8"<1, n (%) 86 (19.0%) 32 (7.4%) 54 ( 10.4%) 0.113
CD4" (cells/ul) 476.00 [328.00, 664.00] 524.00 [372.00, 744.00] 436.00 [296.00, 604.00] <0.001
CD8" (cells/ul) 276.00 [181.50, 409.00] 304.00 [204.00, 444.00] 256.00 [168.00, 379.50] <0.001
CD3" (cells/ul) 796.00 [555.00, 1104.00] 876.00 [612.00, 1220.00] 744.00 [514.00, 1014.00] <0.001
CD4'/CD8* 1.69 [1.30, 2.21] 1.69 [1.33, 2.16] 1.68 [1.27, 2.28] 0.822
LYM (10°/L) 1.24 [0.89, 1.64] 1.32 [0.99, 1.74] 1.16 [0.79, 1.56] <0.001
NLR 3.78 [2.44, 6.39] 3.34 [2.23, 5.22] 4.28 [2.66, 7.58] <0.001
PLR 218.56 [151.65, 334.88] 195.28 [135.46, 275.00] 244.23 [168.29, 390.80] <0.001
Tuberculosis severity
Number of pulmonary fields infected
with tuberculosis 3.00 [2.00, 6.00] 2.00 [1.00, 2.00] 6.00 [6.00, 6.00] <0.001
Smear-positive sputum (%) 378 (139.7%) 123 ( 28.4%) 255 (149.1%) <0.001
Bacillary load (%) <0.001

- 574 ( 60.3%) 310 (71.6%) 264 ( 50.9%)

+ 63 (6.6%) 24 (5.5%) 39 (7.5%)

1" 87 (19.1%) 33 (7.6%) 54 ( 10.4%)

2" 83 (18.7%) 22 (5.1%) 61 (11.8%)

3" 75 (7.9%) 25 ( 5.8%) 50 ( 9.6%)

4" 70 ( 7.4%) 19 ( 4.4%) 51 (9.8%)
EE;EEE:?;);\& th extrapulmonary 480 ( 50.4%) 210 ( 48.5%) 270 ( 52.0%) 0.298

(Continued)
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TABLE 1 Continued

Number of infected
lung fields

Total Population

Characteristic
(n=952)

(n=433)

10.3389/fimmu.2024.1407813

Number of infected
lung fields
<3 >3

(n=519)

P value

Tuberculosis severity

Course of disease (month) ‘ 6.00 [2.00, 12.00]

Drug resistant cases (%) 397 ( 41.7%)

6.00 [2.00, 12.00]

175 ( 40.4%)

7.00 [3.00, 24.00] <0.001

222 (42.8%) 0.469

“These variables had missing values. Number of participants with missing value were as follow: BMI (n = 38), TP (n = 4), ALB (n = 4), PA (n = 176), and TRF (n = 176). The above missing values

were interpolated according to the random forest multiple interpolation method.

significantly higher percentage of individuals with a CD4" T-cell count
<500 cells/ul than did individuals in the general PTB group.
Additionally, patients in the severe PTB group had lower CD4",
CD8", CD3", and lymphocyte counts and higher NLRs and PLRs.
These results suggest that compared to those in the general PTB group,
patients in the severe PTB group had poorer nutritional status, weaker
immune function, and more severe inflammatory conditions.

Associations between nutritional or
immune status and tuberculosis severity

Initially, through Spearman correlation analysis (Figure 1), we
found multiple significant correlations among nutritional and
immune status indicators. For instance, nutritional risk was
significantly correlated with immune dysfunction (CD4" < 500
cells/ul), NLR and PLR, but significantly negatively correlated
with CD4+, CD8+, CD3+, and LYM counts. Additionally,
immune dysfunction (CD4" < 500 cells/ul) exhibited negative
correlations with BMI, PNI, TP, ALB, PA, and TRF. Furthermore,
apart from CD4%/CD8"<1, CD4"/CD8", TP, and LYM, for which
no significant differences were observed, the remaining nutritional
and immune status indicators showed significant associations with
the severity of PTB and the number of infected lung fields.

Next, we included indicators that showed significant
correlations with the severity of PTB and the number of infected
lung fields in a multifactorial logistic regression analysis to explore
which indicators related to nutritional and immune status were
associated with the severity of PTB. Table 2 shows that BMI and the
PNI are independent protective factors for the occurrence of severe
PTB in patients, while the PLR is an independent risk factor.
According to further generalized linear model analysis with the
number of infected lung fields as the dependent variable, we found
that BMI and PNI were also found to be independent protective
factors for delaying the progression of the number of infected lung
lobes, while the PLR was also a risk factor. The associations of BMI,
the PNI, and the PLR with the severity of PTB symptoms and the
number of infected lung fields remained statistically significant after
adjusting for age, sex, BMI, diabetes and course of disease.

Moreover, we found that a machine learning algorithm
integrating nutritional and immune indicators could differentiate
severe PTB patients from general PTB patients. Whether
incorporating nutritional and immune indicators separately or
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together into the model, the information features contributing the
most to this classifier included BMI, PNI, and PLR (Figures 2A-C).
Therefore, by combining multiple linear models and random forest
machine learning algorithms, we believe that BMI, the PNI, and the
PLR are important indicators related to the severity of PTB in terms
of nutritional and immune status.

Nutritional status exacerbates tuberculosis
severity by affecting immune function

Subsequently, we found that when nutritional risk and immune
dysfunction, as well as indicators of nutritional and immune status,
were simultaneously included in the model, variation in the severity
of PTB was explained to a higher degree (R* with nutritional risk +
immune dysfunction: 0.027, and R? with BMI + PNI + PLR: 0.058;
Figures 3A, B). This result suggested that nutritional and immune
status may interact and influence each other’s impact on the severity
of PTB. However, we found no interaction between nutritional risk
and immune dysfunction or between BMI or the PNI and the PLR
(Supplementary Table S1).

To further explore how nutritional and immune status jointly
influence the severity of PTB, we conducted a mediation analysis
between nutritional risk and immune dysfunction, and between
BMI and PNI with PLR. We discovered that immune dysfunction
mediated the impact of nutritional risk on the severity of PTB, with
a mediation proportion of 13.03% (Figure 3C). Additionally, PLR
mediated the effects of BMI (Figures 3D, E) and PNI (Figures 3F, G)
on the severity of PTB and the number of infected lung fields. While
no interaction effects were present, the mediation effects indicated
that nutritional status may influence the severity of PTB and the
number of infected lung fields by modulating immune function.

The efficacy of nutritional and immune
status in diagnosing the severity of
pulmonary tuberculosis

To investigate whether nutritional and immune status can improve
the ability to differentiate between severe PTB patients and general PTB
patients based on commonly used clinical indicators, we analyzed the
diagnostic performance of BMI, the PNI, the PLR, and common
clinical indicators for severe PTB using ROC curves (Figure 4). The
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FIGURE 1
Heatmap of the Spearman’s correlation coefficients between nutritional status and immune status indices and the severity of tuberculosis. Red and
blue indicate positive and negative associations, respectively.

TABLE 2 Association between nutritional or immune status and tuberculosis severity.

Adjusting for sex, age, diabetes and

Unadjusted .
course of disease
Variables
OR P (0]
Wald ° B Wald o
(95% CI)  value (95% Cl)
Nutritional status
Tuberculosis severity 0.923 0.905
) BMI  -0.080 9.339 0.002  -0.099 12.576 <0.001
(the number of infected lung fields > 3) (0.877~0.971) (0.856~0.956)
1.081 1.051
NRS = 0.078 1.471 0.225 0.049 0.564 0.453
(0.953~1.227) (0.923~1.196)
PNI 0.070 7.867 0932 0.005 0.062 5.728 0940 0.017
’ ’ (0.887~0.979) ’ ’ ’ (0.893~0.988) ’
1.02 1.
ALB  0.028 0.879 028 0.349 0.039 1.688 039 0.194
(0.971~1.090) (0.981~1.102)
1.000 1.000
PA 0.000 0.124 0.724 0.000 0.001 0.975
(0.998~1.003) (0.998~1.002)
1.000 1.001
TRE  0.000 0.004 0.951 0.001 0.312 0.577
(0.998~1.002) (0.998~1.003)
Number of pulmonary fields infected BMI 0.079 0.672 0.924 0.002 0110 17.912 0.895 <0.001
with tuberculosis ’ ’ (0.879~0.971) ! : : (0.851~0.942) ’
NRS  0.104 2.712 110 0.100 0.059 0.875 1061 0.350
: ’ (0.980~1.257) : : ’ (0.937~1.202) ’
0.986 0.986
PNI  -0.014 4.504 0.034  -0.015 4.927 0.027
(0.973~0.999) (0.973~0.998)
0.960 0.979
ALB  -0.041 8.094 0.005  -0.022 2.199 0.138
(0.934~0.987) (0.951~1.007)
PA 0.001 0.379 0.538 0.000 0.012 0.912

(Continued)
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TABLE 2 Continued

Adjusting for sex, age, diabetes and

Unadjusted )
course of disease
Variables
Wald ox P g Wald O &
(95% CI)  value (95% CI)  value
Nutritional status
1.001 1.000
(0.998~1.003) (0.998~1.002)
TRF 0.002 1.658 0998 0.198 0.001 0.374 0999 0.541
' ' (0.996~1.001) ' ’ ’ (0.997~1.002) ’
Immune status
Tuberculosis severity cD4" | 0.004 1.147 Lood 0284 | 0.004 0.788 1004 0375
(the number of infected lung fields > 3) : ’ (0.999~1.014) ’ ’ : (0.999~1.013) :
CD8" | 0.004 0.999 Lood 0.318 0.004 0.841 1004 0.359
’ ' (1.000~1.013) ’ ’ ’ (1.000~1.013) ’
.996 .
CD3*  -0.004 1.233 099 0267  -0.004 0.898 0996 0.343
(0.987~1.000) (0.987~1.001)
1.034 1.022
NLR = 0.034 2.696 0.101 0.022 1.200 0.273
(0.995~1.078) (0.984~1.066)
PLR  0.001 5.403 1001 0.020 0.001 6.014 1001 0.014
’ ' (1.000~1.002) ’ ' ’ (1.000~1.003) ’
Number of pulmonary fields infected N 1.002 1.001
CD4" | 0.002 2.727 0.099 0.001 0.727 0.394
with tuberculosis (1.000~1.004) (0.999~1.003)
1.001 1.
CD8"  0.001 1.995 00 0.158 0.001 1.327 001 0.250
(1.000~1.002) (0.999~1.002)
. 0.998 0.999
CD3*  -0.002 4.091 0.043  -0.001 1.536 0.216
(0.997~1.000) (0.997~1.001)
NLR  0.040 5.822 1.040 0.016 0.026 2.519 1026 0.113
’ ' (1.007~1.074) ' ' ’ (0.994~1.059) ’
1.001 1.001
PLR  0.001 5.652 0.018 0.001 6.926 0.009
(1.000~1.002) (1.000~1.002)
OR, Odds ratio.
CI, Confidence interval.
A B (o]
e | e || v |
] v 1 [
svi | [ NR 1 [
| PR | I
~s) I oo | v | I—
e [ cos | I
coacos | [ INEEG_— NLR
TRE | I
] cos | I
! N e | [
cos ) I Tre | I
GERY | CD4<500 | co4/cos | GG
Nutitional risk { [ CD4/CD8<1 | Ace | I
00 02 0.4 00 01 02 03 00 02 04 06
mean(|SHAP valuel) mean(|SHAP value|) mean(|SHAP value|)
FIGURE 2
The efficacy of nutritional and immune status in diagnosing the severity of pulmonary tuberculosis. Indicators of nutritional status (A) or immune
status (B) contributing to the classification of subjects with or without severe PTB, respectively. (C) Indicators of nutritional status or immune status
contributing to the classification of subjects with or without severe tuberculosis.
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FIGURE 3

Nutritional status exacerbates tuberculosis severity by affecting immune function. (A) When the severity of PTB was used as the dependent variable
in the model, the R square of the model for nutritional risk and immune dysfunction (CD4"<500) were used as independent variables separately or
simultaneously. (B) When the severity of PTB was used as the dependent variable in the model, the R square of the model for the nutritional index
(BMI + PNI) and immune index (PLR) were used as independent variables separately or simultaneously. (C) Mediation linkage between nutritional risk
and immunocom promise for tuberculosis. Relationships between BMI and the PLR and between PTB severity (D) and the number of infected lung
fields (E). Relationships between the PNI and PLR and between PTB severity (F) and the number of infected lung fields (G). Indirect effects, P
mediation, and the mediatory effect of each metabolite are denoted. **P<0.01

sensitivity and specificity of the model using common clinical
indicators alone (Figure 4A) were 63.2% and 57.7%, respectively,
with an area under the curve (AUC) value of 0.622 (95% CI: 0.587-
0.658). The AUC for diagnosing severe PTB using BMI and the PNI
was 0.653 (95% CI: 0.619-0.688), while the sensitivity and specificity of
diagnosing severe PTB using the PLR were 36.8% and 81.5%,
respectively, with an AUC of 0.629 (95% CI: 0.593-0.664). The AUC
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values of these two models were higher than those of the model using
common clinical indicators alone, indicating that the selected
nutritional and immune status indicators had a better ability to
differentiate between severe PTB patients and general PTB patients
than did the common clinical indicators.

Furthermore, adding nutritional and immune status indicators
separately on the basis of common clinical indicators could enhance
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FIGURE 4

ROC curve of each indicator for the diagnosis of severe pulmonary tuberculosis. (A) Clinical indicators, nutritional indicators, and immune status
indicators were used separately to calculate the ROC curve. (B) Based on the clinical indicators, nutritional and immune status indicators were
sequentially added to calculate the ROC curve. Clinical indicators: sex + age + diabetes + current smoking + retreatment.

the ability to differentiate patients to different extents (Figure 4B),
with AUC values reaching 0.687 (95% CI: 0.653-0.721) and 0.677
(95% CI: 0.643-0.711), respectively. When BMI, the PNI, the PLR,
and common clinical indicators were used together to differentiate
patients, the AUC reached 0.701 (95% CI: 0.668-0.734), showing
certain preliminary diagnostic value for severe pulmonary TB in
clinical practice.

Sensitivity analysis

To avoid errors caused by missing clinical data, we repeated all
analyses after excluding patients with missing clinical data.
Subsequently, the association between BMI, the PNI, and the
PLR and the severity of PTB remained unchanged (Supplementary
Table S2). Furthermore, immune dysfunction also mediated the
impact of nutritional risk on the severity of PTB (Supplementary
Figure S1A), while the PLR similarly mediated the effects of BMI
and PNI on the severity of PTB and the number of infected lung
fields (Supplementary Figure S1B-E).

There is no definitive criterion for the severity of PTB, and
whether PTB is complicated by cavities is also a clinically significant
indicator of tuberculosis severity (13). Therefore, we regrouped the
population based on the presence or absence of cavities and divided
them into a cavity group (n = 473) and the non-cavity group (n =
479) (Supplementary Table S3) to explore whether the use of
different indicators for assessing the severity of PTB affected the
conclusions. BMI and CD8" status were protective factors against
the severity of PTB (Supplementary Table S4), and CD8" status
mediated the impact of BMI on the severity of PTB (Supplementary
Figure S2A). In addition, bacillary load is also an important
indicator of the tuberculosis severity. Therefore, we also
regrouped the population based on sputum culture results and
divided them into smear-positive sputum group (n = 378) and
smear-negative sputum group (n = 574) (Supplementary Table S5)
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to further explore whether the use of indicators other than X-ray
images for assessing the severity of PTB affected the conclusions.
ALB and CD3" status were protective factors against the severity of
PTB (Supplementary Table S6). Immunocom promise mediated the
impact of nutritional risk on the severity of PTB (Supplementary
Figure S3A), and CD8", CD3", NLR or PLR status mediated the
impact of ALB or NRS on the severity of PTB, separately
(Supplementary Figure S3B-H). These suggest that although the
way in which immune status mediates the impact of nutritional
status on the severity of PTB may change with different indicators of
tuberculosis severity, nutritional status can still affect the severity of
PTB by regulating immune function.

Since being a new treatment patient may affect the severity of
PTB, we further stratified the analysis based on whether the patients
were newly treated and sex. We found that in both newly treated
patients and retreated patients, BMI and the PLR were significantly
correlated with the severity of PTB (Supplementary Table S7), and
the PLR similarly mediated the effects of BMI on the severity of PTB
and the number of infected lung fields (Supplementary Figure
S4A-D).

The results of the sensitivity analysis above all suggest that our

conclusions are robust.

Discussion

In this study, cohort of tuberculosis patients, we investigated the
associations between nutritional and immune status and the
severity of PTB and further explored how nutritional and
immune status jointly influence the severity of PTB. Our research
confirmed previous findings indicating the relevance of nutritional
and immune status to the severity of PTB. Additionally, our study
revealed that BMI and the PNI act as protective factors for the
severity of PTB, while the PLR serves as a risk factor. Furthermore,
we found that immune dysfunction mediated the impact of
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nutritional risk on the severity of PTB, and the PLR mediated the
effects of BMI and PNI on the severity of PTB and the number of
infected lung fields.

Overall, our study is consistent with existing research results. In
our correlation analysis involving nutritional status, immune
function, and the severity of PTB, we observed numerous
significant relationships among indicators of nutrition and
immune status. Specifically, there was a positive correlation
between nutritional risk and immune dysfunction, along with
positive associations with the NLR and PLR, and negative
associations with CD4*, CD8", CD3*, and LYM counts. Previous
research findings suggest that malnutrition can impact both innate
and adaptive immunity (14) and that patients with PTB who use
immunosuppressants are at heightened nutritional risk (15), all of
which align with our conclusions. Moreover, the correlations
among BMI, the PLR, and the PNI are consistent with previous
research, indicating that a lower PNT is associated with a lower BMI
and a higher PLR (16).

Additionally, we found that key nutritional indicators, such as
the PNI and BMI, act as protective factors against the severity of
PTB, whereas the immune function indicator PLR functions as an
independent risk factor for disease severity. These results are in
accordance with current research suggesting that nutrition and
immune status play pivotal roles in influencing the clinical
outcomes of tuberculosis patients (5). This finding suggested that
nutrition and immune status could partly influence the severity and
extent of lung infection in tuberculosis patients. Moreover, previous
literature indicates that the PNT has been extensively investigated in
chronic conditions such as vascular and kidney diseases, where
systemic inflammation plays a role in the progression of the disease
and unfavorable outcomes (17-19). The results of our research
suggest that the PNI reflects the nutritional and immune states of
patients and potentially serves as an indicator of tuberculosis
severity by reflecting systemic inflammation and overall
physiological status. Additionally, we observed a significant
positive correlation between the presence of < 500 CD4+ cells/pl
and the severity of PTB. In contrast, the association between CD4"/
CD8" < 1 and tuberculosis severity was found to be nonsignificant.
This implies that when assessing immune function indicators in
tuberculosis patients, a CD4" T-cell count of less than 500 cells/pl
may be more practically valuable than a CD4*/CD8" T-cell ratio of
less than 1.

Furthermore, our research highlights that BMI is a robust
indicator of nutritional status, demonstrating a significant
negative association with the severity of tuberculosis, regardless of
the extent of lung involvement, the presence of lung cavities, or the
status of being a new tuberculosis patient as a parameter for
assessing disease severity. The literature supports the notion that
body mass index (BMI) is a reliable tool for evaluating an
individual’s nutritional status. In different TB burden settings,
there is a negative logarithmic relationship between BMI and the
incidence rate of TB, with a 14% decrease in TB incidence for each
unit increase in BMI (20). Moreover, there is a connection between
BMI and inflammatory cytokines in patients with tuberculosis (21).
Circulating levels of proinflammatory cytokines are positively
correlated with BMI (between 25 and 29.9 kg/m®) and negatively
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correlated with the levels of anti-inflammatory cytokines in
individuals with lower BMIs (22, 23). These results indicate that
BMI acts as a protective mechanism against the progression of
tuberculosis infection to disease by altering an individual’s cytokine
environment. Our study suggested that BMI is significantly
negatively correlated with the severity of PTB, regardless of
whether the extent of pulmonary involvement in tuberculosis
infection or relapse status is used as the criterion for severity
assessment. Additionally, the nutritional-immune indicator PLR
mediates the impact of BMI on the severity of PTB. Furthermore,
several studies have indicated that supplementation of TB patients
with micronutrients/macronutrients not only improves body
weight and BMI but also affects T-cell function, sputum
conversion, relapse, physical activity, and mortality (24-31).
These findings collectively support the notion that BMI may serve
as a crucial nutritional indicator for the early diagnosis of the
severity of PTB.

Although the biological mechanism by which BMI regulates
immune status and subsequently influences the severity of
tuberculosis remains a mystery, the literature suggests that the
function of various antigen-presenting cell types, such as B
lymphocytes, macrophages, dendritic cells (DCs), and Kupffer
cells, decreases during malnutrition (32), which may lead to a
decrease in the body’s resistance to Mycobacterium tuberculosis,
thereby increasing the severity of the disease. Additionally, there is
evidence indicating a connection between BMI and inflammatory
cytokines in patients with tuberculosis. Individuals with a low BMI
have decreased levels of proinflammatory cytokines (IFN-y, TNF-o,
IL-22, IL-1a, IL-1B, and IL-6) but increased levels of regulatory
cytokines (IL-10, TGF-B, IL-5, and IL-13) (21), suggesting a
potential biological mechanism by which BMI regulates the
severity of TB through immune modulation.

Our study has some limitations worth mentioning. Our study is
a cross-sectional study, and causality cannot be established. Follow-
up studies will be conducted on newly diagnosed patients to explore
their long-term prognosis. Despite these limitations, our study has
several strengths, including the large number of subjects and
significant control of confounding factors. Additionally, we
utilized sensitivity analysis to address issues such as missing data,
unclear criteria for assessing the severity of PTB, and retreatment,
enhancing the robustness of our study conclusions. Furthermore,
for the first time, we employed a mediation analysis to investigate
the relationships among nutritional status, immune function, and
the severity of PTB, suggesting that immune dysfunction may
mediate the impact of nutritional risk on the severity of PTB.

In conclusion, our study provides evidence that nutritional
status is significantly associated with the severity of PTB, and
immune function mediates the effects of nutritional status on the
severity of PTB. Maintaining adequate BMI, PNI levels, and
immune function or reducing PLR levels helps reduce the risk of
severe PTB. This result suggests the importance of paying attention
to nutritional status in the diagnosis and treatment of patients with
PTB and that proactive nutritional therapy may help improve the
prognosis and severity of tuberculosis infection in patients. At the
same time, nutritional and immune status indicators are expected to
become early diagnostic markers for the severity of tuberculosis.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1407813
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The studies involving humans were approved by the Medical
Ethics Committee of Guangzhou Chest Hospital (2022-90). The
studies were conducted in accordance with the local legislation and
institutional requirements. Written informed consent for
participation in this study was provided by the participants’ legal
guardians/next of kin.

Author contributions

CL: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Visualization, Writing - original draft,
Writing - review & editing. YX: Data curation, Formal analysis,
Investigation, Methodology, Writing — original draft, Writing — review
& editing. XL: Data curation, Investigation, Methodology, Writing —
review & editing. MW: Investigation, Methodology, Writing — review &
editing. BX: Data curation, Methodology, Writing — review & editing.
YH: Data curation, Writing — review & editing. YL: Conceptualization,
Resources, Writing — review & editing. JF: Conceptualization, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Supervision, Writing — original draft, Writing — review
& editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work

References

1. World Health Organization. Global tuberculosis report 2023. Geneva: World
Health Organization (2023).

2. Galvin J, Tiberi S, Akkerman O, Kerstjens HAM, Kunst H, Kurhasani X, et al.
Pulmonary tuberculosis in intensive care setting, with a focus on the use of severity
scores, a multinational collaborative systematic review. Pulmonology. (2022) 28:297-
309. doi: 10.1016/j.pulmoe.2022.01.016

3. Thomas L, Chacko B, Jupudi S, Mathuram A, George T, Gunasekaran K, et al.

Clinical profile and outcome of critically ill patients with tuberculosis. Indian ] Crit
Care Med. (2021) 25:21-8. doi: 10.5005/jp-journals-10071-23503

4. Bastos HN, Osorio NS, Castro AG, Ramos A, Carvalho T, Meira L, et al.
Correction: A prediction rule to stratify mortality risk of patients with pulmonary
tuberculosis. PloS One. (2020) 15:€0242455. doi: 10.1371/journal.pone.0242455

5. Shimizu K, Okita R, Saisho S, Maeda A, Nojima Y, Nakata M. Preoperative
neutrophil/lymphocyte ratio and prognostic nutritional index predict survival in
patients with non-small cell lung cancer. World ] Surg Oncol. (2015) 13:291.
doi: 10.1186/s12957-015-0710-7

6. Chandrasekaran P, Saravanan N, Bethunaickan R, Tripathy S. Malnutrition:
modulator of immune responses in tuberculosis. Front Immunol. (2017) 8:1316.
doi: 10.3389/fimmu.2017.01316

Frontiers in Immunology

11

10.3389/fimmu.2024.1407813

was financially supported by the Guangdong Basic and Applied Basic
Research Fund Project (Regional Joint Fund-Youth Fund Project,
2019A1515110583) and the Young Scientists Fund of the National
Natural Science Foundation of China (82003455). The funders had
no role in the preparation, review, or approval of the manuscript or
the decision to submit the manuscript for publication.

Acknowledgments

The authors gratefully acknowledge the support of the study
participants, study staff, and partner organizations participating in
the study survey.

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.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.
1407813/full#supplementary-material

7. Bhargava A, Bhargava M, Meher A, Benedetti A, Velayutham B, Sai Teja G, et al.
Nutritional supplementation to prevent tuberculosis incidence in household contacts of
patients with pulmonary tuberculosis in India (RATIONS): a field-based, open-label,
cluster-randomised, controlled trial. Lancet (London England). (2023) 402:627-40.
doi: 10.1016/S0140-6736(23)01231-X

8. Murthy SE, Chatterjee F, Crook A, Dawson R, Mendel C, Murphy ME, et al.
Pretreatment chest x-ray severity and its relation to bacterial burden in smear positive
pulmonary tuberculosis. BMC Med. (2018) 16:73. doi: 10.1186/s12916-018-1053-3

9. Hersberger L, Bargetzi L, Bargetzi A, Tribolet P, Fehr R, Baechli V, et al. Nutritional risk
screening (NRS 2002) is a strong and modifiable predictor risk score for short-term and long-
term clinical outcomes: secondary analysis of a prospective randomised trial. Clin Nutr
(Edinburgh Scotland). (2020) 39:2720-9. doi: 10.1016/j.clnu.2019.11.041

10. Efthymiou A, Hersberger L, Reber E, Schénenberger KA, Kigi-Braun N, Tribolet
P, et al. Nutritional risk is a predictor for long-term mortality: 5-Year follow-up of the
EFFORT trial. Clin Nutr (Edinburgh Scotland). (2021) 40:1546-54. doi: 10.1016/
j.clnu.2021.02.032

11. Ghosh R, Das N, Mondal P. Explanation of major determinants of poverty using
multivariate statistical approach and spatial technology: a case study on Birbhum district,
West Bengal, India. GeoJournal. (2022), 1-27. doi: 10.1007/s10708-022-10774-6

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1407813/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1407813/full#supplementary-material
https://doi.org/10.1016/j.pulmoe.2022.01.016
https://doi.org/10.5005/jp-journals-10071-23503
https://doi.org/10.1371/journal.pone.0242455
https://doi.org/10.1186/s12957-015-0710-7
https://doi.org/10.3389/fimmu.2017.01316
https://doi.org/10.1016/S0140-6736(23)01231-X
https://doi.org/10.1186/s12916-018-1053-3
https://doi.org/10.1016/j.clnu.2019.11.041
https://doi.org/10.1016/j.clnu.2021.02.032
https://doi.org/10.1016/j.clnu.2021.02.032
https://doi.org/10.1007/s10708-022-10774-6
https://doi.org/10.3389/fimmu.2024.1407813
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

12. Zhang X, Zhang WC, Wu W, Liu HB. Horizontal and vertical variation of soil
clay content and its controlling factors in China. Sci total Environ. (2023) 864:161141.
doi: 10.1016/j.scitotenv.2022.161141

13. Urbanowski ME, Ordonez AA, Ruiz-Bedoya CA, Jain SK, Bishai WR. Cavitary
tuberculosis: the gateway of disease transmission. Lancet Infect Dis. (2020) 20:¢117-28.
doi: 10.1016/S1473-3099(20)30148-1

14. Kant S, Gupta H, Ahluwalia S. Significance of nutrition in pulmonary tuberculosis.
Crit Rev Food Sci Nutr. (2015) 55:955-63. doi: 10.1080/10408398.2012.679500

15. Hasan T, Au E, Chen S, Tong A, Wong G. Screening and prevention for latent
tuberculosis in immunosuppressed patients at risk for tuberculosis: a systematic review of
clinical practice guidelines. BMJ Open. (2018) 8:2022445. doi: 10.1136/bmjopen-2018-022445

16. Liu QX, Tang DY, Xiang X, He JQ. Associations between nutritional and immune
status and clinicopathologic factors in patients with tuberculosis: A comprehensive analysis.
Front Cell infection Microbiol. (2022) 12:1013751. doi: 10.3389/fcimb.2022.1013751

17. Kaller R, Arbanasi EM, Muresan AV, Voidizan S, Arbinasi EM, Horvath E, et al.
The predictive value of systemic inflammatory markers, the prognostic nutritional
index, and measured vessels' Diameters in arteriovenous fistula maturation failure. Life
(Basel Switzerland). (2022) 12(9):1447. doi: 10.3390/life12091447

18. Muresan AV, Russu E, Arbanasi EM, Kaller R, Hosu I, Arbanasi EM, et al. The
predictive value of NLR, MLR, and PLR in the outcome of end-stage kidney disease
patients. Biomedicines. (2022) 10(6):1272. doi: 10.3390/biomedicines10061272

19. Russu E, Muresan AV, Arbanasi EM, Kaller R, Hosu I, Voidizan S, et al. The predictive
role of NLR and PLR in outcome and patency of lower limb revascularization in patients with
femoropopliteal disease. ] Clin Med. (2022) 11(9):2620. doi: 10.3390/jcm11092620

20. Lonnroth K, Williams BG, Cegielski P, Dye C. A consistent log-linear
relationship between tuberculosis incidence and body mass index. Int J Epidemiol.
(2010) 39:149-55. doi: 10.1093/ije/dyp308

21. Anuradha R, Munisankar S, Bhootra Y, Kumar NP, Dolla C, Kumaran P, et al.
Coexistent malnutrition is associated with perturbations in systemic and antigen-
specific cytokine responses in latent tuberculosis infection. Clin Vaccine Immunol CVI.
(2016) 23:339-45. doi: 10.1128/CVI.00009-16

22. Anuradha R, Munisankar S, Bhootra Y, Dolla C, Kumaran P, Babu S. High body
mass index is associated with heightened systemic and mycobacterial antigen - Specific

pro-inflammatory cytokines in latent tuberculosis. Tuberculosis (Edinburgh Scotland).
(2016) 101:56-61. doi: 10.1016/j.tube.2016.08.004

23. Kassa D, de Jager W, Gebremichael G, Alemayehu Y, Ran L, Fransen J, et al. The
effect of HIV coinfection, HAART and TB treatment on cytokine/chemokine responses
to Mycobacterium tuberculosis (Mtb) antigens in active TB patients and latently Mtb

Frontiers in Immunology

12

10.3389/fimmu.2024.1407813

infected individuals. Tuberculosis (Edinburgh Scotland). (2016) 96:131-40.
doi: 10.1016/j.tube.2015.05.015

24. Villamor E, Mugusi F, Urassa W, Bosch RJ, Saathoft E, Matsumoto K, et al. A
trial of the effect of micronutrient supplementation on treatment outcome, T cell
counts, morbidity, and mortality in adults with pulmonary tuberculosis. J Infect Dis.
(2008) 197:1499-505. doi: 10.1086/587846

25. Seyedrezazadeh E, Ostadrahimi A, Mahboob S, Assadi Y, Ghaemmagami J,
Pourmogaddam M. Effect of vitamin E and selenium supplementation on oxidative
stress status in pulmonary tuberculosis patients. Respirol (Carlton Vic.). (2008) 13:294-
8. doi: 10.1111/j.1440-1843.2007.01200.x

26. Isanaka S, Aboud S, Mugusi F, Bosch RJ, Willett WC, Spiegelman D, et al. Iron
status predicts treatment failure and mortality in tuberculosis patients: a prospective
cohort study from Dar es Salaam, Tanzania. PloS One. (2012) 7:¢37350. doi: 10.1371/
journal.pone.0037350

27. Pakasi TA, Karyadi E, Suratih NM, Salean M, Darmawidjaja N, Bor H, et al. Zinc
and vitamin A supplementation fails to reduce sputum conversion time in severely
malnourished pulmonary tuberculosis patients in Indonesia. Nutr J. (2010) 9:41.
doi: 10.1186/1475-2891-9-41

28. Schén T, Idh J, Westman A, Elias D, Abate E, Diro E, et al. Effects of a food
supplement rich in arginine in patients with smear positive pulmonary tuberculosis-a
randomised trial. Tuberculosis (Edinburgh Scotland). (2011) 91:370-7. doi: 10.1016/
j-tube.2011.06.002

29. PrayGod G, Range N, Faurholt-Jepsen D, Jeremiah K, Faurholt-Jepsen M, Aabye
MG, et al. The effect of energy-protein supplementation on weight, body composition
and handgrip strength among pulmonary tuberculosis HIV-co-infected patients:
randomised controlled trial in Mwanza, Tanzania. Br J Nutr. (2012) 107:263-71.
doi: 10.1017/S0007114511002832

30. Kawai K, Meydani SN, Urassa W, Wu D, Mugusi FM, Saathoff E, et al.
Micronutrient supplementation and T cell-mediated immune responses in patients
with tuberculosis in Tanzania. Epidemiol infection. (2014) 142:1505-9. doi: 10.1017/
50950268813002495

31. Range N, Changalucha J, Krarup H, Magnussen P, Andersen AB, Friis H. The
effect of multi-vitamin/mineral supplementation on mortality during treatment of
pulmonary tuberculosis: a randomised two-by-two factorial trial in Mwanza, Tanzania.
Br J Nutr. (2006) 95:762-70. doi: 10.1079/BJN20051684

32. Abe M, Akbar F, Matsuura B, Horiike N, Onji M. Defective antigen-presenting
capacity of murine dendritic cells during starvation. Nutr (Burbank Los Angeles County
Calif.). (2003) 19:265-9. doi: 10.1016/S0899-9007(02)00854-7

frontiersin.org


https://doi.org/10.1016/j.scitotenv.2022.161141
https://doi.org/10.1016/S1473-3099(20)30148-1
https://doi.org/10.1080/10408398.2012.679500
https://doi.org/10.1136/bmjopen-2018-022445
https://doi.org/10.3389/fcimb.2022.1013751
https://doi.org/10.3390/life12091447
https://doi.org/10.3390/biomedicines10061272
https://doi.org/10.3390/jcm11092620
https://doi.org/10.1093/ije/dyp308
https://doi.org/10.1128/CVI.00009-16
https://doi.org/10.1016/j.tube.2016.08.004
https://doi.org/10.1016/j.tube.2015.05.015
https://doi.org/10.1086/587846
https://doi.org/10.1111/j.1440-1843.2007.01200.x
https://doi.org/10.1371/journal.pone.0037350
https://doi.org/10.1371/journal.pone.0037350
https://doi.org/10.1186/1475-2891-9-41
https://doi.org/10.1016/j.tube.2011.06.002
https://doi.org/10.1016/j.tube.2011.06.002
https://doi.org/10.1017/S0007114511002832
https://doi.org/10.1017/S0950268813002495
https://doi.org/10.1017/S0950268813002495
https://doi.org/10.1079/BJN20051684
https://doi.org/10.1016/S0899-9007(02)00854-7
https://doi.org/10.3389/fimmu.2024.1407813
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Nutritional status affects immune function and exacerbates the severity of pulmonary tuberculosis
	Introduction
	Methods
	Study cohort
	Definition of severe pulmonary tuberculosis
	Assessment of the nutritional and immune status of patients
	Immune cell assay
	Statistical analysis
	Random forest model
	Mediation analysis

	Results
	Baseline characteristics based on the severity of tuberculosis
	Associations between nutritional or immune status and tuberculosis severity
	Nutritional status exacerbates tuberculosis severity by affecting immune function
	The efficacy of nutritional and immune status in diagnosing the severity of pulmonary tuberculosis
	Sensitivity analysis

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


