European Journal of Pediatrics
https://doi.org/10.1007/500431-023-04844-1

RESEARCH q

Check for
updates

Commercially available CD4 +and CD8 + IFN-y release assays
combined with an HBHA-induced IGRA improve the characterization
of the tuberculosis spectrum and monitoring of treatment in children

Danilo Buonsenso'? - Giovanni Delogu®* - Maria del Carmen Pereyra Boza® - Flavio De Maio® - Ivana Palucci®* -
Laura Martino' - Davide Pata’ - Maurizio Sanguinetti>* - Piero Valentini'? - Michela Sali**

Received: 1 June 2022 / Revised: 25 October 2022 / Accepted: 23 January 2023
© The Author(s) 2023

Abstract
Commercially available Interferon-y release assays (IGRAs), including the last-generation QuantiFERON TB-Plus (QFT-
Plus), are effective in aiding the diagnosis of tuberculosis (TB) infection but cannot distinguish latent TB subjects from
active TB patients. The aim of this study was to prospectively evaluate the performance of an HBHA-based IGRA, combined
with commercially available IGRAs, to assess their usefulness as a prognostic biomarkers and aid in the monitoring of TB
treatment in children. Following clinical, microbiological, and radiological assessment, children younger than 18 years of
age classified as either LTBI or active TB were tested at baseline and during treatment by the QuantiFERON TB-Plus (QFT)
assay and an aliquot of whole-blood was stimulated with HBHA. Among the 655 children evaluated, 559 (85.3%) were clas-
sified as “Non TB”, 44 patients (6.7%) with active TB, and 52 (7.9%) with LTBI. The median HBHA-IGRA IFN-gamma
responses were able to discriminate active TB from LTBI (0.13 IU/ml vs 1.995, (p <0,0001), those with asymptomatic TB
from those with symptomatic TB (1.01 IU/ml vs 0.115 IU/ml, p 0.017), or more severe TB (p 0.022), and significantly raised
during successful TB treatment (p < 0.0001). Conversely, CD4 + and CD8 + responses were similar in all groups of patients,
although active TB patients had higher CD4 + responses and LTBI higher CD8 4 responses.

Conclusion: HBHA-based IGRA, combined with CD4 + and CD8 +responses assessed by commercially available IGRAs,
is a useful support in the characterization of the TB spectrum in children and monitoring of TB-therapy.

What is Known:

o Current immune diagnostics are not able to discriminate active and latent Ttuberculosis, including the recently approved QFT-PLUS..

o New immunological assays with prognostic value are highly needed.

What is New:

o HBHA-based IGRA, combined with CD4+ and CD8+ responses assessed by commercially available IGRASs, is a useful support for the dif-
ferentiation of active and latent TB in children..

o HBHA-based IGRA, combined with CD4+ and CD8+ responses assessed by commercially available IGRAs, is a useful support in the moni-
toring of TBtherapy in children..
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Abbreviations WHO World Health Organization
IGRA Interferon-gamma releasing assay TST Tuberculin skin test
HBHA Heparin-binding haemagglutinin QFT-GIT QuantiFERON-TB Gold in Tube
TB Tuberculosis
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its diagnosis and microbiological confirmation, and for its
lower contribution in community transmission [1]. Never-
theless, in 2019 1.2 million children fell ill with TB globally,
representing 10-11% of all TB cases and, according to the
last World Health Organization (WHO) reports, approxi-
mately 230,000 children die of TB every year [2]. Moreover,
the COVID-19 pandemic had a negative impact on the TB
screening programs and global studies estimated that several
opportunities for early diagnoses of disease and latent TB
infection (LTBI) have been missed, raising concerns for a
new surge of cases in the coming years [3, 4].

Diagnosis of childhood TB faces several challenges
mainly due to the following: (i) the lack of specific signs and
symptoms consistent with TB; (ii) the limited amounts of
sputum produced by children; (iii) the paucibacillary nature
of TB disease in children compared to adults [5]. Addition-
ally, early detection and treatment of TB infection (TBI)
plays a fundamental role in reducing the risk of develop-
ing active disease. In fact, children are at much higher risk
of progression to active disease than adults, with 30-40%
of children having TB infection progressing to active TB
disease and 10-20% of TB infected children developing pul-
monary disease within the second year of life [6, 7]. There-
fore, immunological tests with clinical prognostic value
would improve diagnosis of TB in children and contribute
to achieve the TB elimination goals [1, 2].

The most widely used immunological tests, such as the
tuberculin skin test (TST) and the first-generation Interferon-
gamma release assays (IGRAs, such as the QuantiFERON-
TB Gold in Tube (QFT-GIT) and the T-SPOT.TB), although
useful and effective in detecting specific immune responses,
cannot distinguish within the complex and wide spectrum
of TB infection and such these assay do not have prognostic
value [8—12]. For these reasons, a new-generation IGRA,
the QuantiFERON-TB Gold Plus (QFT-Plus) has been
developed, adding to the predecessors an additional anti-
gen tube (TB2), containing shorter peptides of ESAT-6 and
CFP-10 which can stimulate both CD4 + and CD8 + T cells,
and keeping the same TB1 tube of the QFT-GIT that only
stimulates CD4 + cells. According to early adult studies, the
possibility to discriminate CD4 + and CD8 + responses can
add sensitivity and specificity in adults and help discriminate
active TB from LTBI [10]. However, early pediatric reports
demonstrated that in children also the QFT-Plus is not able
to discriminate the more complex spectrum of TB disease
[8-13].

Nowadays, the mycobacterial Heparin-binding haemagglu-
tinin (HBHA) is a promising diagnostic latency-associated
antigen and several researchers are evaluating the ability of
HBHA-induced IFN-gamma release assay in discriminating
latent tuberculosis infection from active TB [14, 15]. A pre-
vious pediatric study showed that an HBHA-base IGRA in
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combination with QFT-GIT improved the ability to discrimi-
nate active TB from LTBI in children [16]. A combined use
of QFT-Plus and HBHA-IGRA, discriminating CD4 + and
CD8 +responses, may have the potential of distinguishing
active TB from LTBI in children. Therefore, we performed
this study aiming to evaluate the ability of an HBHA-based
IGRA combined with the TB1 and TB2 assays to distinguish
active TB cases from Mtb infection and to monitor children’s
response to treatments.

Materials and methods
Study population

This prospective study was conducted on children younger
than 15 years of age evaluated for LTBI or TB disease at the
Fondazione Policlinico Universitario A. Gemelli University
Hospital, in Rome (Italy). This study is an update of a previ-
ously published study where we assessed children using the
QFT-GIT [16]. For this study, new patients with suspected
TB or LTBI have been tested with QFT-Plus and were clas-
sified as “non TB,” healthy children who were screened for
LTBI and scored negative to QFT-Plus or children admitted
for presumed TB who were eventually diagnosed with any
infectious disease other than active TB or LTBI; “LTBI,”
children scoring positive to QFT-Plus and showing normal
chest radiography in the absence of any clinical/microbio-
logical feature suggestive of active disease [17—-19]; and
“active TB,” children with signs or symptoms suggestive of
active disease and/or at least one clinical specimen scoring
positive for Mtb following microbiological analysis [17-19].
Children initially diagnosed with active TB were classi-
fied into three categories following the severity of clinical
characteristics:

— Asymptomatic active TB: children showing radiological
or microbiological evidence of disease, without any signs
or symptoms;

— Moderate active disease: children showing signs and
symptoms of pulmonary tuberculosis disease;

— Severe active disease: children affected by disseminated
forms of disease, including military pattern, tuberculous
meningo-encephalitis, osteoarticular localization, or
involvement of other organs.

Patients diagnosed with LTBI or active TB were proposed
to take an IGRA and HBHA-IGRA at the moment of diag-
nosis (TO), after 3 months of treatment (T1), and at the end
of treatment (T?2).

Children with immunodeficiencies (human immunodefi-
ciency virus related or unrelated) were excluded.
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Interferon-gamma release assays

For this study, children assessed before 2016 were tested
with QFT-GIT, while since 2016 in our Institution we intro-
duced QFT-Plus (QIAGEN, Germantown, MD, USA). Both
tests were performed according to manufacturer’s instruc-
tions (REF). The Nil and the Mitogen tubes are the same
for both assays, while the QFT-Plus assays include a second
antigen tube (TB2) containing shorter ESAT-6 and CFP-
10 peptides, aimed at eliciting responses from CD4 + and
CD8 +T cells, in addition to the first antigen tube (TB1),
which contains peptides capable of eliciting CD4 +T cell
responses, as happened with the tube of QFT-GIT [11]. To
perform the HBHA-IGRA, an extra aliquot of blood was
collected in the Nil Control QFT tube of patients with active
TB or LTBI and 5 pg/ml of recombinant methylated HBHA
was added and incubation was carried out at 37 °C for
16-24 h. Following incubation, supernatants were collected
by centrifugation and IFN-y concentration determined by a
cytokine ELISA (Qiagen, Venlo, The Netherlands). There-
fore, we provided results separately for TB1 and TB2 tubes,
along with results from the HBHA-IGRA.

Data are presented as IU/ml of IFN-y. The cut-off value
for a positive test was 0.35 IU/ml for QFT (as indicated by
the manufacturer), and 0.25 IU/ml for the HBHA-based
IGRA, as previously determined in adults [20] and in our
previous study [16].

Purification of recombinant methylated HBHA

HBHA was purified from M. smegmatis pMV3-38 as previ-
ously described [21] and batches of purified protein were
tested for the presence of LPS using Limulus Amebocyte
Lysate QCL-1000TM (Lonza Walkersville, MD USA)
(LPS <1 IU/ml).

Statistical analyses

Data were analyzed using SPSS (SPSS, Chicago, IL) and
Prism 5 software (Graphpad Software 5.0, San Diego, CA,
USA). Differences in frequencies were evaluated by the
Fisher exact test. The median of IFN-y production was cal-
culated; the non-parametric Mann—Whitney U test was used
to compare medians for unpaired comparisons and the Wil-
coxon test for paired comparisons; the Kruskal-Wallis test
was used to compare medians among the different groups of
TB and LTBI patients, including the TB subgroups analyzed.
Differences were considered significant at p values <0.05.

Ethics statement

The study was approved by the Ethical Committee of the
Catholic University of the Sacred Heart, Rome (“Parere

23,866/13”, UCSC, Rome) and all enrolled individuals pro-
vided written informed consent.

Data availability

Available upon requests to the corresponding authors.

Results
Characteristics of the population

A total of 655 children, 378 males (57.7%) and 277 females
(42.3%), were evaluated for either suspected (LTBI) or
active TB. Following clinical assessment and IGRA test,
among the 655 children, 559 (85.3%) were classified as
“Non-TB,” healthy children or children diagnosed with any
infectious disease other than active TB or LTBI; 44 patients
(6.7%) were diagnosed with active TB and 52 (7.9%) with
LTBI (Fig. 1). Of the 44 patients with active TB, 8 (18.2%)
were asymptomatic, while 36 (81.8%) had signs/symptoms
consistent with TB (e.g., cough, fever, neurological or oste-
oarticular symptoms). Four children had severe TB with
extrapulmonary localization (two with central nervous sys-
tem TB, one with severe Pott disease, one with disseminated
TB involving the lungs, pleura, mediastinal lymph nodes,
kidneys, and liver).

The median age of the study population was 115 months
(range, 3 to 227 months). Most children evaluated came
from Eastern Europe (31.5%). Among the children diag-
nosed with active TB, 36 showed the typical disease symp-
toms while 8 were asymptomatic. Further demographic
characteristics and main QFT and HBHA-IGRA results are
detailed in Table 1.

QFT and HBHA-IGRA quantitative responses
in children with active TB and LTBI

We compared TB1, TB2, and HBHA responses in children
with active TB and LTBI (Fig. 2). Based on the results
obtained, QFT could not discriminate active TB from LTBI
in children. In particular, TB1 and TB2 responses were
similar in each group and did not present statistically sig-
nificant differences (p > 0.05), although TB1 IFN-y levels
were slightly higher in active TB (4.03 IU/ml vs 3.14 IU/ml
p>0.05) and TB2 IFN-y levels were slightly higher in LTBI
(2.76 IU/ml vs 1.44 TU/ml, p > 0.05). In contrast, the amount
of IFN-y released after stimulation with methylated rHBHA
was significantly higher in children diagnosed with LTBI
(1.95 TU/ml) compared with those with active TB (0.13 TU/
ml, p<0.0001). The HBHA-based IGRA was positive in 47
(90.3%) out of the 52 patients with LTBI, while 18 (41%) of
the 44 active TB patients scored HBHA-positive.
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Fig. 1 Study population enrolled in the study

Dynamic changes of TB1, TB2, and HBHA
quantitative responses during treatment for active
TB and LTBI

Plasma IFN-y levels in response to TB1, TB2, or HBHA
stimulations were measured after 3 months (T1) and at the
end of treatment (T2) of LTBI or active TB (Fig. 3).

In children with active TB, the median IFN-y response
to TB1 and TB2 remained similar during the three time
points (p > 0.05), while the median response to HBHA
increased significantly (»p <0.0001) (Fig. 3a). Therapy for
active disease was associated with increase of HBHA-spe-
cific responses in 18 of the 22 children with active TB not
responding to HBHA at baseline. The proportion of positive
HBHA-based IGRA tests, using the cut-off value of 0.25 TU/
ml, increased from TO (19/43) to T2 (25/28).

Conversely, in LTBI children the IFN-y levels in theTB1,
TB2, and HBHA groups remained similar at all time points
(p>0.05, Fig. 3), although treated LTBI patients showed
lower IFN-y values in the TB2 group, that however failed to
reach statistical significance.

Ability to respond to HBHA is maintained
in asymptomatic active TB children

Among the 44 children diagnosed with active TB, 8 did not show
signs or symptoms of disease yet had a positive microbiological
result for Mtb infection. These 8 asymptomatic children were
evaluated within active case finding because they were contacts
of active pulmonary TB patients, and had clinical, radiological,
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and immunological (QFT) assessment. We compared TB1,
TB2, and HBHA responses between the symptomatic and
asymptomatic active TB children (Fig. 4). Plasma IFN-y levels
in response to TB1 and TB2 were similar in each group (symp-
tomatic and asymptomatic ATB) and did not present statistically
significant differences (p>0.05). Conversely, 6 out of 8 (75%)
asymptomatic active TB children were fully capable of respond-
ing to HBHA (mean values of IFN-y 1.01 IU/ml), while 6 out of
36 (16.6%) symptomatic active TB children in vitro responded
to HBHA with a mean value of IFN-y of 0.115 TU/ml (p 0.017).

QFT and HBHA-IGRA quantitative responses
in children with active TB change according
to disease severity

We compared plasma IFN-vy levels in children with asymp-
tomatic, moderate, and severe active TB (Fig. 5). TB1 and
TB2 levels did not significantly change according to dis-
ease severity (p > 0.05), although severe active TB children
had higher mean values in both TB1 and TB2 tubes. In
contrast, the median IFN-y response to HBHA significantly
changed in the three severity groups, with asymptomatic
active TB children having the highest responses (p 0.022).

Discussion
In our study, we found that an HBHA-based IGRA, when

combined with the commercially available QFT-Plus,
improved the ability of differentiating different stages
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Table 1 Demographic and clinical characteristic of the subjects enrolled

Total Non TB aTB LTBI
N (%) 655 (100) 559 (85.3) 44 (*90 IGRAs) 52 (*90 IGRAs)
Gender N (%)
Female 277 (42.3) 236 (42.2) 20(45.5) 21 (40.4)
Age (months) N (%)
0-12 27 (4.1) 21 (3.7) 49.1) 2 (3.8)
13-60 264 (40.3) 238 (42.6) 16(36.3) 10 (19.2)
61-120 279 (42.6) 247(442) 6(13.6) 26 (50.0)
>120 85 (13.0) 53 (9.5) 18 (41.0) 14 (27.0)
Nationality N (%)
Eastern Europe 207 (31.5) 168 (30.0) 18 (41.0) 21 (40.4)
Italy 59 (9.0) 42 (7.5) 6 (13.6) 11 (21.2)
Western Countries 23 (3.5) 19 (3.4) 24.5) 2(3.8)
Africa 117 (18.0) 101 (18.1) 9(20.4) 7 (13.5)
Asia 126 (19.2) 115(20.6) 5(11.4) 6 (11.5)
South America 123 (18.8) 114 (204) 4(9.1) 5(9.6)
Contact with active TB N (%)
Yes 53 (8.0) 18 (3.2) 21(47.7) 14 (27.0)
Unknown 602 (92.0) 541(96.8) 23 (52.3) 38 (73.0)
BCG vaccination N (%)
Vaccinated 261 (40.0) 240 (43.0)0 6(13.6) 15 (28.8)
Unvaccinated 177 (27.0)  130(23.2) 23(52.3) 24 (46.2)
Unknown 217 (33.0) 189 (33.8) 15(34.1) 13 (25.0)
QFT-Plus N (%) 75 (11.4) 45 (8.0) 21 patients (47.7) 9 patients (17.3)
49 IGRA tests (54.4) 25 IGRA tests (27.8)
QFT-Plus Results N (%)
Positive 26 (36) 0 18 patients (85.7) 9 patients (100)
42 IGRA tests (85.7) 25 IGRA tests (100)
T0 18 (75)* 9 (100)
Tl 12 (100) 6 (100)
T2 12 (92.3) 10 (100)
Negative 42 (56) 39 (86.7) 3 patients (14.3) 0
7 IGRA tests (10.6)
T0 6 (25.0) 0
T 0(0) 0
T2 1(7.7) 0
Indeterminate 6(8) 6(13.3) 0 0
QFT-Gold In Tube N (%) 580 (88.6) 514 (92) 23 patients (52.2) 43 patients (82.7)
41 IGRA tests (46.6) 65 IGRA tests (72.2)
QFT-Gold In Tube Results N (%)
Positive 66 (11.4) 0 23 patients (100) 43 patients (100)
41 IGRA tests (100) 65 IGRA tests (100)
T0 19 (100) ** 39 (100)
T1 6 (100) 7 (100)
T2 16 (100) 19 (100)
Negative 505 (87.0) 505(98.2) O 0
Indeterminate 9 (1.55) 9 (1.8) 0 0
HBHA cut-off 0.25 N (%)
Positive 426 (76.2) 57 (63.3) 71 (78.9)
T0 19 (44.2) *** 40 (83.3)
T 13 (72.2) 8 (61.5)
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Table 1 (continued)

Total Non TB aTB LTBI
72 25 (86.2) 23 (79.3)
Negative 133 (23.8) 33 (36.7) 19 (21.1)
70 24 (55.8) 8 (16.7)
TI 5(27.8) 5(38.5)
72 4 (13.8) 6 (20.7)
HBHA cut-off 1.00 N (%)
Positive 303 (54.2) 36 (40.0) 52 (57.8)
70 8 (18.6) % 30 (62.5)
TI 8 (44.4) 5(38.5)
72 20 (69.0) 17 (58.6)
Negative 256 (45.8) 54 (60.0) 38 (42.2)
70 35 (81.4) 18 (37.5)
TI 10 (55.6) 8 (61.5)
172 9 (31.0) 12 (41.4)

T0 at the moment of diagnosis, 7/ after 3 months of treatment, 72 at the end of therapy

*(18/24 =TO positive QFT Plus/T0 Total QFT-Plus)
**(19/19="TO0 positive QFT-GIT/TO total QFT-GIT)

*##%(19/43 =TO positive HBHA cut-off 0.25/T0 total HBHA cut-off 0.25 tested)
*%%%(8/43 =TO positive HBHA cut-off 1.00/TO total HBHA cut-off 1.00 tested)

of the TB spectrum in children. In particular, children
with LTBI or asymptomatic TB were able to respond to
HBHA antigens, while those with symptomatic active
TB were not. Interestingly, children with active TB that
showed clinical and microbiological response to treatment
restored the ability to produce IFN-y when stimulated with
HBHA antigen. All together, our study suggests that an

Fig.2 TB1, TB2, and HBHA
IFN-gamma responses in chil-

dren with active TB and LTBI P>0,05

IFN-y (IU/ml)

HBHA-based IGRA may support clinical practice — along
with routine clinical, radiologic, and microbiological data
— in differentiating active TB and LTBI in children, or in
recognizing those children that are having an appropriate
response to medical treatment, which can be particularly
useful for those patients with microbiologically negative
TB.

Active TB vs LTBI

P>0,05 P <0,0001

= alB
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]
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Fig.3 TB1, TB2, and HBHA
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During recent years, advances in basic microbiology
and immunology and improved diagnostics are starting to
shed some light on the complex interplay between the host
immune system and Mtb. There is increasing recognition
and understanding that the relationships between the human
host and Mtb are better defined by a complex and dynamic
spectrum of conditions (ranging from clearance of Mtb after
exposure, to latent infection, incipient and subclinical TB, to
different degrees of severity of clinically evident TB) rather
than by the classic dichotomous distinction between active
TB and LTBI [22-25]. In this regard, pediatric TB perfectly

falls within this complex spectrum of consequences of Mtb
infection. In fact, while younger children have historically
higher risk of progression from infection to severe disease
[26], they also have more frequently a paucibacillary disease
or subtle clinical presentations, making a definite diagnosis
of active TB or LTBI, or even a differential diagnosis with
other infectious and non-infectious diseases (e.g., lympho-
mas), challenging. Biomarkers that support in the under-
standing of where a child is positioned in the TB spectrum
can aid in the diagnostic and therapeutic decisions. Proper
classifications are particularly important in children, since
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Fig.4 TB1, TB2, and HBHA
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child-friendly drug formulations are not available for most
drugs [27], multiple drugs for several months are usually
needed, and side effects can affect several systems.

During the last few years, several attempts were made to
develop new immunological tests capable of discriminating
between stages of TB infection [28-30]. However, despite
some progress [31], a reliable biomarker with prognostic
value is still missing. For example, a host blood transcrip-
tomic RNA-signature (RISK11) was found to recognize
active TB in symptomatic patients and to identify Mtb-
infected patients at increased risk for progression to TB

Fig.5 TB1, TB2, and HBHA
IFN-gamma responses in
children with asymptomatic,
moderate, or severe active TB
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104
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disease [32]. However, provision of preventive therapy to
asymptomatic RISK11 positive patients did not reduce risk
of progression to TB [32]. These findings obtained in a large
cohort reinforce the need of new tests to support clinical-
decision rules that may eventually require the combined use
of two or more assays.

The results of our study reinforce our previous prelimi-
nary study on a smaller cohort of children with LTBI or
active TB tested with QFT-GIT and HBHA-IGRA, showing
that QFT-GIT responses were similar in any stage of the
TB spectrum [16]). However, the new-generation QFT-Plus,

aTBSeverity
P>0,05 P 0,022
] 1 =3 No symptoms
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discriminating CD4 + (TB1) and CDS8 + (TB2) responses to
TB antigens, had the theoretical advantage to better support
the immunological characterization of active TB and LTBI,
which however has been found to be not highly accurate by
recent adult studies [33, 34]. In our new study, including a
higher number of LTBI and active TB cases, TB1 and TB2
mean responses were overall overlapping between active
TB and LTBI children, suggesting that the QFT-Plus is not
providing prognostic support in the immunological diagno-
sis of TB in children. Conversely, HBHA-IGRA responses
significantly differ in these two groups, with LTBI children
having higher responses. This scenario suggests that children
with LTBI, characterized by a simultaneous strong IFN-y
responses to QFT (regardless of tube) and HBHA-based
IGRA, may be distinguished from patients with active TB,
subclinical TB or incipient TB, that start losing the ability
to respond to HBHA while maintaining a strong response
against RD1 antigens.

Our findings are in line with two recent, independent
studies that assessed a combined QFT-Plus and HBHA sig-
nature in adults [35, 36]. Chedid et al. performed a 3-year
prospective multicenter study evaluating 132 adults with
culture-confirmed TB, in high TB burden areas in Middle-
East Asiatic areas [35]. They found that HBHA baseline
responses were low in majority of cases and significantly
increased during treatment. Importantly, while the accuracy
of the QFT-P and rmsHBHA IGRAs compared to culture
throughout treatment was low (40 and 65% respectively),
combining both tests improved their sensitivity and accuracy
(70-80%), supporting the theory that the complexity of TB
pathogenesis mainly requires a combination of biomarkers
for its proper characterization, rather than focusing on single
biomarkers [37]. Similarly, Tang et al. studied 135 health-
care workers (HCWs) and 57 patients with active pulmonary
TB in a Chinese TB Hospital [38]. In order to assess the
specific contribution of TB1 and TB2 tubes in discrimi-
nating active TB and LTBI, they measured the differences
of the quantitative TB responses in the two tubes (QFT-
Plus TB2 less TB1). They found that a comparison of TB2
and TB1 responses (QFT-Plus TB2 less TB1, which was
positively correlated with CD8 T-cell response—r=0.731,
p <0.001) was higher in active TB cases, while the HBHA-
induced IFN-y response was significantly higher in the LTBI
(median 69.67 pg/ml; both p <0.0001). Importantly, also in
their cohort, after combining the HBHA-IGRA with QFT-
Plus results, the accuracy of identifying ATB and LTBI was
improved to 85.7% from 74.3%.

The restoration of the HBHA-induced IFN-y response
occurring during effective TB treatment, confirmed in adults
and pediatric studies [16, 35, 36], has potential significant
application in clinical practice. Traditional guidelines state
that a 9-month regimen of isoniazid can prevent active TB
in persons with LTBI and that a pulmonary TB should be

treated for 6 months [39]. However, modern medicine is
shifting toward shorter or personalized treatment regimens
for several bacterial infections, including pneumonia [40, 41].
Recently, two major studies showed that shorter regimens may
be used in TB patients as well. Adult studies demonstrated
that a 4-month regimen of rifampin was not inferior to the
9-month regimen of isoniazid for the prevention of active
TB in adults and was associated with a higher rate of treat-
ment completion and better safety [42]. Similarly, in active
TB adults the efficacy of a 4-month rifapentine-based regi-
men containing moxifloxacin was noninferior to the standard
6-month regimen in the treatment of TB [43]. While these
studies open a new era for TB treatment, since shorter regi-
mens can significantly improve adherence and reduce side
effects, the use of reliable biomarkers may support patients’
stratification, identifying those that may benefit from shorter
regimens. In bacterial infections, monitoring C-reactive pro-
tein or procalcitonine in blood can be useful to support the
decision of early stop of antibiotics [40, 41]. In TB, biomark-
ers such as HBHA-based IGRAs can identify those patients
whose immune system is already showing the ability to con-
tain, at least partially, the disease and these subsets of people
may significantly benefit from shorter regimens. Similarly,
monitoring TB treatments with HBHA-based IGRAs may aid
in the tuning of the regimen. Such biomarkers can be particu-
larly useful considering new findings that also in pediatric
non-severe TB shorter regimens may be effective [44]. The
next phase of shortened TB treatments would be to assess how
biomarker-oriented regimens may offer or not benefit in per-
sonalized treatment strategies. Interestingly, children treated
with LTBI presented a drop in the ability to produce IFN-y in
the TB2 tube, which accounts for the CDS8 + responses. Con-
sidering that CDS8 +responses have been linked with active
TB with bacillary disease [45], the drop we found can suggest
a successful clearance of the latent bacilli.

In view of the findings of our study, which further con-
firm previous pediatric and adult studies on the role of
HBHA-IGRA in defining the TB spectrum [14-16], and the
advances obtained by new transcriptomic technologies in
recognizing symptomatic patients or those at highest risk of
progression to disease within the following 6 months (RISK-
11) [32], we may expect in a near future that the combined
use of biomarkers (including HBHA-based IGRAs) may
be useful to better define the different TB stages, provid-
ing prognostic support to the currently used tests (Fig. 6).
Specifically, such an approach would be particularly appro-
priate in low TB incidence countries, where the 6-month
performance of RISK11 would be more useful given the
theorical lower risk of new TB infections in patients with
a RISK11 negative test. In fact, the poor performance of
RISK11 after the 6 months in the cohort of South African
adults may be due to new infections rather than false nega-
tive RISK11 tests [32].
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Fig.6 Proposal of a multi-parameter biomarker approach for the definition of the TB spectrum according to recent studies. Inc.TB, incipient TB;

subCTB, subclinical active TB or asymptomatic active TB

Our study presents some limitations. The overall low
number of children with active TB or LTBI is a limitation of
this study. The study has been performed in a low-TB inci-
dence area and the HBHA-assay is not yet easily available in
all settings. Also, not all children were assessed at all time
points, mainly due to logistic difficulties of some families to
be reassessed at predefined timings. Also, the first cohort of
children was tested with QFT-GIT, which only offers TB1
(CD4 +) responses. We could not calculate the sensitivity,
specificity, positive predictive value, and negative predictive
value of the HBHA-IGRA as it was only tested in children
that were diagnosed with LTBI or active TB, according to
clinical, microbiological, and radiologic data. Another prob-
lem in calculating these parameters in active and in LTBI
patients is the lack of a gold standard for the diagnosis of
LTBI. For these reasons, we decided to compare quantitative
IGRA and HBHA responses in different TB groups showing
that IGRAs have mostly similar responses in all subgroups
and HBHA can add a further discrimination, and this is why
we conclude that a multiparameter approach, as proposed in
Fig. 6, can help in understanding the complexity of the TB
spectrum in children. Last, some IGRA data were lacking at
different time points because patients either missed a control
or some of them had not reached yet the specific follow-up
point since diagnosis. Despite the mentioned limitations,
this study still represents the first prospective assessment
in children with a wide spectrum of TB manifestations of
well-recognized biomarkers from available literature with a
defined pathophysiological role in TB pathogenesis.

In conclusion, our results suggest that an HBHA-based
IGRA, combined with the commercially available IGRAsS,
may provide a useful tool to help pediatricians to shed some
light on the features of TB spectrum in children, supporting

@ Springer

the diagnosis of LTBI or active TB, to define the less severe
forms of active TB and to monitor treatment response, par-
ticularly in children with microbiologically non-confirmed
active TB, for which to document culture conversions is not
possible. Studies on independent cohorts and including a
larger number of patients are needed to confirm our findings
and understand how this biomarker can help in the personal-
ized management of TB in children.
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