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ABSTRACT 

Mycobacterium tuberculosis (Mtb) infects one-

nearly 1.3 million deaths per year. Limited information is available about the immune responses 

during Mtb infection in type 2 diabetic hosts. Our laboratory developed an experimentally induced 

type 2 diabetes (T2DM) model in wild-type C57BL/6 mice and found that IL-22 and type 3 innate 

lymphoid cells (ILC3s) reduce inflammation and mortality of Mtb-infected T2DM mice. Our 

laboratory also found that Mtb-infected alveolar macrophages (AMs) from T2DM mice undergo 

necroptosis compared to Mtb-infected AMs of non-T2DM mice. In the current study, we 

determined whether recombinant IL- Mtb-stimulated macrophages of T2DM mice 

inhibits the expression of necroptosis, reduces inflammatory cytokine production, and regulates 

the metabolism of the macrophages. We found that  stimulation of T2DM mice lung 

macrophages significantly enhanced the expression of necroptotic markers such as pMLKL 

(phosphorylated pseudokinase mixed lineage kinase domain-like protein) compared to -

stimulated lung macrophages of non-diabetic mice. Recombinant IL-22 treatment significantly 

inhibited the expression of pMLKL by  stimulated lung macrophages of T2DM mice. The 

treatment marginally reduced the glycolytic parameters of these macrophages. However, the 

treatment had no effect on pro-inflammatory cytokines (IL-6 and TNF- Mtb-

stimulated macrophages of T2DM mice. In future studies, live Mtb H37Rv will be used to infect 

macrophages to determine cell viability and necroptosis. Further understanding of the mechanisms 

involved in IL-22-mediated inhibition of pMLKL will help to develop therapies to prevent excess 

inflammation in T2DM individuals with active and latent tuberculosis infection. 
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INTRODUCTION 

Mycobacterium tuberculosis (Mtb) is an airborne disease and infects one-third of the 

human population [1] and it remains a leading cause of mortality worldwide [2], [3]. Most of the 

Mtb-infected people develop latent tuberculosis infection (LTBI) and remain asymptomatic [4]. 

There is a high risk of LTBI reactivation in persons with immuno-compromising morbidities such 

as HIV/AIDS, cancer,  alcoholism, smoking, malnutrition and diabetes mellitus (DM) [5]. Type 2 

diabetes mellitus (T2DM) is the most prevalent comorbidity among patients with tuberculosis [6], 

[7]. 

Diabetes is a chronic metabolic disorder characterized by persistently raised glycemia as a 

result of defects in insulin sensitivity and/or secretion [8]. It was estimated that 463 million people 

worldwide had diabetes in 2019 and this prevalence is expected to increase by 25% in 2030 and 

further rise by 51% in 2045. Recent meta-analysis suggested a two- to four-fold increased risk of 

association between active tuberculosis and diabetes [5].  

The immune mechanisms which lead to the increased susceptibility of T2DM patients to 

Mtb are largely due to defects in bacterial recognition, phagocytic activity and cellular activation 

of macrophages [9], [10]. T2DM impairs the production of cytokines and chemokines, recruitment 

and function of antigen-presenting cells  as well as initiation of adaptive immunity [9]. However, 

a detailed understanding of the protective immune responses in T2DM hosts during Mtb infection 

is essential to develop an effective prophylactic or therapeutic agent. 

Previously, our laboratory developed an experimentally induced T2DM model in wild-type 

C57BL/6 mice and found that Mtb infection in T2DM mice drives pathological immune responses 

and mortality [11]. The laboratory also found F4/80+CD11c+ alveolar macrophages (AMs) from 
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Mtb-infected T2DM mice are less apoptotic; produce more IL-6; express higher levels of tumor 

necrosis factor receptor 1 (TNFR1), phosphorylated receptor-interacting kinase proteins (pRIPK1, 

pRIPK3), and mixed-lineage kinase domain-like (MLKL); and are more necroptotic compared to 

Mtb-infected AMs of non-T2DM mice [unpublished data]. Among various pro- and anti-

inflammatory cytokines measured in Mtb-infected T2DM mice, only IL-22 levels were 

significantly reduced when compared to non-diabetic Mtb-infected mice [12]. Further studies 

demonstrated that recombinant IL-22 reduces mortality of T2DM mice [12], [13]. 

IL-22 is a member of IL-

natural killer cells [13]. IL-22 contributes to immunity against TB by enhancing phagosomal 

maturation of macrophages and reducing intracellular growth of mycobacteria in macrophages 

[14] [16]. IL-22 regulates glucose homeostasis [17], [18] and excess inflammation and plays an 

important role in controlling infections, including Mtb, suggesting the IL-22 pathway as a novel 

target for therapeutic intervention [11], [12], [14]. 

In the current study, we investigated mechanisms by which IL-22 regulates enhanced 

inflammatory responses and necroptosis of gamma Mtb-stimulated macrophages of T2DM mice. 

We determined whether recombinant IL-22 (rIL-22) treatment of Mtb-stimulated macrophages 

of T2DM mice inhibits expression of necroptotic marker pMLKL and inflammatory cytokine 

production. We also determined whether rIL-22 regulates the metabolism (glycolysis and 

oxidative phosphorylation) of Mtb-stimulated macrophages of T2DM mice. 
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RESEARCH HYPOTHESIS 

Recombinant IL-22 treatment regulates necroptotic signaling and reduces inflammatory 

responses of T2DM mice macrophages stimulated with Mtb. IL-22 helps to maintain 

homoeostatic glycolysis of -stimulated T2DM mice macrophages to reduce necroptosis 

and inflammation. 

Specific Aims:  

Aim 1: Determine whether rIL-22 inhibits necroptosis of Mtb-stimulated T2DM mice 

macrophages. 

Aim 2: Determine whether rIL-22 regulates metabolism (glycolysis and oxidative 

phosphorylation) of Mtb-stimulated macrophages from T2DM mice. 
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MATERIALS AND METHODS 

Materials and Stock Solutions 

Deionized water, 10X Phosphate-buffered saline (PBS; SIGMA®), 1X pharmaceutical 

grade PBS (VWR), CO2 chamber, mice organ harvesting table, aluminum foil, streptozotocin 

(Cayman chemical company), nicotinamide (SIGMA®), weight scale (ADAM), glucometer 

(Contour next ONE), 0.2 mg/ml mouse recombinant IL-22 (BioLegend

solution (HBSS; Lonza), Gamma irradiated-Mtb (NIH), collagenase A (Roche), dispase (Fisher 

Scientific), DNASE 1 (Fisher Scientific), 40 µm nylon mesh (Fisherbrand), petri dishes 

(Fisherbrand), mouse Anti-F4/80 UltraPure MicroBeads (Miltenyi Biotec), magnetic-activated 

cell sorting (MACS) separation columns (Miltenyi Biotec), 0.4% Trypan blue solution (Amresco), 

microscope (Olympus), 1X Roswell Park Memorial Institute media (Corning), 1% penicillin 

(Fisher Scientific), 10% fetal bovine serum (Fisher Scientific), bovine serum albumin ( Fisher 

bioreagents), NalgenTM rapid flow filter unit (Thermo Scientific), 37oC incubator with 5% CO2, 

37oC water bath, 4oC and -80oC refrigerators, Phosphate-buffered saline tween (PBST) buffer 

powder (QuickSILVER); glycolysis stress test kit (Agilent Technologies), mito stress test kit 

(Agilent Technologies), Seahorse XFe96 analyzer (Agilent Technologies), XF96 cell culture and 

running plates (Agilent Technologies), pipettes with matching sterile tips, 24-well cell culture 

plates, 70% EtOH, conical tubes, mouse IL-6, TNF- and IFN- ELISA kits (BioLegend®), 

microcentrifuge (Thermo Scientific), vortex (Scientific Industries), mouse primary anti-bodies for 

western blot (pRIPK3, total RIPK3, pMLKL (Sigma), total MLKL and -actin (Cell Signaling 

Technology and Santa Cruz Biotechnology), methanol (Fisher chemical), anti-mouse and anti-

rabbit HRP-linked secondary antibodies (Cell Signaling Technology), non-fat milk powder 

(LabScientific Inc.), EveryBlot blocking buffer (Bio-Rad), stripping buffer (PIERCE), 
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ChemiDocTM Imaging System (Bio-Rad),  1% paraformaldehyde (Millipore Sigma), Attune NxT 

acoustic flow cytometer (Invitrogen),  FACS tubes, LIVE/DEAD fixable aqua dead cell stain kit 

(Invitrogen), cell surface markers (CD45, F4/80, Siglec F, CD11b; BioLegend®),  CyQUANTTM 

LDH Cytotoxicity Assay kit (Thermo Fisher), western blot gels (Invitrogen), mini gel tank 

(Invitrogen), blot transfer tank (Bio-Rad), M-PERTM mammalian protein extraction reagent 

(Thermo Scientific), HaltTM protease and phosphatase inhibitor (Thermo Scientific), Pierce BCA 

protein assay kit (ThermoFisher Scientific), Clarity MaxTM western enhanced chemiluminescence 

substrate (Bio-Rad), 1X running buffer (Bio-Rad), 1X transfer buffer (Bio-Rad), precision plus 

protein standard (Bio-Rad), hotplate/stirrer (VWR) and orbital shaker (Bellco Biotechnology). 

Reagent Preparation 

a. Streptozotocin was dissolved in sterile 1X PBS (pharmaceutical grade) to a final 

concentration of 50.0 mg/ml. 

b. Nicotinamide was dissolved in sterile 1X PBS (pharmaceutical grade) to a final 

concentration of 20.0 mg/ml. 

c. Mouse rIL-22 was diluted with sterile 1X HBSS to a final concentration of 5 µg/ml. 

d. RPMI-1640 complete cell culture media (CRPMI-1640) supplemented with 1% 

penicillin/streptomycin and 10% heat inactivated fetal bovine serum. The medium was 

filtered using NalgeneTM rapid flow filter unit (0.2 m) and stored at 4OC. 

e. Magnetic-activated cell sorting (MACS) buffer was composed of 0.5% BSA and 0.2% 

of 0.5 mM EDTA in 1X PBS. 

g. 1X PBST was prepared by adding 1L deionized water to one sachet of PBST buffer 

powder. It was then stirred until the power completely dissolved. 



6 

h. Mitochondrial stress test assay media: 1% glutamine, 1% pyruvate and 1% glucose in 

Seahorse DMEM media. 

i. Glycolysis stress test assay media:  1% glutamine in Seahorse DMEM media. 

j. Enzyme-tissue digestion buffer: 0.25% collagenase A, 20% dispase, 1.25% DNASE 1 in 

1X RPMI. 

Animals 

Specific pathogen-free 4- to 6-week-old female C57BL/6 mice were purchased from the 

Jackson Laboratory and housed at the animal facility at the University Texas at Tyler Health 

Science Center. All animal studies were approved by the Institutional Animal Care and Use 

Committee of the University of Texas at Tyler Health Science Center (protocol #717). The animal 

procedures involving the care and use of mice were carried out in accordance with the guidelines 

of the NIH/OLAW (Office of Laboratory Animal Welfare). Gamma-irradiated Mtb was used to 

stimulate macrophages (in vitro) throughout this study.  

Type 2 Diabetes Mellitus Induction 

Type-2 diabetes mellitus (T2DM) was induced by combined administration of 

Streptozotocin (STZ) and Nicotinamide (NA) as described previously [11], [12]. In brief, STZ was 

administered (180 mg/kg of body weight) intraperitoneally (i.p.) 3 times, with an interval of 10 

days between doses. NA was administered i.p. (60 mg/kg of body weight) 15 minutes before the 

STZ injections. Control mice received only sterile pharma-grade PBS injections. The body weight 

of both PBS- and NA/STZ-injected mice were taken at the same time points on the first day of 

injection and every other 10- or 15-days afterwards up to 150 days using the same weight scale. 
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Where the tenth or fifteenth day was a Saturday or Sunday, the weight was taken on a day before 

or after (that is, the preceding Friday or the next Monday). 

After one month of the third dose of PBS- and NA/STZ-injections, one mouse was 

randomly selected from each cage and their random blood glucose (RBG) levels were measured 

at the same time point using a glucometer to confirm the induction of diabetes before commencing 

the study. Thereafter, the RBG levels of mice were measured using the same glucometer and at 

the same time (between 9:00am and 10:30am) before euthanizing them for experiments. Induction 

of diabetes was confirmed by a significant increase in RBG in the  NA/STZ-treated mice [19]. 

Isolation and Culture of Mouse Lung and Peritoneal Macrophages 

Mice were euthanized by CO2 asphyxiation followed by cervical dislocation. To obtain 

lung macrophages, an incision was made along the bottom midline of the peritoneum and the 

abdominal skin to expose the rib cage. The rib cage was then cut to expose the heart and lung. The 

lung of each mouse was perfused with 10 ml of sterile sterile PBS via the right ventricle of the 

heart. The lung was then harvested, cut into pieces and incubated in 500 µl enzyme-tissue digestion 

buffer at 37oC and 5% CO2 for 30 minutes. It was then filtered through a 40 µm nylon cell strainer 

and HBSS was added to a final volume of 10 ml. Cells were separated from the buffer by 

centrifugation at 400 x g for 5 minutes. The supernatant was discarded, pellets washed with another 

10 ml of HBSS and centrifuged again at 400 x g for 5 minutes. The supernatant was then discarded. 

Murine lung macrophages were isolated from the cell pellets by magnetic-activated cell 

sorting (MACS) separation using Anti-F4/80 microbeads  

[20]. Briefly, the pellets from each lung were resuspended in 90 µl of MACS buffer and 15 µl of 

Anti-F4/80 microbeads was added and mixed thoroughly. It was then incubated for 15 minutes in 

the dark at 4oC. The cells were then washed by adding 2 ml of MACS buffer and centrifuged at 
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300 x g for 10 minutes. The supernatant was discarded, and the cells were resuspended in 3 ml of 

MACS buffer for magnetic separation using LS columns. Total lung (alveolar and interstitial) 

macrophages were separated by positive selection. Cells were resuspended in in RPMI-1640 

complete media after centrifugation at 350 x g for 10 minutes. Cells were plated in 24-well cell 

culture plates at a density of 2.0 to 2.5 ×105 cells per well. Non-adherent cells were removed by 

washing the plate twice with normal HBSS followed by CRPMI-1640 media after 14- to 16- hours. 

For isolation of mouse peritoneal macrophages, mice were euthanized by CO2 asphyxiation 

followed by cervical dislocation. Subsequently, a small incision was made along the bottom 

midline of the peritoneum, and the abdominal skin was retracted to expose the transparent 

peritoneal skin. Peritoneal cells were collected by injecting 5 ml of ice-cold 1X PBS into the 

peritoneal cavity thrice using 27-gauge needle. The cells were then separated by centrifugation at 

350 x g for 10 minutes, plated in 24-well tissue culture plates with CRPMI media at a density of 1 

x 106 cells/well and incubated for 14 and 16 hours at 37 °C with 5% CO2 to allow adherence of 

macrophages onto the plate. Non-adherent cells were removed by washing the plate twice with 

normal 1X HBSS followed by CRPMI media. The cell culture media was then replaced. 

To obtain splenocytes, an incision was made along the bottom midline of the peritoneum 

and the abdominal skin. The spleen was then harvested, homogenized and filtered through a 40 

µm nylon cell strainer and and HBSS was added to a final volume of 10 ml. Cells were separated 

from the buffer by centrifugation at 350 x g for 10 minutes. The supernatant was discarded, pellets 

washed with another 10 ml of 10 ml of HBSS and centrifuged again at 350 x g for 10 minutes. The 

supernatant was then discarded, the cells were plated in 12-well tissue culture plates with CRPMI-

1640 media and incubated for 14 hours at 37 °C with 5% CO2. Contaminants were removed by 

replacing the media after 14 hours. 
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For in vitro antigen stimulation experiments, cells were cultured with or without mouse 

recombinant IL-22 (10 ng/ml) and 10 g/mL of -irradiated Mtb two hours after the rIL-22 

stimulation and at 37°C and 5% CO2 for 24, 48 or 72 hours. Cells were collected for mRNA 

expression analysis, flow cytometry staining, western blot, metabolic flux assay by seahorse and 

the culture supernatants were collected and stored at -80°C for cytotoxicity assay and cytokines 

analysis. 

Flow cytometry 

This was performed to check the purity of the isolated macrophages. For surface staining, 

a cocktail of 3 µL of each antibody 

(Table 1). The cells were incubated at 4°C for 30 minutes, washed twice with 1mL of the sterile 

1X PBS at 350 x g for 5 minutes, and fixed in 1% paraformaldehyde before acquisition using an 

Attune NxT acoustic flow cytometer. Analysis was done using FlowJo version 10.8.1 software. 

 

Table 1. Cell surface markers, fluorophores and channels for checking the purity of isolated 

cells 

Cell Surface Marker  Fluorophore Channel on Attune Flow Cytometer 

LIVE/DEAD Fixable Aqua   Fixable Aqua VL2 

CD45 BV605 VL3 

F4/80 BV421 VL1 

Siglec F PE/Dazzle 594 YL2 

CD11b PE/Cy 7 YL4 
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Lactate Dehydrogenase Assay 

Lung and peritoneal macrophages were cultured as mentioned above (pages 17-19). The 

cell culture supernatants were collected after 24- and 72- 

°C. Cytotoxicity levels were measured by CyQUANTTM LDH Cytotoxicity Assay according to 

[21]. The positive control from the manufacturer was used to 

determine the maximum cell death. The CRPMI-1640 culture media was used as a negative control 

and its absorbance was subtracted from that of each sample. 

Western Blot 

Lung and peritoneal macrophages were cultured as mentioned above (pages 17-19). The 

pellets were collected after 72-hours and lysed using ice-cold 1X HaltTM protease and phosphatase 

inhibitor in M-PERTM mammalian protein extraction reagent. The lysate was collected into new 

tubes and incubated at 4oC with agitation for 30 minutes. It was then vortexed vigorously for 30 

seconds, then centrifuged at 350 x g for 10 minutes at 4oC. The supernatant was then collected into 

new tubes and the protein was estimated 

protocol [22]. T -actin were 

determined via western (immuno)-blotting according to the manufacturers  guidelines [23], [24]. 

Protein bands were quantified using Image J Software (NIH) and they were normalized to the 

respective -actin. 

Enzyme-Linked Immunosorbent Assay (ELISA)  

Lung and peritoneal macrophages were cultured as mentioned above (pages 17-19). 

S
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of tumor necrosis factor alpha (TNF- -6 (IL-6) were measured according to the 

[25], [26]. 

Metabolism Assay 

Lung and peritoneal macrophages were cultured as described previously in XF96 cell 

culture plates. Mitochondrial respiration assay and extracellular acidification assay were 

performed with Seahorse XFe96 analyzer after injection of glucose (1 mM), oligomycin (inhibitor 

of ATP synthase) (1.5 ) plus 

sodium pyruvate (1 mM), rotenone/antimycin A (inhibitor of complex I/ inhibitor of complex III) 

 and 2-Deoxy-d-glucose (a competitive inhibitor of glucose) (5 ) according to the 

 [27], [28]. 

Statistical Analysis 

Data analysis was carried out using GraphPad Prism version 9.3.1.471 (GraphPad Software 

Inc.) and all results were expressed as mean ± standard error of the mean (SEM). Paired t-test was 

performed to compare the two groups of mice. One- was 

used for comparison among samples. P < 0.05 was considered statistically significant. 
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RESULTS 

Previous study from the laboratory 

Previously, our laboratory found that Mtb infection in T2DM mice enhances inflammatory 

cytokines (TNF- -6) production by CD11c+ cells which drives pathological immune 

responses and mortality [11]. Further, we determined underlying mechanisms of enhanced 

inflammatory responses of AMs. Among various cell death pathways, we found necroptosis is 

major pathway involved in inflammatory cytokine production and TNFR1-dependent cell death of 

AMs. Anti-TNFR1 neutralizing antibody treatment of Mtb-infected AMs from T2DM mice 

significantly reduced the necroptosis gene expression (Rip1k and Rip3k) and inflammatory 

cytokines such as IL-6 levels. In addition, we also found that recombinant IL-22 treatment reduced 

the mortality and inflammation in T2DM mice infected with Mtb [12]. 

AIM 1: Determine whether IL-22 inhibits necroptosis of Mtb-stimulated macrophages of T2DM 

mice.  

NA/STZ injection reduces the body weight and increases blood glucose levels of C57BL/6 wild-

type female mice.  

Induction of T2DM was shown in schematic diagram in Figure 1A. 
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Body weight of mice 

The body weight of both PBS- and NA/STZ-injected mice were taken at the same time 

points on the first day of injection and every other 10- or 15-days afterwards up to 150 days. On 

the first day of injection (day 0), the mean body weight of PBS- and NA/STZ-injected mice were 

comparable (19.03 ± 1.25 g vs 18.45 ± 0.65 g, respectively; p = 0.1339).  

 

Figure 1. NA/STZ injection reduces body weight and increases blood glucose levels of 
C57BL/6 wild-type female mice. 
Six- to eight-weeks old pathogen-free C57BL/6 female mice received 60 mg/kg nicotinamide (NA) 

followed by 180 mg/kg streptozotocin (STZ) 15 minutes after the NA injection. As a control, 

phosphate-buffered saline (PBS) was given to a second group of mice. NA/STZ and PBS were 

administered intraperitoneally. Two additional injections of NA/STZ or PBS were given at 10 days 

interval. A. Schematic representation of T2DM induction in C57BL/6 mice. B. The body weight of 

the mice was measured every 10 or 15 days and C. Random blood glucose (RBG) levels of the two 

groups of mice were measured before euthanizing mice for experiments (n = 35 control mice and n 

= 30 NA/STZ mice). Data analysis and comparison between groups was drawn using paired t- test. 

P < 0.05 was considered statistically significant. The NA/STZ-injected mice had significantly higher 

random blood glucose levels but lesser weight compared to PBS-injected mice. The RBG level of 

five NA/STZ-injected mice were excluded from the data analysis because their values were beyond 

the range of the instrument. ****, p < 0.0001; **, p = 0.0025; *, p = 0.036 between groups. 
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At 27 days, the average weight of PBS-injected mice was significantly higher than that of 

the NA/STZ-injected mice (19.94 ± 1.26 g vs 17.51 ± 1.12 g, respectively; p < 0.0001). 

Again, at 55 days, the average weight of the PBS-injected mice remained significantly 

higher than that of NA/STZ-injected mice (21.35 ± 1.41g vs 18.51 ± 1.30g, respectively; p < 

0.0001), likewise at 90 days (22.50 ± 1.79g vs 18.76 ± 1.55g, respectively; p < 0.0001). NA/STZ 

mice began to gain weight at 125 days, but their average weight was still significantly lower than 

that of the PBS-injected mice (23.90 ± 1.49g vs 20.60 ± 0.71g, respectively; p < 0.0025, n = 6 per 

group). The average weight of the NA/STZ mice further improved at 150 days, nonetheless it was 

significantly lower than the average weight of the PBS-injected mice (23.68 ± 1.90g vs 21.00 ± 

0.95g, respectively; p < 0.036, n = 6 per group). Even though both groups of mice continued to 

gain weight after four weeks of the first injection, PBS-injected mice gained weight at a faster rate 

compared to the NA/STZ-injected group (approximately 24.44% vs 13.82% weight gain, 

respectively, at 150 days). The details are shown in Figure 1B. 

Blood glucose levels of the mice 

One month after the third dose of PBS- and NA/STZ-injections, the mean random blood 

glucose (RBG) level of the three randomly selected mice from each group were 143.00 ± 21.96 

mg/dl and 336.33 ± 44.39 mg/dl respectively. Thereafter, the RBG levels of mice were tested 

before each experiment. The RBG level of PBS-injected mice ranged from 107.00 mg/dl to 188.00 

mg/dl with a mean of 160.50 ± 3.60 mg/dl while that of NA/STZ-injected mice ranged from 185.00 

mg/dl to 547.00 mg/dl, respectively, with a mean of 327.90 ± 17.48 mg/dl. Taken together, the 

NA/STZ-injected mice had significantly higher RBG levels compared to the PBS-injected mice 

(Figure 1 C; p < 0.0001). The RBG level of five NA/STZ-injected mice were excluded from the 

data analysis because their values were very high and beyond the range of the instrument.  Mice 



15 

which received PBS injections are hereinafter referred to as control mice and the NA/STZ-injected 

ones as T2DM mice. 

Purity of isolated lung macrophages 

Lung and peritoneal macrophages were cultured as mentioned previously and purity was 

checked by flow cytometry as described in the methods section. Two independent experiments 

were performed, and cell viability was found to be 95.0% to 98.8% (Figure 2A). Out of these cells, 

73.1% to 82.8% were leukocytes (CD45+) and of these leucocytes, ninety-five percent of them 

were lung macrophages (F4/80+ cells). We found alveolar macrophages (CD45+F4/80+Siglec F+) 

were between 40.4% to 81.4% of the lung macrophages and interstitial macrophages 

(CD45+F4/80+CD11b+) were between 17.2% to 58.7% of the lung macrophages. 

Purity of isolated peritoneal macrophages 

Three experiments were performed to check the purity of peritoneal macrophages (Figure 

2B). Almost all the attached peritoneal cells (99.0% to 99.3%) were live cells (Aqua Live/Dead+) 

and about two-thirds (60.4% to 77.4%) of them were leukocytes (CD45+). Nearly all the 

leukocytes (98.8% to 99.2%) expressed CD11b+. Cells were cultured and washed thrice to remove 

non-adherent cells to improve the purity of the macrophages.
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Recombinant IL-22 had no effect on the viability of lung and peritoneal macrophages 

Isolated murine lung and peritoneal macrophages were cultured 

gamma-irradiated Mtb -Mtb) and in the presence or absence of recombinant IL-22 (10 ng/ml) for 

 

Figure 3. Representative flow cytometry demonstrating the purity of the isolated alveolar and 
peritoneal macrophages.  
Total lung and peritoneal macrophages (A and B, respectively) were isolated from control C57BL/6 
female mice. The cells were cultured for 24 hours in a 5% CO2 incubator at 37oC. The supernatant was 
removed, cells were washed twice with 1X HBSS and prepared for flow cytometry. Purity of isolated 
cells was determined by flow cytometry using Aqua Live/Dead, CD45, F4/80, Siglec F and CD11b. 
Two experiments were performed to check the purity of lung macrophages (A) and three experiments 
for peritoneal macrophages (B). 
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24- and 72-hours, respectively. After 24- and 72-hours cell viability was measured using lactate 

dehydrogenase (LDH) assay as described in the methods section. As shown in Figure 3, there is 

Mtb and  + recombinant IL-22 

cultured macrophages at the two time points. The maximal LDH activity represents the upper 
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limits of cytotoxicity when the cells were lysed.  

 

 

 

 

Figure 5. Recombinant interleukin- -cultured macrophages. 

Peritoneal and lung macrophages were isolated from control and T2DM C57BL/6 mice and cultured 

in 24 well plate with or without 10 g/ml -Mtb and in the presence or absence of recombinant IL-22 

(10 ng/ml) for 24- and 72- hours. After 24 and 72 hours (A and B; C and D, respectively) cell viability 

was measured using lactate dehydrogenase assay as mentioned in methods section. Three independent 

experiments (n = 3) were performed for panels A, C-D and two independent experiments (n = 2) were 

performed for 24-hours stimulated lung macrophages (B). Data was analyzed using GraphPad prism 

version 9.3.1.471 and comparison between samples was determined by one-way ANOVA followed by 

p-value was set at < 0.05. *** p < 0.0001 

for each sample compared to the upper limit of cytotoxicity (maximum activity). 
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Recombinant IL-22 inhibits the expression of necroptotic marker pMLKL by Mtb-cultured 

T2DM mice lung macrophages 

We cultured isolated Mtb and with 

or without rIL-22 (10 ng/ml). After 72 hours, expression of necroptotic markers pMLKL and total 

MLKL of all samples of macrophages were determined by western blot (Figure 4). In three 

independent experiments, Mtb-stimulation of T2DM mice lung macrophages significantly 

increased the expression of pMLKL compared to Mtb stimulated non-T2DM control mice lung 

macrophages (p = 0.0201). rIL-22 treatment significantly reduced the expression of pMLKL by 

Mtb-stimulated lung macrophages of T2DM mice (p = 0.00064). The expression of pMLKL 

-actin (Figure 4). The levels of total MLKL were 

inconsistent in the three experiments, however blot quantification showed that rIL-22 treatment 

reduced the expression of pMLKL when normalized to that of respective total MLKL in Mtb-

stimulated lung macrophages of T2DM mice (Supplementary Figure 2). 
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Next, we performed one experiment to determine the necroptotic markers using peritoneal 

macrophages from control and T2DM mice. As shown in Figure 5, we found that rIL-22 reduced 

the expression of pRIPK3 and pMLKL in T2DM mice Mtb. Although, 

additional experiments are needed to confirm these findings. 

 

 

Figure 7. Recombinant IL- -irradiated Mtb-
stimulated mice lung macrophages of T2DM mice. 

Lung macrophages were isolated from control and T2DM C57BL/6 female mice (two groups of age-
-Mtb and in the presence or absence 

of recombinant IL-22 (10 ng/ml) for 72 hours. After 72 hours the supernatants were removed, and the 
cellular proteins were extracted. Western blot was performed to determine the expression of pMLKL 
in three independent experiments (n = 3) (A). Protein levels were then normalized with the level of -

actin (B). Pooled cells from three mice per group were used for each experiment. Statistically significant 
p-value was set at < 0.05. ** p = 0.0064; * p < 0.0259. 
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Recombinant IL-22 has no effect on TNF- IL-6 production by Mtb-cultured T2DM mice 

macrophages 

We cultured isolated control and T2DM mice lung and peritoneal Mtb 

and rIL-22 (10 ng/ml). After 24 hours, TNF-  (Figure 6A and C) and IL-6 (Figure 6B 

and D) levels in the culture supernatants were measured by ELISA. The results from five 

independent experiments suggest that -irradiated Mtb significantly increased the production of 

 

Figure 9. Recombinant IL- -
stimulated peritoneal macrophages of T2DM mice. 
Peritoneal macrophages were isolated from control and T2DM C57BL/6 female mice (two groups of 

age-matched mice). Pooled cells from three mice per group were used for this experiment. The cells 

-Mtb and in the presence or absence of recombinant IL-22 

(10 ng/ml) for 72 hours. After 72 hours the supernatants were removed, and the cellular proteins 

extracts were prepared. Western blot was performed to determine the expression of total RIPK3, total 

MLKL, pRIPK3 and pMLKL levels in one experiment (n = 1) (A). Protein levels were then normalized 

with the level of -actin (B and E). 
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IL-6 in both control and diabetic mice peritoneal macrophages (p < 0.0001). However, rIL-22 

treatment had no effect on TNF- -6 Mtb-cultured T2DM mice peritoneal 

macrophages. Similar findings were observed in two independent experiments performed with 

lung macrophages.  

 Further, we repeated these by performing three independent experiments in the culture 

supernatants of peritoneal and lung macrophages as well as total splenocytes after 72 hours 

 

Figure 11. Recombinant IL-22 has no effect on TNF- - -
stimulated macrophages of T2DM mice. 

Peritoneal (A and B) and lung macrophages (C and D) were isolated from control and T2DM C57BL/6 
female mice (two groups of age- -Mtb and in 
the presence or absence of recombinant IL-22 (10 ng/ml) for 24 hours. TNF- (A and C) and IL-6 (B 
and D) levels in the culture supernatants were measured by ELISA. Data is representative of five 
independent experiments (n = 5) from peritoneal macrophages and two independent experiments (n = 
2) from lung macrophages. Statistically 
significant p-value was set at < 0.05. **** p < 0.0001. 
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Mtb (10 -22 (10 ng/ml). Again, rIL-22 treatment did 

not alter the TNF- , IL-6 and interferon gamma (IFN- p Mtb-cultured T2DM mice 

macrophages and splenocytes (Supplementary Figure 1).  

AIM 2: Determine whether IL-22 regulates metabolism (glycolysis and oxidative 

phosphorylation) of Mtb-stimulated macrophages from T2DM mice.  

Diabetes is a chronic metabolic disorder. Therefore, we determined whether rIL-22 restores 

the metabolic state of Mtb-cultured macrophages of T2DM mice. We performed a metabolic flux 

assay to detect changes in the mitochondrial oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR) as measures of oxidative phosphorylation and glycolysis, respectively.  

Recombinant IL-22 has no effect on oxidative phosphorylation of Mtb cultured T2DM mice 

peritoneal macrophages 

We did not perform mitochondrial-stress assay using lung macrophages due to limited 

number of mice and lung macrophages. However, we performed this assay using peritoneal 

macrophages to determine whether recombinant IL-22 affects the oxygen consumption rate (OCR) 

Mtb-cultured peritoneal macrophages from control and T2DM mice (Figure 7). Data from five 

independent experiments showed that Mtb-stimulation of peritoneal macrophages in control mice 

significantly reduced the ATP-linked respiration (Figure 7C, p = 0.0073), maximum respiration 

(Figure 7D, p = 0.0052) and spare respiration (Figure 7E, p = 0.0028). In addition, ATP-linked 

respiration was significantly lower in unstimulated T2DM mice peritoneal macrophages compared 

to unstimulated peritoneal macrophages from control mice (Figure 7C, p = 0.0182).  Recombinant 
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IL-22 could not restore these reduced respiratory parameters in control and T2DM mice peritoneal 

macrophages (p > 0.05). Details are shown in Figure 7. 

 

 

 

Figure 13. Recombinant IL- -stimulated 
peritoneal macrophages of T2DM mice. 
Peritoneal macrophages were isolated from control and T2DM C57BL/6 female mice (two groups of 
age-matched mice Mtb and in the presence or absence of 
recombinant IL-22 (10 ng/ml) for 48 hours. After 48 hours, the supernatants were removed, and the 
kinetics of oxidative phosphorylation (A), basal respiration (B), ATP-linked respiration (C), maximal 
respiration (D) and spare respiratory capacity (E) were determined by Agilent Seahorse XF Cell Mito 
Stress Test. Each experiment was performed with 

GraphPad prism version 9.3.1.471 was used for data analysis. 
Comparison between samples was determined by one-
comparison test. P < 0.05 was considered statistically significant. ** p < 0.0075; * p = 0.0182. 



25 

Recombinant IL-22 has no effect on the extracellular acidification rate of Mtb-stimulated 

peritoneal macrophages from T2DM mice 

Gamma-Mtb stimulation of T2DM mice peritoneal macrophages resulted in significant 

elevation of the extracellular acidification rate (ECAR) of the basal glycolysis (Figure 8B, p = 

0.0081) compared to unstimulated T2DM mice peritoneal macrophages in three independent 

 

Figure 15. Recombinant IL- -
stimulated peritoneal macrophages. 
Peritoneal macrophages were isolated from control and T2DM C57BL/6 female mice (two groups of 
age-matched mice) and cultured with or without 10 -irradiated Mtb and in the presence 
or absence of recombinant IL-22 (10 ng/ml) for 48 hours. After 48 hours, the supernatants were 
removed and kinetics of glycolysis (A), basal glycolysis (B), glycolytic capacity (C) and glycolytic 
reserve (D) of the pellets was determined by Agilent Seahorse XF Glycolysis Stress Test. Each 
experiment was performed with 

GraphPad prism version 9.3.1.471 was used for data analysis. Comparison between 
samples was determined by one- P < 
0.05 was considered statistically significant. ** p = 0.0081. 
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experiments (Figure 8).  rIL-22 treatment Mtb-cultured peritoneal macrophages from T2DM 

mice did not cause any significant change in the basal glycolysis (p > 0.05). 

Recombinant IL-22 has no effect on the extracellular acidification rate of Mtb-stimulated lung 

macrophages from T2DM mice 

Three independent experiments were performed to determine glycolysis in lung 

macrophages. The data indicate that basal glycolysis, glycolytic capacity, and glycolytic reserve 

were marginally reduced in T2DM mice lung macrophages without any stimulation compared to 

that of control mice (Figure 9B-D, respectively). These values are not statistically significant.  

However, in T2DM mice, Mtb-stimulation of lung macrophages significantly elevated the basal 

glycolysis (Figure 9B, p = 0.0001) and glycolytic capacity (Figure 9C, p = 0.0013) compared to 

the unstimulated macrophages. Mtb stimulation marginally increased the basal glycolysis, 

glycolytic capacity, and glycolytic reserve of T2DM lung macrophages compared to Mtb 

stimulation of control mice lung macrophages, but the values are not statistically significant. 

Recombinant IL-22 slightly reduced all these levels of glycolytic parameters Mtb cultured 

lung macrophages, but the values are not statistically significant (Figure 9). 

 

 



27 

 

  

 

Figure 17. Recombinant IL- -
stimulated lung macrophages from T2DM mice. 
Lung macrophages were isolated from control and T2DM C57BL/6 female mice (two groups of age-

Mtb and in the presence or absence of 
recombinant IL-22 (10 ng/ml) for 48 hours. After 48 hours incubation, the supernatants were removed 
and kinetics of glycolysis (A), basal glycolysis (B), glycolytic capacity (C) and glycolytic reserve (D) 
of the cells was determined by Agilent Seahorse XF Glycolysis Stress Test. Each experiment was 
performed with 
GraphPad prism version 9.3.1.471 was used for data analysis. Comparison between samples was 
determined by one- P < 0.05 was 
considered statistically significant. *** p = 0.0001. ** p = 0.0013. 
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DISCUSSION 

T2DM in TB patients worsens the disease and can enhance the mortality [29]. Limited 

information is available about the immune responses during Mtb infection in type 2 diabetic hosts 

[30]. Our laboratory developed an experimentally induced type 2 diabetes (T2DM) model in wild-

type C57BL/6 mice and found that Mtb infection in T2DM mice drives pathological immune 

responses and mortality [11] . IL-22 and type 3 innate lymphoid cells (ILC3s) reduce 

inflammation and mortality of Mtb infected T2DM mice [12]. The laboratory also found that IL-6 

enhances inflammatory cytokine production [11] and IL-22 levels were low in pulmonary 

tuberculosis patients with type 2 diabetes [12]. In unpublished studies, we found that Mtb-infected 

F4/80+CD11c+ alveolar macrophages (AMs) from T2DM mice undergo necroptosis (among 5 

death pathways tested) compared to Mtb-infected AMs of non-T2DM mice and undergo TNFR1 

mediated necroptosis.  

In the current study, we tested the hypothesis that recombinant IL-22 treatment inhibits the 

molecules involved in the necroptotic signaling pathway to reduce inflammatory cytokine 

production by T2DM mice macrophages stimulated with Mtb. We also determined whether IL-

22 helps to maintain homoeostatic glycolysis of -stimulated T2DM mice macrophages to 

reduce necroptosis and inflammation. We found that recombinant IL-22 treatment inhibits the 

expression of pMLKL (molecule involved in necroptosis) protein by Mtb-cultured T2DM mice 

lung macrophages. Recombinant IL-22 treatment had no effect on IL-6 and TNF-  by 

T2DM mice macrophages stimulated with Mtb. We also found recombinant IL-22 has no effect 

on metabolism (glycolysis and oxidative phosphorylation) of Mtb cultured T2DM mice 

macrophages. 
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During T2DM, the functional capacity of macrophages and other innate immune cells is 

significantly compromised [31]. This contributes to increased susceptibility of diabetic patients to 

Mtb and delayed initiation of adaptive immunity [32]. T2DM also can lead to treatment failure in 

tuberculosis patients [29]. An experimental study indicated that the function of Mtb-infected 

alveolar macrophages is impaired in hyperglycemic mice compared to control mice, resulting in a 

reduced expression of signals and chemokines that recruit macrophages  [33]. Thus, the 

confluence of these two diseases presents a significant threat to global public health and presents 

an opportunity to further investigate the key immune elements that may be relevant to the treatment 

of tuberculosis in diabetic patients. 

In the current study, we used our well established Streptozotocin (STZ) and nicotinamide 

(NA) model to induce T2DM in mice. STZ is a broad spectrum antibiotic and diabetogenic agent 

isolated from Streptomyces achromogenes [34], [35] -cells 

and several rodents including mice have been found to be sensitive to its cytotoxic effects [19], 

[36]. The resultant pathology of STZ-induced diabetes mimics human type 1 diabetes [19], 

however sim -

cells against the diabetogenic effect of STZ [37], [38]. Therefore, the two compounds were 

concurrently administered to induce T2DM in the mice. We found STZ and NA combination 

induces T2DM in mice confirming our previous study [11].  

We followed control and T2DM mice up to 150 days and measured the body weights. The 

body weights of the diabetic mice increased, but it was significantly lower compared to that of the 

control mice (Figure 1B). We found that, random blood glucose (RBG) levels of the diabetic mice 

were significantly higher than that of the control mice (Figure 1C). Our results demonstrates that 
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induction of T2DM using STZ/NA reduces body weight of mice confirming our previous findings 

[39]. 

IL-22 is expressed by cells of both the innate and adaptive immune system such as CD4 T 

cells (especially Th17 cells, ), NK cells, LTi cells and LTi-like cells [40]. It is well 

documented that exogenous IL-22 and the IL-22 receptor pathway promote the migration and 

survival of cells [41] [44] and increases the survival of experimental animals [45], [46]. We found 

that rIL-22 is not cytotoxic to both control and T2DM murine peritoneal and lung macrophages 

cultured with -irradiated Mtb (Figure 3). 

Unpublished studies from our laboratory demonstrated that AMs from Mtb-infected T2DM 

mice are more necroptotic compared to Mtb-infected AMs from non-T2DM mice and that rIL-22 

reduces mortality of T2DM mice  [12]. We investigated the effect of rIL-22 on the expression and 

phosphorylation of the necroptotic protein MLKL. In the current study, Mtb-stimulation 

significantly increased the expression of pMLKL in T2DM mice lung macrophages confirming 

our laboratory findings (unpublished) Mtb-stimulation had no effect on cell viability 

(Figures 3-5). Our findings are in tune with that of Nishihara et al., who posited that Mtb is able 

to metabolize but cannot cause infection in susceptible animals [47]. Recombinant IL-22 

significantly reduced phosphorylation of MLKL Mtb-stimulated T2DM mice lung 

macrophages. Necroptotic cell death occurs when the activation loop in the executioner protein, 

MLKL, is phosphorylated [48] [50]. pMLKL causes plasma membrane rupture by binding to 

phospoinositides [51]. Necroptosis between neighboring cells is enhanced by the accumulation of 

pMLKL at intercellular junctions [49]. Our study for the first time demonstrates that rIL-22 

treatment reduces the expression of pMLKL in T2DM mice lung macrophages stimulated with 
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Mtb (Figure 5). Our findings suggest that rIL-22 could be exploited as a novel therapeutic or 

prophylactic compound for the treatment of diabetes-tuberculosis co-infection. 

Diabetes and diabetes-tuberculosis co-morbidity lead to increased production of the 

inflammatory cytokines TNF- -6 and IFN- , increases the severity of disease and drives 

mortality [11], [52], [53]. Six months after Mtb infection (chronic infection) significant increases 

in inflammatory cytokines TNF- -6 and IFN-  in T2DM mice compared to non-diabetic mice 

infected with Mtb were found [11]. In contrast, one month after Mtb infection (acute stages) [11] 

there is no change in inflammatory cytokine levels in Mtb infected T2DM mice compared to Mtb 

non-diabetic mice [11]. Mtb-stimulation of macrophages and splenocytes of 

control and T2DM mice increased the levels of TNF- -6 (Fig. 6 and supplementary Fig. 

1). But there is no difference in TNF- -6 production between control and T2DM mice 

macrophages stimulated with Mtb. In the current study, we used macrophages from mice two 

months after the induction of diabetes. The current findings are consistent with our previously 

published studies that during the early stages of T2DM, Mtb infection has no significant effect on 

development of inflammatory responses [11]. 

Mtb-infection in human macrophages reduces glycolytic parameters and oxygen 

consumption rate in mitochondria [54] suggesting Mtb alters the metabolic threshold of 

macrophages to adapt to the altered host environment [55], [56]. We found that Mtb-stimulation 

of peritoneal macrophages from non-diabetic and diabetic mice led to reduction of the maximum 

respiration, ATP-linked respiration and spare respiration (Figure 7) but an increase in glycolytic 

parameters (Figures 8 and 9). Our findings demonstrates that Mtb infected macrophages 

functionality depends upon ATP production via glycolysis and not oxidative phosphorylation. It 
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is reported that altered glucose metabolism can directly mediate impaired phagocytosis and 

antibacterial function [10]. 

IL-22 treatment maintains glucose homeostasis in Mtb-infected T2DM mice [12]. In the 

current study, rIL-22 had no significant effect on oxygen consumption rates and extracellular 

acidification rates of  stimulated T2DM mice macrophages and  stimulated non-diabetic 

mice macrophages (Figures 7-9). 

In summary, we found  stimulation of diabetic mice lung and peritoneal macrophages 

significantly enhanced the expression of pMLKL compared to  stimulated non-diabetic mice 

lung and peritoneal macrophages. Recombinant IL-22 significantly inhibited the expression of 

pMLKL by  stimulation of mice lung and peritoneal macrophages. In future studies, we will 

use live Mtb strains to infect macrophages and study the effects of rIL-22 on inflammatory 

responses, necroptosis, and cell metabolism. Further understanding of the mechanisms involved 

in IL-22 mediated inhibition of pMLKL expression will help to develop therapies to prevent excess 

inflammation in T2DM individuals with active and latent tuberculosis infection. 
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APPENDIX 

Supplementary Materials 

 

 

 

Supplementary Figure 1: Recombinant IL-22 has no effect on TNF- , IL-6 and IFN-
Mtb-stimulated macrophages of T2DM mice. Peritoneal macrophages (A and B), 

lung macrophages (C and D) and splenocytes (E-G) were isolated from control and T2DM C57BL/6 
female mice (two groups of age-matched mice) and cultured with or without -Mtb and in 
the presence or absence of recombinant IL-22 (10 ng/ml) for 72 hours. TNF- (A, C and E), IL-6 (B, 
D and F) and IFN- (G) levels in the culture supernatants were measured by ELISA. Data is 
representative of three independent experiments (n = 3) from peritoneal macrophages. 

Statistically 
significant p-value was set at < 0.05****, p < 0.0001; ***, p < 0.0009; **, p = 0.0012; *, p = 0.0103. 
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Supplementary Figure 2: Effect of recombinant IL-22 on total MLKL protein expression by 
-irradiated Mtb. Lung macrophages were isolated 

from control and T2DM C57BL/6 female mice (two groups of age-matched mice). The cells were 
-Mtb and in the presence or absence of recombinant IL-22 (10 

ng/ml) for 72 hours. After 72 hours the supernatants were removed and the protein was extracted as 
mentioned in methods section. Western blot was performed to determine the expression of total MLKL 
levels in three independent experiments (n = 3) (A). Protein levels were then normalized with the level 

of total MLKL and -actin (B and C). Pooled cells from three mice per group were used for each 
experiment. Statistically significant p-value was set at < 0.05. 
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