Risk Management and Healthcare Policy Dove

ORIGINAL RESEARCH

Impact of Diabetes Mellitus on the Immunity of
Tuberculosis Patients: A Retrospective,
Cross-Sectional Study

Ruda Wei@®'?*, Pengchuan Li***, Yong Xue?, Yinping Liu®, Wenping Gong(®?®, Weiguo Zhao'?
'Senior Department of Respiratory and Critical Care Medicine, The Eighth Medical Center of PLA General Hospital, Beijing, 100091, People’s
Republic of China; 2Hebei North University, Zhangjiakou, 075000, Hebei, People’s Republic of China; 3Army Tuberculosis Prevention and Control Key
Laboratory/Beijing Key Laboratory of New Techniques of Tuberculosis Diagnosis and Treatment, Senior Department of Tuberculosis, the Eighth
Medical Center of PLA General Hospital, Beijing, 100091, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Weiguo Zhao; Wenping Gong, Email Zhaowg309@ | 63.com; gwp891015@whu.edu.cn

Background: Tuberculosis (TB) is an infectious disease that poses a significant health threat and is one of the leading causes of death
worldwide. Diabetes mellitus (DM) has high morbidity and mortality rates. Previous studies have reported that comorbidities can
influence one another and aggravate immune disorders. A systematic and comprehensive evaluation of the immune status of patients
with TB and DM (TB-DM) is helpful for early clinical immune intervention and for promoting the recovery of patients with TB-DM.
Methods: This study included 159 patients with TB without DM (TB-NDM) and 168 patients with TB-DM. Interferon-y (IFN-y)
release assays (IGRAs) and TB-specific antibodies against 38kD+16kD proteins were used to detect humoral and cellular immune
responses. Flow cytometry was used to analyze the absolute counts of the lymphocyte subsets.

Results: There was no significant difference in the positive rate of enzyme-linked immunospot (ELISPOT) assays, enzyme linked
immunosorbent assay (ELISA), and 38kD+16kD antibodies between the TB-DM and TB-NDM groups. Pulmonary lobe lesion and
cavity formation rates were significantly higher in patients with TB-DM with poor glycemic control than patients with TB-NDM and
TB-DM with normal glycemic control. The absolute counts of T lymphocytes, CD8+ T lymphocytes, and B lymphocytes in patients
with TB-DM were markedly lower than those in patients with TB-NDM. The absolute counts of T lymphocytes and CD8+
T lymphocytes in patients with TB-DM and hyperglycemia were lower than those in patients with euglycemia. Linear regression
analysis revealed that the absolute counts of total T lymphocytes, CD8+ T lymphocytes, and NK cells in patients with TB-DM
significantly decreased with increasing fasting blood glucose (FBG) levels.

Conclusion: Hyperglycemia is a risk factor for pulmonary cavity formation and lobe lesions in patients with TB-DM and suppresses
the absolute counts of total T lymphocytes, CD8+ T lymphocytes, and NK cells in patients with TB-DM. The potential mechanism
may involve the downregulation of innate and adaptive immune responses.
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Introduction
Tuberculosis (TB) is a respiratory infection caused by Mycobacterium tuberculosis (M. tuberculosis)." According to the
World Health Organization (WHO) estimates, due to the impact of coronavirus disease 2019 (COVID-19), the number of
TB deaths (among HIV-negative people) has increased from 1.2 million in 2019 to 1.3 million in 2020.> Although
significant progress has been made in preventing and controlling TB, it remains a serious global public health problem.*
Furthermore, it is estimated by the International Diabetes Federation (IDF) that more than 400 million adults worldwide
suffer from diabetes mellitus (DM), and type 2 DM is a risk factor for patients with TB.%®

A growing number of studies have shown that DM can promote primary infection or reactivation of M. tuberculosis
in the host by damaging the response function of immune cells, thereby increasing the incidence of TB.®” It has been
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reported that higher blood glucose levels can seriously impair the immune response of innate immune cells such as
macrophages, dendritic cells (DCs), and natural killer cells (NKs).® Disorders of glucose metabolism can inhibit the
killing effect of innate immune cells in multiple ways, including downregulating the phagocytic activity and antigen

1011 reducing the distribution frequency of macrophages and DC subpopulations, '?

presentation ability of macrophages,
and decreasing the expression level of perforin, granzyme B, and CD107a by NK cells and cytotoxic T lymphocytes
(CTLs)."? It is frustrating that hyperglycemia suppresses a patient’s innate immune cells and affects their adaptive
immune cells. It overactivates central memory T cells (TCM), resulting in a decrease in the number of effector CD4"
T cells and CDS8" T cells and a reduction in the secretion of Thl cytokines such as IFN-y and TNF-a in patients with
TB.614

Therefore, DM affects both the function of lymphocyte subsets and phenotypic differentiation of lymphocyte subsets
in patients with TB.'>'® Compared to patients with TB without DM (TB-NDM), those with DM (TB-DM) show a strong
antigen response and a higher level of pro-inflammatory factors in the early stage of DM. Furthermore, with the
development of DM, the alveolar macrophages of patients with TB are inhibited by high blood glucose levels, and the
secretion level of IFN-y also drops immediately.'”'® Interestingly, after effective anti-TB treatment, immune deficiency
in patients with TB-DM can be recovered.'® Thus, it is crucial to evaluate the impact of DM on the immunity of patients
with TB, which can guide clinicians to perform immune interventions as soon as possible to contribute to the recovery of
patients with TB-DM.?*?! However, there are few reports on the systematic and comprehensive evaluation of the
immune status of patients with TB-DM.?!

Herein, a retrospective cross-sectional study was performed to assess the impact of DM on the immunity of patients
with TB by using the flow cytometry (FCM), interferon-y (IFN-y) release assay (IGRA), and humoral immunity-related
anti-TB antibody test, which may provide the theoretical basis for promoting clinical rehabilitation of TB-DM.
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Materials and Methods
Study Design and Ethics Statement

This retrospective cross-sectional study was performed at the Eighth Medical Center of the Chinese People’s Liberation
Army (PLA) General Hospital, Beijing, China. This study was approved by the Ethics Committee of the Eighth Medical
Center of PLA General Hospital (approval number: 309202109061503) and conducted according to the ethical standards
of the Declaration of Helsinki.

Participants and Samples

A total of 327 patients with TB hospitalized in the Senior Department of Tuberculosis of the Eighth Medical Center of
the PLA General Hospital between January 2020 and January 2021 were retrospectively enrolled. The diagnostic criteria
of all patients with TB were referred to the “Diagnosis for pulmonary tuberculosis (WS 288-2017)**” and “Classification
of Tuberculosis (WS 196-2017)**” released by the National Health and Family Planning Commission of China
(NHFPC). Based on the definite diagnosis of TB, patients with TB-DM should meet the diagnostic criteria of diabetes
listed below: (1) the level of fasting blood glucose (FBG) was > 7.0 mmol/L;** (2) the level of glycosylated hemoglobin
was > 6.5%;%° (3) individuals with HIV infection, agranulocytosis diseases, autoimmune diseases, severe liver/kidney
diseases, malignancies, immunomodulators, and pregnancy were excluded. All patients with TB were classified accord-
ing to whether their hospital length of stay (LOS) exceeded 2 weeks: (1) LOS < 2 weeks, patients with TB-DM; (2) LOS
> 2 weeks, patients with TB-DM; (3) LOS < 2 weeks, patients with TB-NDM; (4) LOS > 2 weeks, patients with TB-
NDM. Among them, patients with TB with LOS > 2 weeks were defined as those who had undergone standard
antituberculosis drug treatment for 2 weeks after hospitalization, at which time they had a high level of antituberculosis
drug concentration in vivo, whereas patients with LOS < 2 weeks had a low level of antituberculosis drug concentration
in vivo.

Blood samples were obtained from 327 patients with TB. Data of patients with LOS < 2 weeks were collected the
morning after hospitalization, and data of patients with LOS > 2 weeks were collected 2 weeks after standard anti-
tuberculosis therapy. Four milliliters of blood samples were placed in heparin intravenous anticoagulation tubes for flow
cytometry analysis, IGRA-ELISPOT, and IGRA-ELISA assay. In addition, four milliliters of blood samples were placed
in red tubes that did not contain any coagulants or anticoagulants to detect specific antibodies against 38kD+16kD
proteins of M. tuberculosis.

IGRA Based on Enzyme-Linked Immunospot Assays (ELISPOT)

First, lymphocytes in the blood samples were isolated using a Human Lymphocyte Isolation Kit (Solarbio, Beijing,
China), following the manufacturer’s instructions. The isolated lymphocytes (2.5x10° per well) were added to a 96-well
ELISPOT plate and incubated with serum-free medium, positive control PHA, and TB-specific recombinant antigen
ESAT-6/CFP-10 at 37 °C with 5% CO, for 18-20 hours, respectively. The lymphocytes in the ELISPOT plate were then
removed, and the vessel was washed with phosphate-buffered saline (PBS). Next, anti-human IFN-y monoclonal
antibodies (7-B6-ALP) diluted 1:200 with PBS containing 0.5% fetal bovine serum (FBS) were added to each well of
the ELISPOT plate, and incubated for 2 h at room temperature. The vessel was washed five times with PBS.
Subsequently, 100 pL of substrate solution (BCIP/NBT-plus) was added to the ELISPOT plate and color development
was stopped using tap water. After leaving the plate dry, the number of spot-forming cells (SFCs) was counted using
a CTL-S5 Versa ELISPOT Reader (CTL, Cleveland, OH, USA) following our previous studies.*?*® If the number of
SFCs in the blank control was < 13 and the difference between the number of SFCs in the test well and the blank control
was >16, it was judged as positive. Otherwise, the result is negative.

IGRA Based on Enzyme-Linked Immunosorbent Assay (ELISA)

One milliliter of blood sample collected from each patient with TB were incubated with TB-specific recombinant antigen
ESAT-6/CFP-10 (T tube), positive control PHA (P tube), and negative control (N tube) at 37 °C with 5% CO, for 2242
h. Then, 50 pL of isolated plasma (centrifuging at 3000-5000 rpm for 10 min) was added to the 96-well plate and
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incubated at 37 °C for 60 min. Subsequently, 50 uLL of HRP labeled human IFN-y monoclonal antibody (Wantai Bio-
pharmaceutical Co., Ltd., Beijing, China) was added to a 96-well plate and incubated at 37 °C for 60 min. After adding
TMB substrate, the IFN-y level of each plasma sample was measured using a microplate reader (Thermo, Massachusetts,
USA). If the value of tube N is <400 and the difference between tubes T and N is >14, it is judged as positive. Otherwise,
the result is negative.

Detection of Specific Antibodies Against 38kD+16kD Proteins of M. Tuberculosis
Specific antibodies against 38kD+16kD proteins of M. tuberculosis were detected using a Rapid Gold Immuno-Assay
Test for TB-IgG (GICA) kit (Beijing Zhongjian Antai Diagnostic Technology Co., Ltd., Beijing, China). In brief, 10 pL
of serum collected from each patient with TB was added to the well of the test card, followed by adding 100 pL of the
sample. The results were read within 15-20 min. If the quality control line (C) and test line (T) appear red simulta-
neously, they are considered positive. Otherwise, the result is negative.

Flow Cytometry

Four milliliters of peripheral blood samples were collected from patients with TB and placed in heparin anticoagulant
tubes. Then, 50 pL of the blood sample was transferred to a new BD TruCount test tube (BD, San Jose, California, USA)
with 20 pL of 6-colors TB NK reagent. Flow cytometry was used to detect CD45 cells labeled with percp-cy5.5
fluorescence (BD Biosciences, San Jose, CA, USA), CD3 cells labeled with FITC fluorescence (BD Biosciences, San
Jose, CA, USA), CD4 cells labeled with pe-cy7 fluorescence (BD Biosciences, San Jose, CA, USA), CD8 cells labeled
with APC-cy7 fluorescence (BD Biosciences, San Jose, CA, USA), CD16 cells and CD56 cells labeled with PE
fluorescence (BD Biosciences, San Jose, CA, USA), and CD19 cells labeled with APC fluorescence (BD Biosciences,
San Jose, CA, USA). After incubation at room temperature for 15 min in the dark, 1 x red blood cell lysate (BD, San
Jose, CA, USA) was added to the samples and incubated in the dark for 15 min. Subsequently, FACS Arial II flow
cytometry (BD, San Jose, California, USA) was used to determine the frequencies of total T lymphocytes, CD4"
T lymphocytes, CD8" T lymphocytes, NK cells, natural killer T cells (NKT), and B lymphocytes. Finally, the results
were analyzed using FACS-DIVA software.

Statistical Analysis
All data were analyzed using GraphPad Prism 9 software (San Diego, CA, USA). According to the data normality and
homogeneity of variances, the measurement data of the single-factor multi-level design were compared with ordinary one-
way ANOVA test or Kruskal-Wallis nonparametric test. According to normality, the measurement data of the single-factor
two-level design were analyzed with an unpaired #-test or Mann—Whitney U-test. Parametric data are shown as mean +
standard deviation (SD) and nonparametric data as median and interquartile range. Differences were considered statistically
significant at p < 0.05. Nominal and ordinal variables (age, sex, and results from sputum smear, sputum culture, gene-Xpert
MTB/RIF, IGRA-ELISPOT, IGRA-ELISA, 38kD+16Kd antibody, and pulmonary lobe lesion) were compared using the
Chi-square test or Fisher’s exact test according to the sample size. Odds ratios (ORs) and 95% confidence intervals (Cls)
were calculated using the Baptista-Pike method. Differences were considered statistically significant at P < 0.05.

We performed a two-sample test to determine sample size of group A (TB-NDM) and group B (TB-DM) using an
online tool at http://powerandsamplesize.com.”’ According to our previous research results, o = 0.05, (1-p) = 0.8, pA =

1200 (mean of total T lymphocytes in group A), uB = 1000 (mean of total T lymphocytes in group B), ¢ = 500 (standard
deviation), k =1 (the ratio between the sample sizes), and the sample size of each group is n = 141.

In addition, simple linear regression was performed to evaluate the relationship between blood glucose levels and the
counts of total T lymphocytes, CD4" T lymphocytes, CD8" T lymphocytes, NK cells, NKT cells, and B lymphocytes.
Principal component analysis (PCA) was used to evaluate the impact of different measurements (age, sex, FBG, absolute
counts of total T lymphocytes, CD4" T lymphocytes, CD8" T lymphocytes, NK cells, NKT cells, and B lymphocytes) on
TB-DM. The principal component (PC) was selected according to the eigenvalue > 1, a Monte Carlo simulation was
performed on the input data, and the eigenvalues of all the PCs were calculated. The eigenvalues of the input data were
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then compared to the mean values of the corresponding PCs in the simulation. The percentile level, number of
simulations, and random seeds were set to 95%, 1000, and automatic, respectively.

Results

Participants Characteristics

Three hundred and twenty-seven TB (240 men and 87 women) were retrospectively included in this study: patients with TB
without DM (TB-NDM) (n = 159) and with DM (TB-DM) (n = 168). The clinical characteristics of the TB-NDM and TB-
DM groups are presented in Table 1. It was found that the mean age of the TB-DM group was significantly higher than that of
the TB-NDM (59.7 + 14.3 years vs 44.8 + 20.0 years, P < 0.0001), suggesting that elderly patients with TB are more likely to
develop diabetes. We also found that the erythrocyte sedimentation rate (ESR) in the TB-NDM group was lower than that in
the TB-DM group (42.97 + 35.34 mm/h vs 52.57£39.44 mm/h, P = 0.0217). There were no differences in sputum smear,
sputum culture, and Gene-Xpert MTB/RIF between the TB-NDM and TB-DM groups (Table 1).

The Impact of Diabetes on TB Severity and Treatment Outcomes

To further determine the relationship between the three measurements (age, blood glucose, and LOS) and immunological
responses and pulmonary lesions (ELISPOT, ELISA, 38kD+16kD specific antibody, pulmonary lobe lesion, and
pulmonary cavity) between patients with TB-NDM and TB-DM, patients in both groups were divided into different
subgroups based on three parameters.

Comparison of Age and Immunological Responses & Pulmonary Lesions in Patients with TB with or without
DM

It is well known that age is associated with immunological responses in patients with TB and DM or their comorbidities.
The elderly have significantly reduced immunity, are more likely to be infected with M. tuberculosis during diabetes, and
have poorer treatment outcomes.>® The patients with TB-NDM and TB-DM were divided into two subgroups: age < 60
years (n =115 or n = 87) and age > 60 years (n = 44 or n = §81), respectively. As shown in Table 2, the number of patients
with pulmonary cavities in the TB-DM group aged > 60 years was significantly higher than that of patients in the Age <
60 years TB-NDM group (P = 0.0050, OR = 2.725, 95% CI [1.390, 5.249]). The number of patients with pulmonary
cavities in the TB-DM group was significantly higher than that in the TB-NDM group (P = 0.0242, OR = 1.899, 95% CI
[1.109, 3.296]). Interestingly, we found that the probability of lung cavity formation in elderly patients with TB with DM
was 2.725 times higher than that in young patients with TB without DM. The probability of lung cavity formation in
patients with TB with DM is 1.899 times higher than that in patients with TB without DM, suggesting that DM is
a possible risk factor for cavity formation in the lungs of patients with TB. Furthermore, we found that the results of
ELISPOT, ELISA, 38kD+16kD specific antibodies, and the pulmonary lobe lesions were not different between sub-
groups or TB-NDM and TB-DM groups.

Comparison of the Hospital LOS and Immunological Responses & Pulmonary Lesions in Patients with TB with
or without DM Treatment

Considering that hospital LOS has a particular impact on the immune status of patients with TB, we divided those with
TB-NDM and TB-DM into two subgroups based on hospital LOS: LOS < 2 weeks (n = 100 or n = 111) and LOS > 2
weeks (n = 59 or n = 57) (Table 3). In patients with TB-NDM, the degree of lung lobe lesions in the LOS > 2 weeks
subgroup was significantly higher than that in the LOS < 2 weeks subgroup (P = 0.0112, OR = 2.464, 95% CI [1.250,
4.699]). Furthermore, the number of pulmonary cavities in the LOS < 2 weeks subgroup was significantly higher than
that in patients with TB-NDM in the LOS < 2 weeks subgroup (P = 0.0460, OR = 2.099, 95% CI [1.038, 4.151]).
Moreover, we found that the number of pulmonary cavities in patients with TB-DM was significantly higher than that in
patients with TB-NDM (P = 0.0089, OR = 5.038, 95% CI [2.976, 4.415]). These results indicate that the degree of
pulmonary lobe lesions in patients with TB-NDM with LOS > 2 weeks was 2.464 times higher than that in patients with
TB-NDM with LOS < 2 weeks, and the probability of lung cavity formation in patients with TB-DM with LOS < 2
weeks was 2.099 times higher than that in those with TB-DM with LOS < 2 weeks, suggesting that extended hospital
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Table | Clinical Characteristics of the Study Participants (n = 327)
Characteristics Total (n = 327) P value
TB-NDM (n =159) | TB-DM (n = 168)
Age (years) 52.45+18.83 44.80+20.00 59.68+14.33 <0.0001"
Male/Female 240/87 113/46 127/41 0.3546*
Erythrocyte sedimentation rate (ESR, mm/h) 47.88+37.74 42.97+35.34 52.57+39.44 0.0217%
Blood routine examination
White blood cell count (WBC, 1049/L) 7.61+3.41 7.59+3.33 7.63+3.50 0.97671
Absolute monocyte count (AMC, 1079/L) 0.54+0.26 0.54+0.26 0.54+0.26 0.7378"
Absolute lymphocyte count (ALC, 1079/L) 1.29+0.72 1.37+0.83 1.23+0.59 0.08561
Absolute neutrophil count (ANC, 1079/L) 5.58+3.14 5.54+3.18 5.62+3.10 <0.0001%
Blood platelet count (BPC, 1079/L) 271.48+117.05 270.95+98.06 271.98+132.84 0.4316f
Hemoglobin (g/L) 122.50+24.52 125.27+23.37 119.89+25.36 0.0674"
Biochemical indexes
Albumin (g/L) 35.59+6.30 36.44+6.24 34.79+6.26 0.0072%
Globulin (g/L) 32.88+6.42 31.84+6.30 33.87+6.39 0.8615"
AJ/G (ratio) 1.13£0.32 1.19£0.31 1.07£0.32 0.0006"
Liver function
Serum glutamic pyruvic transaminase (SGPT, U/L) 22.83+31.07 23.41+£25.29 22.27+35.76 0.17261
Serum glutamic oxaloacetic transaminase (SGOT, U/L) 23.69+20.50 23.79%16.10 23.59+23.96 0.0325"
Lactic acid dehydrogenase (LDH,U/L) 192.31+88.00 186.61+63.05 197.36+105.29 0.9314t
Total bilirubin (TBiL, pmol/L) 15.80+19.83 14.63+8.91 16.91+26.30 0.91391
Direct bilirubin (DBiL, pmol/L) 5.89+13.94 4.86+4.73 6.87+18.89 0.1844"
Diabetes related indicators
Fasting blood glucose (FBG,) mmol/L 7.58+4.00 5.46x1.40 9.60+4.59 <0.0001"
Glycosylated hemoglobin (GHB, %) 8.311.92 - 8.31%1.92 -
Sputum smear*
Positive (%) 99 (30.28%) 41 (25.79%) 58 (34.52%) 0.0856*
Negative (%) 228 (69.72%) 118 (74.21%) 110 (65.48%)
Sputum culture
Positive (%) 76 (23.24%) 35 (22.01%) 41 (24.40%) 0.6087*
Negative (%) 251 (76.76%) 124 (77.99%) 127 (75.60%)
Gene-Xpert MTB/RIF
Positive (%) 155 (47.40%) 70 (44.03%) 85 (50.60%) 0.2343*
Negative (%) 172 (52.60%) 89 (55.97%) 83 (49.40%)

Notes:" The results between two groups were analyzed with an Unpaired t-test or nonparametric test (Mann Whitney test) according to the normality. The data was
showed as mean # standard error of the mean (SEM), and P-value < 0.05 was considered as a significant difference and was showed in bold text.¥The results between two
groups were analyzed with chi-square test. P-value < 0.05 was considered as a significant difference and was showed in bold text. *Patients with LOS < 2 weeks were newly
diagnosed with tuberculosis, and sputum specimens were collected after admission. Patients with LOS > 2 weeks were hospitalized for more than 2 weeks, or for a second
time, and sputum specimens were collected at that time.

Abbreviations: TB, tuberculosis; DM, diabetes mellitus; TB-NDM, TB patients without diabetes; TB-DM, TB patients with diabetes.

LOS greatly aggravated pathological lung damage in patients with TB. In addition, it was revealed that results of
ELISPOT, ELISA, and 38kD+16kD specific antibodies had no differences between subgroups or TB-NDM and TB-DM
groups.

Comparison of the FBG and Immunological Responses & Pulmonary Lesions in Patients with TB with or
without DM

All patients with TB were divided into three subgroups based on DM and FBG levels (Table 4): TB-NDM (n = 159), TB-
DM euglycemia (n = 68), and TB-DM hyperglycemia (n = 100). We confirmed the relationship between FBG, ELISPOT,
ELISA, 38kD+16kD specific antibodies, and pulmonary lesions between patients with TB-NDM and TB-DM. Our
results revealed that the degree of lung lobe lesions in the TB-DM hyperglycemia subgroup was observably higher than
that in the TB-NDM group (P = 0.0401, OR = 1.695, 95% CI [1.032, 2.809]), and the number of pulmonary cavities in

6 I 6 https:

Dove!

Risk Management and Healthcare Policy 2022:15


https://www.dovepress.com
https://www.dovepress.com

Dove Wei et al

Table 2 The Association Between Age and Immunological Responses & Pulmonary Lesions in TB Patients with or without Diabetes
Mellitus

TB-NDM (n = 159) Total TB-DM (n = 168) Total
Age < 60 Years | Age > 60 Years Age < 60 Years Age > 60 Years
(n=115) (n = 44) (n = 87) (n=8l)
IGRA-ELISPOT
Positive (%) 42 (36.52%) 22 (50.00%) 64 40 (45.98%) 36 (44.44%) 76
Negative (%) 16 (13.91%) 17 (38.64%) 33 15 (17.24%) 26 (32.10%) 41
IGRA-ELISA
Positive (%) 29 (25.22%) 2 (4.55%) 31 17 (19.54%) 10 (12.35%) 27
Negative (%) 28 (24.35%) 3 (6.81%) 31 15 (17.24%) 9 (I1.11%) 24
38kD+16kD
Positive (%) 30 (26.09%) 13 (29.55%) 43 29 (33.33%) 22 (27.16%) 51
Negative (%) 85 (73.91%) 31 (70.45%) 116 58 (66.67%) 59 (72.84%) 117
Pulmonary lobe lesion
Mild (1-2 lobes) (%) 70 (60.87%) 27 (61.36%) 97 42 (48.28%) 44 (54.32%) 86
Severe (3-5 lobes) (%) 45 (39.13%) 17 (38.64%) 62 45 (51.72%) 37 (45.68%) 82
Pulmonary cavity
NO (%) 98 (85.22%) 34 (77.27%) 132 66 (75.86%) 55 (67.90%)%** 121P+
2.725 [1.390, 1.899 [1.109,
5.249]%* 3.296]%
Yes (%) 17 (14.78%) 10 (22.73%) 27 21 (24.14%) 26 (32.10%) 47

Notes: Results between each two groups were compared using the Chi-square test or Fisher’s exact test according to the sample size. *: P = 0.0242, **: P = 0.0050. P-value
< 0.05 was considered as a significant difference. P value from Age < 60 years TB-NDM group vs Age = 60 years TB-DM group; *: P value from TB-NDM group vs TB-DM
group. ** The odds ratios (ORs) and their 95% confidence interval (Cl) were calculated by Baptista—Pike method.

the TB-DM hyperglycemia subgroup was markedly higher than that in the patients with TB-NDM (P = 0.0010, OR =
2.750, 95% CI [1.565, 4.978]) or TB-DM euglycemia subgroup (P = 0.0392, OR = 2.107, 95% CI [1.092, 4.581]). These
data suggest that even in patients with comorbidities of TB and DM, if the FBG level is controlled within the normal
range, the pathological lesions in the lungs of the patient will not worsen. In contrast, patients with TB-DM with
hyperglycemia are 1.695 times more likely to have pulmonary lobe lesions than those with TB-NDM. The probability of
lung cavitation is 2.75 times or 2.17 times that in patients with TB-NDM TB-DM with euglycemia.

The Impact of Different Measurements on the Patients with TB-DM

The impact of different measurements on patients with TB-DM (n = 168), including age, sex, FBG, absolute counts of
total T lymphocytes, CD4" T lymphocytes, CD8" T lymphocytes, NK cells, NKT cells, and B lymphocytes, were
evaluated using PCA (Figure 1). Two potential PCs (PCljgenvaiue = 3.661 and PC2jpenvaiee = 1.301) were selected
according to the eigenvalue > 1, and their cumulative variance accounted for 62.02% (PC1 45.786%, PC2 16.26%). The
loading plot depicts the correlation between the eight measurements. The results showed that age and FBG levels were
associated with PC2. The rest six measurements (absolute counts of total T lymphocytes, CD4" T lymphocytes, CD8"
T lymphocytes, NK cells, NKT cells, and B lymphocytes) were associated with PC1 (Figure 1A). The PC score plot
showed that the data from 168 patients with TB-DM were significant (Figure 1B). Furthermore, a biplot was used to
show both the loading and PC scores (Figure 1C).

The Impact of Diabetes on TB Innate Immunity and Adaptive Immunity

Comparison of the FBG and Absolute Counts of Lymphocyte Subsets in Patients with TB-NDM and TB-DM
As shown in Figure 2, the absolute counts of total T lymphocytes (P = 0.0315), CD8" T lymphocytes (P = 0.0222), and
B lymphocytes (P = 0.0425) were distinctly higher in patients with TB-NDM than in those with TB-DM. Additionally,
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Table 3 The Association Between Hospital Length of Stay (LOS) and Immunological Responses & Pulmonary Lesions in TB Patients
with or without DM

TB-NDM (n = 159) Total TB-DM (n = 168) Total
LOS < 2 Weeks LOS> 2 Weeks LOS < 2 Weeks LOS> 2 Weeks
(n = 100) (n=59) (n=111) (n=57)
IGRA-ELISPOT
Positive (%) 47 (47.0%) 17 (28.8%) 64 49 (44.1%) 27 (47.4%) 76
Negative (%) 18 (18.0%) 15 (25.4%) 37 30 (27.0%) 11 (19.3%) 41
IGRA-ELISA
Positive (%) 19 (19.0%) 12 (20.3%) 37 16 (14.4%) 11 (19.3%) 27
Negative (%) 16 (16.0%) 15 (25.4%) 31 16 (14.4%) 8 (14.0%) 24
38kD+16kD
Positive (%) 28 (28.0%) 15 (25.4%) 43 33 (29.7%) 18 (31.6%) 51
Negative (%) 72 (72.0%) 44 (74.6%) 116 78 (70.3%) 39 (68.4%) 17
Pulmonary lobe lesion
Mild (1-2 lobes) (%) 69 (69.0%) 28 (47.5%)* P=00112) | 97 62 (55.9%) 24 (42.1%) 86
2.464 [1.250,
4.6991%%
Severe (3-5 lobes) (%) 31 (31.0%) 31 (52.5%) 62 49 (44.1%) 33 (57.9%) 82
Pulmonary cavity
NO (%) 85 (85.0%) 47 (79.7%) 132 81 (73.0%)" 37 (64.9%) | 18y (P=0-0089)
(P=0.0430) 5.038 [2.976,
2.099 8.415]%
[1.038, 4.1517%%
Yes (%) 15 (15.0%) 12 (20.3%) 27 30 (27.0%) 20 (35.1%) 50

Notes: Results between each two groups were compared using the Chi-square test or Fisher’s exact test according to the sample size. P-value < 0.05 was considered as
a significant difference and was showed in bold text. °P value from LOS>2 weeks TB-NDM group vs LOS <2 weeks TB-NDM group. PP value from LOS <2 weeks TB-DM
group vs LOS <2 weeks TB-NDM group. P value from TB-NDM group vs TB-DM group. **The odds ratios (ORs) and their 95% confidence interval (Cl) were calculated
by Baptista—Pike method.

Abbreviation: LOS, hospital length of stay.

the absolute counts of CD4" T lymphocytes, NK cells, and NKT cells were not significantly different between the
patients with TB-NDM and TB-DM. Interestingly, compared with patients with TB-NDM, a declining trend in the
absolute counts of CD4" T lymphocytes, NK cells, and NKT cells was observed in patients with TB-DM. These results
indicate that the complication of DM in patients with TB significantly affects the immune system, resulting in a decrease

in the number of these six immune cells.

Comparison of the FBG and Absolute Counts of Lymphocyte Subsets in Patients with TB-NDM and
Subgroups of Those with TB-DM

To further explore the relationship between absolute counts of lymphocyte subsets and FBG levels, patients with TB-DM
were divided into two subgroups: TB-DM euglycemia (n = 68) and TB-DM hyperglycemia (n = 100). Although the
absolute counts of total T lymphocytes (P = 0.0193) and CD8 + T lymphocytes (P = 0.0139) in patients with TB-DM
with hyperglycemia were lower than those in patients with TB-DM, the absolute count of NK cells in patients with TB-
DM with euglycemia was higher than that in patients with TB-DM (P = 0.0092) and TB-DM with hyperglycemia (P =
0.0003) (Figure 3). In addition, the absolute counts of CD4" T lymphocytes, NKT cells, and B lymphocytes were not
significantly different among the three groups. It is worth noting that, compared with patients with TB-DM with
euglycemia, a decline in the absolute counts of all lymphocyte subsets was observed in patients with TB-DM with
hyperglycemia, indicating that the higher level of blood glucose in patients with TB-DM resulted in a decrease in the
number of these lymphocyte subsets.
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Table 4 The Association Between Blood Glucose Levels and Immunological Responses & Pulmonary Lesions in TB Patients with or

without Diabetes Mellitus

TB-NDM (n = 159) TB-DM Euglycemia (n = 68) TB-DM Hyperglycemia (n = 100)
IGRA-ELISPOT
Positive 64 (40.3%) 32 (47.1%) 44 (44.0%)
Negative 37 (23.3%) 19 (27.9%) 22 (22.0%)
IGRA-ELISA
Positive 37 (23.3%) 6 (8.8%) 21 (21.0%)
Negative 31 (19.5%) 11 (16.2%) 13 (13.0%)
38kD+16kD
Positive 43 (27.0%) 17 (25.0%) 34 (34.0%)
Negative 116 (73.0%) 51 (75.0%) 66 (66.0%)
Pulmonary lobe lesion
Mild (1-2 lobes) (%) 97 (61.0%) 38 (55.9%) 48 (48.0%)t (P=0-0401)
1.695 [1.032, 2.809]
Severe (3-5 lobes) (%) 62 (39.0%) 30 (44.1%) 52 (52.0%)
Pulmonary cavity
NO (0) 132 (83.0%) 54 (79.4%) 64 (64.0%)t (P=0.0010) & (P=0.0392)
2.750 [1.565, 4978t
2.170 [1.092, 4.581%**
Yes (21) 27 (17.0%) 14 (20.6%) 36 (36.0%)

Notes: Results between each two groups were compared using the Chi-square test or Fisher’s exact test according to the sample size. P-value < 0.05 was considered as
a significant difference and was showed in bold text. P value from TB-DM Hyperglycemia group vs TB-NDM group; *P value from TB-DM Hyperglycemia group vs TB-DM
Euglycemia group. **The odds ratios (ORs) and their 95% confidence interval (Cl) were calculated by Baptista—Pike method.

Comparison of the Hospital LOS and Absolute Counts of Lymphocyte Subsets in Patients with TB-NDM and
TB-DM

The patients with TB-NDM and TB-DM were divided into six subgroups based on the hospital LOS and FBG levels:
patients with TB-NDM with LOS < 2 weeks (TB-NDM-L<2, n = 100), patients with TB-NDM with LOS > 2 weeks (TB-
NDM-L>2, n = 59), patients with TB-DM with euglycemia and LOS < 2 weeks (TB-DME-L=<2, n = 44), patients with
TB-DM with euglycemia and LOS > 2 weeks (TB-DME-L>2, n = 24), patients with TB-DM with hyperglycemia and
LOS < 2 weeks (TB-DMH-L<2, n = 67), and patients with TB-DM with hyperglycemia and LOS > 2 weeks (TB-DMH-
L>2, n = 33). As shown in Figure 4, the absolute counts of NK cells in the TB-DME-L<2 subgroup were significantly
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Figure | Principal component analysis (PCA). The loading plot depicted the correlation of eight measurements and showed that age and FBG were associated with PC2, and
the rest six measures were associated with PC| (A). The PC scores plot showed that the data from 168 TB-DM patients were significant (B). Finally, a biplot was used to
show both the loadings and PC scores (C). NK, NK cells; NKT, NKT cells; Total T, Total T lymphocytes; CD4", CD4" T lymphocytes; CD8", CD8" T lymphocytes.
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Figure 2 The comparison of lymphocyte subsets between TB-NDM and TB-DM patients. The absolute counts of total T lymphocytes (A), CD4" T lymphocytes (B), CD8"
T lymphocytes (C), NK cells (D), NKT cells (E), and B lymphocytes (F) between TB-NDM and TB DM patients were analyzed with Unpaired t-test or nonparametric test
(Mann Whitney test) according to the normality. The data was shown as mean * SD, and P value < 0.05 was considered a significant difference.

higher than those in the TB-NDM-L<2 subgroup (P = 0.0374), TB-DMH-L<2 subgroup (P = 0.0055), TB-NDM-L>2
subgroup (P = 0.0027), and TB-DMH-L >2 subgroup (P = 0.0001). Furthermore, although the absolute counts of total
T lymphocytes, CD4" T lymphocytes, CD8" T lymphocytes, NKT cells, and B lymphocytes were not significantly
different among the remaining five subgroups, a declining trend was observed in the TB-DMH-L > 2 subgroup compared
to patients with TB-NDM. These results indicate that higher FBG levels and longer LOS may be risk factors for TB-DM.

The potential mechanism may involve the downregulation of innate and adaptive immune responses.

Linear Regression Analysis Between FBG and Absolute Counts of Lymphocytes in Patients with TB-DM

All the above data point to the conclusion that FBG Significantly influence the immune response of patients with TB-DM.
Hence, we performed a linear regression analysis to determine the relationship between FBG levels and absolute lymphocyte
counts in patients with TB-DM (Figure 5). The regression equations indicated that the absolute counts of total T lymphocytes
(P = 0.0253, R* = 0.02997, Y = —20.25*X + 1180), CD8" T lymphocytes (P = 0.0263, R* = 0.02958, Y = —9.607*X +
458.5), and NK cells (P = 0.0015, R* = 0.05925, Y = —9.306*X + 307.3) in patients with TB-DM significantly decreased
with increasing FBG levels. Similarly, the results showed no significant linear relationship between the absolute counts of
CD4" T lymphocytes, NKT cells, and FBG levels in patients with TB-DM. However, we observed that the absolute counts of
CD4" T lymphocytes and NKT cells in Patients with TB-DM showed a decreasing trend with increasing FBG levels.
Furthermore, the absolute counts of B cells did not change with an increase in FBG levels.
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Figure 3 The comparison of lymphocyte subsets among TB-NDM, TB-DM patients with euglycemia and TB-DM patients with hyperglycemia. The absolute counts of total
T lymphocytes (A), CD4" T lymphocytes (B), CD8" T lymphocytes (C), NK cells (D), NKT cells (E), and B lymphocytes (F) among TB-NDM, TB-DM patients with
euglycemia and TB-DM patients with hyperglycemia were compared with Ordinary one-way ANOVA test or Kruskal-Wallis nonparametric test according to the data
normality and homogeneity of variances. The data were shown as mean * SD, and P value < 0.05 was considered a significant difference.

Discussion
In recent years, patients with TB and DM have shown a significant upward trend, especially in countries where TB is
endemic. The most striking feature of DM is the disorder of glucose metabolism, which may affect the innate and
adaptive immune systems, resulting in impaired response functions of innate and adaptive immune T cells and
differentiation of T cell subsets.”” Our previous studies have found that TB is not only an infectious disease but also
an immune disease. The imbalance between Mycobacterium tuberculosis invasiveness and host immunity is key to the
progression of latent tuberculosis infection (LTBI) into active TB.**?%*%! Recently, a meta-analysis based on 14 studies
involving 22, 616, and 623 participants showed that DM in patients with TB is a significantly increased risk factor that
can be reduced by improving glycemic control.*?

Immunological impairment plays an essential role in the susceptibility of patients with DM to TB infection.*® In this
study, we compared the immune responses of individuals with TB-NDM and those with TB-DM. The probability of lung
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Figure 4 The comparison of the hospital LOS and absolute counts of lymphocyte subsets in TB-NDM patients and TB-DM patients. The absolute counts of total
T lymphocytes (A), CD4+ T lymphocytes (B), CD8+ T lymphocytes (C), NK cells (D), NKT cells (E), and B lymphocytes (F) among TB-NDM with hospital LOS < 2 weeks
(TB-NDM-L<2), TB-NDM with hospital LOS > 2 weeks (TB-NDM-L>2), TB-DM with euglycemia and hospital LOS < 2 weeks (TB-DME-L<2), TB-DM with euglycemia and
hospital LOS > 2 weeks (TB-DME-L>2), TB-DM with hyperglycemia and hospital LOS < 2 weeks (TB-DMH-L<2), and TB-DM with hyperglycemia and hospital LOS > 2
weeks (TB-DMH-L>2) were compared with Ordinary one-way ANOVA test or Kruskal-Wallis nonparametric test according to the data normality and homogeneity of
variances. The data were shown as mean % SD, and P value < 0.05 was considered a significant difference.

cavity formation in elderly patients with TB-DM was 2.725 times higher than that in young patients with TB-NDM, and
1.899 times higher in patients with TB-DM than in those with TB-NDM. These results suggest that older age and DM are
possible risk factors for cavity formation in patients with TB. Previous studies have indicated that the comorbidity of TB
and DM is conducive to the formation of TB cavities and the occurrence of multidrug resistance (MDR).***
Furthermore, weak host immunity causes cavity formation in the lungs of patients with TB compared to the decisive
invasion of M. tuberculosis.>>° This has been suggested to be associated with the predominant presence of Th2
lymphocyte subsets in alveoli.>” We also found that hospital LOS >2 weeks might be a risk factor for cavity formation
in patients with TB-NDM and TB-DM. This is not surprising; although the immune cell functions of patients with TB-
DM and TB-NDM recovered to a certain extent after a period of anti-tuberculosis drug treatment, the growth of hospital
LOS exhausts many innate and adaptive immune cells, inhibiting phagocytosis and clearance of M. tuberculosis, leading
to patients with TB having more severe pathological lung damage.*®

To determine the potential effects of DM on lymphocyte subsets in patients with TB, we analyzed the absolute counts
of total T lymphocytes, CD4" and CD8" T lymphocytes, and B lymphocytes by flow cytometry. We found that the
absolute counts of total T lymphocytes, CD4" T lymphocytes, and CD8'T lymphocytes in patients with TB-DM with
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Figure 5 Linear regression analysis of the relationship between FBG level and absolute counts of lymphocyte subsets in TB-DM patients. The potential association between
the FBG level and the absolute counts of total T lymphocytes (A), CD4" T lymphocytes (B), CD8" T lymphocytes (C), NK cells (D), NKT cells (E), or B lymphocytes (F) in
TB-DM patients was analyzed with simple linear regression. P-value < 0.05 was considered as a significant linear relationship.

hyperglycemia were lower than those in patients with TB-DM with euglycemia, suggesting that poor glycemic control in
patients with TB-DM changes the immunophenotype of lymphocyte subsets, which manifests as a decrease in the
number of CD4" T lymphocytes and CD8" T lymphocytes as well as a deficiency in immune response function.*®
Furthermore, our results showed that the absolute count of CD8" T lymphocytes in patients with TB-DM with
euglycemia was lower than that in patients with TB-NDM, indicating that after hypoglycemic treatment, the differentia-
tion of CD8" T lymphocytes and expression of pro-inflammatory factors were inhibited, which would alleviate their
mediated immune damage.*’

It has been reported that CD4" and CD8" T lymphocytes play essential roles in the fight against M. tuberculosis
infection.**%*! A recent study found that compared with patients with TB-NDM, those with TB-DM are characterized
by increased frequencies of central memory CD4" and CD8" T lymphocytes and depressed frequencies of effector CD4"
and CD8" T lymphocytes,'® which is consistent with our results. In contrast, other studies have revealed that patients
with TB-DM are characterized by increased CD4" Th1 and Th17 lymphocytes.** The heterogeneity of these results may
be due to several factors, such as differences in genetic background, age, disease course, and anti-TB treatment strategy.
These results suggest that the differentiation and proliferation of CD4" T lymphocytes and CD8" lymphocytes in patients
with TB-DM are inhibited.'”** Compared to patients with TB-NDM, those with TB-DM are dominated by central
memory CD4" and CD8" T lymphocytes, indicating that DM changes the distribution frequency of T lymphocyte subsets
in patients with TB.'® Anti-TB therapy restores the functions of CD4" and CD8" T lymphocytes, weakens the inhibition
of T lymphocyte subsets by high blood glucose levels, and re-establishes anti-inflammatory balance.**

In addition, DM affects NKT lymphocyte function. In this study, the absolute count of NKT cells in patients with TB-
DM was significantly higher than in patients with TB-NDM. In comparison, the absolute count of NKT cells in patients
with TB-DM with poor glycemic control was significantly lower than that in those with normal glycemic control. This

1.45

result is consistent with that of Zhang et al.™ The potential reason for this may be that patients with TB-DM have higher

mycobacterial loads and more severe pathological damage than patients with TB-NDM. In addition, NKT cells can kill or
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clear intracellular M. tuberculosis by upregulating IFN-y and granulysin expression. However, the differentiation and
proliferation of NKT cells is inhibited if hyperglycemia persists in patients with TB-DM.

DM affects adaptive immune cells and changes the functions of innate immune cells such as neutrophils, macro-
phages, and NK cells.>® NK cells enhance T cell-mediated protective immunity (CMI) by activating relevant receptors to
promote the expression of the pro-inflammatory factor IL-6.*° The function of NK cells may be impaired by
hyperglycemia,*® which is consistent with our findings. We found that the absolute NK cell count of patients with TB-
DM with poor glycemic control was significantly lower than that of those with normal glycemic control. We also
observed that the absolute count of NK cells was synchronized with that of NKT cells, suggesting that NK cell activation
depends on NKT cells.*’

From what has been discussed above, it is not difficult to find that the absolute counts of total T lymphocytes,
CD4'T lymphocytes, CDS'T lymphocytes, NK cells, NKT cells, and the number of spots in IGRA ELISOPT in patients
with TB-DM showed a decreasing trend with the increase in blood glucose level. These results indicate that with the
increase in blood glucose levels, the inhibition of the anti-TB immune response of the host is enhanced, resulting in
a continuous decrease in the activity of various immune cells.*® However, the absolute count of B lymphocytes did not
change significantly with the increase in blood glucose level, indicating that the rise in blood glucose level in patients
with TB-DM biased the differentiation direction of lymphocyte subsets towards memory B cells.'” In addition, the
apoptosis of B lymphocytes is inhibited by high blood glucose levels.*’

This study had several limitations. First, ELISA and ELISPOT were shown as qualitative rather than quantitative data,
which may reduce the effect of blood glucose levels on IFN-y secretion in patients with TB with or without DM. Second,
the HOS data of each patient were not available, and this study could not track the dynamic changes in the immuno-
logical characteristics of patients with TB-DM in response to antituberculosis and hypoglycemic therapy. Third, due to
data limitations, this study only analyzed the differences in absolute counts of lymphocyte subsets between TB-NDM and
patients with TB-DM but did not analyze the differences in Thl, Th2, and Th17 cytokines between patients with TB-
NDM and TB-DM.

Conclusions

In summary, this cross-sectional study retrospectively evaluated the impact of DM on the immunity of 327 patients with
TB. Our results showed that extended hospital LOS and hyperglycemia are possible risk factors for pulmonary cavity
formation and lobe lesions in patients with TB with DM; however, this unfavorable situation can be reversed by
effectively controlling blood glucose levels. Furthermore, we explored the effect of FBG levels on lymphocyte subsets
in patients with TB-DM and TB-NDM. Compared to patients with TB-NDM, those with TB-DM showed a significantly
lower absolute count of total T lymphocytes, CD8+ T lymphocytes, and B lymphocytes. However, patients with TB-DM
with hyperglycemia showed an observably lower absolute count of total T lymphocytes and CD8" T lymphocytes.
Furthermore, linear regression analysis suggested that the absolute counts of total T lymphocytes, CD8" T lymphocytes,
and NK cells in patients with TB-DM significantly decreased with an increase in FBG levels. Interestingly, although our
results showed no significant differences in the absolute counts of CD4" T lymphocytes, NK cells, and NKT cells
between patients with TB-DM and TB-NDM, there was a trend of decline as FBG levels increased. These data suggest
that although many factors can influence the immune response function of patients with TB, such as genetic back-
ground, age, disease course, and differences in anti-tuberculosis treatment strategies, DM is a very important risk factor
for patients with TB, and the potential mechanism may involve downregulation of innate and adaptive immune
responses.
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