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Abstract: A granuloma, a pathologic hallmark of tuberculosis (TB), is a complex cellular structure
that develops at the site of Mycobacterium tuberculosis (Mtb) infection and is comprised of different
immune cell types. Severe pulmonary TB in humans is characterized by the presence of heteroge-
neous granulomas, ranging from highly cellular to solid/non-necrotic and necrotic lesions, within
the lungs. The host-Mtb interactions within the granulomas dictate the containment of Mtb infection
or its progression into a necrotic, cavitary disease. However, the immune environment in various
granulomas is poorly understood. The myeloid-derived suppressor cells (MDSCs) are key immune
cells that regulate the protective versus permissive host responses against Mtb infection. How-
ever, their contexture within the lung granulomas remains unclear. In this study, using single and
multiplex immunohistochemical staining, we analyzed the distribution of MDSCs, macrophages,
CD4+ T cells and their immunometabolic and effector function states in the solid/non-necrotic and
necrotic granulomas in patients with active pulmonary TB. We found increased MDSCs with elevated
expression of immunosuppressive molecules in the solid/non-necrotic granulomas. In contrast, cells
in the solid and necrotic granulomas produced similar levels of IL-6 and IL-10. Our findings suggest
that MDSCs are present in solid/non-necrotic granuloma, which may play an essential role in the
progression into a necrotic lesion, thus exacerbating disease pathology and transmission.
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1. Introduction

Tuberculosis (TB) has been a leading cause of mortality and morbidity around the
globe for decades. Mycobacterium tuberculosis (Mtb), the etiological agent of TB, infected
approximately 10 million people and caused 1.5 million deaths in 2019 [1]. Following
inhalation into the lungs, Mtb interacts with phagocytes, which elicit an immune response
to recruit more leukocytes to the site of infection to eliminate the pathogen [2]. The recruit-
ment and retention of immune cells, including monocytes, dendritic cells, granulocytes,
and lymphocytes from the blood to the site of infection, leads to the formation of gran-
uloma, a hallmark in TB pathology [3–5]. Within the granuloma, complex and intricate
host-pathogen interactions regulate the outcome of Mtb infection as a progressive disease
or transform the infection into an asymptomatic latency [6–8].

In humans and some animal models (e.g., rabbits and nonhuman primates), pul-
monary Mtb infection results in a spectrum of granulomas, ranging from highly cel-
lular to necrotic lesions within the same lung [8,9]. Histologically, solid/non-necrotic
granulomas contain “caseum,” a cheese-like material derived from the necrosis of Mtb-
infected macrophages and monocytes. This acellular region is surrounded by epithe-
lioid macrophages and a lymphocytic cuff consisting of B and T lymphocytes. In a non-
progressive or a latent Mtb infection, these solid/non-necrotic granulomas are calcified at
the caseous center and become fibrotic nodules [10,11]. However, during the progression
of the disease, some solid/non-necrotic granulomas develop cavitation (necrotic granu-
loma), which flows into the airways and enables the expulsion of caseum contents in the
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form of sputum, with abundant Mtb, thereby facilitating bacterial dissemination and the
transmission of infection [10,11].

One of the host mechanisms to counteract the excessive inflammation caused by Mtb
infection is the recruitment, differentiation and expansion of immunosuppressive cells,
such as myeloid-derived suppressor cells (MDSCs) [12]. MDSCs are a heterogeneous
population of phagocytic myeloid cells, which fail to undergo terminal differentiation to
mature monocytes or neutrophils before being released into the circulation12. In hyper-
inflammatory conditions, such as Mtb infection, MDSCs actively suppress the host immune
activation mediated by innate natural killer (NK) cells as well as CD4+ and CD8+ T
lymphocytes, in both an antigen-specific and non-specific manner [13–15]. However, the
topologic analysis of MDSCs and their functional/activation state in solid/non-necrotic
and necrotic lesions of human TB granulomas is not fully understood.

In this study, using single and multiplex immunohistochemical techniques, we an-
alyzed the distribution of immune cells, specifically MDSCs, macrophages, CD4+ lym-
phocytes and their immunometabolic and functional status in the solid/non-necrotic
and necrotic granulomas isolated from patients with active pulmonary TB. We applied
a sequential hybridization procedure for multiplexing with different target antibodies,
followed by an immunofluorescence imaging analysis. We observed more MDSCs and an
increased presence of inducible nitric oxide synthase (iNOS or NOS2), arginase-1 (ARG1),
and hypoxia-inducible factor 1-alpha (HIF-1α) in the solid/non-necrotic granulomas. In
contrast, the level of IL-6 and IL-10 production was similar in both types of granulomas.
Thus, our study highlights the complex immune environment in two different types of
lung granulomas in human TB patients.

2. Materials and Methods
2.1. Tissue Samples and Ethics

Lung sections of active pulmonary TB cases (n = 33) were obtained as tissue biopsy
samples through a biobank (US Biomax, Inc., Rockville, MD, USA). Both the disease status
and its severity were confirmed by the clinical symptoms, radiology, and acid-fast bacilli in
the patient samples (Figure S1). One granuloma from 33 TB cases, and four control, non-TB
lung sections were collected for this study. Of the 33 lung TB granulomas, 7 were of a solid
(cellular) type, and 26 were necrotic lesions as confirmed by the gross morphology and a
microscopic analysis of H&E stained sections (Figure S1, Table S1). This study complied
with the Helsinki Declaration and was approved by the Institutional Review Board (IRB)
of Rutgers University, New Jersey, USA (Protocol#: Pro2021001092).

2.2. Chemicals and Antibodies

Unless specified otherwise, all chemicals and reagents were purchased from Sigma-
Aldrich, St. Louis, MO, USA. Antibodies used against IBA1 (cat no. ab5076), CD11b (cat
no. ab8878) and Calprotectin (a.k.a. S100A8/A9) (cat no. ab22506) were purchased from
(Abcam, Waltham, MA, USA), CD33 (cat no. sc19660), CD15 (cat no. sc-19649), ARG1 and
NOS2 (cat no. sc-7271) (Santa Cruz Biotechnology, Dallas, TX, USA), HIF-1α (cat no. MA5-
160048) Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), IL-6 (cat no. MAB206)
and IL-10 (cat no. AF-217-NA) (R& D Systems Inc, Minneapolis, MN, USA) and CD4 from
(cat no. NBP1-19371AF647) Novus Biologicals, Centennial, CO, USA). The corresponding
secondary antibodies including the anti-mouse (cat no. ab150113 or ab136127), anti-goat
(cat no. ab 150129) and anti-rat (cat no. ab150165) antibodies were purchased from Abcam,
Waltham, MA, USA.

2.3. Single and Multiplex Immunohistochemistry

The FFPE tissue sections were deparaffinized by dipping them twice in xylene for
5 min, followed by rehydration through washing them in graded ethanol (10 min each
wash in absolute ethanol, followed by 95% and 70% ethanol) for 10 min. Then the tissue
sections were kept in a citrate buffer at 90 ◦C for 40 min to retrieve the antigen. After antigen



J. Respir. 2021, 1 250

retrieval, the tissues were washed with distilled water and blocked with a 5% bovine serum
albumin (BSA) in 1× PBS. An antibody was prepared in 5% BSA at 1:1000 dilution, applied
to the tissue section, and incubated overnight at 4 ◦C. The tissue sections were washed
with 1× PBS and a fluorophore-tagged secondary antibody, prepared at 1:2000 dilution in
5% BSA, added to the tissue section and incubated at room temperature for 1h. Finally, a
TrueBlack Lipofuschin autofluorescence quencher (Biotium Inc, Fremont, CA, USA) was
applied to the tissue sections and mounted. The slides were stripped from the first target
antibody for multiplex staining through treatment with a stripping buffer (62.5 mM Tris-
HCl pH 6.7 + 2% SDS, 100 mM 2-ME) at 65 ◦C for 30 min and was washed 10 times in
fresh 1× PBS for 1 h and used for sequential immunostaining. The slides were analyzed
through microscopy to confirm the complete removal of the antibody from the first round
before reprobing with a second target antibody. Up to 3 rounds of staining/stripping were
performed to image three target marker expressions on the same sections. The following
pair of antibodies were used in multiplex imaging: CD11b and CD33; CD4 and IBA1;
IL-6 and IL-10. All other antibodies (CD15, S100A8/A9, NOS2, ARG1, and HIF-1α) were
used as singleplex imaging due to compatibility issues with secondary antibodies and/or
detection fluorophores (i.e., if two or more primary antibodies were generated in the same
host animal species, they could not be used together, unless they were conjugated with
different fluorophores).

2.4. Imaging and Analysis

Images were acquired using an Axiovert 200M inverted fluorescence microscope
(Zeiss, Oberkochen, Germany) using a 20× objective or 63× oil-immersion objective and
a Prime sCMOS camera (Photometrics, Tucson, A2) controlled by Metamorph image
acquisition software (Molecular Devices, San Jose, CA, USA). To enumerate the various
cell types in the granulomas, a computer algorithm, that was developed in MatLab and
measures signal intensities from immunostained tissue sections was used [16]. A total
of 6926 cells in the control samples (n = 3), 12,765 cells in the solid/non-necrotic (n = 6)
granulomas, and 46,282 cells in the necrotic (n = 18) granulomas were counted across
several fields at 200× the original magnification, across each lesion and were then pooled
into their respective groups (i.e., control, solid/solid/non-necrotic or necrotic lesions) for
analysis. The number of cells positive for a marker was normalized to the total number of
cells in each field (40–50 fields analyzed per sample).

2.5. Statistical Analysis

GraphPad Prism-8 (GraphPad Software, San Diego, CA, USA) was used for the
statistical analysis of data. A one-way ANOVA with Tukey’s multi-group comparison was
used to determine the differences between the study groups. All p values of <0.05 were
considered statistically significant.

3. Results
3.1. MDSCs Are Predominantly Present in Solid/Non-Necrotic Granulomas

We applied multiple cell markers in either a single or multiplex format to identify
various myeloid cell populations and their functional status in the solid/non-necrotic and
necrotic lung TB granulomas and compared them to the uninfected control sections. In
these granulomas, the host cells immediately surrounding the central solid/non-necrotic
region or around the necrotic area Figure S1 were used to analyze the expression of
target markers.

Human MDSCs are comprised of monocytic (M-MDSC) and polymorphonuclear
(PMN-MDSC) subtypes in the peripheral blood, and they bear the phenotype CD11b +

CD14 + CD15− (M-MDSC) and CD11b + CD14−CD15+ (PMN-MDSC) [17,18]. To analyze
the presence of both M- and PMN-MDSCs in human lung granulomatous regions, we
used cell surface markers CD11b, CD33 as displayed in Figure 1A. We observed signifi-
cantly greater levels of CD11b and CD33 expressing cells in the solid/non-necrotic lesions,
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compared to necrotic granulomas Figure 1B,C. Furthermore, a co-localization of CD11b
and CD33 was observed in many cells, suggesting them to be MDSCs as presented in
Figure 1. Although the necrotic granulomas showed an increased expression of these
markers, the expression level was comparable to the uninfected/control samples. Next,
we determined CD15 and S100A8/A9-expressing cells (Figure 2A) and quantified their
distribution Figure 2B,C). Similar to both CD11b and CD33, we observed significantly
greater CD15 and S100A8/A9-expressing cells in the solid/non-necrotic lesions, compared
to necrotic granulomas. These observations suggest the abundant presence of MDSCs
in the solid/non-necrotic cellular granulomas. A further characterization of the immune
cells in the granulomas using antibodies against activated macrophages (IBA1) [19], and
CD4-positive lymphocytes as presented in Figure 2 showed a significantly high infiltration
of both these immune cell types in the solid/non-necrotic granulomas compared to the
necrotic samples (Figure 2D,E).
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Figure 1. Multiplex immunostaining and imaging of human granulomas with MDSCs markers. (A) Representative images
showing the of expression of MDSC markers CD11b (green spots) and CD33 (red spots) as well as their co-localization
(brown spots) in lung tissues corresponding to control, solid/solid/non-necrotic and necrotic granulomas. Host cell nucleus
is stained blue with DAPI. Scale bar in “Merged” panel (50 microns) is common for all the images. (B) Proportion of cells
positive for CD11b relative to the total number of cells in the field in control, solid/solid/non-necrotic granulomas and
necrotic granulomas. (C) Proportion of cells positive for CD33 in control, solid/solid/non-necrotic granulomas and necrotic
granulomas. Data plotted in (B,C) are mean and standard error mean (SEM) of n = 3 (control); n = 5 (solid lesion) and n = 18
(necrotic lesion). Data were analyzed by One-way ANOVA with Tukey’s post-hoc correction for multiple group comparison;
** p < 0.01.
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Figure 2. Distribution of CD15, S100A8/A9, CD4 and IBA1 positive immune cells in human lung TB granulomas.
(A) Representative images singleplex (CD15 and S100A8/A9; red spots) and multiplex (CD4; green spots and IBA1;
red spots) immunostaining of control, solid/non-necrotic and necrotic granulomas. Host cell nucleus is stained blue with
DAPI. Scale bar in S100A8/A9 panel (50 microns) is common for CD15 and S100A8/A9 images. Scale bar in the IBA1 panel
(50 microns) is common for CD4 and IBA1 images. (B) Distribution of CD15 positive cells (including MDSCs) relative to the
total number of cells in the field in control, solid/non-necrotic granulomas and necrotic granulomas. (C) Distribution of
S100A8/A9 positive cells (mainly neutrophils) relative to the total number of cells in the field in control, solid/non-necrotic
granulomas and necrotic granulomas. (D) Distribution of CD4 positive T-cells relative to the total number of cells in the
field in control, solid/non-necrotic granulomas and necrotic granulomas. (E) Distribution of IBA1 positive cells (activated
macrophages) relative to the total number of cells in the field in control, solid/non-necrotic granulomas and necrotic
granulomas. Data plotted in (B–E) are mean and standard error mean (SEM) of n = 3 (control); n = 5 (solid lesion) and n = 18
(necrotic lesion). Data were analyzed by One-way ANOVA with Tukey’s post-hoc correction for multiple group comparison;
* p < 0.05; ** p < 0.01; *** p < 0.005.
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3.2. MDSCs Elicit Their Immunosuppressive Function through an Induced Expression of NOS2,
ARG1 and HIF-1α in Solid/Non-necrotic Granulomas

The suppressive activity of MDSCs is associated with the metabolism of L-arginine,
which serves as a substrate for the following two enzymes: inducible nitric oxide synthase
(iNOS or NOS2), which generates NO, and arginase, encoded by ARG1, which converts
L-arginine into urea and L-ornithine. A high expression of both of these enzymes has been
reported in MDSCs during Mtb infection [20,21]. We therefore tested the expression of
NOS2 and ARG1 in the lung TB granulomas, shown in Figure 3. We found a significantly
higher expression of NOS2 (Figure 3B) and ARG1, shown in Figure 3C, in the cellular
granulomas compared to the necrotic lesion and control samples. These observations were
consistent with the increased number of MDSCs present in the solid/non-necrotic cellular
granulomas and supported by previous reports [20,22].
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immunostaining of control, solid/non-necrotic and necrotic granulomas showing the expression pattern of inducible nitric
oxide (NOS2; green spots), arginase (ARG1; red spots) and hypoxia-inducible factor-1alpha (HIF-1α; fuchsia red spots).
Host cell nucleus is stained blue with DAPI. Scale bar in ARG1 panel is 50 microns. Scale bar in HIF-1α panel (50 microns)
is shared for NOS2 and HIF-1α images. (B) Distribution of NOS2 positive cells relative to the total number of cells in the
field in control, solid/non-necrotic granulomas and necrotic granulomas. (C) Distribution of ARG1 positive cells relative to
the total number of cells in the field in control, solid/non-necrotic granulomas and necrotic granulomas. (D) Distribution of
HIF-1α positive cells relative to the total number of cells in the field in control, solid/non-necrotic granulomas and necrotic
granulomas. Data plotted in (B–E) are mean and standard error mean (SEM) of n = 3 (control); n = 5 (solid lesion) and
n = 18 (necrotic lesion). Data were analyzed by One-way ANOVA with Tukey’s post-hoc correction for a multiple group
comparison; * p < 0.05; *** p < 0.005.
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Hypoxia-inducible factor-1a (HIF-1α) is a transcription factor that induces the ex-
pression of genes involved in several cellular functions, including cell survival, apoptosis,
glucose metabolism, and pH regulation under hypoxic conditions [23]. HIF-1α also me-
diates the transition of immune cells from a proinflammatory to an immunosuppressive
phenotype while maintaining antimicrobial and protective functions during sepsis [24].
HIF-1α has been demonstrated to promote the immunosuppressive properties of MDSCs
and the recruitment of Treg cells to tumor sites [25]. This prompted us to investigate the cell
population expressing HIF-1α in the TB lung granulomas, demonstrated in Figure 3. We
observed a significantly higher expression of HIF-1α in the cellular granulomas compared
to necrotic granulomas and the control samples presented in Figure 3D.

3.3. Solid/Non-Necrotic and Necrotic Granulomas Produce Similar Levels of IL-6 and IL-10

IL-6 promotes the proliferation of MDSCs, which exert an immunosuppressive effect
by inducing regulatory T-cells (Treg) through an elevated IL-10 production [15,26]. To
determine the expression of these two cytokines in TB lung granulomas, we probed the
lung sections with antibodies specific to IL-6 or IL-10 (Figure 4). Compared to the controls, a
significantly higher expression of IL-6 (Figure 4B) and IL-10 (Figure 4C) in both solid/non-
necrotic and necrotic lung TB granulomas were observed. However, the difference in
the IL-6 and IL-10 expression between solid/non-necrotic and necrotic granulomas was
not statistically significant. These observations suggest that although solid/non-necrotic
cellular granulomas contained significantly more MDSCs, macrophages and CD+ T cells
relative to necrotic lesions, the immune cells in the latter type of granulomas produced
more IL-6 and IL-10.
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Figure 4. Multiplex immunostaining and imaging of IL-6 and IL-10 expressing cells in human
granulomas. (A) Graphical representation of the expression of IL-6 (green spots) and IL-10 (red spots)
as well as their co-localization (brown spots) in lung tissues corresponding to control, solid/non-
necrotic and necrotic granulomas determined by immunofluorescence. Host cell nucleus is stained
blue with DAPI. Scale bar (50 microns) is common for all the images. (B) Cells positive for IL-6
relative to the total number of cells in the field in control, solid/non-necrotic granulomas and necrotic
granulomas. (C) Cells positive for IL-10 relative to the total number of cells in the field in the
control and solid/non-necrotic granulomas and necrotic granulomas. Data plotted in (B,C) are mean
and standard error mean (SEM) of n = 3 (control); n = 5 (solid lesion) and n = 18 (necrotic lesion).
Data were analyzed by One-way ANOVA with Tukey’s post-hoc correction for a multiple group
comparison; ** p < 0.01.
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4. Discussion

Studies on the immune environment of various lung granulomas are essential for a
complete understanding of the host-pathogen interactions and the disease progression
during Mtb infection. While in most Mtb-infected individuals, the infection is successfully
controlled or overcome, it sometimes progresses to a cavitary TB disease due to the ability
of Mtb to evade host-protective immune responses and/or weakened host immunity. Some
of the strategies used by Mtb to establish the disease in the infected host include the preven-
tion of phagolysosome fusion in phagocytes, the preferential usage of endocytic pathways
to access innate immune cells, which bypass traditional phagocytic antimicrobial pathways,
and exploiting other host immune functions, including regulatory cell types [27,28]. The
role of regulatory T cells (Treg) in preventing immunopathology during chronic infections
or inflammatory conditions has been previously reported [27,28]. Recently, the role of a
specific population of myeloid regulatory cells (MRC), known as myeloid-derived suppres-
sor cells (MDSC), that act as an essential innate immune checkpoint regulator providing
suppressive effects on the host’s immune response, have been reported to perform a role in
TB pathogenesis [12,13].

This study analyzed the distribution of MDSCs and their expression of effector mark-
ers in two types of granulomas (i.e., solid/non-necrotic and necrotic) in the lungs of patients
with pulmonary TB. To characterize the various immune cell types in the granulomas, we
used antibodies against the cell markers (CD11b, CD33, CD15, S100A8/A9, IBA1 and CD4).
We observed a marked heterogeneous distribution of myeloid cells (CD11b), macrophages
(CD33), MDSCs (CD11b, CD15 and CD33 combined), and neutrophils (S100A8/A9 or
Calprotectin) across the granulomas, with solid/non-necrotic granulomas possessing rela-
tively higher proportion of these cells, as compared to the necrotic granulomas (Figure S2).
We further determined the propensity of the immuno-metabolic components of cells across
the granulomas, using a panel of antibodies targeting against the markers (HIF-1α, NOS2,
ARG1), to characterize and quantify metabolically active cells. We observed a signifi-
cantly higher proportion of the cells in the solid/non-necrotic granulomas to be activated
metabolically, expressing an increased number of HIF-1α, NOS2 and ARG1 positive cells,
as compared to the necrotic granulomas. However, the production of IL-6 and IL-10 did
not differ significantly between the two types of granulomas.

Our findings suggest that solid/non-necrotic granulomas contain more MDSCs com-
pared to necrotic granulomas. The solid/non-necrotic granulomas in pulmonary TB
patients and the nonhuman primates and rabbit models of Mtb infections are hypoxic
in nature [29,30]. Accordingly, our observations support the hypothesis that the hypoxic
environment in the solid/non-necrotic granulomas induces the proliferation of MDSCs
at these sites, and HIF-1α, a highly effective regulator of the immunometabolism in this
environment, plays a significant role in promoting MDSC proliferation. Recently, it was
reported that both the M-MDSCs and PMN-MDSCs expand systemically in mice primed
with Mtb as part of complete a Freund’s adjuvant (CFA) [12,31]. CFA is constituted of
paraffin oil that is emulsified with heat-killed Mtb. It has been used as a non-specific
immunostimulant in animal studies, for example, to provide insight on the mode of action
of designed vaccines. The role of MDSCs in TB progression is further confirmed by the
abundance of MDSCs in mouse strains that are vulnerable to progressive disease, includ-
ing the NOS2−/−, C3HeB/FeJ, 129S2 strains, for which the highest levels were observed
in immunodeficient (RAG2−/−) animals, when compared to TB resistant mice that are
devoid of solid/non-necrotic granulomas [32]. Furthermore, the frequency of MDSCs
circulating in the blood of TB patients correlates with the disease severity [13,33–35]. While
M-MDSCs constitute the significant subset of circulating MDSCs, accounting for 4% to
10% of the peripheral blood mononuclear cell (PBMC) fraction, the PMN-MDSC frequency
can account for up to 30% of the total PBMCs of TB patients [13,20]. In addition, the
PMN-MDSC were enriched in the bronchoalveolar lavage (BAL) of pulmonary TB patients,
and elevated M-MDSC levels were observed in the pleural effusions [13,20]. However,
both the abundance of MDSC and their functional/metabolic roles in various lung TB
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granulomas are poorly understood. Thus, our study supports and elaborates on previous
reports on the distribution of MDSCs and contributes to the topological understanding of
these cells in the lung granulomas of TB patients.

The mechanism underpinning the recruitment and activation of MDSCs in human
lung TB granulomas is also poorly understood. Myeloid cells producing S100A8/A9
proteins are dominant within TB granulomas and are associated with the exacerbation
of inflammation, as observed in the tumor environment [36,37]. The S100A8/A9 is a
damage-associated molecular pattern (DAMP) family of proteins produced by myeloid
cells, including MDSCs [36]. Thus, our findings suggest that the inflammatory niche,
established by host cell necrosis during pulmonary Mtb infection, is associated with the
upregulation of S100A8/A9 in MDSCs in the granulomas.

L-arginine is a commonly found substrate in enzymes, produced by ARG1 and NOS2.
Therefore, the concurrent overexpression of these enzymes through MDSCs depletes
L-arginine levels, required to express the T cell receptor ζ chain. This impedes T cell prolif-
eration, preventing CD4+ T cells from expressing proinflammatory IFN-γ and inducing an
efficient level of intracellular pathogen killing in macrophages [38,39]. ARG1 expression
correlates with the abundance of MDSCs in solid/non-necrotic granulomas in a murine
model of an Mtb infection [22,32]. Similarly, NO produced by increased NOS2 activity leads
to the inhibition of STAT5 phosphorylation in T cells, resulting in the expansion of CD4+

Tregs [40]. Furthermore, MDSCs suppress lymphocyte proliferation through the production
of NO for both in vitro and aerosol Mtb infections [32]. BCG studies further indicate that
the NO release and suppressor function depend on TLR/caveolin-1 signals [41]. However,
studies that correlate ARG1 or NOS2 expression with MDSC the mediated suppression
of immune response in TB patients have not been conclusive. Our findings in this study
suggest that the inflammatory niche prevailing in the lung TB granulomas is associated
with the immunosuppressive effects of increased ARG1 and NOS2 expression.

5. Conclusions

In summary, in this study, we applied immunohistostaining with combinations of
antibodies and a sequential probing/reprobing method on lung sections from TB patients
to analyze the distribution and the functional state of MDSCs in solid/non-necrotic granu-
lomas compared with necrotic granulomas. Our data support and extend earlier reports
on various in vitro and animal model studies of TB pathogenesis. Some of the limitations
of our study include the classification the granulomas as (i). solid/non-necrotic (only
inflammatory cells and no necrosis) and (ii). necrotic (both inflammatory cell and necrosis)
for the analysis, based primarily on the morphological structure. However, heterogeneous
granuloma types exist in the lungs of TB patients, and the maturation of each granuloma oc-
curs as a continuous process and is distinctly regulated within the infected host. Therefore,
the evolution of cellular granulomas into a necrotic and cavitary lesion or to a fibrotic and
non-progressive lesion can impact the outcome of Mtb infection as an active TB or LTBI [42].
Thus, our findings on the solid/non-necrotic granulomas do not conclusively indicate that
these lesions progress toward a necrotic lesion. Secondly, immune cells, other than MDSCs,
present in the granulomas can affect the expression of the immune marker, including
cytokine and effector molecules. Thus, our findings may be limited by the contribution
of other host cells in the granulomas. This is a pilot study conducted on an array of lung
biopsy sections from TB patients. Our study demonstrates the phenotypic and functional
changes in specific host immune cells using a multiplex imaging analysis of non-necrotic
and necrotic granulomas in pulmonary TB patients. Future studies on the characterization
of other immune cells and their activation status are needed to understand the evolution of
granulomas in pulmonary TB.
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