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Background: MicroRNAs (miRNAs) play a vital role in tuberculosis (TB). Vitamin
D receptor (VDR), an miRNA target gene, and its ligand, vitamin Dz (VitD3),
have been reported to exert protective effects against TB. However, whether
miRNAs can affect the progression of TB by targeting VDR has not been
reported.

Materials and methods: Research subjects were selected according to
defined inclusion criteria. A clinical database of 360 samples was established,
including the subjects’ demographic information, miRNA expression profiles
and cellular experimental results. Two candidate miRNAs, miR-27a-3p, and
miR-30b-5p, were identified by a high-throughput sequencing screen and
validated by gRT-PCR assays. Univariate and multivariate statistical analyses
were performed. VDR and NF-kB p65 protein levels were detected by Western
blot assays. Proinflammatory cytokine expression levels were detected
by enzyme-linked immunosorbent assay (ELISA). Luciferase assays and
fluorescence-activated cell sorting (FACS) were further applied to elucidate
the detailed mechanisms.

Results: Differential miRNA expression profiles were obtained, and miR-
27a-3p and miR-30b-5p were highly expressed in patients with TB. These
results showed that the two miRNAs were able to induce M1 macrophage
differentiation and inhibit M2 macrophage differentiation. Further experiments
showed that the two miRNAs decreased the VDR protein level and increased
proinflammatory cytokine secretion by macrophages. Mechanistically, the
miRNAs targeted the 3’ untranslated region (3'UTR) of the VDR mRNA
and thereby downregulated VDR protein levels by post-transcriptional
regulation. Then, due to the reduction in VDR protein levels, the NF-kB
inflammatory cytokine signaling pathway was activated, thus promoting the
progression of TB.

Conclusion: Our study not only identified differentially expressed miRNAs
between the TB and control groups but also revealed that miR-27a-3p and

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.1020542
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.1020542&domain=pdf&date_stamp=2022-10-11
https://doi.org/10.3389/fmicb.2022.1020542
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1020542/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Xiao et al.

10.3389/fmicb.2022.1020542

miR-30b-5p regulate proinflammatory cytokine secretion and macrophage
differentiation through VDR in macrophages. Thus, these two miRNAs
influence the progression of TB.

tuberculosis, vitamin D receptor, microRNA, macrophages, differentiation

Background

Tuberculosis (TB) is one of the top 10 causes of death
and the leading cause attributable to a single infectious
agent (Mycobacterium tuberculosis), ranking above HIV/AIDS.
Approximately 1.7 billion people have contracted and been
infected with M. tuberculosis worldwide, and 1.7 million people
die from TB each year (Daley, 2019; Sinha and Hochberg, 2019;
World Health Organization [WHO], 2019). Mycobacterium
tuberculosis, the pathogen that causes TB, is an intracellular
parasitic bacterium that infects humans. M. tuberculosis
can inhibit the host immune response and escape immune
surveillance (Goldberg et al., 2014). It is difficult to completely
remove M. tuberculosis from the host, and once a host becomes
infected, M. tuberculosis mostly causes latent infection and has
a symbiotic relationship with the host (Jagiclski et al.,, 2016).
There are many theories about the mechanism underlying the
intracellular pathogenesis of M. tuberculosis. However, these
theories have not yet led to effective anti-TB treatments (Pieters,
2008; Jiang et al,, 2018). The diagnosis of TB also needs to be
improved and supplemented (McNerney et al., 2012). For these
reasons, further research and exploration of the diagnosis and
treatment of TB are still urgently needed.

MicroRNAs (MiRNAs) play vital roles in promoting the
progression of many diseases (Bertoli et al., 2015; Rupaimoole
and Slack, 2017; Dai et al,, 2022; Ren et al,, 2022). MiRNAs
can cleave or repress the mRNAs of target genes through the
RNA-induced silencing complex (RISC) (Bartel, 2004; Mohr and
Mott, 2015). Studies have reported that miR-155 expression is
enriched in active TB (Etna et al., 2018). MiR-29a, miR-21, miR-
99b, miR-652, and miR-146 were identified as potential novel
biomarkers of TB and could be used to predict responses to
treatment (Barry et al,, 2018). The high expression of certain
miRNAs in TB suggests that some miRNAs are related to the
progression of TB.

Vitamin D3 (VitD3), a steroid hormone, is thought to
exert anti-inflammatory effects and play a vital function in
innate immunity against intracellular pathogens (Wallis and
Zumla, 2016). Studies have reported that VitD; plays an
important role in innate immunity against TB (Bekele et al,
2018; Jimenez-Sousa et al., 2018; Ayelign et al., 2020). VitDs;
exerts its biological effects by binding to the vitamin D
receptor (VDR) complex (Heikkinen et al, 2011; Cui et al,
2018), which activates and regulates multiple cellular pathways
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(Liu et al,, 2006; White, 2012). It has been reported that the
VitDs levels in patients with active TB are lower than those in
control individuals (Nnoaham and Clarke, 2008). Studies have
shown that VitDs is a protective factor in TB (Baeke et al., 2010).
Studies have also reported that VDR, a receptor of VitDs, plays a
vital role in TB. A decrease in VDR protein levels causes defects
in VDR signaling, which impairs immunity against TB (Selvaraj
et al,, 2009). Polymorphisms in VDR, such as Apal, Bsml, FokI,
and Tagl, might affect susceptibility to TB (Joshi et al., 2014; Wu
etal,, 2015). It has been reported that miR-1204 is able to target
VDR in breast cancer, leading to a poor prognosis (Liu X. et al.,
2018). MiR-125a can target VDR to promote the occurrence
and progression of liver fibrosis (He et al., 2021). Therefore, we
wanted to explore whether any particular miRNAs are involved
in TB regulation and are likely to depress TB by targeting VDR.

To determine whether miRNA expression and VDR protein
levels are correlated in TB, we studied these factors in a TB
group and a control group. Subjects came from two medical
institutions in Chongqing, and 181 TB patients and 179 control
individuals were selected according to the inclusion criteria.
A case report form including gender, living situation, education,
cigarette smoking, body mass index (BMI), hypertension, etc.,
was used to obtain demographic information from the subjects.
Peripheral venous blood samples collected from subjects were
used for high-throughput sequencing and qRT-PCR validation.
After univariate analysis and data processing, logistic regression
analysis was performed, and two TB-associated miRNAs
were screened. Finally, the two miRNAs were studied both
phenotypically and mechanistically in monocytes by cytological
experiments (Figure 1).

Materials and methods

Case-control study

Human subjects were recruited for this study mainly from
Xingiao Hospital and Chongging Public Health Medical Center
between June 1, 2019, and December 31, 2019. Demographic
information, clinical information, and peripheral blood
specimens were collected from 360 subjects. Approximately
181 subjects were recruited into the case group, and 179
subjects were recruited into the control group, excluding

previous exposure to TB.
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FIGURE 1

Flow chart. The summary of the current study’s logical flow.

The patients were selected according to the following
criteria: (1) patient was older than 18 years of age, of either
sex; (2) patient was Han Chinese with a family that had
lived in Chongqing for more than two generations; (3) patient
had poisoning symptoms such as sputum, hemoptysis and
emaciation, fatigue, night sweating, or low fever; (4) patient
had at least one radiographic examination (X-ray and CT)
suggesting pulmonary TB lesions; (5) patient had positive
results on TB diagnostic tests such as sputum smear, sputum
culture or blood molecular biology; (6) patient had Swiss cheese
lesions or granuloma formation by pathological biopsy; and
(7) patient was diagnosed with secondary pulmonary TB based
on the symptoms, radiographic examination, etiological and
pathological findings, regardless of whether they affected a
single lung or both lungs and regardless of the presence of
extrapulmonary TB.

Patients were excluded according to the following criteria:
(1) patient had consanguineous parents; (2) patient had other
severe diseases (cancer, immune deficiency disease, pulmonary
abscess, etc.); or (3) patient had latent TB.

The control individuals were selected according to the
following inclusion and exclusion criteria: (1) Individual
who was older than 18 years of age, of either sex was
eligible; (2) Individual who was Han Chinese with a
family that had lived in Chongging for more than two
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generations was eligible; (3) Individual without active or
latent TB identified by clinical manifestations, radiographic
examination and Purified Protein Derivative (PPD) tests
was eligible. (4) Who with a history of TB exposure was
excluded; or (5) Other exclusion criteria were the same
as the TB group.

Additionally, we collected clinical samples of peripheral
venous blood for experimental studies, and from these samples,
we isolated peripheral blood mononuclear cells (PBMCs)
and plasma following appropriate experimental methods for
subsequent research. All the data are available, and our research
has been approved by the Xingiao Hospital Ethics Committee.

Peripheral blood mononuclear cells
and plasma specimens

Peripheral venous blood was collected, treated with the
anticoagulation agent ethylenediaminetetraacetic acid (EDTA),
and centrifuged to isolate blood cells and plasma. PBMCs in
blood were separated by using density gradient centrifugation
(Boyum and Scand, 1968; Harris and Ukayiofo, 1969). Blood was
added down the wall of a tube containing human lymphocyte
separation medium (Dakewe Co., Beijing, China, 711101X),
and the PBMCs in the blood were purified by density gradient
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centrifugation (800 x g, 30 min). Plasma and PBMC specimens
were stored at —80°C and in liquid nitrogen, respectively.
The PBMCs used for RNA sequencing and miRNA/mRNA
qRT-PCR were obtained from both TB patients and control
individuals. PBMCs used for other cytological experiments
were obtained from volunteers in the lab. Plasma specimens
were used to measure concentration of 1, 25 (OH), D3 by
enzyme-linked immunosorbent assay (ELISA) assay.

RNA sequencing

Following the manufacturer’s protocol for RNAiso Plus
reagent (Takara Bio, Osaka, Japan), we extracted total RNA from
the PBMCs of control individuals and TB patients. To obtain
the miRNA differential expression profiles between TB patients
and control individuals, the PBMC samples of five TB patients
and five control individuals were selected to match the age and
sex of the subjects. After total RNA extraction from PBMCs,
we reverse transcribed the RNA into ¢cDNA with the PolyA
RT-PCR method. The cDNA was amplified by qPCR and then
purified by PAGE. The differential miRNA expression profile
was obtained by using high-throughput sequencing technology
(LC-bio Technologies Co., Ltd., Hangzhou, China).

Reverse transcription and
miRNA/mRNA qRT-PCR

Total RNA was extracted with RNAiso Plus reagent (TaKaRa
Bio, T9109). PrimeScript RT reagent kit with gDNA eraser
(TaKaRa Bio, RR047A), SYBR qRT-PCR (TaKaRa Bio R4130-
03) and the MiR-X miRNA First-Strand Synthesis Kit were
used to reverse transcribe cDNA from mRNA and miRNA,
respectively. The cDNA was analyzed by a qPCR kit (TaKaRa
Bio RR820A) and GoTaq qPCR Master Mix (Promega, A6001,
Madison, WI, United States) with a QuantStudio 3 and
ViiATM7 quantitative real-time PCR instrument (Applied
Biosystems, Waltham, MA, United States, with technical
support by BioWavelet Co., Ltd., Chongqing, China). Gene-
specific primers, oligo-dTs and random primers for the reverse
transcription of miRNAs were synthesized by GeneCopoeia
(Guangzhou, China) and Sangon Biotech (Shanghai, China).

Cell culture and reagents

We purchased the THP-1 and U-937 cell lines from
the Shanghai Institute for Biological Sciences (Shanghai,
China). The HEK-293T cell line was ordered from the
National Infrastructure of Cell Line Resource (Beijing,
China). We genotyped all cell lines and tested them for
mycoplasma contamination though Shanghai Biowing Applied
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Biotechnology Co., Ltd. (Shanghai, China) Primary PBMCs
were purified from the peripheral venous blood of the subjects
by density gradient centrifugation as described above. We
used DMEM and RPMI 1640 medium (HyClone, Logan, UT,
United States) to culture HEK-293T cells and monocytes
(THP-1, U-937, and PBMCs), respectively. We supplemented
the culture media with 10% FBS (HyClone, Logan, UT,
United States), 0.1 mg/ml streptomycin and 100 U/ml penicillin
(Beyotime, Beijing, China). We cultured cells in an incubator
(Thermo Fisher, Waltham, MA, United States) at 37°C, 1 atm
and 5% CO,.

Culture medium and plasma analysis
by enzyme-linked immunosorbent
assay

The proinflammatory cytokine levels in the culture medium
and concentration of 1, 25 (OH), D3 in plasma samples
were measured by ELISA. The ELISA kits were purchased
from 4A BIOTECH company (Beijing, China), and the three
proinflammatory cytokines that were assessed were interleukin-
1 beta (IL-18) (CHEO0001, 96t), interleukin-6 (IL-6) (CHE0009,
96t), and tumor necrosis factor alpha (TNF-a) (CHE0019, 96t).
The minimum concentration that could be detected was 7 pg/ml
for all three kits. Centrifugation was performed at 800 rpm/min
for 5 min to remove cells and obtain culture medium. Peripheral
venous blood was treated with the anticoagulant EDTA and
centrifuged (1100 rpm, 15 min) to obtain plasma. Cell culture
medium and plasma were detected by ELISA. The reference
range of 1, 25 (OH), D3 ELISA kit (EHC9044) is 15-
60 ng/ml. All the experiments were performed in accordance
with protocols of reagent kits. All experiments were repeated at
least two times in triplicate.

Plasmid, microRNA mimic and
microRNA inhibitor transfection

The VDR coding sequence (CDS) was subcloned into
pCDNA3.1 (+) by Sangon Biotech. We purchased pmirGLO
dual luciferase plasmids carrying the VDR 3’ untranslated
region (3'UTR) from YouBio Biological Company (Changsha,
China). We named these plasmids WT, AWT1, AWT2,
AWT3, AWT4, AWT5, AWT6, AWT7, and AWT8 and
the corresponding mutant plasmids MUT1, MUT2, AMUT4,
AMUT6, and AMUTS. We synthesized the miRNA mimics
and inhibitors by GeneCopoeia Company (Guangzhou,
China) and RiboBio (Guangzhou, China). We transfected
the pmirGLO plasmids, miRNA mimics, and inhibitors into
cells with Lipofectamine 3000 (Thermo Fisher, Waltham,
MA, United States) and analyzed the cells at 48 h post-
transfection. MiRNA mimics with Sulfo-Cyanine5 (Cy-5) dye
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were transfected into monocytes, and the transfection efficiency
was observed by fluorescence microscopy (OLYMPUS IX83,
UIS2 optical system). All experiments were repeated at
least three times.

Protein extraction and western blot

We harvested and lysed cells with 5 x loading buffer
(Beyotime, Beijing, China) after culture for 48 h. We fully
lysed the cell lysates with a vortex mixer (Thermo Fisher,
Waltham, MA, United States) at 3000 rpm. The protein
samples were then incubated in a dry bath incubator (Thermo
Fisher, Waltham, MA, United States) at 100°C for 10 min
to denature the proteins. We subjected protein samples to
SDS-PAGE for gel electrophoresis, transferred the gel to
PVDF membranes (Millipore, Boston, MA, United States)
for transfer electrophoresis, and then exposed them by
ECL (Thermo Fisher, Waltham, MA, United States). We
purchased primary antibodies against VDR (D2K6W)
and GAPDH (D4C6R) from Cell Signaling Technology
(CST, Boston, MA, United States). We obtained HRP-
conjugated antibody (ZB-2301, ZB-2305) from ZSGB-Bio
Company (Beijing, China). All experiments were repeated at
least three times.

MicroRNA post-transcriptional
regulation

We transfected the mimics into cells with the Lipofectamine
3000 reagent. The cells were cultivated for 36 h, and then the
transcription inhibitor actinomycin D (Act D) (CST, Boston,
MA, United States) was added to the cell cultures. Subsequently,
we measured VDR mRNA expression by qRT-PCR in the
treatment and control groups at 0, 3, 6, and 9 h. Additionally, we
measured the expression levels of miR-27a and miR-30b-5p to
assess the transfection efficiency. All experiments were repeated
at least three times.

Cell differentiation and flow cytometry
assay

Monocytes were differentiated into different macrophage
subsets by stimulation with different cytokines. THP-1 and
U-937 cells were induced to polarize into MO macrophages
after stimulation by phorbol 12-myristate 13-acetate (PMA)
(100 nM) 24 h later. Then, they were polarized to Ml
macrophages after stimulation with lipopolysaccharide (LPS)
(100 nM) and interferon-gamma (IFN-y) (20 nM) or polarized
to M1 macrophages after stimulation with interleukin-4 (IL-
4) (20 nM) and interleukin-13 (IL13) (20 nM) 48 h Ilater.
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PBMCs were first induced to differentiate into MO macrophages
by stimulation with human colony stimulating factor (h-
CSF) (20 nM) for 5 days. Then, they were polarized into
M1 or M2 macrophages as described above. Macrophage
polarization was confirmed by flow cytometric analysis. We
used cell surface markers to identify M0 (CD11b and CD68),
M1 (CD40, CD64, CDS86, etc.) and M2 (CD163, CD206,
CD180, etc.) macrophages. After polarization was completed,
we washed the cells once with PBS, scraped them gently
and transferred them into fluorescence-activated cell sorting
(FACS) tubes. We used fluorochrome-tagged monoclonal
antibodies (Dakewe Co., Beijing, China) to stain the cells.
CD11b (Pacific Blue) was used to identify MO macrophages,
CD64 (FITC) was used to identify M1 macrophages, and
CD206 (PE) and CD163 (CY 7) were used to identify M2
macrophages. After labeling, we washed and resuspended the
cells in PBS at least two times, and we analyzed the cells with
FlowJo v10.5.3 by a Gallios flow cytometer (Beckman Coulter,
Pasadena, CA, United States). All experiments were repeated at
least three times.

Luciferase reporter assay

After 50% HEK-293T cells
were prepared for exogenous nucleic acid transfection.
The pmirGLO-VDR-3'UTR  plasmids (WT, AWTIL,
AWT2, AWT3, AWT4, AWT5, AWT6, AWT7, AWTS,
MUT1, MUT2, AMUT4, AMUT6, and AMUTS8) were
transfected into HEK-293T cells, and either 200 nM
miRNA mimics or 200 nM miRNA inhibitors were also

reaching confluence,

transfected at the same time. Forty-eight hours later,
the activity.  All
experiments we performed were repeated at least three
the

we measured luciferase transfection

times in triplicate, and luciferase activity —data

were normalized.

Statistical analysis

Continuous variable data are displayed as the mean £ SD,
and categorical variable data are displayed as percentages
according to the case group and control group. Statistical
analyses were performed with SPSS 26.0 software, and VDR
and miRNA expression levels were analyzed by GraphPad
Prism 8.0. Univariate difference analysis was applied to
all factors between the case group and control group.
Logistic regression analysis was applied to the association
between miRNA expression and other factors in the 360
subjects. Logistic regression and Pearson’s rank correlation
test were used to calculate the correlation coefficients.
For comparisons, the Mann-Whitney U-test was used if
no significantly different variances existed between the
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TABLE 1 General information of the case control study (N = 360).

10.3389/fmicb.2022.1020542

Univariate factor Statistic Total Control TB X2t/ P-value
(n=360) (n=179) (n=181) Z-value
Gender (n, %) Male 238 (66.11) 103 (57.54) 135 (74.59) 11.669 0.001
Female 122 (33.89) 76 (42.46) 46 (25.41)
Age Mean =+ sd 50.51 + 15.15 53.44 + 1241 47.61 £ 16.98 3.72 <0.001
Habitat (, %) Town 172 (47.78) 120 (67.04) 52 (28.73) 52,938 <0.001
Rural area 188 (52.22) 59 (32.96) 129 (71.27)
Education (n, %) Primary school 129 (35.83) 55 (30.73) 74 (40.88) 26.344 <0.001
Junior high school 65 (18.06) 51 (28.49) 14 (7.73)
Senior high school 84 (23.33) 36 (20.11) 48 (26.52)
College 82 (22.78) 37 (20.67) 45 (24.86)
Income (10,000% /year) Mean =+ sd 4.73 +3.29 5324+ 3.75 4.15 + 2.65 3.406 0.001
Cigarette (n, %) Smoking 123 (34.17) 35 (19.55) 88 (48.62) 31.186 0.001
No smoking 197 (54.72) 125 (69.83) 72 (39.78)
Quit smoking 40 (11.11) 19 (10.61) 21 (11.6)
Alcohol (1, %) Drinking 102 (28.33) 36 (20.11) 66 (36.46) 12.645 0.002
No drinking 221 (61.39) 125 (69.83) 96 (53.04)
Quit drinking 37(10.28) 18 (10.06) 19 (10.5)
BMI Mean =+ sd 21.67 £ 3.5 23.27 £3.05 20.09£3.2 9.642 <0.001
Hypertension (1, %) No 335 (93.06) 168 (93.85) 167 (92.27) 0.352 0.553
Yes 25 (6.94) 11 (6.15) 14 (7.73)
Diabetes (11, %) No 335 (93.06) 175 (97.77) 160 (88.4) 12.221 <0.001
Yes 25 (6.94) 11 (6.15) 14 (7.73)
Coronary heart disease No 353 (98.06) 174 (97.21) 179 (98.9) 1.345 0.246
(1, %)
Yes 7 (1.94) 5(2.79) 2(1.1)

We counted basic and clinic information for human subjects and performed a univariate analysis of each factor. Among them, gender, age, habitat, education, income, smoking, drinking,

and diabetes were significantly different in the Tuberculosis group. And lower body mass index (BMI) was more common in TB group.

two groups. To calculate the p-value, the unpaired t-test
analysis was performed.

Results

A case—control study shows that
univariate factors are clearly associated
with tuberculosis

We collected general information about the subjects, such
as age, sex, residence, and education, and analyzed this
information by using univariate statistics (Table 1). Based on
this basic information, there were significant differences in sex
and age between the case and control groups. The TB group
had a greater proportion of males and younger ages than the
control group. Patients from rural areas and with low incomes
and lower education levels accounted for a larger proportion
of the case group. In addition, habits such as smoking and
drinking also differed significantly between the case and control
groups. Smoking and drinking behaviors seemed to increase
susceptibility to TB. Poor nutrition, as indicated by a lower
BMI, was more common in the TB group. These results are
consistent with those of a previous report (Panda et al., 2019).
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We also found that diabetes was more common in the TB
group than in the control group. Altogether, these results
indicated that TB is a disease associated with many univariate
factors.

MiR-27a-3p and miR-30b-5p are highly
expressed in the tuberculosis group

We tried to determine whether any miRNAs that might
influence TB progression were expressed at higher levels in the
TB group than in the control group. MiRNA expression was
measured in two steps. First, we performed high-throughput
sequencing to determine the differential miRNA expression
profile between the two groups (GES207224). Second, qRT-
PCR was used in a case-control study to verify the miRNAs
that were identified as being highly expressed in the differential
expression profiles. These studies revealed that 8 out of 47
differentially expressed miRNAs were upregulated and 15 were
downregulated in the TB patient group compared with the
control group (Supplementary Figures 1A-C). We verified the
expression of these eight miRNAs in 179 control individuals and
181 TB patients, and the results indicated that miR-27a-3p and
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FIGURE 2

MiR-27a-3p and miR-30b-5p expression was higher in the tuberculosis group than in the control group. The gRT-PCR was used to validate the
eight upregulated miRNAs (181 TB patients, 179 control individuals). MiR-27a-3p and miR-30b-5p were highly expressed in the TB group. The
expression of four MiRNAs (miR-30d-3p, miR-301-3p, miR-326, and miR-6516-3p) was not different between the TB group and the control
group, and the remaining two miRNAs (miR-339-3p and miR-1291) were low expressed in the TB group. *P < 0.05, **P < 0.01, ***P < 0.001,

***%P < 0.0001, ns = not significant.

TABLE 2 Correlation between miR-27a-3p, miR-30b-5p and tuberculosis (Binary logistics regression).

miRNA Model B-value SEM Wald P-value OR OR
Lower limit Upper limit

hsa-miR-30b-5p Uncorrected 0.184 0.079 5.47 0.019 1.202 1.03 1.403
Model 1 0.257 0.095 7.359 0.007 1.293 1.074 1.556
Model 2 0.231 0.097 5.71 0.017 1.26 1.042 1.523
Model 3 0.209 0.101 4.306 0.038 1.233 1.012 1.502

hsa-miR-27a-3p Uncorrected 0.258 0.073 12.626 0.001 1.294 1.123 1.492
Model 1 0.32 0.089 12.931 0.001 1.377 1.157 1.64
Model 2 0.297 0.092 10.439 0.001 1.346 1.124 1.612
Model 3 0.279 0.097 8.258 0.004 1.321 1.093 1.598

Model 1: Correction factors: gender, age, BMI. Model 2: Model 1 correction factors + cigarette, alcohol. Model 3: Model 1 + Model 2 correction factors + hypertension, diabetes,

coronary heart disease.

miR-30b-5p had significantly higher expression in the TB group
(Figure 2).

MiR-27a-3p and miR-30b-5p have a
significant association with
tuberculosis after adjusting for
confounders

To determine whether the associations of miR-27a-3p
and miR-30b-5p with TB confounded the effects of the
other univariate factors, we corrected the other univariate
factors. These two miRNAs, together with previously identified
univariate factors related to TB, were analyzed by binary logistic
regression (Table 2) and corrected with Model 1, Model 2,
and Model 3. Multivariate statistical analysis revealed that after
adjusting for the univariate factors in Model 1, Model 2, and
Model 3, the two miRNAs were still closely associated with and
highly expressed in the TB group. The results indicated that
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miR-27a-3p and miR-30b-5p have a significant association with
TB.

MiR-27a-3p and miR-30b-5p promote
proinflammatory cytokine expression
and the differentiation of M1
macrophages

Proinflammatory cytokines (IL-1p, IL-6, and TNF-a) were
reported to play crucial roles in promoting the progression of
TB (Nair et al., 2009; Gong et al., 2019; Ravan et al,, 2019). To
determine whether miR-27a-3p and miR-30b-5p are related to
TB progression by regulating the secretion of proinflammatory
cytokines, we transfected miR-27a-3p and miR-30b-5p mimics
and inhibitors into cells and measured proinflammatory
cytokine secretion. The results indicated that IL-1p and IL-6
secretion significantly increased in monocytes overexpressing
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either miR-27a-3p or miR-30b-5p. When miR-27a-3p or miR-
30b-5p was knocked down, IL-1f and IL-6 secretion by
monocytes was significantly reduced (Figures 3A,B). Similarly,
the secretion of TNF-a was significantly increased in monocytes
overexpressing miR-27a-3p or miR-30b-5p. In contrast, TNF-a
expression was significantly decreased when either miR-27a-
3p or miR-30b-5p was knocked down (Figure 3C). The above
results indicated that miR-27a-3p and miR-30b-5p can promote
proinflammatory cytokine secretion by monocytes.

Monocytes were induced to differentiate by using
established protocols (Zajac et al., 2013; Genin et al.,, 2015;
Taniguchi et al,, 2015). Following these protocols, monocytes
were successfully induced to polarize into M1 and Ml
macrophages (Figure 3D). To explore how miR-27a-3p and
miR-30b-5p regulated and induced the differentiation of
monocytes into macrophages, miR-27a-3p and miR-30b-5p
mimics were transfected into monocytes, which were then
induced to polarize into either M1 or M2 macrophages by
using the previously described protocols. The cell surface
expression of CD (cluster of differentiation) markers was
measured to determine the differentiation ratio to assess the
relationship between these two miRNAs and macrophage
differentiation. Forty-eight hours after transfection with
the two miRNAs and the induction of differentiation, the
numbers of M0 (CDI11b), M1 (CD64), and M2 (CD163,
CD206) macrophages in each group were detected with flow
cytometry. Generally, compared with that in the control group,
the proportion of M1 macrophages was significantly higher
in the experimental group. Correspondingly, compared
with that in the control group, the proportion of Ml
macrophages was significantly lower in the experimental
group (Figures 3E-G). The above results indicated that miR-
27a-3p and miR-30b-5p can promote monocytes differentiation
into M1 macrophages but inhibit differentiation into Ml
macrophages.

MiR-27a-3p and miR-30b-5p
downregulate the vitamin D receptor
protein level

We predicted the downstream target genes of these
two miRNAs. ENCORI database prediction suggested that
the VDR complex (VDR/RXR-B) might be one downstream
target gene of miR-27a-3p and miR-30b-5p (Table 3). There
were possible binding sites of miR-27a-3p and miR-30b-5p
in VDR target genes (Table 4). Moreover, the expression
of VDR measured by qRT-PCR and the level of VitD;
detected by ELISA were significantly reduced in the TB
group compared with the control group (Supplementary
Figures 2A-D), suggesting that the two factors were also
significantly related to TB. To prove whether the two miRNAs
could regulate the protein level of VDR, we overexpressed
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miR-27a-3p and miR-30b-5p in M1 macrophages. After
transfection for 48 h, we observed high expression of
these two miRNAs in the experimental group by gPCR
(Figure 4A). Moreover, under microscopy, the transfected
cells exhibited strong fluorescence signals corresponding
to these two miRNAs (Figure 4E). The above results
indicated the successful overexpression of the two miRNAs in
monocytes.

Then, we measured the VDR protein levels in the
experimental and control groups and found that miR-
27a-3p and miR-30b-5p downregulated the protein level
of VDR in the experimental group (Figure 4C). To fully
elaborate these results, we knocked down either miR-
27a-3p or miR-30b-5p expression in M1 macrophages.
MiRNA expression and protein levels were measured
separately after transfection with inhibitors. A significant
in  miRNA 4B)

significant increase in VDR protein levels (Figure 4D)

decrease expression (Figure and a

were observed. However, in non-activated monocytes,
neither miRNA significantly altered VDR protein expression
(Supplementary Figures 3A-E). These results indicated that
miR-27a-3p and miR-30b-5p are significantly involved in
downregulating the protein level of VDR in activated M1

macrophages.

MiR-27a-3p and miR-30b-5p target the
3’ untranslated region of the vitamin D
receptor mRNA

As previously predicted, the 3 UTR of VDR mRNA contains
one binding site for miR-27a-3p and seven binding sites for
miR-30b-5p (Figure 5A). We synthesized a pmirGLO reporter
plasmid carrying the VDR sequence as well as a plasmid
carrying mutant VDR sequences (Figure 5C). When miR-27a-
3p and miR-30b-5p were overexpressed in HEK-293T cells
transfected with the WT plasmid, the relative luciferase activity
levels were significantly reduced (Figures 5B,D,F). When
miR-30b-5p and miR-27a-3p were overexpressed in HEK-
293T cells transfected with the MUT1 and MUT2 plasmids,
respectively, the relative luciferase activity levels reverted to the
previous levels (Figures 5B,E,G). Furthermore, we transfected
the truncated mutant plasmids (AWT1-8) into HEK-293T
cells and overexpressed either miR-27a-3p or miR-30b-5p.
Both miR-27a-3p and miR-30b-5p significantly decreased the
relative luciferase activities in the cells transfected with the
AWT4, AWT6, and AWTS plasmids. When miR-27a-3p and
miR-30b-5p were overexpressed in HEK-293T cells transfected
with the corresponding mutant plasmids (AMUT4, AMUTS,
and AMUTS), the relative luciferase activities reverted to the
previous levels (Figures 5B,H-]). The experiments described
above indicate that there are binding sites in the 3'UTR of
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the treatment group compared with the control group. IL-18 cytokine secretion was obviously decreased in the treatment group compared with
the control group when the miRNAs were knocked down. (B) The expression of IL-6 in monocytes significantly increased when miR-27a-3p and
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TABLE 3 ENCORI miRNA-mRNA Interactions.

10.3389/fmicb.2022.1020542

miRNA_ID miRNA_name Gene_ID Gene_name Gene_type Chromosome
MIMAT0000420 hsa-miR-30b-5p ENSG00000111424 VDR protein_coding chr12
MIMAT0000420 hsa-miR-30b-5p ENSG00000111424 RXRB protein_coding chré
MIMAT0000084 hsa-miR-27a-3p ENSG00000111424 VDR protein_coding chr12
MIMAT0000084 hsa-miR-27a-3p ENSG00000204231 RXRB protein_coding chré

ENCORI data base prediction suggested that VDR complex (VDR/RXR-B) might be one of the downstream target genes of miR-27a-3p and miR-30b-5p.

TABLE 4 MicroRNA (MiRNA) target predictions based on miRanda.

miRNA Target_gene Score  Energy = miRNA_start miRNA_end  CDS_UTR3_start CDS_UTR3_end
hsa-miR-27a-3p VDR 151 —19.36 2 19 3019 3037
hsa-miR-30b-5p VDR 120 —8.56 2 8 1254 1275
hsa-miR-30b-5p VDR 118 —9.47 2 20 1638 1660
hsa-miR-30b-5p VDR 117 —12.15 3 20 1099 1119
hsa-miR-30b-5p VDR 117 —9.67 2 21 1710 1731
hsa-miR-30b-5p VDR 116 —9.45 2 20 210 231
hsa-miR-30b-5p VDR 112 —5.69 3 21 2317 2338
hsa-miR-30b-5p VDR 110 —6.6 2 11 1007 1028
hsa-miR-30b-5p VDR 110 —14.65 3 21 1401 1425
MiRanda data base was used to predict the possible binding sites of miR-27a-3p and miR-30b-5p on VDR target gene.
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FIGURE 4

MiR-27a-3p and miR-30b-5p downregulate the protein levels of VDR in activated M1 macrophages. (A) The relative expression of miRNAs after
transfection with miR-27a-3p and miR-30b-5p mimics in monocytes. (B) The relative expression of miRNAs when transfected with inhibitors.
(C) VDR protein levels were obviously decreased when miR-27a-3p and miR-30b-5p mimics were transfected for 48 h, compared with the
negative control group. (D) When transfected with miR-27a-3p and miR-30b-5p inhibitors, VDR protein levels were clearly upregulated
compared with that in the negative control group. (E) The efficiency of the transfection was observed by fluorescence microscopy when
miR-27a-3p and miR-30b-5p with Sulfo-Cyanine5 (Cy-5) dye were transfected into monocytes for 48 h. *P < 0.05, **P < 0.01, ***P < 0.001,
**k*P < 0.0001, ns = not significant.
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VDR mRNA that can be effectively bound by miR-30b-5p and
miR-27a-3p.

Previous studies have suggested that miRNAs impact target
genes and downregulate their expression by post-transcriptional
regulation (Correia De Sousa et al, 2019). Act D can
inhibit cell transcriptional activity. Therefore, we treated cells
overexpressing the two miRNAs with act D (Supplementary
Figures 4A-F). The VDR protein level was significantly
decreased compared with that in the control group when miR-
27a-3p or miR-30b-5p was overexpressed in M1 macrophages
(Supplementary Figures 4G-I). These results indicated that
these two miRNAs could regulate VDR protein expression at the
mRNA level, namely, by reducing the stability of VDR mRNA.
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Vitamin D receptor reverses the effects
of miR-27a-3p or miR-30b-5p on
proinflammatory cytokine expression
and macrophage differentiation

Previous showed that miR-27a-3p and
miR-30b-5p cytokine
secretion. Based on previous experiments, the VDR plasmid

experiments

can promote proinflammatory
was overexpressed in cells first, and the cells were then
transfected with miR-27a-3p or miR-30b-5p. The results
showed that the proinflammatory cytokine levels in the
experimental group reverted to the previous levels after VDR

overexpression (Figures 6A-C). These experiments suggest
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that miR-27a-3p or miR-30b-5p promote the expression of
proinflammatory cytokines in activated M1 macrophages
by inhibiting the expression of VDR. Similarly, based on
previous experiments, we transfected either miR-27a-3p
or miR-30b-5p into monocytes after VDR overexpression.
The results showed that macrophage differentiation in
the experimental group reverted to the previous levels
after VDR overexpression (Figures 6D-F). Gating strategy
for flow cytometry assay is shown in Supplementary
Figure 5. These experiments suggest that miR-27a-3p and
miR-30b-5p induced M1 macrophage differentiation and
inhibited M2 macrophage
VDR.

differentiation by inhibiting

By repressing vitamin D receptor
protein expression, miR-27a-3p and
miR-30b-5p activate the NF-kB
signaling pathway and subsequently
promote proinflammatory cytokine
secretion and macrophage
differentiation

VDR expression was highly expressed in both M1 and
M2 macrophages, and expression in the latter was higher
than that in the former (Figure 7A). MiR-27a-3p and miR-
30b-5p expression are highly expressed in M1 macrophages,
but lowly expressed in M2 macrophages (Figures 7B,C).
We also found that there was a protein—protein interaction
between VDR and NF-kB p65 and that VDR significantly
inhibited NF-kB p65 protein expression (Figures 7D,E).
Complete strips images of western blot are shown in
Supplementary Figures 6-8. This finding suggests that one of
the ways in which miRNAs regulate proinflammatory cytokine
secretion and macrophage differentiation is by decreasing VDR
protein levels, which at the same time activates the NF-kB
signaling pathway and finally promotes the progression of
TB.

Taken together, the above results indicate that miR-27a-3p
and miR-30b-5p play vital roles in promoting the progression
of TB. On the one hand, by targeting and downregulating
VDR mRNA expression, these two miRNAs upregulate the
NE-kB signaling pathway and lead to the increased secretion
of proinflammatory cytokines, thus promoting the progression
of TB. On the other hand, by inducing the differentiation
of classically activated M1 macrophages, these two miRNAs
mediate antibacterial defenses in patients with TB (Figure 7F).

Discussion

MicroRNAs regulate biological processes by targeting genes,
thereby influencing the development of diseases (Huang et al.,
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2021). MiRNAs are expected to become new biomarkers for
diagnosis, therapy prognosis prediction and treatment in breast
cancer (Bertoli et al., 2015). Studies have shown that miRNAs
target VDR in breast carcinoma and liver fibrosis and then
affect disease progression (Liu X. et al, 2018; He et al,
2021), but whether these miRNAs are differentially expressed
in TB is still unclear. It has been reported that miRNAs
such as miR-92a-3p and miR-155 are highly expressed in
TB and have an impact on the occurrence of the disease
(Wu et al, 2012; Wang et al,, 2018), but much work still
remains to be done to clarify the mechanisms underlying
this phenomenon. Some studies have shown that miRNAs
play a vital role in the regulation of inflammatory cytokines
(Zumkehr et al., 2018; Ban et al., 2020; Zhang et al., 2021)
and that increased proinflammatory cytokine secretion by
PBMCs or macrophages stimulated by other known factors
can promote wound healing (Xie et al, 2021). Therefore,
we wanted to screen miRNAs and investigate whether
they meaningfully affect disease progression through known
inflammatory pathways in TB. To determine which miRNAs
can modulate the pathogenesis of TB and how they exert this
function, the screened miRNAs should meet two conditions:
first, they must be differentially expressed in TB. Second,
they should have some target gene with a close connection
to TB.

Macrophages have a variety of physiological functions,
including tissue repair, osteoclasts, antigen and antibody uptake,
phagocytosis, antimicrobial effects, and antigen presentation,
among others (Chistiakov et al, 2018). Macrophages have
plasticity and phenotypic heterogeneity, can be induced to
differentiate into M1 classical and M2 alternative activation
forms, and play important roles in promoting and inhibiting
inflammation in chronic inflammatory diseases (Parisi et al.,
2018). Generally, M1 macrophages appear in the earlier
stage of inflammation and can kill and remove pathogens
and damaged cells, while M2 macrophages promote the
regeneration and homeostasis of damaged tissues in the later
stage (Atri et al,, 2018; Zhou et al., 2019). Therefore, remodeling
macrophage polarization to regulate the inflammatory process
is considered a new prospective approach to treat inflammatory
diseases. Many determinant factors can stimulate and induce
macrophage polarization and shape macrophage phenotype
and function, including metabolism and microbial metabolites,
cellular metabolites, damaged cells, activated lymphocytes,
miRNAs, inflammatory cytokines, interferon regulator factors,
and epigenetic factors. Therefore, we chose to detect the
differential expression of miRNAs in macrophages for the study
of TB.

Vitamin D receptor pathway activation shows certain anti-
inflammatory effects. Research shows that the activation of
VDR signaling represses inflammation and transforms Kupffer
cells from a proinflammatory to an anti-inflammatory state
(Dong et al., 2020). Another study suggested that VDR signaling
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FIGURE 6

Vitamin D receptor (VDR) reverses miR-27a-3p and miR-30b-5p mediated inflammatory cytokine expression and macrophage differentiation.
(A) MiR-27a-3p, miR-30b-5p and negative control mimics were overexpressed in activated M1 macrophages. In addition, miR-27a-3p,
miR-30b-5p and negative control mimics together with VDR plasmids were transfected in another group. After 48 h, the levels of the cytokine
IL-1B in the activated M1 macrophages of both groups were measured. (B,C) The relative levels of IL-6, TNF-a in the activated M1 macrophages
of the VDR and negative control groups. (D) miR-27a-3p, miR-30b-5p and negative control mimics were overexpressed in PBMC M1
macrophages as a control group, while miR-27a-3p, miR-30b-5p and negative control mimics together with VDR plasmids were transfected
into the VDR-OE group. The proportion of PBMCs expressing CD64 (marker of M1 macrophages) and CD206 (marker of M2 macrophages)
were determined by flow cytometry. (E) The proportion of U-937 expressing CD64 and CD206 were determined by flow cytometry. (F) The
proportion of THP-1 expressing CD64 and CD206 were determined by flow cytometry. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
ns=not significant.
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An opposite trend of VDR and miRNA expression has been observed and VDR can inhibit the expression of NF-kB p65 in macrophages. (A) The
relative expression of VDR in PBMC—-derived M0, M1, and M2 macrophages significantly increased successively, as determined by gRT-PCR and
Western blot assay. (B) The relative expression of miR-27a-3p in PBMC-derived MO, M1, and M2 macrophages. Compared with MO
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macrophages. (C) Compared with MO macrophages, the relative expression of miR-30b-5p in M1 macrophages was also significantly increased,
but it also significantly decreased in M2 macrophages. (D) After overexpression of VDR in PBMC-derived M1 and M2 macrophages, the
expression of NF-kB p65 was measured by gRT-PCR and Western blot assay. Compared with the control group, the expression of NF-kB p65
was significantly decreased in M1 and M2 macrophages, which was opposite to the VDR expression trend. (E) After knocking down VDR
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The decrease of VDR activated NF-kB signaling pathway and increased the secretion of proinflammatory cytokines and simultaneously, induced
monocytes differentiation into M1 macrophages. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant.

induces macrophage differentiation and skews myelofibrosis levels of the IKK complex (Chen et al,

2013), which was

(Wakahashi et al.,, 2019). The NF-kB pathway is considered to
play a vital role in regulating inflammation. A study showed that
the activation of NF-kB promotes M1 macrophage polarization
and proinflammatory cytokine secretion, thereby promoting
inflammatory disease progression (Lv et al,, 2020). Research
shows that VDR blocks NF-kB activation by decreasing the
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confirmed in our study. Many miRNAs target VDR in a specific
manner. Through bioinformatics prediction and validation, we
identified VDR as the target gene of the two miRNAs in this
study. We also found that VDR could reverse the progression
of M1 macrophage polarization and proinflammatory cytokine
secretion induced by miRNAs.
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Therefore, in our study, we first screened miRNAs
differentially expressed in TB and then investigated the
function and mechanism of the identified miRNAs. Through
comparisons of TB patients and controls, high-throughput
sequencing and qRT-PCR were used to screen miR-27a-3p and
miR-30b-5p, which were expressed at significantly higher levels
in the TB group. Western blot experiments confirmed that the
two miRNAs significantly inhibited VDR protein expression
in differentiated macrophages but not in undifferentiated
macrophages. Further experiments showed that miR-27a-3p
or miR-30b-5p could significantly downregulate VDR mRNA
expression in activated M1 macrophages. The miR-27a-3p and
miR-30b-5p binding sites in the 3'UTR of VDR mRNA were
verified by dual-luciferase assays. More specifically, ELISA and
flow cytometry showed that the two miRNAs could promote
MI macrophage polarization and proinflammatory cytokine
secretion. Moreover, after VDR overexpression, macrophage
differentiation and proinflammatory cytokine secretion were
reversed to a certain extent. The above results suggest that miR-
27a-3p and miR-30b-5p induce M1 macrophage differentiation
and upregulate the expression of proinflammatory cytokines
by targeting VDR. Moreover, we found that the roles of these
miRNAs in TB were previously reported in two different studies
(Xin et al,, 2016; Liu F. et al., 2018). These two studies clearly
illustrated the important regulatory roles of these two miRNAs
in TB. However, the relationship of miR-27a-3p and miR-30b-
5p with VDR protein levels was studied here for the first
time.

In conclusion, this study identified miR-27a-3p and miR-
30b-5p in TB patients. Both miRNAs target VDR mRNA,
promote proinflammatory cytokine expression, and induce
the polarization of monocytes into M1 macrophages while
inhibiting the polarization of monocytes into M2 macrophages.
Therefore, we conclude that the high expression of these two
miRNAs is credibly related to the progression of TB.
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