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Mono- and multifunctional specific CD4" and CD8" T-cell responses were evaluated to improve the immune-based detection
of active tuberculosis (TB) and latent infection (LTBI). We applied flow cytometry to investigate cytokines profile (IFN-y, TNF-
«, and IL-2) of T cells after stimulation with TB antigens in 28 TB-infected subjects (18 active TB and 10 LTBI) and 10 uninfected
controls. Cytokines production by CD4" T cells at single-cell levels was higher in TB-infected subjects than uninfected controls (P <
0.0001). Assigning to activated CD4" T cells, producing any of the three cytokines, a cut-off >0.45%, it was possible to differentiate
TB-infected (>0.45%) by uninfected subjects (<0.45%). Among TB-infected subjects, the frequencies of multifunctional CD4" T
cells, simultaneously producing all 3 cytokines, are lower in active TB than LTBI subjects (P = 0.003). Thus, assigning to triple-
positive CD4" T cells a cut-off <0.182%, TB-infected individuals could be classified as active TB subjects (<0.182%) or LTBI subjects
(>0.182%). The magnitude of CD8" T-cell responses showed no differences between active TB and LTBI. Multifunctional CD4"
T-cell responses could have the potential to identify at single time point subjects without TB infection and patients having active

or latent TB.

1. Introduction

Mycobacterium tuberculosis (Mtb) infects more than 2 billion
people worldwide; 90% of Mtb-infected individuals are able
to resist overt tuberculosis (TB) disease determining the
state of latency of infection (LTBI) [1]. Although latent and
active TB disease are likely part of a dynamic spectrum
[2, 3], individuals with LTBI are classically considered to be
asymptomatic and not infectious; thus, the accurate classifi-
cation of TB status is essential since treatment and prevention
approaches are entirely different.

All existing tests for LTBI diagnosis, the tuberculin skin
test (TST) and the newer interferon-gamma release assays
(IGRAs), are acceptable but remain imperfect tests [4]. They
represent indirect markers of Mtb exposure and provide
immunological evidence of host sensitization to TB antigens.
Both tests depend on cell-mediated immunity, and neither

test can accurately differentiate between active TB and LTBI,
distinguish reactivation from reinfection, or discriminate the
various stages within the spectrum of Mtb infection [5, 6].
Thus, there is a need for newer biomarkers to classify patients
at a single time point as having active TB, LTBI, or no
infection.

Alternative immunological methods have been investi-
gated in recent years [7-11]. In particular, multifunctional
T cells, defined by their ability to coexpress two or more
cytokines, have showed a better diagnostic yield than IGRA
to detect TB infection [12-14] and have improved discrimi-
nation between active TB and LTBI [7-11, 15].

However, currently there is no consensus whether multi-
functional T cells represent a marker of protective immunity
or disease activity. Studies in animal models revealed a poten-
tial association of multifunctional Thl cells with protective
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immunity to TB [16], but some recent studies in humans have
implicated multifunctional Thl cells in protective immunity
against pulmonary disease [10, 17], while others have shown
that these cells might merely reflect the presence of active
disease [7, 9].

In the present study, we applied an intracellular cytokine
flow cytometry (ICCFC) to investigate monofunctional and
multifunctional Mtb-specific CD4" and CD8" T cells in
active TB and LTBI adults. Based on our findings, we
propose an immune-based approach, which could improve
the identification at single time point of subjects with no TB
infection or patients having active or latent TB.

2. Materials and Methods

2.1. Study Subjects. The study population included 38 subjects
enrolled at the Department of Public Health and Infectious
Diseases, “Sapienza” University, Rome, Italy. The subjects
were firstly classified into 2 main groups: TB infected and
uninfected subjects. TB infected people were subsequently
classified as active TB and latent TB. In summary, 18 patients
with active TB (age range, 26-61 years); 10 patients with LTBI
(age range, 41-60 years); and 10 healthy subjects (age range,
27-43 years) were recruited.

Diagnosis of active TB was made on the basis of clinical
and radiological findings and was confirmed by identification
of M. tuberculosis with microbiological methods and/or
histological examination of affected tissues. All patients
presented tubercular lung involvement.

We classified as LTBI the subjects who tested positive for
both TST and QFT-GIT. All subjects classified as LTBI had
also one of the following risk factors: chest X-ray suggestive
of prior TB infection (apical pleural thickening, pulmonary
nodules, upper lobe bronchiectasis, interstitial granuloma-
tous calcification, cavitation, and lymph node or pericardial
calcification) and a history of exposure to a case of active
TB, originating from an area with a high prevalence of TB
infection. None of the individuals had clinical, radiologic, and
microbiological evidence of active TB, and none had received
prior TB treatment. The healthy subjects were unexposed
individuals with no previous history of TB, no know TB
contact and tested negative for TST and QFT-GIT.

Measurement of IFN-y levels by IGRA and multifunc-
tional analysis of CD4" and CD8" T cells were performed on
the same blood samples collected from all patients.

The study received approval from the Local Ethics Com-
mittee (reference number 2669), and informed consent was
provided by all subjects.

2.2. Tuberculin Skin Test and QuantiFERON TB Gold-In
Tube (QFT-GIT). After blood was drawn for the QFT-GIT
assay, a TST (Biocine Test PPD, Chiron, Siena, Italy) was
performed according to the Mantoux method by the same
experienced operator, considering an induration of >10 mm
as positive. The QFT-GIT assay (Cellestis Limited, Carnegie,
Australia) was carried out and interpreted by the same
trained technician, as per the manufacturer’s instructions.
Both operators were blind to the clinical status of the patients.
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2.3. Intracellular Cytokine Flow Cytometry (ICCFC). For
intracellular cytokine flow cytometry, heparinized peripheral
blood was collected, and 0.5 mL of whole blood was added
to 3 test tubes containing, respectively, saline (negative con-
trol), phytohaemagglutinin (PHA), and TB antigens (ESAT-6,
CFP-10,and TB 7.7) [18]. The test tubes were supplied with the
QFT-GIT. The TB antigens are pools of overlapping peptides
and are pooled together as a single stimulation condition.

Whole blood was costimulated with anti-CD28 plus anti-
CD49d (5 uL/mL, BD Bioscience, Pharmingen, Italy) as indi-
cated by several authors [9,10,19], and Brefeldin A (10 pg/mL)
(Sigma-Aldrich) was immediately added to each tube as
previously described [20]. In order to avoid aspecific stimu-
lation related to CD28/CD49d costimulation, we added anti-
CD28/CD49d antibodies to both negative (saline) and pos-
itive (PHA) control tubes and to TB antigens tubes (ESAT-
6, CFP-10, and TB 7.7) and we further subtracted the back-
ground values (in terms of IL-2, IFN-y, and TNF-«) from TB
antigens tubes.

In brief, after 18 hrs of incubation, the cell surface stain-
ing was performed with the following markers, anti-CD45-
VioBlue, anti-CD4 PE-Vio770, and anti-CD8 PerCP (Mil-
tenyi Biotec, Germany), and the red cells were lysed with
1 mL FACS lysing solution (BD Bioscience). Cells were then
permeabilized with 0.5mL FACS permeabilizing solution
(BD Bioscience) and intracellularly stained with anti-IFN-y
FITC, anti-TNF-a APC, and anti-IL-2 PE (Miltenyi Biotec).
Cells were fixed in 1% paraformaldehyde and analysed within
1hr using a MACSQuant Analyzer flow cytometer (Miltenyi
Biotec) after calibration and automatic compensation. We
acquired at least 100,000 cells in the lymphocyte gate. FlowJo
Software version 7.6.5 was used to perform a “combination
gates” analysis. Seven different population cells were detected
in CD4" and in CD8" cell gate on the basis of IFN-y, IL-2,
and TNF-a produced by CD4" and CD8" T cells (Figure 1).
Background cytokine production in negative control (saline
buffer) was subtracted from each stimulated condition. Intra-
assay coeflicient of variation and interassay coeflicient varia-
tion were estimated and were <5% and <10%, respectively.

We classed T cells producing any of the 3 cytokines (IFN-
y or IL-2 or TNF-«) as “activated T cells,” those producing
IFN-y alone or in combination with IL-2 and/or TNF-« as
“total IFN-y™* T cells,” those producing IL-2 alone or in com-
bination with IFN-y and/or TNF-« as “total IL-2" T cells,
and those producing TNF-« alone or in combination with IL-
2and/or IFN-y as “total TNF-a" T cells”” Similarly, we classed
polyfunctional T cells (those simultaneously producing all 3
cytokines) as “IFN-y* IL-2" TNF-a" T cells”

2.4. Statistical Analysis. GraphPad Prism Software version
5 (Software MacKiev) was used. Nonparametric Kruskal-
Wallis ANOVA with Dunn’s posttest comparison and non-
parametric Mann-Whitney test was applied to compare T-
cell frequencies and the percentage of cytokine-secreting cells
between 3 or 2 groups of patients, respectively. Receiver
operating characteristic (ROC) analysis was performed to
calculate optimal cut-off values for both activated CD4* T
cells and polyfunctional CD4" T cells. ROC curves were
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FIGURE 1: Representative flow cytometry “combination gates” analysis of CD4" T cells of LTBI, active TB, and control subject under stimulation
of TB antigens. Whole blood was analysed using a gating strategy to exclude debris and to identify CD4" and CD8" T cells on CD45"
lymphocytes. The subsequent analysis was on CD4" gate to describe IFN-y, IL-2, and TNF-a producing T cells. The percentages of the seven
different population cells were showed at bottom and were defined in CD4" cell gate on the basis of total IFN-y, IL-2, and TNF-« producing
cells.
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FIGURE 2: Analysis of cytokine production by CD4" cells at the single-cell level. (a) ROC curve (plotting sensitivity versus 1 — specificity)
to discriminate infected (active TB and LTBI) from uninfected patients. The area under curve (AUC) was 0.9722. (b) Analysis of activated
M. tuberculosis-specific CD4" T cells producing any of the 3 cytokines (IFN-y, IL-2, or TNF-«), using a cut-off to score responses as either
positive or negative. The subjects were considered as positive (black) whether the frequency of CD4" T cells was >0.45% and negative (white)
when the frequency was <0.45%. Horizontal bars represent the median values and horizontal dashed line indicates the cut-off of 0.45%. ((c),
(d), and (e)) Frequency of “total IFN-y*,” “total IL-2%,” and “total TNF-a"” Mtb-specific CD4" T cells in active TB patients (1 = 18), in LTBI
patients (n = 10), and in healthy controls (n = 10) is shown. Horizontal bars represent the median values. Statistical analysis was performed
using Kruskal-Wallis ANOVA with Dunn’s posttest comparison and significant differences are indicated by asterisks (**P < 0.01).

generated by plotting the sensitivity against 1 — specificity,
and the area under the curve (AUC) with 95% confidence
intervals (95% Cls) was calculated. All statistical analyses
were two-sided and considered significant at P values < 0.05.

3. Results

3.1. TST and QFT-GIT Results. QFT-GIT was positive in13/18
(72%), negative in 3/18 (17%), and indeterminate in 2/18 (11%)
of active TB patients. As expected, QFT-GIF was positive
in all 10 (100%) LTBI patients and in none of the healthy
controls. The TST was positive in all LTBI and negative in all
healthy controls, whereas it was positive in 11/18 (61%) and
7/18 (39%) of active TB patients.

3.2. Cytokine Flow Cytometry Analysis of Mtb-Specific CD4™ T
Cells at the Single-Cell Level. The expression of CD4" T cells
producing any of the 3 cytokines (IFN-y or IL-2 or TNF-a)
was assessed in patients with active TB, LTBI, and healthy
controls, after simulation with Mtb-specific antigens. A sig-
nificantly higher frequency of these CD4" T cells was found
in active TB patients (median 1.197%, range 0.219%-3.59%)
and in LTBI patients (1.666%, 0.234-5.762%) if compared to

healthy controls (0.246%, 0-0.423%; P < 0.0001 by Kruskal-
Wallis test); on the other hand, no significant differences were
found between the 2 infected group subjects. Following this
observation, we performed a ROC analysis (Figure 2(a)) and
a cut-off >0.45% for activated CD4" T cells was found as the
value allowing the best combination of sensitivity (94.44%,
95% CI: 72.2-99.8%) and specificity (100%, 95% CI: 69.15—
100%; AUC 0.9722; 95% CI: 0.9141-1.030%, P < 0.0001) to
differentiate Mtb-infected patients (active TB and LTBI) from
healthy controls. Using this cut-off, we scored as positive 17/18
(95%) of active TB patients, 9/10 (90%) of LTBI patients, and
none of 10 healthy controls (Figure 2(b)). Thus, the analysis
of Mtb-specific CD4" T cells allowed the discrimination
between Mtb-infected and uninfected patients.

In another set of analyses, we compared the frequency
of “total IFN-y™ CD4" T cells,” “total IL-2" CD4" T cells,”
and “total TNF-a* CD4" T cells” (as defined in Section 2)
in our 3 groups of the subjects. The frequencies of “total
IFN-y" CD4" T cells” and “total IL-2" CD4" T cells”
were higher in LTBI patients compared to those with
active TB and healthy controls, although these differences
attained statistical significance only between Mtb-infected
(active TB and LTBI) and healthy subjects (P = 0.0014
for IFN-y; P = 0.0001 for IL-2 by Kruskal-Wallis test)
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F1GURE 3: Multifunctional cytokine analysis of M. tuberculosis-specific CD4" T cells. (a) Frequency of Mtb-specific CD4" T cells producing all
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(Figures 2(c) and 2(d)). The frequency of “TNF-a™ CD4"
T cells” was higher in patients with active and latent TB
than in healthy controls (P = 0.0003 by Kruskal-Wallis test;
Figure 2(e)).

Thus, the analysis of cytokine production by Mtb-specific
CDA4" T cells at the single-cell level was unable to indicate TB
status among the studied subjects not allowing a distinction
between active TB and LTBL

3.3. Multifunctional Cytokine Analysis of Mtb-Specific CD4™ T
Cells. We analysed our samples for all possible combinations
of intracellular expression of IFN-y, IL-2, and TNF-« in
cytokine-producing CD4" T cells in subjects with active and
latent TB. Significantly greater frequencies of both “IFN-y*
TNF-a*” and “IFN-y* IL-2" TNF-a"” CD4" T-cell subsets
were observed in LTBI patients compared to active TB
patients (P = 0.003 and P = 0.034, respectively; by Mann-
Whitney test) (Figure 3(a)). Conversely, the frequency of
other single- or double-cytokine-secreting CD4" T cells did
not differ significantly between these two groups.

However, the cytokine profile (Figure 3(b)) revealed that
in LTBI patients the proportion of polyfunctional CD4" T
cells producing the 3 cytokines simultaneously was greater
(23%) compared to other double-cytokine-producing CD4"
T cells (IFN-y* TNF-a* = 4%; IL-2* TNF-a* = 4%; IFN-y*
IL-2" =16%), but similar to single-cytokine-producing CD4"
T cells (TNF-a" = 27%, IFN-y* = 18%). In contrast, subjects
with active TB showed a smaller proportion of polyfunctional
CD4" T cells (8%) and a predominance of CD4" T-cell subset
secreting TNF-« alone which constituted 46% of the total
cytokine response.

Based on these differences, we performed a ROC analysis
(Figure 4(a)) and cut-off < 0.182% for polyfunctional CD4"
T cells allowed the best combination of sensitivity (77.78%,
95% CI: 52.36-93.59) and specificity (70%, 95% CI: 34.75-
93.33%; AUC 0.8444; 95% CI: 0.7021-0.9868%, P = 0.0002)
to differentiate between active TB and LTBI subjects. Using
this cut-off to score ICCFC responses as either positive or
negative, we observed a positive response (>0.182%) in 4
out of 18 (22%) active TB patients and in 7 out of 10 (70%)
LTBI patients (Figure 4(b)). In our hands, the frequency of
polyfunctional CD4" T cells which simultaneously produced
IEN-y, IL-2, and TNF-a may be indicative of LTBI status.

3.4. Specific CD8" T-Cell Responses to Mth Antigens in Intra-
cellular Cytokine Flow Cytometry. The analysis of activated
CD8" T cells, producing any of the 3 cytokines (IFN-y or
IL-2 or TNF-«) showed similar results to CD4" T cells,
revealing a significant greater frequency of activated CD8"
T cells in both active TB (median 0.599%, range 0-4.55%)
and LTBI patients (0.489%, 0-1.796%) compared to healthy
controls (0%, range 0-0.249%, P < 0.0020 by Kruskal-Wallis
test), but no difference was found between two groups of
infected individuals (Figure 5(a)). Likewise, the frequency
of “total IFN-y* CD8" T cells” (Figure 5(b)), “total IL-2*
CD8" T cells” (Figure 5(c)), and “total TNF-a* CD8" T cells”
(Figure 5(d)) was significantly higher in active TB patients
compared to the other 2 groups of patients. These differences
were only statistically significant between active TB subjects
and healthy controls (P = 0.0045 for IFN-y™; P = 0.0033 for
IL-2; P = 0.0078 for TNF-« by Kruskal-Wallis test).



100 7
+
3 1.2 4
Z
80 = 0.9 4
+
S 2 06
= Cl
60 +I>~ = 03 -
Z T -
~
j=Na) —
5 O 0.2
40 >
19}
=]
(5}
=) 0.1 -
20 g ’
23
0~ T T T T 1 0-
0 20 40 60 80 100

100 - specificity (%)
(a)

Journal of Immunology Research

[ J |
|
o --
O [
[ ]
_______ o “'““““.D““““'
OO O
O
(0]
(@)
000
T
Active TB LTBI

()

FIGURE 4: Differentiation between active and latent Mtb-infected subjects. (a) ROC curve (plotting sensitivity versus 1 — specificity) to
discriminate active TB from LTBI patients. The area under curve (AUC) was 0.8444. (b) Analysis of triple-positive [FN-y* IL-2* TNF-a*
CD4" T cells, using a cut-off to score responses as either positive or negative. The subjects were considered as positive (black) whether the
frequency of CD4" T cells was >0.182% and negative (white) when the frequency was <0.182%. Horizontal bars represent the median values

and horizontal dashed line indicates the cut-off of 0.182%.

* %
& 51 r FE 1
3 .
e 4
+
8 31
O ®
L)
A B .
§ 11 .0 "
g | seet ahm aua
£ 0-
Active TB LTBI Controls
()
s sk %k
T 1 1
2.8 ° 2.8 4
- 2.4 4 B 2.4
> * A = .
Z 2204 %Ez,o- N
o -
“i o Lo - E\J&D 1.6 -
gt 1.2 - 5 0 1.2+
g a g o
& O 0.8 4 ;: : = 0.8 0:
3 044 — - A 0.4 .$_ '-
L]
00 1 —om -k 001 —e—— W &
Active TB LTBI  Controls Active TB LTBI  Controls
IFN-y response IL-2 response

(b)

(c)

Frequency of TNF-a*

CD8" T cells

* 3k
2.8
2.4 A
2.0 °
1.6
1.2
°
0.8 - &
0.4
w0l & - S
Active TB LTBI Controls
TNF-« response

(d)

FIGURE 5: Analysis of cytokine production by CD8" T cells at the single-cell level. (a) Frequencies of activated Mtb-specific CD8"T cells
producing any of the 3 cytokines (IFN-y, IL-2, or TNF-«) cells in active TB patients (n = 18), in LTBI patients (n = 10), and in healthy
controls (1 = 10) are show. ((b), (), and (d)) Frequency of “total IFN-y*” “total IL-2",” and “total TNF-a"” Mtb-specific CD8"T in active TB
patients (n = 18), in LTBI patients (n = 10), and in healthy controls (n = 10) is shown. Horizontal bars represent the median values. Statistical
analysis was performed using Kruskal-Wallis ANOVA with Dunn’s posttest comparison and significant differences are indicated by asterisks

(**P < 0.01).



Journal of Immunology Research

8
Es) Active TB LTBI

2.5 °
» 2.0 4 'Y
B 15 - °
= 1.0 -
+°‘53 1.0
o
O 0.8 °
S 0.6 - s ° b
504l 0
S 04+
= °
g 034 g g0 ¢
502 ° o o
[s3) 2 _'_o -to Y
0.1 - ° o .o ¥2
0088 ‘§- 28 ‘ S 8o o8
IEN-y + + + + - -
IL-2 + + - - + +
TNF-O{ + — + — + _
Pie slice - - . . -
® Active TB
o LTBI

()

1)4

(b)

FIGURE 6: Multifunctional cytokine analysis of Mtb-specific CD8" T cells. (a) Frequency of Mtb-specific CD8" T cells producing all
combinations of IFN-y, IL-2, and TNF-« in active TB patients (1 = 18, black circles) and in LTBI patients (n = 10, white circles). Horizontal
bars represent the median values. Statistical analysis was performed using Mann-Whitney test. (b) Pie charts represent the relative proportions
of cytokine-producing T-cell subsets in each group after Mtb-specific stimulation. A key to colours used in the pie charts is shown at the bottom

of the panel (a).

As regards the cytokine profiles of Mtb-specific CD8" T
cells, we found no significant differences between active TB
and LTBI subjects (P > 0.05 for each CD8" T-cell subset
by Mann-Whitney test; Figure 6(a)). Still, observing the pie
charts (Figure 6(b)) the proportions of single-, double-, or
triple-cytokine-secreting CD8" T-cell subsets were compara-
ble between two groups of individuals.

Hence, the evaluation of the Mtb-specific CD8" T-cell
responses in both monofunctional and polyfunctional analy-
ses did not allow the distinction between active TB and LTBI
subjects.

4. Discussion

In recent years, immunological response to Mtb has been
extensively studied with the purpose of not only better under-
standing the TB pathogenesis but also improving diagnosis.
The more recent IGRA offer some improvements over the
TST, showing an excellent specificity for LTBI diagnosis and
correlating well with the magnitude of exposure to M. tuber-
culosis [21]. Nevertheless, they have several known limitations
including the reduced accuracy in immunocompromised
subjects [22-24], the presence of conversions and reversions
of results when serially applied in the same individuals [25-
27], the inability to distinguish reactivation from reinfection,
and the inability to accurately differentiate between LTBI and
active TB [5, 6].

In the present study, using IGRA assay as a tool for TB
detection, no significant differences in the average IFN-y
responses were observed among our TB and LTBI subjects,

since similar percentages of positive IFN-y responses were
present in both of the 2 groups.

With a view to improving discrimination between active
TB and LTBI, we applied an intracellular cytokine flow
cytometry (ICCFC) to investigate monofunctional and mul-
tifunctional Mtb-specific CD4" and CD8" T cells.

Multifunctional T cells simultaneously secreting IFN-y,
TNF-«, and IL-2 play a critical role in the control of chronic
bacterial and viral infections [28]. Changes in cytokine
profiles could be a general feature of Mtb-specific T cells in
TB infection, but limited and controversial data have made
it difficult to define the role of these cells in TB [29]. Some
studies support the concept that a higher proportion of triple-
positive CD4" T cells correlates with LTBI when comparing
active TB and latent subjects, suggesting that this T-cell subset
may be a surrogate marker of Mtb load and consequently
of active replication control in LTBI subjects [10, 15, 17]. In
contrast, others indicate a higher proportion of triple-positive
CDA4" T cells in active TB than in LTBI subjects [7, 9], but the
methodology used was different and so was the definition of
LTBI.

The present study provides a detailed analysis of the
frequency of cytokine-producing CD4" and CD8" T cells in
Mitb-infected (active TB and LTBI) and uninfected subjects.

Regarding the CD4" T-cell compartment, the first finding
was that analysis of activated cells producing any of the 3
cytokines (IFN-y or IL-2 or TNF-«) may help to differentiate
Mitb-infected (active TB and LTBI) and uninfected subjects.
In fact with a cut-off > 0.45% for activated CD4" T cells,
we scored as positive the 95% of active TB patients, the 90%
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Analysis of Mtb-specific activated CD4" T cells

|
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<0.45%

No TB infection

Analysis of polyfunctional CD4" T cells
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FIGURE 7: Proposed immune-based model for detection of active and latent TB. Taking into account the analysis of activated CD4" T cells,
it is possible to differentiate Mtb-infected subjects (>0.45%) by uninfected subjects (<0.45%). With the analysis of multifunctional CD4" T
cells, simultaneously producing all 3 cytokines, infected individuals may be classified as active TB subjects (<0.182%) or as LTBI subjects

(>0.182%).

of LTBI patients, and none of healthy controls, clearly
differentiating Mtb-infected patients from healthy controls.
It is interesting to note that active TB patients showed
a low response using TST and QFT (only 61% and 72%,
resp.) confirming that routinely immunological tests were not
useful in diagnosis of active disease. Our data suggest that
analysis of activated CD4" T cells has a good sensitivity in
active TB.

Also the analysis of CD4" T cells secreting IFN-y alone,
IL-2 alone, and TNF-« alone, revealed a prevalent frequency
of all these T cells in infected compared to uninfected
subjects. Still, it is interesting to note a slightly higher
frequency of both “all IFN-y*” and “all IL-2"” CD4™ T cells in
LTBI patients with respect to active TB patients, in line with
recent studies showing that CD4" T cells producing IFN-y
and IL-2 have been implicated in protective immunity to TB
[30, 31]. Taken together, monofunctional analysis was able to
distinguish infected and uninfected subjects but was unable
to indicate TB status not allowing a clear distinction between
active and latent infection.

Moreover searching for a difference between active and
latent TB, we performed a broad characterization of the
functional profiles of Mtb-specific CD4" T cells to determine
all combinations of intracellular expression of IFN-y, IL-
2, and TNF-a. These findings revealed that latent infection
is associated with an increased frequency of two CD4"
T-cell subsets, those producing IFN-y, IL-2, and TNF-«
simultaneously (triple-positive) and those producing IFN-y
in combination with TNF-«, indicating a possible protective
role of these cells population in maintaining latent inflec-
tion. Indeed, we found that multifunctional CD4" T cells,
in particular those producing 3 cytokines simultaneously,

provided the best discrimination between active and latent
infection. In fact using a cut-off of 0.182% for triple-positive
CD4" T cells, most LTBI subjects (70%) showed a positive
response, whereas the majority of active TB patients (78%)
have a response below the cut-off.

Taken together, the detection of less than 0.182% of triple-
positive CD4" T cells is strongly indicative of active TB with
a specificity of 70%, whereas frequencies of these cells above
0.182% could be indicative of LTBI with sensitivity of 77.7%.

Most notably and in contrast with latent infection, our
subjects with active TB disease had a predominance of CD4"
T cells secreting TNF alone which constituted 46% of the
total cytokine response. This is in agreement with previous
studies showing that TNF production is a major component
of the immune response to Mtb-antigen in active disease
and thus the most reliable marker for diagnosing TB disease
[7, 10, 11, 32, 33]. TNF expansion could be responsible for a
high degree of inflammation, which could be linked to tissue
damage and lung lesions rather than protection and control
of the pathogen.

According to what has been assumed to be the hallmark
of a protective CD4" T-cell response in various models of
human viral infections [28, 34, 35], we found a significantly
higher proportion of multifunctional IFN-y* IL-2* TNF-a*
CD4" T cells in subjects with LTBI, which are able to control
Mtb replication compared with those with current TB disease,
in which CD4" T cells secreting TNF alone dominated the
Mtb-specific response.

As regards the CD8" T-cell compartment, Rozot et al.
[36, 37] recently indicated that Mtb-specific CD8" T-
cell responses can be detected predominantly in patients
with active TB as compared to LTBI subjects, suggesting
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a correlation between CD8" T-cell responses and high anti-
gen burden [19, 38]. This hypothesis is supported by a recent
study performed in children showing that Mtb-specific CD8"
T cells were detected in active TB disease but not in healthy
children recently exposed to Mtb, despite the fact that similar
frequencies of CD4" T cells were present in both groups [39].

Moreover, little is known about the size, quality, and
specificity of Mtb-specific CD8" T-cell responses during
active and latent infection. In our study, the monofunc-
tional analysis allowed a distinction between infected and
uninfected subjects, following the same trend as in CD4" T
cells. Conversely, the polyfunctional analysis of CD8" T-cell
responses showed no significant differences between active
and latent infected patients.

The present study has some limitations, such as the
relatively small number of patients within each clinical group
and the lack of a prospective analysis. Nevertheless, the
ICCFC assessment of multifunctional Mob-specific CD4" T
cells enabled us to determine the different clinical stage of
TB infection. In this respect we propose an immune model
(Figure 7) which, with a cut-off of 0.45% for activated CD4™ T
cells, may initially discriminate Mtb-infected (active TB and
LTBI) patients (>0.45%) from uninfected subjects (<0.45%)
with a specificity of 100%. Then, the infected individuals may
be classified as active TB subjects if they showed frequencies
of triple-positive T cells less than 0.182% and as LTBI subjects
if the frequencies of triple-positive T cells are instead above
0.182% with a sensitivity of 77.78% and a specificity of 70%.

5. Conclusion

Multifunctional flow cytometry analysis of specific CD4" T-
cell response may represent a simple and rapid immune-
based approach to distinguish between Mtb-infected and
uninfected subjects. The more interesting result of the study
is the increased number of active TB patients detected
with multifunctional analysis of CD4" T-cell response in
comparison to QTF-GIT or TST. As general use as a clinical
diagnostic test in order to identify patients with active versus
latent TB infection, this immunological approach needs to be
validated in a larger and prospective study and to be extended
to other forms of active tuberculosis.

Conlflict of Interests
The authors declare that they have no conflict of interests in
publishing this paper.
Acknowledgments
The authors gratefully acknowledge the contributions to this
research by the study participants and staff.
References
[1] World Health Organization, Global Tuberculosis Control: WHO

Report 2013, WHO, Geneva, Switzerland, 2013, http://www.who
.int/tb/publications/global_report/en/.

[2] C. E. Barry Jr, H. L. Boshoft, V. Dartois et al., “The spectrum
of latent tuberculosis: rethinking the biology and intervention
strategies,” Nature Reviews Microbiology, vol. 7, no. 12, pp. 845-
855, 2009.

[3] K. Dheda, S. K. Schwander, B. Zhu, R. N. Van Zyl-Smit, and
Y. Zhang, “The immunology of tuberculosis: from bench to
bedside,” Respirology, vol. 15, no. 3, pp. 433-450, 2010.

[4] M. Pai, C. M. Denkinger, S. V. Kik et al., “Gamma interferon
release assays for detection of Mycobacterium tuberculosis infec-
tion,” Clinical Microbiology Reviews, vol. 27, no. 1, pp. 3-20, 2014.

[5] M. Sester, G. Sotgiu, C. Lange et al., “Interferon-y release assays
for the diagnosis of active tuberculosis: a systematic review and
meta-analysis,” European Respiratory Journal, vol. 37, no. 1, pp.
100-111, 2011.

[6] J. Z. Metcalfe, C. K. Everett, K. R. Steingart et al., “Interferon-
y release assays for active pulmonary tuberculosis diagnosis in
adults in low-and middle-income countries: systematic review
and meta-analysis,” Journal of Infectious Diseases, vol. 204, no.
4, supplement, pp. S1120-S1129, 2011.

[7] J. S. Sutherland, I. M. Adetifa, P. C. Hill, R. A. Adegbola, and
M. O. C. Ota, “Pattern and diversity of cytokine production
differentiates between Mycobacterium tuberculosis infection
and disease,” European Journal of Immunology, vol. 39, no. 3, pp.
723-729, 2009.

[8] V.Sargentini, S. Mariotti, S. Carrara etal., “Cytometric detection
of antigen-specific IFN-y/IL-2 secreting cells in the diagnosis of
tuberculosis,” BMC Infectious Diseases, vol. 9, article 99, 2009.

[9] N. Caccamo, G. Guggino, S. A. Joosten et al., “Multifunctional
CD4" T cells correlate with active Mycobacterium tuberculosis
infection,” European Journal of Immunology, vol. 40, no. 8, pp.
2211-2220, 2010.

[10] A. Harari, V. Rozot, E B. Enders et al., “Dominant TNEF-
o Mycobacterium tuberculosis-specific CD4" T cell responses
discriminate between latent infection and active disease,
Nature Medicine, vol. 17, no. 3, pp. 372-377, 2011.

[11] M. Streitz, S. Fuhrmann, D. Thomas et al.,, “The phenotypic
distribution and functional profile of tuberculin-specific CD4
T-cells characterizes different stages of TB infection,” Cytometry
Part B, Clinical Cytometry, vol. 82, no. 6, pp. 360-368, 2012.

[12] W. L. Leung, K. L. Law, V. S. S. Leung et al, “Compari-
son of intracellular cytokine flow cytometry and an enzyme
immunoassay for evaluation of cellular immune response to
active tuberculosis,” Clinical and Vaccine Immunology, vol. 16,
no. 3, pp. 344-351, 2009.

[13] D. I. Won and J. R. Park, “Flow cytometric measurements of
TB-specific T cells comparing with quantiFERON-TB gold,
Cytometry Part B—Clinical Cytometry, vol. 78, no. 2, pp. 71-80,
2010.

[14] J. Lee, S. Y. Lee, D. 1. Won, S. I. Cha, J. Y. Park, and C. H.
Kim, “Comparison of whole-blood interferon-y assay and flow
cytometry for the detection of tuberculosis infection,” Journal
of Infection, vol. 66, no. 4, pp. 338-345, 2013.

[15] E.Petruccioli, L. Petrone, V. Vanini et al., “IFNy/TNFa specific-
cells and effector memory phenotype associate with active
tuberculosis,” Journal of Infection, vol. 66, no. 6, pp. 475-486,
2013.

[16] E. K. Forbes, C. Sander, E. O. Ronan et al., “Multifunctional,
high-level cytokine-producing Thl cells in the lung, but not
spleen, correlate with protection against Mycobacterium tuber-
culosis aerosol challenge in mice,” The Journal of Immunology,
vol. 181, no. 7, pp. 4955-4964, 2008.



10

(17]

(19]

(20]

[22]

[25]

[26]

(27]

C. L. Day, D. A. Abrahams, L. Lerumo et al., “Functional
capacity of Mycobacterium tuberculosis-specific T cell responses
in humans is associated with mycobacterial load,” The Journal of
Immunology, vol. 187, no. 5, pp. 2222-2232, 2011.

B. M. Kagina, N. Mansoor, E. P. Kpamegan et al., “Qualification
of a whole blood intracellular cytokine staining assay to mea-
sure mycobacteria-specific CD4 and CD8 T cell immunity by
flow cytometry;,” Journal of Immunological Methods, vol. 22, no.
14, pp. 356-361, 2014.

S. Commandeur, K. E. Van Meijgaarden, C. Prins et al.,
“An unbiased genome-wide Mycobacterium tuberculosis gene
expression approach to discover antigens targeted by human
T cells expressed during pulmonary infection,” Journal of
Immunology, vol. 190, no. 4, pp. 1659-1671, 2013.

L. Sauzullo, R. Scrivo, F. Mengoni et al., “Multi-functional flow
cytometry analysis of CD4" T cells as an immune biomarker
for latent tuberculosis status in patients treated with tumour
necrosis factor (TNF) antagonists,” Clinical and Experimental
Immunology, vol. 176, no. 3, pp. 410-417, 2014.

R. Diel, D. Goletti, G. Ferrara et al., “Interferon-y release assays
for the diagnosis of latent Mycobacterium tuberculosis infection:
a systematic review and meta-analysis,” European Respiratory
Journal, vol. 37, no. 1, pp. 88-99, 2011.

I. Sauzullo, F. Mengoni, R. Scrivo et al., “Evaluation of
QuantiFERON-TB gold in-tube in human immunodeficiency
virus infection and in patient candidates for anti-tumour
necrosis factor-alpha treatment,” The International Journal of
Tuberculosis and Lung Disease, vol. 14, no. 7, pp. 834-840, 2010.

M. Santin, L. Mufioz, and D. Rigau, “Interferon-gamma release
assays for the diagnosis of tuberculosis and tuberculosis infec-
tion in HIV-infected adults: a systematic review and meta-
analysis,” PLoS ONE, vol. 7, no. 3, Article ID 32482, 2012.

R. Scrivo, I. Sauzullo, E. Mengoni et al., “Serial interferon-
y release assays for screening andmonitoring of tuberculo-
sis infection during treatment with biologic agents,” Clinical
Rheumatology, vol. 31, no. 11, pp. 1567-1575, 2012.

R. Scrivo, I. Sauzullo, F. Mengoni et al., “Mycobacterial
interferon-y release variations during longterm treatment with
tumor necrosis factor blockers: lack of correlation with clinical
outcome,” The Journal of Rheumatology, vol. 40, no. 2, pp. 157-
165, 2013.

I. Sauzullo, E. Mengoni, R. Marocco et al,, “Interferon-y release
assay for tuberculosis in patients with psoriasis treated with
tumour necrosis factor antagonists: in vivo and in vitro analy-
sis,” British Journal of Dermatology, vol. 169, no. 5, pp. 1133-1140,
2013.

K. H. Kim, S. W. Lee, W. T. Chung et al., “Serial interferon-
gamma release assays for the diagnosis of latent tuberculosis
infection in patients treated with immunosuppressive agents,”
The Korean Journal of Laboratory Medicine, vol. 31, no. 4, pp.
271-278, 2011.

S. Kannanganat, C. Ibegbu, L. Chennareddi, H. L. Robinson,
and R. R. Amara, “Multiple-cytokine-producing antiviral CD4
T cells are functionally superior to single-cytokine-producing
cells,” Journal of Virology, vol. 81, no. 16, pp. 8468-8476, 2007.

J. T. Mattila, C. R. Diedrich, P. Ling Lin, J. Phuah, and J. L.
Flynn, “Simian immunodeficiency virus-induced changes in T
cell cytokine responses in cynomolgus macaques with latent
Mycobacterium tuberculosis infection are associated with timing
of reactivation,” Journal of Immunology, vol. 186, no. 6, pp. 3527-
3537, 2011.

(30]

(31]

(32]

(33]

[34]

(35]

(36]

(37]

(38]

(39]

Journal of Immunology Research

K. A. Millington, J. A. Innes, S. Hackforth et al., “Dynamic
relationship between IFN-gamma and IL-2 profile of Mycobac-
terium tuberculosis-specific T cells and antigen load,” The
Journal of Immunology, vol. 178, no. 8, pp. 5217-5226, 2007.

K. A. Millington, S. Gooding, T. S. C. Hinks, D. J. M. Reynolds,
and A. Lalvani, “Mycobacterium tuberculosis-specific cellular
immune profiles suggest bacillary persistence decades after
spontaneous cure in untreated tuberculosis,” The Journal of
Infectious Diseases, vol. 202, no. 11, pp. 1685-1689, 2010.

M. Streitz, S. Fuhrmann, F. Powell et al., “Tuberculin-specific T
cells are reduced in active pulmonary tuberculosis compared to
LTBI or status post BCG vaccination,” The Journal of Infectious
Diseases, vol. 203, no. 3, pp. 378-382, 2011.

C. H. Kim, K. J. Choi, S. S. Yoo et al., “Comparative analysis
of whole-blood interferon-y and flow cytometry assays for
detecting post-treatment Immune responses in patients with
active tuberculosis;,” Cytometry B: Clinical Cytometry, vol. 86,
no. 4, pp. 236-243, 2014.

G. Pantaleo and A. Harari, “Functional signatures in antiviral T-
cell immunity for monitoring virus-associated diseases,” Nature
Reviews Immunology, vol. 6, no. 5, pp. 417-423, 2006.

M. R. Betts, M. C. Nason, S. M. West et al., “HIV nonprogressors
preferentially maintain highly functional HIV-specific CD8" T
cells,” Blood, vol. 107, no. 12, pp. 4781-4789, 2006.

V. Rozot, S. Vigano, J. Mazza-Stalder et al., “Mycobacterium
tuberculosis-specific CD8" T cells are functionally and pheno-
typically different between latent infection and active disease,”
European Journal of Immunology, vol. 43, no. 6, pp. 1568-1577,
2013.

V.Rozot, A. Patrizia, and S. Vigano, “Combined use of Mycobac-
terium tuberculosis-specific CD4 and CD8 T-cell responses is
a powerful diagnostic tool of active tuberculosis;,” Clinical of
Infectious Diseases, vol. 60, no. 3, pp. 432-437, 2015.

D. A. Lewinsohn, A. S. Heinzel, J. M. Gardner, L. Zhu, M. R.
Alderson, and D. M. Lewinsohn, “Mycobacterium tuberculosis-
specific CD8" T cells preferentially recognize heavily infected
cells; The American Journal of Respiratory and Critical Care
Medicine, vol. 168, no. 11, pp. 1346-1352, 2003.

C. Lancioni, M. Nyendak, S. Kiguli et al., “CD8" T cells provide
an immunologic signature of tuberculosis in young children,”
The American Journal of Respiratory and Critical Care Medicine,
vol. 185, no. 2, pp. 206-212, 2012.



