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Summary

The lack of efficient tools for identifying immunological correlates of tu-
berculosis (TB) protection or risk of disease progression impedes the de-
velopment of improved control strategies. To more clearly understand the 
host response in TB, we recently established an imaging flow cytometer-
based in-vitro assay, which assesses multiple aspects of T cell–monocyte 
interaction. Here, we extended our previous work and characterized com-
munication between T cells and monocytes using clinical samples from 
individuals with different TB infection status and healthy controls from 
a TB endemic setting. To identify T cell–monocyte conjugates, peripheral 
blood mononuclear cells (PBMC) were stimulated with ds-Red-expressing 
Mycobacterium bovis bacille Calmette–Guérin or 6-kDa early secreted an-
tigenic target (ESAT 6) peptides for 6  h, and analyzed by imaging flow 
cytometer (IFC). We then enumerated T cell–monocyte conjugates using 
polarization of T cell receptor (TCR) and F-actin as markers for synapse 
formation, and nuclear factor kappa B (NF-κB) nuclear translocation in 
the T cells. We observed a reduced frequency of T cell–monocyte conju-
gates in cells from patients with active pulmonary tuberculosis (pTB) 
compared to latent TB-infected (LTBI) and healthy controls. When we 
monitored NF-κB nuclear translocation in T cells interacting with mono-
cytes, the proportion of responding cells was significantly higher in active 
pTB compared with LTBI and controls. Overall, these data underscore the 
need to consider multiple immunological parameters against TB, where 
IFC could be a valuable tool.
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Introduction

Tuberculosis (TB) remains one of the major global public 
health threats due to its high morbidity and mortality, 
especially in the developing world [1]. The absence of an 
efficacious vaccine is one of the key challenges in the con-
trol of TB. The delay in developing more effective vaccines 
and better control strategies is partially attributed to the 
lack of suitable technologies for defining immune correlates 
of TB protection and risk of disease progression [2].

Indeed, earlier studies have shown that host protection 
against TB relies mainly on T helper type 1 (Th1) cells 
[3,4]. Thus, phenotypical and functional characterization 
of the TB-specific Th1 response has been considered as 

a potential end-point parameter for assessing vaccine 
and infection-induced immune response. Nonetheless, 
the results reported from such studies are inconsistent 
and contradictory. It has been shown that the levels of 
Th1 responses inducing secretion of interferon (IFN)-γ 
do not correlate with host protection [5–8]. In fact, latent 
TB-infected (LTBI) individuals whose T cells produce 
greater amounts of IFN-γ were more likely to develop 
active disease than those with weaker responses [9,10].

The host immune response against Mycobacterium tuber-
culosis (Mtb) is a complex process dependent upon a well-
co-ordinated interplay between innate and adaptive immunity 
[11–13]. Innate immunity is the first line of defense 
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following antigen exposure. The ability of the innate immune 
response to rapidly recognize and respond is one of the 
determining factors for resistance to the establishment of 
sustained Mtb infection or active disease development [14].

The multi-faceted biological interaction between Mtb 
and host cells needs to be taken into account in the 
search for correlates of immune protection. This can be 
achieved by concurrently characterizing T cell–antigen-
presenting cell (APC) interaction in the panel of functional 
assays. Monocytes are among the primary cells that are 
attracted to the affected tissue early following Mtb infec-
tion [15,16], and play key roles in modulating multiple 
aspects of host immunity as precursors of macrophages 
and dendritic cells [17]. It has also been acknowledged 
that monocytes may also function as APC, bridging innate 
and adaptive immune responses [18,19].

Pathogen recognition and subsequent T cell activation 
requires efficient interaction between T cells and APCs. 
Upon cognate peptide major histocompatibility complex 
(pMHC) presentation, a highly organized and dynamic 
molecular structure, named an ‘immunological synapse’ 
(IS) is formed at the T cell–APC contact site [20,21]. IS 
formation is dependent upon cytoskeletal and membrane 
proteins reorganization towards the contact site, where 
polarization of T cell receptor (TCR) and F-actin are 
among the key elements [22,23].

T cell–APC interaction initiates intracellular signaling 
cascades within the T cell, which results in the activation 
and nuclear translocation of transcription factors. Nuclear 
factor kappa-B (NF-κB) is a family of transcription factors 
that regulate genes involved in various aspects of host 
immune response (reviewed in [24,25]). Hence, assessing 
immunological network signatures on the basis of T cell–
APC interaction with established synapse and NF-κB nuclear 
translocation in responding T cells could provide valuable 
insight in defining immune protection against TB.

Our group has taken advantage of this and recently 
established an IFC-based in-vitro assay using healthy donor 
human PBMC with the potential to be used in TB bio-
marker discovery [26]. In the present study, we have employed 
this method on clinical samples from patients with active 
pulmonary TB (pTB), LTBI and healthy endemic controls 
(EC) and investigated T cell–monocyte conjugates with 
polarized TCR and F-actin as markers for synapse forma-
tion. In addition, we assessed if our system can detect dif-
ferences in downstream signaling events in T cells among 
study cohorts by monitoring NF-κB nuclear translocation.

Materials and methods

Study participants

Study participants were recruited prospectively from four 
health centers in Addis Ababa, Ethiopia from March 

2015 to July 2016. Clinically and bacteriologically con-
firmed patients with active pulmonary TB were recruited 
prior to initiation of anti-TB treatment. For the control 
group, apparently healthy participants were recruited 
from Voluntary Counselling and Testing (VCT) clinics 
for HIV from the same study sites as TB patients. All 
participants aged 18–65  years, tested HIV seronegative, 
free of other concomitant diseases and not on immune 
modulatory treatment were included in the study. 
Individuals with LTBI and healthy EC were classified 
on the basis of QuantiFERON-TB Gold In-Tube assay 
results.

The study was approved by national Research Ethics 
Review committees in Ethiopia (AAERC/P002/15) and 
Norway (2015/136/REK sør-øst), and conducted in accord-
ance with the Declaration of Helsinki. Written informed 
consent was obtained from each participant prior to 
recruitment and sample collection.

Antibodies, reagents and antigens

Antibodies used in this study included: anti-CD3-fluo-
rescein isothiocyanate (FITC) (clone UCHT1, cat. no. 
21620033; ImmunoTools, Friesoythe, Germany), 
anti-CD14-allophycocyanin (clone MEM-15, cat. no. 
21279146, ImmunoTools), rabbit polyclonal immunoglobu-
lin (Ig)G (C-20) anti-human NF-κB primary antibody 
(cat. no. SC-372R; Santa Cruz Biotechnology, Santa Cruz, 
CA, USA), Alexa Fluor 594, goat anti-rabbit IgG (H+L) 
secondary antibody (cat. no. R37117; Molecular Probes, 
Invitrogen, Carlsbad, CA, USA), biotin-labeled phalloidin 
(cat. no. B7474; ThermoFisher, Fremont, CA, USA), strepta-
vidin APC e-fluor 780 (cat. no. 47-4317-82; ThermoFisher) 
and 4′,6-diamidino-2-phenylindole (DAPI) nuclear stain 
(cat. no. 00-4959-52; ThermoFisher); RPMI-1640 complete 
medium supplemented with 10% fetal calf serum (FCS), 
100  units/ml penicillin, 100  µg/ml streptomycin, 1  M 
HEPES buffer solution, 100  mM sodium-pyruvate, mini-
mum essential medium non-essential amino acids (MEM 
NEAA) (×100) (all from Gibco, Life Technologies, 
Carlsbad, CA, USA) and 2-mercaptoethanol (Sigma, St 
Louis, MO, USA). Mycobacterial antigens used included: 
the 6-kDa early secreted antigenic target (ESAT-6) (15mer 
overlapping custom made peptides, Genscript, a kind gift 
from Dr Even Fossum) and ds-Red fluorescent protein-
expressing bacille Calmette–Guérin (BCG) strain Myc3305 
(provided by Dr Brigitte Gicquel) [27].

Cell culture and staining

Up to 20  ml venous blood was collected in ethylenedi-
amine tetraacetic acid (EDTA)-containing tubes from all 
study cohorts. Peripheral blood mononuclear cells (PBMC) 
were isolated by density gradient centrifugation using 
Lymphoprep (Axis-Shield PoC AS, Oslo, Norway), and 
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cryopreserved in RPMI-1640 with 10% dimethylsulfoxide 
(DMSO) and 20% fetal calf serum (FCS). Prior to setting 
up experiments, PBMC were thawed, washed and resus-
pended in RPMI-1640 complete medium supplemented 
with 10% FCS, and allowed to rest overnight at 37°C and 
5% CO2 [28]. PBMC with a concentration of 1  ×  106 
cells/ml were then incubated with ESAT 6 peptides  
(2  µg/ml) or ds-Red fluorescent protein-expressing BCG 
[(3  ×  106 colony-forming units (CFU)/ml] at 37°C and 
5% CO2 for 6  h. PBMC incubated in culture medium 
alone under the same conditions were used as unstimu-
lated control. Cells were harvested after careful scraping, 
and then transferred to microcentrifuge tubes for fluoro-
chrome staining.

Harvested cells were washed once with cold fluorescence 
activated cell sorter (FACS) buffer (2% FCS, 0·1% sodium 
azide in PBS). Prior to anti-CD3 and anti-CD14 surface 
staining, cells were then treated with 10% heat-inactivated 
human serum in FACS buffer for 10  min to block non-
specific staining. For detection of NF-κB, cells were fixed 
in 2% paraformaldehyde (PFA) for 10  min at room tem-
perature and incubated with 0·1% Triton-X permeabilization 
buffer (Sigma) at 4°C for 5 min. Cells were then incubated 
with rabbit anti-human NF-κB primary antibody for 30 min 
followed by AF594-labeled goat anti-rabbit secondary anti-
body together with DAPI nuclear stain for another 30 min, 
on ice and in the dark. F-actin was detected by incubating 
PFA fixed cells with biotin-tagged phalloidin for 30  min 
followed by incubation with APC-eFluor 780-labeled 
streptavidin for another 30  min. A schematic overview of 
the experimental set-up is outlined in Fig. 1a.

ImageStreamX data acquisition

An ImageStreamX MkII Imaging flow cytometer (Amnis 
Corporation, Seattle, WA, USA), with a 12-channel system 
equipped with four lasers and ASSIST-calibrated, was 
used for data acquisition (Amnis Corporation). Up to 
150  000 events were acquired for each sample with ×40 
magnification using INSPIRE software (Amnis 
Corporation). Images acquired include bright-field (chan-
nels 01 and 09), CD3-FITC (channel-02), ds-Red BCG 
(channel-03), NF-κB AF594 (channel-04), DAPI (chan-
nel-07), CD14-allophycocyanin (channel-11) and  
phalloidin-APC-eFluor 780 (channel-12). Cellular events 
were identified by setting a gate using a scatter-plot 
that allowed discriminating cells from speed beads, which 
is used as an internal calibrator for the machine. The 
gated cells were plotted as a histogram to collect only 
DAPI-positive events. Single-color-stained cells were 
acquired in every experiment with all the lasers ‘on’ and 
the bright-field illumination and scatter lasers ‘off ’, which 
is used to create a compensation matrix and correct 
spectral overlap.

Imaging flow cytometry data analysis

The ImageStreamX data were analyzed using the 
ImageStreamX Data Exploration and Analysis Software 
(IDEAS) version 6.1 (Amnis Corporation) after spectral 
compensation. The hierarchical gating and analysis template 
was set up once and used throughout the experiment (Fig. 
1b). Briefly, cellular events in camera focus were selected 
on the basis of the ‘Gradient RMS’ feature. Following this, 
the bright-field ‘aspect ratio’ versus ‘area’ was plotted to 
differentiate cellular aggregates and single cells [29,30]. The 
individual ‘object’ mask was generated to identify T cells 
and monocytes based on CD3-FITC and CD14-
allophycocyanin florescence intensity, respectively.

Two cell conjugates were identified from cellular aggre-
gates on the basis of low ‘nuclear aspect ratio intensity’ 
and two cell nuclear content (DAPI signal). Once events 
with two cell nuclear content were identified, those adja-
cent with ‘one T cell’ were gated on the basis of high 
‘CD3 aspect ratio intensity’. This subpopulation was plotted 
further to identify events of ‘one T cell’ conjugated with 
‘one monocyte’ based on high ‘CD14 aspect ratio intensity’. 
Eventually, T cell–monocyte conjugates with established 
synapse were determined by assessing polarization of TCR 
and F-actin at the contact site using the ‘interface’ mask-
ing tool. A histogram plot quantified the degree of TCR 
and F-actin polarization by calculating the average fluo-
rescent signals of CD3 and phalloidin, respectively, within 
the T cell side of respective ‘interface’ masks as a ratio 
to the average fluorescent signal of the whole T cell [29,30].

The T cell–monocyte conjugate subpopulation was fur-
ther characterized by plotting against ds-Red BCG fluo-
rescent intensity within the conjugating monocyte, gated 
in the histogram as ds-Red-positive (ds-Red+) or ds-Red-
negative (ds-Red−) conjugates. NF-κB nuclear translocation 
in T cells was assessed by applying the ‘similarity’ feature 
on IDEAS software used to generated ‘morphology’ mask 
based on the nuclear image. ‘Similarity score’ was assigned 
for each cell based on pixel intensity values of the DAPI 
and NF-κB images within the nuclear area of each T 
cell [26,31]. A histogram was plotted for each sample to 
determine the similarity score distribution (Fig. 1b, vii).

Statistical analysis

All graphs and statistical analyses were performed using 
GraphPad Prism software version 6.01 for windows (GraphPad 
Software, La Jolla, CA, USA; www.graph pad.com). The 
Kruskal–Wallis test followed by Dunn’s multiple comparisons 
was used to compare differences among the three study 
groups. For matched data comparing two data sets, Wilcoxon’s 
matched-pairs signed-rank test, and for more than two groups, 
Friedman’s test with Dunn’s multiple comparisons, was used. 
Statistical significance was achieved when P  <  0·05.

http://www.graphpad.com
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Result

Characteristics of study participants

Forty-two treatment-naive smear-positive pulmonary tuber-
culosis (pTB) cases [mean  ±  standard deviation (s.d.), 
age = 28·2 ± 11 years, men/women = 23/19] and 76 appar-
ently healthy individuals were recruited. The apparently 

healthy participants were further classified based on the 
IFN-γ release assay [QuantiFERON-TB Gold (QFT®)] result: 
33 (43·4%) were QFT-positive [mean ± s.d., age = 32 ± 10·3 
years, men/women = 13/20] were considered as LTBI indi-
viduals while the remaining 43 (56.6%) were QFT-negative 
[mean ± s.d., age = 30·8 ± 10·8 years, men/women = 10/33] 
and were grouped as healthy EC (Table 1).
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Elevated monocyte-to-lymphocyte ratio in patients 
with active pTB

Studies have shown that the relative proportions of myeloid 
and lymphoid cells is associated with the extent of TB 
disease [32,33]. As these studies used transcriptomic or 
differential hematology analysis, we first aimed to validate 
whether our system was able to quantify the relevant T 
cell and monocyte populations prior to antigen stimula-
tion based on CD3 and CD14 surface expression, respec-
tively. A sample dot-plot of the gated single cell population 
showing CD3+ and CD14+ subpopulations of cells analyzed 
by IFC is presented in Fig. 2a. As shown in quantitative 
scatter-plots, the frequency of CD14+ monocyte was higher 
in patients with active pTB (Fig. 2b) while that of the 
CD3+ T cells was reduced in this study group compared 
to LTBI individuals and healthy EC (Fig. 2c). Consequently, 
the monocyte-to-T cell ratio was elevated in patients with 
active pTB compared to the control groups (Fig. 2d).

Fewer antigen-induced T cell–monocyte conjugates in 
PBMC from patients with active pTB

It has long been established that an immunological synapse 
(IS) is a specialized structure where sustained target–effec-
tor cell engagement and TCR signaling occur, an event 
which is required for proper activation and effector func-
tion of the responding T cells [22,23]. This is governed 
by localized intracellular signaling that leads to reorientation 
of cytoskeletal and membrane proteins, including F-actin, 
TCR and cell signaling molecules, towards the T cell–APC 
contact site [20,34]. In the present study, we stimulated 
PBMC of patients with active pTB, LTBI individuals and 
healthy EC with ESAT 6 or ds-Red-expressing BCG (BCG) 
and the extent of T cell–monocyte conjugate formation 
with synapse was assessed. Conjugates were identified by 
applying the gating strategy presented in Fig. 1b. Conjugates 
with established synapse were identified on the basis of 
polarized CD3/TCR and F-actin at the interface between 
‘one T cell’ and ‘one monocyte’ (Fig. 3a, last column, upper 
panel, as indicated by white arrows). Having found that 

patients with active pTB displayed increased frequencies 
of CD14+ monocytes, we would expect more conjugates 
to be identified in this study group. However, comparison 
between the study cohorts revealed a reduced frequency 
of T cell–monocyte conjugates with synapse in PBMC from 
patients with active pTB compared to the control groups 
(Fig. 3b).

Patients with active pTB had higher frequency of 
responding T cells displaying NF-κB nuclear 
translocation

Once we had identified T cell–monocyte conjugates with 
established synapse, we moved on to assess its impact 
in the responding T cells on the basis of TB antigen-
induced NF-κB nuclear translocation (Fig. 4). NF-κB and 
DAPI images along with their composites are displayed 
as a representative image gallery in Fig. 4a. Antigen-
induced cytoplasmic-to-nuclear translocation of NF-κB 
was monitored in T cells by applying the ‘similarity score’ 
feature, which quantifies the correlation of nuclear (DAPI) 
and NF-κB image pixel intensities at a single cell level 
[26,31]. We first examined whether there was a difference 
in the extent of antigen-induced NF-κB nuclear trans-
location among single T cells compared to those T cells 
conjugated with monocytes of the same sample. As 
expected, T cells that were engaged with monocytes as 

Table 1. Characteristics of study cohorts: active pulmonary TB (pTB), 
latent TB infection (LTBI) or endemic controls (EC)

  pTB (n = 42)
LTBI 

(n = 33) EC (n = 43)

Age, years      
Mean (± s.d.), range 28·2 (11·0), 

17–64
32 (10·3), 

18–55
30·8 (10·8), 

15–58
Gender      

Male (female) 23 (19) 13 (20) 10 (33)
QuantiFERON®-TB Gold      

Negative – 0 43 (56·6%)
Positive – 33 (43·4%) 0

Fig. 1. Overview of experimental setup and gating strategy. (a) Schematic illustration describing cell preparation and imaging flow cytometer (IFC) 
analysis. Peripheral blood mononuclear cells (PBMC) from participants with active pulmonary tuberculosis disease (pTB), latent TB infection (LTBI) 
and healthy endemic controls (EC) were stimulated with ds-Red-expressing bacille Calmette–Guérin (BCG) or early secreted antigen 6 kilodaltons 
(ESAT 6) for 6 h. Fluorochrome-stained cells were then analyzed by IFC to identify CD3+ T cells and CD14+ monocytes. Cellular conjugates of single 
T cell with one monocyte were identified on the basis of CD3 and CD14 fluorescent signal. Polarization of T cell receptor (TCR) and F-actin 
(phalloidin AF780) were used as markers for immunological synapse formation at the contact site between the two cells. Nuclear factor kappa B 
(NF-κB) nuclear localization was also assessed in CD3+ T cells. (b) Gating strategy applied to identify parameters of interest as follows: after acquiring 
events in camera focus (i), single cells and cellular aggregates were gated based on area versus aspect ratio (ii). Cell–cell conjugates with two nuclei 
were then identified on the basis of 4′,6-diamidino-2-phenylindole (DAPI) intensity and lower aspect ratio of DAPI (iii). Those with ‘one CD3+ cell’ 
conjugated with ‘one other cell’ (iv) and ‘one CD3+ cell’ conjugated with ‘one CD14+ cell’ (v) were identified based on intensities of CD3-fluorescein 
isothiocyanate (FITC) and CD14-allophycocyanin, respectively. Subpopulations of ‘one CD3+ cell’ conjugated with ‘one CD14+ cell’ with synapse at the 
interface (vi). Of those conjugates with synapse, ‘one CD3+ cell’ conjugated with ‘one CD14+ cell’ displaying NF-κB nuclear translocation have also been 
enumerated based on pixel intensity values of the DAPI and NF-κB images for each target cell (vii).
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conjugates and had formed a synapse displayed increased 
NF-κB nuclear translocation compared to single T cells 
(Fig. 4b). Of note, both BCG and ESAT 6 stimulation 
induced NF-κB nuclear translocation in T cell conjugates 
more frequently than that observed in spontaneously 
formed conjugates of unstimulated cells (Supporting infor-
mation, Fig. S1). We then determined whether T cells 
from the three study cohorts responded differently. 
Although, as already presented in Fig. 3b, fewer conjugates 
were identified in cells from patients with active pTB, 
the T cells that were engaged with monocytes displayed 
NF-κB nuclear translocation more frequently in this study 

group than T cells from LTBI individuals and healthy 
EC (Fig. 4c).

Altered processing of BCG in monocytes from patients 
with active pTB

Culturing human PBMC together with ds-Red fluorescent 
protein-expressing BCG allowed us to discriminate con-
jugates containing BCG within the conjugated monocyte 
from those that did not, on the basis of ds-Red fluo-
rescent intensity (Fig. 5a,b). Antigen processing in phago-
cytic cells has previously been monitored using fluorescent 
molecule-labeled pathogens, where loss of fluorescent 

Fig. 2. Proportion of target cell population in peripheral blood mononuclear cells (PBMC) prior to stimulation. PBMC of patients with active 
pulmonary tuberculosis disease (pTB), latent TB infection (LTBI) individuals and endemic controls (EC) were stained for selected T cell and 
monocyte markers prior to stimulation with TB antigen. (a) Representative scatter-plot showing distribution of CD3+ and CD14+ subpopulations of 
all single cells gated from in-focus events. (b) Proportion of CD14+ monocytes, (c) CD3+ T cells and (d) monocyte-to-T cell ratio among pTB, LTBI 
and EC groups. Each dot represents frequency of individual patients with active pTB (circles), LTBI individuals (squares) and EC (triangles). Graphs 
are presented as scatter dot-plots and horizontal bars indicate median values in each group. Kruskal–Wallis test with Dunn’s multiple comparison was 
used to compare median differences among study cohorts: **P < 0·01; ***P < 0·001; ****P < 0·0001.
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signal has been associated with intracellular pathogen 
degradation [35,36]. Accordingly, we observed a signifi-
cantly higher frequency of ds-Red-negative conjugates 
than the ds-Red-positive counterparts both in LTBI 
individuals and healthy EC, while the opposite was true 
in cells from patients with active pTB (Fig. 5c). Moreover, 
intergroup comparisons showed a significantly higher 
number of ds-Red-negative conjugates in LTBI individu-
als and EC than in patients with active pTB (Fig. 5c).

Having found that cells from control groups showed 
more ds-Red-negative conjugates, we evaluated its impact 
on NF-κB nuclear translocation in the conjugating T cells. 

Our data showed a significantly higher proportion of T 
cells displaying NF-κB translocation when conjugated with 
ds-Red-negative monocytes compared to those T cells 
conjugated with ds-Red-positive monocytes in the same 
sample. Moreover, even though ds-Red-negative conjugates 
were fewer in PBMC from patients with active pTB, NF-κB 
nuclear translocation was induced in conjugated T cells 
of this study group more frequently than in conjugated 
T cells those from LTBI individuals or healthy EC (Fig. 5d).  
Interestingly, NF-κB nuclear translocation in T cells con-
jugated with ds-Red-positive monocytes did not show a 
significant difference among the study cohorts (Fig. 5d).

Fig. 3. TB antigen-induced T cell–monocyte conjugate formation. Peripheral blood mononuclear cells (PBMC) from patients with active pTB, latent 
TB infection (LTBI) individuals and endemic control (EC) groups were treated with 6-kDa early secreted antigenic target (ESAT 6) or ds-Red-
expressing bacille Calmette–Guérin (BCG) for 6 h and T cell–monocyte conjugates were analyzed by imaging flow cytometer (IFC. (a) Image gallery 
from left to right showing; bright field (BF) images, T cells [CD3-fluorescein isothiocyanate (FITC)], monocytes (CD14-allophycocyanin) and nuclear 
image 4′,6-diamidino-2-phenylindole (DAPI). The last three columns include: T cell–monocyte conjugates with polarized CD3/T cell receptor (TCR), 
F-actin and overlays of CD3/F-actin, consecutively, at the interface between T cell and monocyte conjugates (upper panel, white arrows). The 
corresponding images at lower panel presents T cell–monocyte conjugates with membrane contact without polarization of neither CD3/TCR nor 
F-actin at the interface between the two cells. (b) Scatter-plots showing the proportion of T cell–monocyte conjugates with synapse in cells from 
patients with active pTB (circles), LTBI (squares) and EC (triangles) in response to BCG or ES6. Horizontal bars represent median values and 
Kruskal–Wallis test with Dunn’s multiple comparisons was used to assess differences among the three study groups: **P < 0·01; ***P < 0·001.
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Discussion

Imaging flow cytometer (IFC) has proved to be a power-
ful tool in characterizing cell–cell interaction as well as 
monitoring intracellular localization of fluorescent-labeled 
molecules [37]. Our group has recently established a 
method using buffy coats of healthy blood donors as a 
source for PBMC, which enabled simultaneous monitoring 

of antigen-induced T cell–monocyte conjugates and NF-κB 
nuclear translocation in T cells [26]. The method we 
established is based on the assumption that co-culturing 
live BCG with PBMC will result in phagocytosis of BCG 
by monocytes and the subsequent presentation of BCG-
derived antigens to T cells present in the culture.

In our previous work, we performed kinetics experi-
ments for up to 24  h to determine optimal culture 
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condition. We found that 6-h incubation of PBMC with 
BCG resulted in adequate uptake of the pathogen by 
monocytes and the formation of T cell–monocyte con-
jugates. Longer incubation hours resulted in enhanced 
NF-κB nuclear translocation in T cells, but T cell–mono-
cyte conjugates frequency was severely reduced. The 6-h 
time-point was further validated using PBMC from a 
small cohort sample of active TB patients, obtained from 
the Norwegian Biobank for Infectious Disease. The results 
confirmed the feasibility of using stored PBMC for IFC 
analysis of conjugate formation and NF-κB nuclear 
translocation. We then designed this larger study with 
well-defined groups in a disease-endemic country where 
we applied the method to identify, enumerate and char-
acterize TB antigen reactive cells in clinical samples 
from patients with active pTB, LTBI individuals and 
healthy EC.

The immunological synapse (IS) is a specialized junc-
tion between a T cell and APC that is formed shortly 
after TCR recognition of its cognate peptide–MHC complex 
[20]. It is this cell surface recognition event that initiates 
an organized intracellular signaling cascade, resulting in 
T cell activation and effector function. Monocytes are 
among the critical components of the host immune sys-
tem, both as effector cells per se and by representing the 
link to adaptive immune response as APC. In addition, 
monocytes are the precursors of monocyte-derived mac-
rophages (MDM) and monocyte-derived dendritic cells 
(MDDC) [19].

The frequency of monocytes and lymphocytes as well 
as the ratio of monocytes-to-lymphocytes (M/L ratio) in 
peripheral blood is recognized as a valuable parameter 
in predicting the risk of active TB disease [32,38]. It has 
also been suggested that the increased M/L ratio is associ-
ated with changes in gene transcription in monocytes that 
may influence their anti-mycobacterial function [39]. In 
line with that reported by others, our data in the current 
study showed a significantly higher frequency of CD14+ 
monocytes with a corresponding in CD3+ T cells in patients 
with active pTB. This results in an increased M/L ratio 

in PBMC from this study group compared to LTBI indi-
viduals or healthy EC. These findings also validated the 
performance of our IFC-based assay to correctly identify 
target cells in a heterogeneous cell population, as assessed 
previously by standard differential hematology and tran-
scriptomic analysis.

Considering the elevated monocyte frequency, we ini-
tially anticipated more T cell–monocyte conjugates to be 
formed in PBMC from patients with active pTB upon 
co-culture. Surprisingly, our results indicated rather the 
opposite, with fewer T cell–monocyte conjugates in samples 
from active pTB cases compared to the controls. This 
observation was in line with studies that reported phe-
notypical and functional changes in the monocyte popula-
tion, including reduced human leukocyte antigen D-related 
(HLA-DR), CD36 and CD86 expression during active TB 
[40,41].  Defective differentiation of monocyte to MDDC 
coupled with impaired function has also been reported 
in cells from pTB patients, as indicated by down-regulation 
of CD1a, MHC-II and CD80 expression  [42]. Of note, 
these molecules are components of the antigen presenta-
tion machinery, and a reduction in expression would very 
probably lead to impaired antigen presentation to the T 
cell and initiation of adaptive immunity [43].

Upon BCG stimulation, we found more T cells with 
NF-κB nuclear translocation in patients with active pTB 
than in the control groups. Although we did not differ-
entiate between effector, naive or memory T cell phenotypes 
in our experiment, the finding is in agreement with previ-
ous studies that reported higher expression of activation 
markers, including CD38+HLA-DR+, in T cells from patients 
with active pTB [44]. One possible interpretation of this 
finding is thus that primed T cells display a quicker intra-
cellular signaling response than that of naive T cells [45].

Infection-induced acquired immunity is accomplished 
by uptake, degradation, processing and presentation of 
antigen peptides, resulting in sensitization of the respond-
ing T cells. Antigen-derived peptides are generated by 
APCs through proteasome and lysosome degradation of 
the pathogen (reviewed in [46]). The process can be 

Fig. 4. Tuberculosis (TB) antigen-induced nuclear factor kappa B (NF-κB) nuclear translocation in T cells. Peripheral blood mononuclear cells 
(PBMC) from patients with active pulmonary tuberculosis disease (pTB), latent TB infection (LTBI) individuals and endemic control (EC) groups 
were cultured as described above and NF-κB nuclear translocation was assessed in responding T cells by imaging flow cytometer (IFC). (a) The first 
five columns of the image gallery from left to right are; bright field image, T cell–monocyte conjugates based on CD3 and CD14 signals, F-actin, 
NF-κB and 4′,6-diamidino-2-phenylindole (DAPI) nuclear mask, consecutively. The last column depicts NF-κB and DAPI image overlays to locate 
whether NF-κB is in the nucleus. Upper panel displays ‘high similarity’ between the two images, which is defined as ‘NF-κB nuclear translocation’ while 
lower panel represents ‘low similarity’, which is defined as ‘no translocation’. (b) Proportions of T cell conjugates (closed circles) and single T cells 
(open circles) displaying NF-κB nuclear translocation in response to bacille Calmette–Guérin (BCG) or 6-kDa early secreted antigenic target (ESAT 6) 
stimulation in patients with pTB, LTBI individuals and EC group. (c’) Plots presenting the rate of T cell–monocyte conjugates with established synapse 
and displaying NF-κB nuclear translocation in cells of patients with active pTB (circles), LTBI individuals (squares) and EC (triangles) in response to 
BCG or ES6. Horizontal lines indicate median frequency. Results were analyzed using Wilcoxon’s matched-pairs signed-rank test to compare median 
differences between single T cells with their counterparts of conjugated T cells of the same sample. The Kruskal–Wallis test with Dunn’s multiple 
comparisons test was used to assess median differences among study cohorts: *P < 0·05; **P < 0·01; ***P < 0·001; ****P < 0·0001.
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Fig. 5. ds-Red bacille Calmette–Guérin (BCG)-induced conjugate formation and nuclear factor kappa B (NF-κB) nuclear translocation. Cells from 
patients with pulmonary tuberculosis disease (pTB), latent TB infection (LTBI) individuals and endemic control (EC) group treated with ds-Red-
expressing BCG for 6 h as described above. (a) Sample images displaying a T cell conjugated with ds-Red-positive monocyte (upper panel, white 
arrow) or ds-Red-negative monocyte (lower panel). (b) Representative histogram overlay for T cell–monocyte conjugates of BCG stimulated or 
unstimulated (filled gray) to define ds-Red-positive and ds-Red-negative T cell–monocyte conjugate subpopulations. (C) Scatter plot showing 
percentage of T cells displaying synapse when conjugated with ds-Red-positive monocytes (ds-Red+ conjugates, closed plots) or monocytes with no 
detectable ds-Red fluorescent signal (ds-Red− conjugates, open plots) among patients with pTB, LTBI individuals and endemic controls (EC)group. (d) 
Proportion of T cells displaying NF-κB nuclear translocation when in conjugate with ds-Red+ (closed plots) or ds-Red− monocytes (open plots). 
Horizontal bars represent median values and statistically significant differences between ds-Red+ and ds-Red− conjugates were assessed by Wilcoxon’s 
matched-pairs signed-rank test and Kruskal–Wallis test with Dunn’s multiple comparisons was used to assess median differences among the three 
study groups: *P < 0·05; **P < 0·01; ***P < 0·001.
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monitored using fluorescent molecule-labeled bacteria, 
where a dramatic loss in fluorescent signal is associated 
with intracellular pathogen degradation [35,47,48]. Taking 
advantage of the ability of IFC in monitoring fluorescently 
labeled molecules, we characterized BCG exposed T cell–
monocyte conjugates further based on ds-Red fluorescence 
intensity. The results indicated that monocytes from active 
pTB cases process and present the antigen to T cells less 
efficiently, as reflected by fewer ds-Red-negative conjugates 
in this study population compared with controls. It is 
probable that the fewer ds-Red-negative conjugates in cells 
from pTB cases of BCG-stimulated samples could be 
explained, at least partly, by impaired monocyte function 
with regard to antigen processing and presentation [40].

One limitation of our assay was that it did not enable 
us to characterize ds-Red-negative conjugates further to 
discriminate between uninfected monocytes that formed 
conjugates spontaneously [49] from those that had taken 
up and degraded/processed the bacilli. However, the obser-
vation that a higher proportion of T cells displaying NF-κB 
nuclear translocation when conjugated with ds-Red-negative 
monocytes than those conjugated with ds-Red-positives 
was compelling. In particular, it is intriguing that in T 
cells conjugated with ds-Red-negative monocytes, NF-κB 
nuclear translocation was more pronounced. This finding 
indicated that the majority of ds-Red-negative conjugates 
contained infected monocytes that had processed the bacilli 
and presented antigen to the responding T cells. Among 
study groups, T cells conjugated with ds-Red-negative 
monocytes from patients with active pTB display NF-κB 
nuclear translocation more frequently compared to T cells 
from LTBI individuals or healthy EC. Our results thus 
suggest that, despite a possibly reduced ability of monocytes 
in processing BCG antigens, the T cells were highly respon-
sive once antigens became available for presentation on 
the surface of the monocyte. These findings are in line 
with studies that reported no deficiency of T cell function 
in patients with active TB, as evidenced by enhanced pro-
duction of Th1 cytokines [6].

Infection of monocytes with ds-Red-expressing BCG 
allowed evaluation of the proportion of cells that have taken 
up and/or processed the BCG and characterization of those 
interacting with T cells. However, CD14 expression was greatly 
affected after incubation with live BCG (Supporting informa-
tion, Fig. S2). This could explain the fewer T cell–monocyte 
conjugates we identified in BCG-stimulated cells compared 
with ESAT 6-stimulated pairs (Supporting information, Fig. 
S3). Loss of CD14 expression upon stimulation with BCG 
[50] and other bacteria such as Escherichia coli and Group 
B Streptococci [48] has also been reported previously. 
Considering other APC such as MDM and MDDC, as well 
as incorporating markers, which are less affected by stimula-
tion condition, would help in addressing this challenge.

The use of BCG for stimulation enabled us to establish 
the assay in a facility where biosafety level 3 is not 
available as virulent Mtb strains. However, BCG does 
not contain the virulence-associated RD1 region of Mtb, 
which may result in variations in the functionality of 
the responding cells. It has been reported that peptide 
antigens are processed by APCs in the same way as 
intact bacteria [51]. ESAT 6 is a highly immunogenic 
Mtb-specific peptide encoded by the RD1 genomic region 
[52]. We thus included ESAT 6 in our experiment to 
assess Mtb specific response.

We have shown that IFC technology provide a statisti-
cally robust platform for studies of cell–cell interaction 
and co-localization of intracellular molecules. However, 
data generated from IFC are more complex, as IFC also 
includes fluorescent microscopy-related analysis. In addi-
tion, the high cost of purchasing the instrument makes 
it currently out of reach in most resource-limited settings. 
Hopefully, further improvements in the instrumentation 
and software will make the technology user friendly and 
affordable.

Overall, our data highlight the need for assessing mul-
tiple parameters representing immunological changes in 
innate and acquired immunity, rather than focusing only 
on T cell effector function in assessing the complex host 
response against TB. We thus believe that considering 
novel approaches, such as IFC, may contribute to the 
comprehensive overview necessary for the development 
of new and improved strategies in the fight against TB, 
including vaccine development and evaluation.
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