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The rampant increase in drug-resistant tuberculosis (TB) remains a major challenge not
only for treatment management but also for diagnosis, as well as drug design and
development. Drug-resistant mycobacteria affect the quality of life owing to the delayed
diagnosis and require prolonged treatment with multiple and toxic drugs. The phenotypic
modulations defining the immune status of an individual during tuberculosis are well
established. The present study aims to explore the phenotypic changes of monocytes &
dendritic cells (DC) as well as their subsets across the TB disease spectrum, from latency
to drug-sensitive TB (DS-TB) and drug-resistant TB (DR-TB) using traditional
immunophenotypic analysis and by uniform manifold approximation and projection
(UMAP) analysis. Our results demonstrate changes in frequencies of monocytes
(classical, CD14**CD16", intermediate, CD14**CD16* and non-classical, CD14*"
CD16™") and dendritic cells (DC) (HLA-DR*CD11c™ myeloid DCs, cross-presenting
HLA-DR*CD14°CD141" myeloid DCs and HLA-DR*CD14 CD16°CD11¢c CD123"
plasmacytoid DCs) together with elevated Monocyte to Lymphocyte ratios (MLR)/
Neutrophil to Lymphocyte ratios (NLR) and alteration of cytokine levels between DS-TB
and DR-TB groups. UMAP analysis revealed significant differential expression of CD14™,
CD16*, CD86" and CD64" on monocytes and CD123* on DCs by the DR-TB group.
Thus, our study reveals differential monocyte and DC subset frequencies among the
various TB disease groups towards modulating the immune responses and will be helpful
to understand the pathogenicity driven by Mycobacterium tuberculosis.

Keywords: monocytes and dendritic cell subsets, drug-resistant TB (DR-TB), immunophenotyping, uniform

manifold approximation and projection (UMAP), TB immune responses, monocyte to lymphocyte ratio, neutrophil
to lymphocyte ratio
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INTRODUCTION

According to the global tuberculosis (TB) report, in 2021, about 10
million people developed TB which resulted in 1.3 million deaths.
Among these, India contributes about 2.64 million to TB incidence.
The end TB strategy emphasizes efforts directed at the development
and identification of new vaccines, diagnostic biomarkers and
therapeutic modalities. The emergence of rifampicin resistance
and multi-drug resistance is a major threat to humans and
requires expensive drugs and prolonged treatment (1).
Identification and treatment of latent TB (LTB) infection is
another challenge in TB research as 5 to 10% of latently infected
people are at risk of progressing to active TB; this risk depends on
host immunity that determines the fate of mycobacterium.

Analyzing immune cells through phenotypic and functional
characterization becomes crucial as they may represent the in-
vivo disease state and provide an understanding of the
unresolved immunopathology of the infection (2, 3). Among
various immune responses, monocytes transition to
macrophages that are frontline defenders, providing innate
defense against Mycobacterium tuberculosis (MTB) infection by
controlling their replication (4-7). Peripheral blood monocytes
broadly divide into three major subsets, classical, CD14""CD16,
intermediate, CD14"*CD16" and non-classical, CD14""CD16**
(8-10) with diverse functions (11, 12). During TB infection,
CD16 monocytes exhibit perturbation and are associated with
the disease severity (4, 13). Monocyte subsets also modulate their
cytokine production under infectious and non-infectious
conditions (4, 14). Numerous studies spotlighted circulating
monocytes and monocyte to lymphocyte ratio (MLR) are
better discriminators of latent infection from active TB and
describe the immune efficiency of an individual, TB disease
progression and the treatment outcome (15-21).

Monocytes can also fuel the adaptive immune response by
differentiating into dendritic cells (DC) (8). DCs respond to
mycobacteria by sensing their pathogen-associated molecular
patterns (PAMP) through toll-like receptors (TLR) and
migrate to and from lung tissue with altered subset phenotype
(22-25). Mycobacteria hinder the differentiation ability of
monocytes to DC (26) and their antigen presentation ability
(27). The blood DC phenotype may be linked with treatment
outcome, prolonged/complicated TB and the lymphocyte
response to infection (28).

In this study, we aimed to explore the blood phenotype of
individuals with the spectrum of TB infection from latency to
drug-sensitive and drug resistance exclusive of co-morbidities.
We demonstrated phenotypic differences of monocytes and DC
subsets across the study groups and highlighted the implication
of MLR as the potent marker for TB disease. In addition, we also

TABLE 1 | Demographics of the study population.

performed the uniform manifold approximation and projection
(UMAP) analysis to understand the differential expression of
blood (monocytes and DC) phenotypes. On UMAP analysis, we
observe that DR-TB has a different expression of monocyte and
DC markers compared to other study groups.

MATERIALS AND METHODS

Study Subject Recruitment and

Clinical Parameters

This study was approved by the Institutional Ethics Committee
(IEC) of the National Institute for Research in Tuberculosis
(NIRT, IEC 2015022), Chennai, India. Blood samples were
collected from 160 study participants in four groups inclusive
of healthy volunteers (n=40), latently infected individuals
(n=40), drug-sensitive pulmonary TB patients (n=40) and
multi drug-resistant patients (n=40) (Table 1). Individuals who
are asymptomatic for TB with no past TB history, normal chest
X-ray and found negative for Interferon Gamma Release Assay
(IGRA) are categorized as healthy controls (HC) (Group-1).
Individuals who are asymptomatic for TB with no past TB
history, normal chest X-ray and found positive for IGRA are
categorized as latent TB (LTB) (Group-2). Patients diagnosed
with pulmonary TB who are sensitive to TB first-line drugs with
typical clinical and/or radiological presentation, sputum
CBNAAT/smear and/or culture positivity for MTB are
categorized as DS-TB (Group-3). Patients identified as multi-
drug resistant by drug sensitivity test for first-line anti-TB
treatment drugs, such as Isoniazid and Rifampicin are
categorized as DR-TB (Group-4). All study participants were
recruited from in and around Chennai with the age ranges
between 18 years and below 55 years who had given written
informed consent. Heparinized blood was collected before the
commencement of anti-TB treatment (ATT). Individuals with
extra-pulmonary TB, viral infections (HIV, HBV & HCV),
diabetes, autoimmune conditions, psychiatric illness, those
receiving immunosuppressant drugs and those undergoing
anti-tuberculosis treatment were excluded from the study.

Hematology Profiling

A complete differential blood counting was performed using a
hematology analyzer (Mindray BC-5150). The ratio of monocytes
to lymphocytes (MLR) and neutrophils to lymphocytes (NLR) was
determined and compared among the four different study groups.

Cell Surface Marker Immunostaining
All the reagents and antibodies used in the study were procured
from BD Biosciences, BD Pharmingen and Lonza India PVT LTD.

Groups HC LTB DS-TB DR-TB
No. of subjects recruited 40 40 40 40
Gender (Male/Female) 20/20 18/22 28/12 32/8
Age (Median, IQR) 27 (12) 29 (14.5) 40 (19.25) 36 (24)
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Anti-human monoclonal antibodies used are CD3 FITC (clone:
HIT3a, BD), CD19 FITC (clone: HIB19, BD), CD56 FITC (clone:
B159, BD), CD2 FITC (clone: RPA-2.10, BD), HLA-DR PE Cy7
(clone: G46-6, BD), CD14 Per CP (clone: M$P9, BD), CD16 Pacific
Blue (clone: 3G8, BD), CD64 PE (clone: 10.1, BD), CD86 APC
(clone: 2331(FUN-1), BD), CD141 PE (clone: 1A4, BD), CD123
APC (clone: 7G3, BD) and CD11c Alexa Flour 700 (clone: B-ly6,
BD). Human whole blood (250 pl) was labelled with an antibody
cocktail specifically intended for characterizing monocyte and DC
phenotypes and FACS tubes were incubated for 30 minutes at 4°C.
Following antibody addition, erythrocyte lysis was performed by
adding BD FACS lysing solution (BD Biosciences) and incubated
for 10-20 minutes at room temperature. After lysis, cells were
subjected to wash twice with 2ml of 1X PBS and pelleted upon
centrifugation at 1200 rpm for 10 minutes. The final pellet was fixed
with 2% paraformaldehyde solution and stored at 4°C until
acquisition. Flow cytometry analysis was performed on eight
colour fluorescence FACS Canto II (BD, USA) flow cytometer
instrument using FACS DIVA software (version 6.0). One million
gated events were acquired and the data were analyzed by FlowJo
software (version 10.0.1) to determine the frequency of monocyte
and DC subsets. The monocyte population was identified as lineage
negative (CD2°CD3°CD19°CD567), HLA-DR" and HLA-
DR'CD16" cells. Subsets of monocytes were classified as classical,
CD14""CD16, intermediate, CD14""CD16" and non-classical,
CD14"°CD16" monocytes. DCs were identified as lineage
negative (CD3°CD19°CD567), HLA-DR", CD14™ and CD16 cells.
DCs are gated as HLA-DR'CD11c¢" myeloid DCs (mDC), cross-
presenting HLA-DR"CD14 CD141" mDCs and HLA-DR'CD14°
CD16 CD11¢’ CD123" plasmacytoid DCs (pDC).

Dimensionality Reduction by UMAP

UMAP (nonlinear, dimension reduction) analysis was
performed (n=40, 10 individuals in each [DR-TB, DS-TB, LTB,
HC] group) with the help of FlowJo plugins available in Flow]oTM
3 (version 10, [TreeStar, Ashland, OR]) software. We down-
sampled 10000 cells (from each sample) of HLA-DR", CD16"
monocytes and HLA-DR" DCs for the concatenation and
performed the UMAP analysis using default parameters. The
significance of the mean fluorescent intensity (MFI) values on
UMAP analysis between the study groups was determined using
the chi-square test.

Circulating Levels of Cytokines

Plasma from all the blood samples was separated and stored at
-20°C. Plasma samples were thawed and circulating cytokines
TNFo, IL-6, IL-2, IL-1f3 and IL-10 were measured by ELISA kit
(DuoSet) from R&D systems, according to the protocol as per the
manufacturer’s instructions. The data were analyzed by SoftMax
Pro software and the cytokine concentration (picograms/
milliliter) was interpolated using standards plotted in the
curve fit.

Statistical Analysis

All the data were analyzed by non-parametric Kruskal Wallis test
using graph pad prism software (Version 8). p-value less than
0.05 is considered statistically significant and the level of

significance is denoted as * [p<0.01(*); p<0.001(**); and
p<0.0001(***)].

RESULTS

Elevated Hematological Features
(Monocyte Numbers, MLR and NLR) and
Their Implication to for Clinical Severity
Hematological features such as monocyte numbers, MLR and NLR
are represented in Figure 1. Figure 1A, B show a significant
elevation of MLR and NLR (p<0.0001) along with specificity,
sensitivity, likelihood ratio and area under curve (AUC) value
(>0.9) among DS-TB and DR-TB groups compared to HC and
LTB groups. The MLR cutoff >0.245 for HC vs DS-TB (sensitivity
82.5%, specificity 97.5% and likelihood ratio 33) and HC vs DR-TB
(sensitivity 85.37%, specificity 97.5% and likelihood ratio 34.15) and
NLR cutoft >2.790 for HC vs DR-TB (sensitivity 85.37%, specificity
97.5% and likelihood ratio 34.15) yielded maximum likelihood ratio
and better discriminating specificity.

Altered Monocyte Subsets Frequencies
Associated With DS-TB and

DR-TB Groups

The gating strategy for monocytes and their subsets were defined
based on cell surface expression of HLA-DR, CD14 and CD16
markers (Figure 2). We displayed the modulated frequencies of
monocyte subsets among HC, LTB, DS-TB and DR-TB groups
(Figure 3). We show significant differences in the DS-TB group
with a diminished classical monocyte subset (Figure 3A)
compared to the LTB group. Similarly, we show elevated
intermediate monocytes in DS-TB compared to LTB and HCs
(Figure 3B). Additionally, we delineate the elevated intermediate
subset in DR-TB compared to the LTB group (Figure 3B).
Finally, we did not observe any significant difference in the
non-classical subset among the study groups (Figure 3C).

Altered DC Frequencies Associated With
DS-TB and DR-TB Groups

Figure 4 represents the gating strategy for DC and their subsets.
They were defined based on cell surface expression of HLA-DR,
CDl1c, CD123, CD141, CD14 and CD16 markers. We displayed the
frequencies of DC subsets among HC, LTB, DS-TB and DR-TB
groups (Figure 5). We delineate that HLA-DR'CD11c¢" mDC
frequencies were significantly elevated in DS-TB compared to HCs
and DR-TB group but not with the LTB group (Figure 5A). We
show both DS-TB and DR-TB groups associated with significantly
diminished frequencies of cross-presenting HLA-DR'CD14 CD141"*
mDCs (Figure 5B) and HLA-DR'CD14 CD16 CD11¢ CD123"
pDCs (Figure 5C) compared to HC and/or LTB groups.

High Dimensionality Reduction Analysis of
Monocytes Subsets by UMAP Analysis

The expression of monocyte (CD14, CD16, CD64, CD86, HLA-
DR), markers of DR-TB, DS-TB, LTB and HC individuals are
represented in Supplementary Figure 1. Figure 6A represents
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FIGURE 1 | Cell number distribution of monocyte to lymphocyte ratio (MLR) (A) and neutrophil (NLR) to lymphocyte ratio (B) among four groups with ROC curves.
The significance level with their p values are mentioned in the graph. Highly significant ones are mentioned as **** where p=<0.0001.

250K
Lineage Negative
200K
I 150K
(6]
(2]
(]
100K "]
50K ]
0
T T ™ i, | TV T
0 " 4 j 5
CD3+CD19+CD56+CD2
b j CD14+ CD16+
©
[=]
o

250K "] 250K 7]
Single Cells
200K ] 200K 7]
I 150K"] T 150K"]
& &
oW W
W w
100K "] 100K "]
50K ] 50K
04 0
T T T T T
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K
FSC-H FSC-A
105- 105.
E : -DR+ +
Non-classical E HLA-DR+CD16
10°4
2 intermediat N
o
o o 3
1073
@ 1
E Classical 3
-10%4 10°3
LUARLARAL | RARLAMK | T L} + T T A §
w0 10t 10 RIS ETS w10
cD14 HLA-DR
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negative cells by excluding T cells, B cells and NK cells by CD2, CD3, CD19 and CD56 markers. Total monocytes were gated using CD14 and CD16 surface
expression. HLA-DR+ and CD16+ cells were gated to obtain the pure monocyte population which were further gated using CD14 and CD16 surface markers to
distinguish classical (HLADR*CD14**CD16"), intermediate (HLADR*CD14**CD16") and non-classical (HLADR*CD14*"CD16*) monocytes.

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 892701


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Sampath et al.

Modulated Monocyte Subsets Among TB-Infected Individuals

Monocyte Subsets
A B c
1000 7 p=0.0004
*%k%
p=0.0007 p=<0.0001
k% *kkk
100 ' 53] ’ * p=0.0072
§ .¢(
) ° L
g, .
o ° ;
w ® ® :
14 ®
g ) ° 4
° ® °
0.1 T T T T T o . . . ® T T
HC LTB DS-TB DR-TB HC LTB DS-TB DR-TB HC LTB DS-TB DR-TB
85.82+0.78 88.54+1.13 81.04+1.57 86.4010.96 |4.86+0.53 2.8910.42 7.62+0.69 5.58+0.49 | 8.61+0.61 7.46+0.91 10.5+1.27 7.46+0.89
Classical Monocytes Intermediate Monocytes Non-classical Monocytes
CD14++ CD16- CD14++ CD16+ CD14+/- CD16++

FIGURE 3 | Frequency distribution of monocyte subsets; Classical monocytes (A), Intermediate monocytes (B) and Non-classical monocytes (C).

ungated monocyte markers expression of DR-TB, DS-TB, LTB
and HC individuals on UMAP plot. As shown in Figure 6B-E,
DR-TB group was associated with significant differential
expression of CD14, CD16, CD64, CD86 and HLA-DR

markers compared to DS-TB, LTB and HC groups. Finally, we
also depicted the merged expression of CD14, CD16, HLA-DR,
CD64 and CD86 markers between the four study
groups (Figure 6F).
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Lineage negative cells were identified with the help of dump gate by excluding T cells, B cells and NK cells using CD3, CD19 and CD56 markers. HLA-DR+ were
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CD123"plasmacytoid DCs (pDC).
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among four groups. p value less than 0.05 is considered as statistically significant and the level of significance denoted as * [p<0.01(*); p<0.001(**); and p<0.0001
(***)]. The significance level with their p values are mentioned in the graph. Highly significant ones are mentioned as **** where p=<0.0001.

High Dimensionality Reduction Analysis of

DC Subsets by UMAP Analysis

The expression of DC (CD1lc, CD123, CD141, HLA-DR)
markers of DR-TB, DS-TB, LTB and HC individuals are
represented in Supplementary Figure 2. We represented
(Figure 7A) overall ungated DC markers expression in DR-TB,
DS-TB, LTB and HC individuals on UMAP plot. As shown in
Figures 7B-E, DR-TB group associated with significantly
different expression of CD141" marker compared to DS-TB,
LTB and HC individuals. In contrast, three different (DR-TB,
DS-TB and LTB) diseased groups have significant diverse
expression of CD11c¢*, HLA-DR" and CD123" markers
compared to HC individuals (Figures 7B-E). We also
displayed the merged expression of CD11c, HLA-DR, CD123
and CD141 markers between the study individuals (Figure 7).

Circulating Levels of Pro/Anti-
Inflammatory Cytokines

The circulating levels of pro (TNFa, IL-1f, IL-6 and IL-2) and
anti-inflammatory (IL-10) cytokines were represented in
Figures 8A-E. We show the marked differences in DS-TB and
DR-TB groups with elevated pro-inflammatory IL-6 (Figure 8C)
and decreased anti-inflammatory IL-10 (Figure 8E) levels
compared to HC and LTB groups. Similarly, IL-2 levels was
signifcantly reduced in DS-TB compared to LTB alone
(Figure 8D). Finally, we did not observe any notable
differences among other pro-inflammatory cytokines (TNFo
and IL-1PB) between the study groups.

DISCUSSION

The growing evidence of the altered phenotypic profile of immune cells
during TB (4, 13, 28, 29) intrigued us towards exploring the monocyte
and DC phenotypes across the TB disease spectrum from latency to
drug sensitivity and drug resistance conditions. Through this, we
obtained a holistic picture of condition-specific changes at one-time
point before treatment initiation. The predefined changes with respect
to altered monocyte (decreased classical, increased intermediate) (4,
30) and DC subsets (decreased cross-presenting myeloid and
plasmacytoid DC) (28, 31), elevated MLR/NLR (15-19) and altered
cytokine profile (increased IL-6) (32, 33) in TB groups compared to the
healthy group are in conjunction with published studies.

During MTB infection, there is a shift in the subset
distribution of monocyte and DC thereby they are successful
in evading the host innate and adaptive immune responses.
Upon MTB stimuli, the classical monocyte subset migrates
faster to the infection site and differentiates into intermediate
and non-classical subsets by acquiring CD16 expression. This
might attribute to the possible drop in the CD14 positive classical
subset and the rise in the CD16 positive intermediate subset (but
not with the non-classical subset in our data) during TB disease.
Accumulation of CD16 positive subset in periphery attributes
inflammation, MTB dissemination and severity as these cells are
more permissive for MTB growth and replication (14). In
addition, the expanded CD16 monocytes are associated with
impaired dendritic cell differentiation (26) thus leading to fall in
the DC population and linked to hindered antigen presentation
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with inefficient priming of CD4 T cells and IFN mediated killing
(31). Also, the accumulation of DCs in tuberculous granuloma
could be the other potential reason for their loss in the peripheral
blood (34). Thus, the adaptive immunity is disoriented as the
total lymphocyte count is reduced which is well observed with
the elevated MLR/NLR defining the TB progression and severity
(15-19).

Perplexed immune cells alter their balanced secretion of pro-
and anti-inflammatory cytokines. Bifunctional IL-6 and their
increased levels in the DS-TB and DR-TB groups at baseline are
often associated with smear grade, bacterial load, radiological
severity, and unfavourable outcomes (32, 33). This pleiotropic
IL-6 cytokine could inhibit the production of TNFf and IL-1P
(35) and therefore their higher levels reduced IL-1f levels in
diseased groups though statistically not significant. The
expression of other pro-inflammatory cytokines (TNF-o. and
IL-2) are different from the existing studies (36-39). The reduced
IL-10 levels in TB groups are quite contrary to the reported
studies (40-42) and were associated with greater pathogen
clearance; however, loss of immunity was observed during re-
infection. This observation clearly explains reduced IL-10 levels
are a key factor in preserving the effector memory populations
through an unknown mechanism (43). The above observations
from our study and their differences to the existing studies might
be limited due to the smaller sample size in the cytokine analysis.

The observed differential frequencies of monocyte and DC
subsets in the DR-TB group are trivial and statistically not
significant when compared to DS-TB. However, an enhanced
disease-mediated activation within intermediate monocyte subsets
of DR-TB was noticed through higher mean fluorescence intensity
(MFI) values of HLA-DR and CD86 markers (data not shown). In
addition, with the high-dimensional approach, the DR-TB group
stands out with distinctly different expressions of monocyte (CD16,
HLA-DR, CD64 and CD86) and DC (CDI123) markers. This
indicates their inherent inability in activating the balanced innate
and adaptive immunity to fight against TB infection. The possible
reason behind these minimal differences may be due to (i) true
reflection of drug resistance condition as the intrinsic component
for resistance is pathogen-attributed and not host-specific, or (ii)
drug-imposed normalcy (similar to HC group expression) as most
of the samples are drug acquired resistance, and or (iii) smaller
sample size and cross-sectional study design. From our observation,
it was much evident that better discrimination between DR-TB and
DS-TB was not possible with immunophenotyping of monocyte
and DC subsets along with circulating cytokines. This can be
resolved with further high-throughput approaches such as single-
cell transcriptomics, miRNA regulation, and epigenetic modulation.
These approaches can reveal the pathophysiological behavior of
these subsets and their dysregulated mechanisms that would be
helpful to formulate personalized host-directed therapeutic
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approaches. Multiplex assays on cell-specific immunological
analytes such as cytokines, chemokines, lipid mediators,
eicosanoids, and exosomes would provide a better understanding
of disease-mediated inflammation and dissemination. To move
forward, a longitudinal and multifactorial approach with different
samples (bronchial lavage fluid and animal lung tissues) and
subgroups (drug acquired and primary resistance) in addition to
blood may provide information on lung phenomena with respect
to disease risk, remission, and relapse. Exploring further
on intermediate monocyte subset and DC subsets both
phenotypically and functionally can be helpful to understand the
host immune system among DR-TB patients.
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