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Abstract
The precise nature of the local immune responses in lung tuberculosis (TB) granulomas requires a comprehensive
understanding of their environmental complexities. At its most basic level, a granuloma is a compact, organized immune
aggregate of macrophages surrounded by myeloid, B and T cells. We established two complementary multiplex
immunolabeling panels to simultaneously evaluate the myeloid and lymphocytic contexture of 14 human lung TB
granulomas in formalin-fixed paraffin-embedded tissue samples. We observed diverse CD3+ and CD8+ T-cell and CD20+
B lymphocyte compositions of the granuloma immune environment and a relatively homogeneous distribution of all myeloid
cells. We also found significant associations between CD8+ T-cell densities and the myeloid marker CD11b and phagocytic
cell marker CD68. In addition, significantly more CD68+ macrophages and CD8+ T cells were found in Mycobacterium
tuberculosis-infected granulomas, as detected by Ziehl–Neelsen staining. FOXP3 expression was predominately found in a
small subset of CD4+ T cells in different granulomas. As the success or failure of each granuloma is determined by the
immune response within that granuloma at a local and not a systemic level, we attempted to identify the presence of reactive
T cells based on expression of the T-cell activation marker CD137 (4-1BB) and programmed cell death-1 (PD-1). Only a
small fraction of the CD4+ and CD8+ T cells expressed PD-1. CD137 expression was found only in a very small fraction of
the CD4+ T cells in two granulomas. Our results also showed that multinucleated giant cells showed strong PD-L1 but not
CTLA-4 membrane staining. This study offers new insights into the heterogeneity of immune cell infiltration in lung TB

granulomas, suggesting that each TB granuloma represents
a unique immune environment that might be independently
influenced by the local adaptive immune response, bacterial
state, and overall host disease status.

Introduction

Tuberculosis (TB) is an infectious disease caused by
microorganisms of theMycobacterium tuberculosis complex
(Mtb) [1, 2]. According to the World Health Organization, in
2018, an estimated ten million people developed active TB
disease, of whom 1.2 million died [1, 3]. Clinically, TB can
be presented as a spectrum from asymptomatic infection to
life-threatening disease [2]. Histologically, TB is the most
common cause of infectious granuloma worldwide.

The formation and maintenance of TB granulomas
are complex and immunologically dynamic. Granulomas
are organized immune cell aggregates that originate
in response to persistent stimuli of an infectious or
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noninfectious nature. TB granulomas are not only involved
in the control of Mtb infection but also, in some cases,
in its persistence. From the host perspective, granulomas
are a bacterial “prison” with the potential to isolate the
infection from the rest of the body; however, from the
bacterial perspective, they represent a growing collection of
macrophages than can be infected and provide a haven for
replication [1]. This dual role of the TB granuloma con-
ceivably gives rise to distinct inflammatory immune
environments.

Infection begins when Mtb enters the lungs through
inhalation and reaches the alveolar space. If the resident
alveolar macrophages fail to eliminate the bacteria, Mtb
invades the lung interstitial tissue either by directly infect-
ing the alveolar epithelium or the alveolar macrophages [4].
Dendritic cells and inflammatory monocytes can then
transport Mtb to pulmonary lymph nodes for T-cell priming.
This event is believed to be critical to initiate granuloma
formation by recruiting immune cells, including CD4+ and
CD8+ T cells and CD20+ B lymphocytes, to the lung
parenchyma [1].

Macrophages play an essential role in TB granuloma
formation [5]. They both harbor Mtb and possess effector
functions to kill Mtb. The host response to Mtb infection
triggers the differentiation of granuloma macrophages into
epithelioid macrophages and multinucleated giant cells
(MGCs) that are unable to mediate any bacterial uptake [6].
The immune cell activation occurring at the granuloma site
may initiate the classical central necrosis that may undergo
caseation and liquefaction.

The formation and maintenance of TB granulomas are
orchestrated by tumor necrosis factor (TNF), interferon-γ,
interleukin-12, and other signaling molecules that mediate
monocyte and macrophage migration [2]. TNF also has
additional effects on the structure of the granuloma in the
context of adaptive immunity by influencing processes such
as T-cell trafficking and activation [2].

The TB paradox is that despite the concentration of
vigorous host immune responses in granulomas, reinfection
and bacterial persistence frequently occur [2, 7]. Host
responses rarely result in complete eradication and clear-
ance of Mtb, but rather limit the infection to a dormant state
[8, 9]. The granuloma structure may also contribute to
disease progression and host outcome by limiting macro-
phage interactions with other immune cells.

Exploration of the immune environment of lung TB
granulomas would offer insights into their complex
and heterogeneous composition. Thus, we sought to
investigate the myeloid and lymphocytic contexture of
human lung TB granulomas in formalin-fixed paraffin-
embedded (FFPE) tissue samples. A novel tyramide
signal amplification (TSA) multiplexing technique was
used to enable the simultaneous examination of six

cellular markers. Two seven-color multiplex panels were
developed and validated targeting the myeloid marker
CD11b, the phagocytic cell marker CD68 of macro-
phages, CD3+, CD4+, and CD8+ T cells, and CD20+ B
lymphocytes. Additional markers included the transcrip-
tion factor FOXP3, the bona fide T-cell activation marker
CD137 (4-1BB), programmed cell death-1 (PD-1), and
cytokeratin. We also evaluated the protein expression
of the immune checkpoint molecules programmed cell
death ligand-1 (PD-L1) and cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4). Our results revealed
distinct lymphoid and myeloid cell subpopulations
populate TB granulomas with specific spatial distributions
and associations. Significantly more cells expressing
the phagocytic cell marker CD68 of macrophages and
CD8+ T cells were found in Mtb-infected granulomas,
as detected by Ziehl–Neelsen staining and light
microscopy. We also observed that granuloma macro-
phages and MGCs were positive for PD-L1 but not
CTLA-4.

Materials and methods

Histology

Whole tissue sections were obtained from 14 human lung
TB granulomas (Supplementary Table 1 for details). Sam-
ple selection was based on histological evidence of TB and
PCR positivity for Mtb DNA. All TB granulomas samples
were collected from HIV-negative patients. FFPE tissue
samples were obtained with informed patients’ consent and
retrieved from the pathology files of the Clínica Universidad
de Navarra (protocol 111/2010). Histological evidence of
TB granulomas with central necrosis surrounded by a
highly cellular area at the periphery were evaluated based
on the review of hematoxylin and eosin-stained sections
from FFPE blocks by two authors of this study (CEA and
MAM). In addition, the detection of acid-fast bacilli (AFB)
was investigated in all cases by the conventional
Ziehl–Neelsen method, as described elsewhere [10]. The
presence of Mtb DNA in tissue samples was performed as
part of the routine diagnostic guidelines of the Clínica
Universidad de Navarra by using a commercially available
multiplex PCR-based, solid-phase reverse hybridization
GenoType MTBC assay (Hain Lifescience GmbH, Nehren,
Germany) [11].

Multiplex immunofluorescence staining

Four-micron sections from FFPE tissue samples of human
lung TB granulomas and control tonsil tissue were used for
(1) the initial setup of staining conditions for each single
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primary antibody and (2) the successive optimization of the
Opal seven-color multiplex immunolabeling protocols.

In the first step, primary antibodies against the antigens
listed below were established as single stains initially in
human tonsil tissue and thereafter on lung TB granulomas.

Fig. 1 Seven-color multiplex staining protocols. a Validation
workflow. b Total number of cells for each marker, comparing repli-
cates of the full multiplex immunofluorescence (mIF) protocol on
sequential FFPE tonsil sections (sections 1 and 2) performed on dif-
ferent days. c Total number of cells for each marker, comparing the
singleplex IF against corresponding fluorescent channel from mIF on
sequential FFPE tonsil sections. d Spectrally unmixed composite
image of FFPE human tonsil section stained for CD11b (clone

EPR1344, Opal, pink), CD68 (clone PG-M1, Opal, green), CD3 (IgG,
Opal, orange), CD8 (clone C8/144B, Opal, red), CD20 (clone L26,
Opal, yellow), cytokeratin (clone AE1/AE3, Opal, cyan, not shown in
the images), and DAPI (Dark Blue). e Multiplex IF images were
compared against the corresponding fluorescent channel from single-
plex IF images from sequential tissue sections (mIF on section 1; sIF
on sections 2–6). Scale bars represent 50 μm.
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The multiplex assay development and validation is sum-
marized in Fig. 1a–e and Supplementary Fig. 1.

The myeloid and lymphoid cell panel included CD11b
(rabbit monoclonal, clone EPR1344, 1:1000, Abcam, pro-
duct number ab133357), CD68 (mouse monoclonal, clone
PG-M1, ready-to-use, Agilent, product number IR613),
CD3 (rabbit polyclonal, IgG, ready-to-use, Agilent, product
number IR503), CD8 (mouse monoclonal, clone C8/144B,
ready-to-use, Agilent, product number GA62361-2), CD20
(mouse monoclonal, IgG2α, clone L26, ready-to-use, Agi-
lent, product number GA604), and cytokeratin (mouse
monoclonal, clone AE1/AE3, ready-to-use, Leica Biosys-
tems, product number NCL-L-AE1/AE).

The reactive T-cell panel included CD4 (mouse mono-
clonal, clone 4B12, ready-to-use, Agilent, product number
IS64930-2), CD8 (mouse monoclonal, clone C8/144B,
ready-to-use, Agilent, product number GA62361-2),
FOXP3 (mouse monoclonal, clone 236A/E7, 1:300,
Abcam, product number ab20034), PD-1 (mouse mono-
clonal, clone NAT105, ready-to-use, Cell Marque, product
number 315M), CD137 (TNFRSF9 or 4-1BB, mouse
monoclonal, clone BBK-2, 1:80, ThermoFisher, product
number MA5-13736), and cytokeratin (mouse monoclonal,
clone AE1/AE3, ready-to-use, Leica Biosystems, product
number NCL-L-AE1/AE).

In a second step, opal seven-color multiplex immuno-
fluorescence protocols were developed essentially as
described previously [12–15]. Each section was exposed to
seven sequential rounds of antibody staining. These
sequential rounds may lead to random binding of anti-
bodies, imbalanced signals, incomplete staining through
interference with previously applied TSA, disruption of
epitopes, and removal of TSA fluorophores due to repetitive
antigen retrievals at high temperature [13, 14, 16]. There-
fore, each single antibody was optimized individually for its
optimal conditions and position in the sequence of multi-
plex staining to reduce interference with previous
antibody–TSA complexes or by disruption of epitopes
(Fig. 1a–e and Supplementary Fig. 1).

For multiplex immunofluorescence staining, 4-μm sec-
tions obtained from FFPE blocks were deparaffinized and
the tissues fixed with formaldehyde:methanol (1:10) prior to
antigen retrieval. Antigen retrieval was performed using
DAKO PT-Link heat induced antigen retrieval with low pH
(pH 6) or high pH (pH 9) target retrieval solution (Dako,
Glostrup, Denmark). Each section was subjected to six
successive rounds of antibody staining, each consisting of
protein blocking with 20% normal goat serum (Dako) in
phosphate-buffered saline, incubation with primary anti-
body, biotinylated anti-mouse/rabbit secondary antibodies,
and Streptavidin-HRP (Dako, 50003), followed by TSA
visualization with fluorophores Opal 520, Opal 540, Opal
570, Opal 620, Opal 650, and Opal 690 (Akoya

Biosciences) diluted in 1X Plus Amplification Diluent
(Akoya Biosciences). Thus, in the seventh round, nuclei
were counterstained with spectral DAPI (Akoya Bios-
ciences) and the sections mounted with Faramount Aqueous
Mounting Medium (Dako).

Respective immunostainings without primary antibodies
were used as negative controls. At equal antibody con-
centrations, TSA-based visualization is expected to yield a
greater number of positive cells compared with conven-
tional immunofluorescence [14, 16]. We therefore estab-
lished a singleplex TSA-based visualization of primary
antibodies on control tonsil tissue and human lung TB
granulomas as the gold standard for cell antigen visualiza-
tion (Fig. 1e). Then, we performed a singleplex vs multiplex
comparison for each antibody to validate the staining pat-
terns in human tonsil and lung TB granulomas (Fig. 1c, e).
Based on this comparison, we established the optimal signal
through dilution of the primary antibodies and/or fluor-
ophores to obtain staining levels and cell counts comparable
to conventional immunofluorescence staining. The dilution
of CD137 antibody was optimized to allow for the detection
of membrane and cytoplasmic CD137 in a similar pattern to
a previous description [17]. Using multiplex immuno-
fluorescence to monitor false-positive results through
incomplete antibody–TSA complex stripping and false-
negative results through antigen masking (by incubation
with multiple primary antibodies, umbrella-effect), single
primary antibody staining was performed in parallel, and
the results were then compared with those found using
multiplex staining. Spillover effects were controlled for
CD11b-, CD4-, and CD137-antibody staining of tonsil tis-
sue with different Opal fluorophores by signal detection in
adjacent cell components/channels and thereafter for expo-
sure time settings upon acquisition of multiplex stained
tissue sections.

Tissue imaging, spectral unmixing, and
phenotyping

Multiplexed immunofluorescence slides were scanned
on a Vectra Polaris Automated Quantitative Pathology
Imaging System (Akoya Biosciences) as described earlier
[13, 14, 16]. Briefly, a spectral library containing the
spectral peaks emitted by each fluorophore from single
stained slides was created using inForm software (version
2.4.8, Akoya Biosciences). This spectral library was used
for spectral unmixing of the images, allowing color-based
identification of the markers of interest. Autofluorescence
was determined for unstained lung TB granuloma tissue
used in this study cohort.

The entire granuloma present in a single FFPE tissue
section, including the central area of necrosis and the sur-
rounding cellular area at the periphery, was imaged using
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Akoya Biosciences’ Vectra Polaris imaging platform, result-
ing in several.im3 image tiles. Each image tile was spectrally
unmixed and exported as a component TIF image tile using
Akoya Biosciences’ Inform software (version 2.4.8). Com-
ponent TIF image tiles from each granuloma were then
imported into the open source digital pathology software
QuPath version 0.2.0-m9. The images were then stitched
together using x–y coordinates to create a new pyramidal TIF
file for image analysis (Supplementary Fig. 2). Image analysis
was performed for the whole TB granuloma and referred to
the total granuloma area (Supplementary Table 1).

Cell segmentation was performed for the whole granu-
loma multispectral image using QuPath software version
0.2.0-m9 [18]. Nuclear detection was carried out using the
DAPI channel with a custom, unsupervised watershed
algorithm. Cellular debris, usually found within the central
necrotic areas, was not detected. Each detected nucleus was
then expanded to provide an approximation of the full cell
area, constrained by the distance and proximity of neigh-
boring cells (Supplementary Figs. 3a, b and 4a, b). A list of
several features derived from cell morphometry and inten-
sity measurements was then calculated for each cell as
previously described [18]. A random trees algorithm clas-
sifier was trained separately for each cell marker using the
features generated earlier by having an experienced
pathologist annotate regions in a subset of images (a
training set) obtained from all lung TB granulomas used in
this study, with interactive feedback on the classification
performance provided during training in the form of a
markup image, as described previously (Supplementary
Figs. 3c–g and 4c–g) [18, 19]. Cells close to the border of
the images were removed to reduce the risk of artifacts.

Based on the fluorescence panels, cells were further
subclassified as CD11b+, CD68+, CD3+, CD8+, CD4+,
CD3+, and CK+. For the myeloid and lymphoid cell panel,
CD4+ T cells were defined as CD3+ CD8−. CK was used
to visualize epithelial cells of the lung. For the reactive
T-cell panel, subpopulations within CD4+ and CD8+
T cells were then classified by the presence and absence of
three additional markers: FOXP3, PD-1, and CD137. The
staining pattern for CD137 considered as positive has been
described previously [17]. Cells negative for these markers
were defined as “other cell types”.

PD-L1 and CTLA-4 immunohistochemistry

The PD-L1 immunohistochemistry staining protocol using
the PD-L1 IHC 22C3 pharmDx kit was performed as spe-
cified in the pharmDx kit label. Slides were processed on
the Autostainer Link 48 (Agilent Technologies, Santa Clara,
CA) alongside with control slides, using an automated
staining protocol that had been validated for the PD-L1
immunohistochemistry assay, and prepared using EnVision

FLEX Target Retrieval Solution, Low pH (Dako, Glostrup,
Denmark). The 22C3 antibody was provided already diluted
at an unspecified ratio.

CTLA-4 immunohistochemistry staining (clone BNI3,
1:50, product number: ab151773, Abcam, Cambridge, UK)
was performed on a Roche Ventana BenchMark ULTRA
Slide Stainer (Ventana Medical Systems, Inc. USA) plat-
form with the OptiView DAB IHC detection kit. Normal
placental sections served as positive tissue controls.

Statistics

Wilcoxon–Mann–Whitney tests were applied to identify
immune markers that reached a significant difference in
density levels among granulomas with positive and negative
AFB staining for Mtb. For the correlation analyses between
different lymphoid and myeloid cell marker distributions,
the Spearman correlation coefficient (r) was calculated
using RStudio 1.1.419 running R 3.4.3. All r= 0 values
indicated no association between features; r > 0 indicated a
positive association where as one variable increases, so does
the other; and r < 0 indicated a negative association where
as one variable increases, the other decreases. All p < 0.05
values were considered statistically significant.

Results

Multiplexed immunofluorescence assays
development and validation

We established two multiplex immunolabeling protocols
based on TSA using Opal fluorophores (Fig. 1a–e and
Supplementary Fig. 1), which allowed for the simultaneous
visualization and quantification of six cellular markers for
each panel in a single FFPE tissue section. Multispectral
imaging followed by spectral unmixing and digital pathol-
ogy were applied to the six-marker-stained samples,
allowing the simultaneous evaluation of all cell markers. A
comparison of the unmixed seven-color multispectral image
(six cellular markers plus DAPI) from multiplex stained
tissues with tissue sections individually stained (singleplex)
for each cell marker showed the efficacy of the spectral
unmixing algorithm and demonstrated that the total cell
counts were similar in both singleplex and multiplex assays
(Fig. 1c, d).

As anticipated, TSA-based visualization detected a
slightly greater number of positive cells. Although staining
variation was observed between singleplex and multiplex,
overall the markers had similar cell counts (Fig. 1c–e).
Similar patterns of staining and distribution for each marker
were observed with both immunofluorescence techniques.
In addition, two replicates of full multiplex
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immunofluorescence assays were performed on different
days displaying similar results (Fig. 1b).

For the reactive T-cell multiplex panel, the CD4 marker
showed a diffuse granular membrane staining with variable
levels of background in the tissue. CD4 marker was also
detected on cells that morphologically resembled macro-
phages. As previously reported by our group, in normal tonsil,
the CD137 immunostaining pattern is characteristically seen
within secondary lymphoid follicles. In tonsil, CD137 is
expressed by lymphocytes on the cell surface as well as in the
cytoplasm and Golgi apparatus [17]. A similar pattern of
expression and distribution was observed using both immu-
nofluorescence techniques (Supplementary Fig. 1).

As cell segmentation is based on the DAPI wavelength,
accurate detection and segmentation of macrophage nuclei
is not always possible. Macrophages are large cells, and
often only parts of the cytoplasm and cell membrane can be
observed in 4-µm sections.

Heterogeneous immune environment on TB
granulomas

The demographics of the patients are shown in Supple-
mentary Table 1. Histologically, TB granulomas were
typically characterized by central necrosis and liquefaction
caused by the immune activation occurring at this site [5].
This process is primarily mediated by monocytes, macro-
phages, and CD4+ and CD8+ T cells [20, 21].

To characterize the immune infiltrate, we used seven-
color multiplex immunostaining (CD20, CD3, CD8,
CD11b, CD68, CK, and DAPI) to estimate five different
immune infiltrate subpopulations in large areas of TB
granulomas from 14 different patients (Supplementary
Table 1). The measured granuloma area is subject to the
location of sectioning and may not accurately reflect the true
size of the lesion. A total of ~463,868 cells were counted for
both panels and evaluated by digital pathology (Supple-
mentary Figs. 3 and 4). We observed diverse cellular
compositions of the granuloma immune environments.
There was a clear heterogeneous distribution of B and T
lymphocytes in the different granulomas. The relative
CD20, CD4, CD8, and CD11b frequency within each TB
granuloma is shown in Fig. 2a–c and suggested that gran-
ulomas exhibited morphological heterogeneity. The
immune infiltrate in TB lesions was predominately caused
by the accumulation of CD20, CD4, and CD8-expressing
cells. Relatively similar numbers of the myeloid cell marker
CD11b was found in the different granulomas.

We next sought to identify whether specific immune cell
infiltration was more predominately present in TB granu-
lomas where AFB had been detected by light microscopy.
AFB were identified in 9 of 14 TB granulomas (Supple-
mentary Table 2). Significantly more cells expressing the

phagocytic cell marker CD68 of macrophages and CD8+
T cells were found in granulomas that were AFB-positive
(Supplementary Table 2). The immune densities of CD68+
macrophages and CD8+ T cells were greater in the pre-
sence of AFB compared with granulomas that were AFB-
negative (p value= 0.007 and 0.012, respectively). The
myeloid markers CD11b, CD3+, and CD4+ T cells and
CD20+ B lymphocytes did not correlate with the presence
of AFB as detected by Ziehl–Neelsen staining and light
microscopy (Supplementary Table 2).

Immune cell densities on TB granulomas

Macrophages play crucial role in TB granuloma formation.
Infected macrophages that are unable to control bacillary
growth undergo caseous necrosis. Leukocytes are recruited to
surround the zone of caseous necrosis to form a highly cellular
area that contributes to limiting the spread of Mtb [22, 23].

The immune cell densities in the central necrotic zones and
surrounding cellular areas at the periphery were characterized
and quantified using panels of antibodies targeting the myeloid
marker CD11b, the phagocytic cell marker CD68 of macro-
phages (CD68+), CD3+, and CD8+ T cells and CD20+ B
lymphocytes (Fig. 3a–c). Consistent with our immune pheno-
typing findings, heterogeneity in immune cell densities of
lymphoid and myeloid cell markers was observed in all gran-
ulomas (Fig. 3a–c). Numerous CD68+ macrophages and few
T cells were observed in the necrotic areas, thereby possibly
preventing direct T-cell–macrophage interactions. In an effort
to determine the association between the immune cell densities
of lymphoid and myeloid cell markers, we performed a
Spearman correlation analysis. We found that CD8+ T-cell
densities were individually strongly correlated with the myeloid
cell markers CD11b and CD68 in a correlation analysis
(Spearman’s rank-order correlation; r= 0.68 for CD11b; 0.75
for CD68; p < 0.01), but only moderately correlated with CD3
(Spearman’s rank-order correlation; r= 0.42 for CD11b; 0.49
for CD68; p < 0.01) (Fig. 3d). The myeloid cell markers
CD11b and CD68 also seemed to be weakly associated with
other lymphocyte markers in the correlation matrix.

FOXP3-expressing regulatory T cells and reactive
T cells on TB granulomas

Cell-mediated immunity is critical for host defense against
Mtb and is based on cellular interactions mediated by CD4
+ and CD8+ T cells. FOXP3-expressing regulatory T cells
are a subset of CD4+ T cells and have recently been shown
to suppress antimicrobial immune responses [24]. The
percentage of CD4+ and CD8+ T cells expressing FOXP3
was further investigated in nine TB granulomas using an
additional fluorescence multiplex panel containing the
markers CD8, CD4, and FOXP3 (Fig. 4a). FOXP3
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expression was limited to a small subset of CD4+ T cells.
CD4+FOXP3+ cells represented 0.1–3.4% of the total
CD4+ T cells (Fig. 4b).

CD4+ and CD8+ T cells reactive to TB antigens and
epitopes are associated with an extensive diversity of

immunodominant responses in infected individuals. In an
attempt to identify the reactive T-cell fraction in nine TB
granulomas, we used a multiplexed analysis to simulta-
neously measure CD4+ and CD8+ T cells and the
expression of the T-cell activation markers CD137 and PD-
1 (Fig. 5a, b). A small fraction of total CD4+ and CD8+

Fig. 2 Immune environments on TB granulomas. a TB granuloma
enriched for T cells and myeloid phenotypes with minimal B cell
infiltration. b TB granuloma enriched for T and B cell phenotypes. a, b
Full composite image and images for each individual marker
and different combinations from the composite image are shown.

c Relative frequency of different immune phenotypes of the nine TB
granulomas and marker combinations used to identify immune sub-
populations by seven-color multiplex immunostaining. Central and
periphery areas of lung TB granulomas are shown. Scale bars represent
100 μm.
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T cells expressed PD-1, representing 0–3% of the total
CD4+ T cells and 0–1.8 of the total CD8+ T cells (Fig. 5c).
CD137 expression on T cells was detected in a very small

fraction of CD4+ T cells in two granulomas, representing
only 0.1 and 0.2% of the total CD4+ T cells (Fig. 5c).

Fig. 3 Immune cell densities on
TB granulomas. a TB
granuloma with relatively low
expression of the myeloid
cell markers CD11b and CD68,
CD3+ and CD8+ T cells and
CD20+ B lymphocytes. b TB
granuloma enriched for myeloid,
T and B cell phenotypes. a, b
Full composite image and
images for each individual
marker are shown. Central and
peripheral areas of lung TB
granulomas are shown. c Cell
densities (cell/mm2) of different
immune phenotypes of nine TB
granulomas and marker
combinations used to identify
immune subpopulations by
seven-color multiplex
immunostaining. d Spearman
correlation matrix for
lymphocyte densities (CD20,
CD3, CD4, CD8) and myeloid
densities (CD11b, CD68). The
Spearman correlation coefficient
is shown for all relationships. A
coefficient with a value of either
+1 (blue), 0 (white), or −1 (red)
indicates a perfect association,
no association, and a perfect
negative association of ranks,
respectively. Numbers indicate
the correlation coefficient.
Correlations with a p value >
0.01 were considered
insignificant, as indicated by
crosses. Scale bars represent
100 μm.
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PD-L1 and CTLA-4 expression on multinucleated
giant cells

Macrophages, which later differentiate into MGCs, are recrui-
ted to the site of Mtb infection. These cells displayed moderate
to strong membrane PD-L1 staining (Fig. 6a–c). Weak cyto-
plasmatic PD-L1 staining was also observed. Although the
internal positive control (lymphocytes) was positive, no
immunoreaction was detected on epithelioid macrophages and
MGCs with CTLA-4 antibody (Fig. 6d–f).

Discussion

The precise nature of the local immune responses in lung
TB granulomas requires a comprehensive understanding of
their environmental complexities [25, 26]. The use of
multiple cellular markers is essential because it allows for
the identification of different cell subpopulations in one
tissue section [12–14]. Multiplexed analysis can also
simultaneously measure the expression of distinct markers
in a single cell and the spatial associations between immune
cell subpopulations. Here, we established two com-
plementary multiplex immunolabeling panels to simulta-
neously assess six markers in a single FFPE tissue section
for each panel. We applied this technology to evaluate the
complex immune environment of a small series of con-
firmed cases of lung TB granulomas.

At its most basic level, a granuloma is a compact,
organized immune aggregate of macrophages that arises at
the site of Mtb infection [2]. Macrophages later differentiate
into specialized cell types, including epithelioid macro-
phages and MGCs. Many other cell types also populate the
granuloma, including myeloid cells, B and T cells that
surround the macrophage-rich center [2, 27]. Over time,
some granulomas can undergo complex remodeling events
that are characterized by central necrosis (caseum), formed
by the death of participating cells [28]. The multiplex cel-
lular analyses provided us an opportunity to demonstrate
that human lung TB granulomas contain a heterogeneous
immune environment. We showed a variance between dif-
ferent CD3+ and CD8+ T cells and CD20+ B lymphocyte
subpopulations of different granulomas. This result sug-
gested diverse lymphocyte compositions of the granuloma
immune environments, with the density of CD8+ T-cell
potentially being influenced by the presence of MTb. We
also observed a relatively homogeneous distribution of the
myeloid cell marker CD11b, which was used to evaluate the
innate immune composition of TB granulomas.

The diverse CD3+ and CD8+ T-cell and CD20+ B
lymphocyte distribution suggested that some TB granulo-
mas were immunologically reactive, with more immune cell
recruitment and/or replication than others, representing
distinct immune environments. Our data suggest that the
distribution and relative abundance of cells expressing the
phagocytic cell marker CD68 of macrophages and CD8+
T cells may be influenced by the presence of Mtb. This

Fig. 4 FOXP3-expressing regulatory T cells on TB granulomas.
a Confirmation of FOXP3 expression in CD4+ T cells by double marker
immunostaining and images for each individual marker are shown.

b Relative number of cells expressing FOXP3 among CD4+ and CD8+
T cells and marker combinations used to identify immune subpopulations
by multiplex immunostaining. Scale bars represent 50 μm.
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result is in accordance with the idea that the immune
microenvironments in TB granulomas might be determined,
at least in part, by the local leukocyte response to the
bacillary load. Recent observations have suggested that the
structural, microbiological, and immunological hetero-
geneity of TB granulomas might be mediated by the quality

of the local immune response and the level of inflammation
[26]. Thus, the various immunologic factors influencing the
quality of local lung responses might determine the varied
outcomes of infection [25]. Our results suggested that the
detection of granulomas positive for AFB in association
with the number of infiltrating CD8+ T cells and

Fig. 5 Reactive CD4+ and CD8+ T cells on human lung TB
granulomas. a Confirmation of PD-1 expression in CD4+ or CD8+
T-cell subpopulations by double marker immunostaining and images
for each individual marker are shown. One field from the full com-
posite image with a circle depicting several PD-1-reactive CD4+
T cells. b Confirmation of CD137 expression in CD4+ T cells by
double marker immunostaining and images for each individual marker

are shown. One field from the full composite image with a circle
depicting two CD137-reactive CD4+ T cells from the full composite
image. c Relative number of reactive T cells within CD4+ and CD8+
T-cell subpopulations and marker combinations used to identify
immune subpopulations by multiplex immunostaining. CD137
(4-1BB) and PD-1 were used as markers for reactive T cells. Scale bars
represent the following: a, 20 μm; b, 50 μm.
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macrophages may be a determinant of TB granuloma
immunogenicity. One limitation of our study is the small
number of lung TB granuloma sections examined. In
addition, for image analysis, we evaluated the whole TB
granuloma area instead applying the region-based approach,
which divides the granulomas into two areas: (1) zone of
caseous necrosis and (2) surrounding highly cellular area.
The development of image analysis algorithms that reliably
segment granulomas into these two areas is challenging.
The whole granuloma analysis approach might not accu-
rately reflect the true size of the lesion and might have
precluded the ability to address complex issues involving
the immune environmental composition of TB granulomas.

Adaptive immune responses, including CD8+ T-cell
activity, are required to eradicate infection. Macrophages
are the key targets of Mtb infection. CD8+ T cells use
granule-dependent killing to eliminate infected target cells
at the site of infection [29]. The exploration of the immune
environmental composition of TB granulomas in one tissue
section revealed significant associations between CD8+
T-cell densities and the myeloid marker CD11b and pha-
gocytic cell marker CD68. In addition, an association
between CD3+ T-cell and the myeloid cell markers CD11b
and CD68 was also found. T cells are continuously
recruited to nonsterile granulomas, while sterile granulomas
are maintained with the minimum required cell numbers for
continued maintenance [30]. Mtb infection induces CD8+
T cells. CD8+ T cells are able to recognize Mtb-specific
antigens (as peptides) presented by classical and non-
classical MHC molecules [5]. Our results also suggest that
the distribution of cytotoxic CD8+ T cells may be parti-
cularly significant when found in the direct vicinity of the
central necrotic areas of nonsterile granulomas.

CD4+ T cells also play an import role in host immune
responses to Mtb infection. A deficiency of CD4+ T cells in

humans, particularly those who are HIV+, dramatically
increases susceptibility to both primary or reactivation TB
[31]. To be effective, CD4+ and CD8+ T cells must be
activated by interactions with infected macrophages. Acti-
vated T cells release cytokines to activate the antimicrobial
capacity of macrophages or kill the cell via cytotoxic
mechanisms [5]. The granuloma structure may prevent
T-cell-infected macrophage interactions. The macrophage-
rich center, which is often necrotic, may prevent interac-
tions with surrounding T cells [5]. Another limitation of our
study is that the bacterial burden was not available.

During TB, FOXP3 expression is restricted primarily to
CD4+ T cells [32]. FOXP3-expressing regulatory T (T reg)
cells are a subset of CD4+ T cells that may be needed to
prevent excessive immunopathology in tissue. We further
demonstrated that FOXP3 expression was predominately
found in a small subset of CD4+ T cells. T reg infiltration
levels varied, but they still represented a small subpopula-
tion of the T lymphocytic landscape in lung granulomas.
The recruitment of T reg cells at primary sites of Mtb
infection might lead to their capacity to influence the ability
of CD8+ T cells to promote protective immune responses
[32].

The success or failure of each granuloma is determined
by the immune response within that granuloma at a local but
not a systemic level [30]. Despite the inflammation in TB
lesions, the levels of perforin or granulysin are relatively
low [5]. In animal models, only limited numbers of T cells
produce cytokines at the site of disease, which nonetheless
is still able to control bacterial burden [30].

In oncology, the principle that naturally occurring T cells
with anti-tumor potential exist in human cancer has ratio-
nalized the application of immunotherapy [33]. CD137, also
called 4-1BB, is a member of the TNF receptor superfamily
with T-cell costimulatory functions [34]. Signaling through

Fig. 6 PD-L1 and CTLA-4 expression on differentiated macro-
phages. Multinucleated giant cells showing strong PD-L1 membrane
staining (a–c) and no CTLA-4 staining (d–f) in three different lung

granulomas. The internal positive control (lymphocytes) was strongly
positive. Scale bars represent the following: a and d, 50 μm; b and
e, 20 μm; c and f, 15 μm.
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CD137 by its natural ligand, CD137L enhances T-cell
cytolytic effector functions. Naïve T cells do not express
CD137; upon stimulation, activated T cells transiently
express high levels of CD137, which disappears rapidly
[33]. CD137 expression has been used to identify reactive
T cells in response to antigen without knowledge of the
epitope specificities [35]. Thus, the expression of CD137 on
T cells is tightly regulated and extremely sensitive in
response to antigen stimulation. PD-1 has also been repor-
ted to be used as a biomarker to identify reactive T cells
[36]. PD-1 is a negative immunoregulatory molecule that is
expressed by activated T cells and plays an important role in
the immunobiology of cancer [37].

To identify reactive T cells in lung TB granulomas, we
used a multiplex analysis to simultaneously detect the
expression of CD137 and PD-1 on T cells. We showed that
only a small fraction of the CD4+ and CD8+ T cells
expressed PD-1. CD137 expression was only found on a
very small fraction of the CD4+ T cells in two granulomas.
PD-1 expression is associated with T-cell exhaustion fol-
lowing constant exposure to antigen [37, 38]. In animal
models, PD-1+ T cells are rarely seen in TB granulomas
[30]. Thus, T-cell exhaustion does not appear to account for
the low frequencies of cytokine-producing T cells in TB
granulomas [30].

T-cell–macrophage interactions are modulated by several
signals provided by costimulatory molecules, including
CTLA-4 and PD-1. PD-1 inhibits T-cell activation when it
binds to its ligands PD-1 ligand-1 (PD-L1, also called B7-
H1). Our results showed that MGCs exhibited strong PD-L1
membrane staining, but not CTLA-4. This result suggested
that the adaptive immune response could play a role in
preventing granuloma progression. In animal models, sur-
prisingly and paradoxically, PD-1-deficient mice present
extreme sensitivity to Mtb, showing massive bacterial pro-
liferation in the lung [39]. This phenomenon raises the issue
of whether the PD-1/PD-L1 pathway might also have a role
in regulating early innate and inflammatory responses after
infection. In addition, PD-1−/− mice showed a substantially
increased inflammatory and necrotic response to Mtb in the
absence of PD-1, indicating an essential role for this coin-
hibitory receptor in controlling inflammatory responses to a
highly immunogenic pathogen [39]. In human TB pleural
effusion samples, blockade of the PD-1/PDL-1 signaling
pathway enhances cytotoxic degranulation of CD8+ T cells
[40]. In addition, PD-L1 blockade has been shown to
increase macrophage susceptibility to death by enhancing
the cytotoxic potential of CD8+ T cells [41]. Additional
research is needed to help to guide development of potential
novel immunotherapy strategies for TB.

This study offers new insights into the heterogeneity of
immune cell infiltration in TB granulomas, suggesting that
each TB granuloma represents a unique immune

environment that might be independently influenced by the
local adaptive immune response, bacterial state, and overall
host disease status.
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