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ABSTRACT

Diagnosis of tuberculosis (TB) in children by the tuberculin skin test (TST) poses a diagnostic challenge for physicians due
to its low specificity and cross-reactivity with nontuberculous mycobacteria and bacille Calmette-Guerin (BCG). Although
interferon-gamma release assays (IGRAs) have been shown as novel TST alternatives for diagnosis of latent TB infection (LTBI)
in adults, their effectiveness is less clear in children. The present study examined QuantiFERON-TB Gold (QFT-G) responses
and IFN-gamma production capacity of TST-positive children, younger children =5 years. A total of 517 children of whom 434
were TST positive ranging in age from 1 month to 18 years were evaluated by the QFT-G. Of the 517 children, 434 (84%) were
TST positive, 25 (5.8%) of whom were found to be QFT-G positive and 25 (5.4%) with an indeterminate response. Of the 517
children, 355 (68.7%) were previously BCG immunized and 310/355 (87.3%) were TST positive including 18/27 (66.7%)
QFT-positive children. Adequate IFN-gamma production by purified TB peptides or mitogen was observed in 92.8% of
children, 29.6% of whom were <5 years. This study shows that the QFT-G assay is useful for diagnosis of LTBI. The finding
of 5.8% positive QFT-G in 434 TST-positive children underscores the superior specificity of the QFT-G than the TST and its
greater cost effectiveness in preventing unnecessary and potentially toxic treatment in children. The study suggests that the
majority of positive TST in children represent false-positive reactions and supports the use of IGRAs for diagnosis of LTBI in

children, including those <5 years of age.

(Allergy Asthma Proc 33:217-226, 2012; doi: 10.2500/aap.2012.33.3574)

he tuberculin skin test (TST) was until recently the
only means of diagnosing latent tuberculosis (TB)
infection (LTBI). Recent advances in genomics and im-
munology have led to the development of two new
interferon-y (IFN-v) release assays (IGRAs) for the di-
agnosis of TB that utilize highly specific peptides
for Mycobacterium tuberculosis absent from bacille
Calmette-Guerin (BCG) vaccine and most nontubercu-
lous mycobacteria."® The QuantiFERON-TB Gold
(QFT-G) and QuantiFERON-TB Gold In-Tube (QFT-
GIT) (Cellestis; Carnegie, Australia) assay'' measures
IFN-y by an enzyme-linked immunosorbent assay
(ELISA) after stimulation by two antigens, i.e., the
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early secretory antigenic target-6 (ESAT-6) and the cul-
ture filtrate protein-10 (CFP-10) peptides. The enzyme-
linked immunospot (ELISpot) (T-SPOT.TB; Oxford Im-
munotec, Oxford, UK) enumerates IFN-y-secreting T
cells.”'*7'¢ Several studies performed primarily in
adults indicate that both tests are more specific than
the TST and are not confounded by previous BCG
vaccination or by infection with most nontuberculous
bacteria.”'”! Powell et al.* recommend that with un-
usual IFN-y measurements, not only should the QFT-G
and QFT-GIT be repeated with another blood sample
to avoid erroneous diagnosis of M. tuberculosis infec-
tion and interpreted with caution if they recur but also
encourage more meticulous recognition of these un-
usual IFN-y measurements that may be a predictive
marker of inaccurate results. In the study by Pareek ef
al.** the use of screening by QFT-GIT in the UK for
latent TB in immigrant populations was found to be
cost-effective, thereby preventing substantial numbers
of future cases of active TB.

In their recommendations for use of the test, the
Centers for Disease Control and Prevention (CDC) has
suggested the need for additional studies in young
children, especially those <5 years, both to establish
the validity of the IGRAs and to make comparisons of
these tests with the TST.'">'> Targeted TST testing is
currently recommended by the American Academy of
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Pediatrics (AAP) Red Book Committee for the diagno-
sis of TB for children at high risk of TB infection or with
other TB-predisposing medical conditions, e.g., HIV
infection. The availability of these additional data
would also assist in the formulation of new recommen-
dations for TB testing in the pediatric age group by the
AAP Red Book Committee.

The primary purpose of the present study was to
examine the in vitro QFT-G responses of children at
risk to TB in children in the United States and to
compare age-related variations in IFN-y production
with QFT-G responses in the younger age groups. A
secondary goal of this study is to alert the allergist-
immunologist to the importance and usefulness of the
IGRAs in the optimal management of patients who
present with suspected TB infection that may be con-
founded by an ambiguous positive TST.

MATERIALS AND METHODS

Study Design

The study was approved by the Georgetown Univer-
sity Institutional Review Board under protocol 2003-
080. Over a 7-year period from 2004 to 2011, 517
healthy children from the United States were recruited
in the study. The study participants ranged in age from
1 month to 18 years and were referred mainly by
pediatricians from the private and public health clinics
in the greater Washington, DC, area who provide care
for U.S. and foreign-born children. All children were
enrolled in the study primarily because of an ambigu-
ous diagnostically interpretable TST after their parents
or guardians were informed of the availability of a new
in vitro QFT-G test that could improve the diagnostic
accuracy of the currently employed TST and after they
had provided informed consent (Fig. 1). Detailed in-
formation was obtained by questionnaire on demo-
graphic and TB risk factors, including country of birth,
travel, history of exposure to patients with active TB,
and any previous history and date of BCG immuni-
zation. This group included a relatively larger mi-
nority population of Asians and Latinos, the major-
ity of which had received BCG in countries where
active TB infection is quite prevalent and where the
use of BCG immunization of children is the norm.
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The majority of these children had their TST per-
formed as part of international adoption policy and
were being referred because of the uncertainty of
interpretation of their positive TST responses, which
could have resulted from their previous BCG immu-
nization or TB infection. All children were healthy
with no underlying conditions and who were not
receiving any antiinflammatory or immunosuppres-
sive therapy that might have affected the interpreta-
tion of test results.

The basis for inclusion of relatively younger children
in the study was to permit the evaluation of the effects
of the stage of maturation of the immune system on the
QFT-G test results because of the known lowered im-
mune responsiveness of the small infant. One of the
major goals of the study was to determine whether
there were any age-related variations in IFN-y produc-
tion, particularly in children <5 years of age that might
preclude the future use of the QTB-G assay for the
diagnosis of active TB or LTBI.

Written parental informed consent was obtained,
and a verbal assent was obtained from older children
(aged 12 years or more).

TST Procedures

The TST procedures used methods currently de-
scribed in the classification and interpretation guide-
lines for TST reactions recommended by the Division
of Tuberculosis Elimination, CDC,?! and the AAP
Committee on Infectious Diseases.’>?*?” All TST
procedures were performed by the referring health-
care providers and were not repeated during the
study.

QuantiFERON-TB Gold

The QFT-G (Cellestis Ltd., Carnegie, Victoria, Aus-
tralia) assay was used for the study of all children and
was performed according to the manufacturer’s in-
structions."! The test kit is supplied with peptides sim-
ulating ESAT-6 and CFP-10 proteins, mitogen (phyto-
hemagglutinin), and nil control, which are used to
stimulate T cells in whole heparinized blood samples
during incubation. The test uses a two-stage assay
system; the first stage consists of incubation of whole
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Table 1 The algorithm used for interpreting the results of the QFT-G showing the requirement of
satisfactory reactivity of appropriate peptide and mitogen controls

Mitogen-Nil ESAT-6 and /or CFP-10-Nil Results Interpretation
(IU/ml) (IU/ml)

=0.5 =0.35 QFT-G positive M. tuberculosis infection
likely

=0.5 <0.35 QFT-G negative M. tuberculosis infection
not likely

<0.5 <0.35 QFT-G indeterminate Results not interpretable

<0.5 >0.35 QFT-G indeterminate Results not interpretable

blood with antigens, mitogen, and nil control, and the
second involves measurement of IFN-y production by
ELISA in harvested plasma. Briefly, ~5 ml of blood
was obtained from each subject and placed in a 10-ml
heparinized BD Vacutainer tube. After evenly mixing
the blood by gentle rotation of the tube, a 1.0-ml ali-
quot was dispensed into individual wells for test anti-
gens, mitogen, and nil control. After the addition of
three drops (125 ul) of each antigen, mitogen, or nil
control into each respective blood-containing well, the
plate was covered, mixed thoroughly, and incubated in
a humidified 37°C incubator for 1624 hours. After
incubation, plasma was removed from each well and
the amount of IFN-y measured by ELISA. The method
used for interpretation of QFT-G test results consisted
of an algorithm requiring the satisfactory reactivity of
appropriate peptide and mitogen controls as shown in
Table 1.

The information obtained from the QFT-G was not
used by the investigators with an intent-to-treat pur-
pose but may have been used in this way by the
referring healthcare providers after receiving the test
results.

Statistical Analysis

Data were analyzed by one-way analysis of vari-
ance or Kruskal-Wallis analysis of variance on ranks
followed by a Holm-Sidak’s multiple-comparisons
test (when data were not normally distributed or
variance was different between groups) using Sig-
maStat software (Chicago, IL). The unpaired f test
was used to determine statistical differences be-
tween two groups.

RESULTS

Characteristics of Children

The age and gender distribution of children is shown
in Table 2 and Fig. 2. Among the 517 children, 211were
male and 306 female who ranged in age from 1 month
to 18 years and stratified into the following five sub-
groups: 1 month to 1 V12 years (61), 2-4 V12 years
(110), 5-9 12 years (125), 10-14 12 years (122), and
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Table 2 Characteristics of U.S. children

Characteristics No. of Cases (%)
Children tested 517 (100)
Sex of children (male/female) 211/306 (41/59)
Age range of children at time

of examination (years)
Y12-1 Wiz 64 (12.4)
2-4 14, 113 (21.8)
5-9 1, 126 (24.4)
10-14 %2 119 (23.0)
15-18 95 (18.4)
Number of children TST™ 434/517 (84.0)
Number of children who 355/517 (68.7)
received BCG
Number of BCG immunized 310/355 (87.3)

children with TST*

15-18 years (99). Of the 517 children, 434 were TST
positive and 33 TST negative (Fig. 1). A total of 355
children had received the BCG vaccine; of these, 310
(87.3%) were TST positive and 26 (7.3%) TST negative.
Shown in Table 3 is the ethnic distribution of the pop-
ulation in comparison with the reported ethnic distri-
bution on the greater Washington, DC, area. The ethnic
distribution of the study population was slightly
higher in the Asian and Latino populations and lower
in the African-American population.

Results of the QFT-G Assay Performed in
Children

Shown in Table 4 is a summary comparison of the
results of the QFT-G determinations performed in chil-
dren with their clinical and x-ray findings. Only one
child had a previous history of active TB diagnosed by
chest x-ray and sputum culture after which he had
been treated for a 6-month period with anti-TB medi-
cations. Of the 517 children studied, 27 (5.2%) showed
positive QFT-G responses, and 37 (7.15%) children
showed indeterminate results. When the data from the
27 QFT-G-positive children were analyzed more
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Table 3 Ethnic distribution of the population

Ethnicity No. of participants % % Ethnic Distribution in Greater Washington,

DC, Area

Whites* 301 58.2 51.7
Asians 99 19.1 8.4
Latinos# 77 14.9 11.6
African-American 40 7.7 26.3
Total 517 100 100

*This compartment includes persons born in the Middle East (traditional countries known as Middle East and ex-USSR
countries in Asia). Pakistan and Afghanistan are included in Asia. Maghreb (north of Africa) countries are not included

because there were no participants from this region.
#Latinos includes Hispanics and Latinos from Brazil.

Table 4 Comparison of the clinical and QFT findings in 517 U.S. children

No. Age Clinical Hx

QFT-G Test Results

Children  range Hx of Hx Rx TB TST* 27 QFT-G* 37
(year) BCG for TB  Exp Indeterminate
vaccine QFT-G
BCG™ BCG~ CG*™ BCG~™
TB* TB™ TB* TB™
Exp Exp Exp Exp
517 112-18 355 1 15 434 2 18 0 7 20 17

Exp, Exposure; Hx, history; Rx, treated.

closely with respect to BCG immunization and TB
exposure history, several comparisons could be made
(Table 5). The ages of the 27 QFT-G-positive children
ranged from 9 months to 18 years. It can be seen that 20
of the 27 subjects had received previous BCG immuni-
zation, 2 gave a history of previous exposure to TB, and
1 had positive chest x-ray.
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Results of Studies of Age-Related Capacity of

IFN-vy Production
Because one of the major goals of this research was

to study variations in age-related immune capacity
of the child to determine the validity of the use of the
QFT-G assay in the younger age group particularly
in children <5 years of age, the capacity of IFN-vy
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Table 5 Comparison of the BCG immunization status and TB exposure history in the 27 QFT-G-positive

children
Subject Age (years) Clinical Hx
Hx of BCG vaccine Hx TB Rx TB Exp TST™ X—ray™
1 5 + - - + -
2 5 + - - + -
3 6 + - - + N
4 17 + - - + N
5 13 %2 + + + + +
6 11 %2 + — - + -
7 15 - - - + -
8 2 + - - + N
9 4 %2 + — - ND -
10 Y12 + - - ND ND
11 1 + - + + N
12 2 %2 + - - + N
13 1 + - - + N
14 4 %2 - - - + ND
15 10 %12 + — - + -
16 12 %12 + - - + N
17 8 12 - - — + -
18 3 %2 + - - + N
19 8 + - - + N
20 14 %12 + - - + ND
21 15 %12 - - — + -
22 17 - - - + -
23 12 %12 + - - + ND
24 10 %12 - - - + -
25 7 %2 + - - + ND
26 16 + - - + N
27 12 - - - + -

Exp, Exposure; Hx, history; ND, not done; Rx, treated.

production was measured in various age groups of
children in response to specific TB peptides as well
as to mitogen. The results of these studies are shown
in Figs. 3 and 4, respectively.

The IFN-y production in response to specific pep-
tides in the 27 QFT-G-positive children could be
evaluated only in children in the 9 months to 18
years range, the group where the only positive
QFT-G responses were observed (Fig. 3). Within this
age range, no statistically significant differences in
mean values were observed between the various
subgroups that comprised this age range (p = 0.776).
In contrast, IFN-y production in response to mitogen
could be measured in all 481 subjects within the age
range of 6 months to 18 years (Fig. 4). In this age
range, adequate IFN-vy responses were seen, and the
only statistically significant difference in mean val-
ues among the various subgroups was seen between
the 5-9 V12 year and the 10-14 V12 year groups (p <
0.05). In children <5 years of age, comparable mean
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values of IFN-y production in response to mitogen
was found, i.e., 5.8 ITU/ml.

Of particular importance was the finding of ade-
quate IFN-y responses even in the youngest age
groups <5 years with mean values of 5.9 IU/ml in
the 0.5-2 12 years group and 5.6 IU/ml in the
2-4 W2 years group.

DISCUSSION

The use of the traditional TST for diagnosis of TB
poses a perplexing challenge for the healthcare pro-
vider entrusted to the care of children due to its low
specificity and its cross-reactivity with nontubercu-
lous mycobacteria or previous BCG immunization."?
The ambiguity of TST findings is of particular con-
cern to the allergist-immunologist who often in-
cludes TB infection in the differential diagnosis
of children suspected to have allergic disease possi-
bly complicated by TB. Despite its shortcomings,
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Figure 4. Age-related changes in IFN-y production to mitogen in
children between 0.5 and 18 years.

routine TST testing of infants and children was the
norm until the 1960s and 1970s, when rates of tuber-
culosis infection were high in the United States and
universal screening for TB was required for all chil-
dren.>°=32 In 1996, the AAP’s Committee on Infec-
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recommendation was based on the known lowered
immune responsiveness of the young host, particu-
larly children <5 years of age that might preclude
the future use of the QTB-G assay for the diagnosis
of either LTBI or active TB disease.”> One of the
major goals of the present study, therefore, was to
determine whether there were any age-related vari-
ations in IFN-y production in the younger child.

May—-June 2012, Vol. 33, No. 3



The results of the present study confirm and ex-
tend published observations supporting the validity
of QFT IEN release assays in two groups of children.
In a group of 517 U.S. children referred by healthcare
providers and pediatricians, 434 (84%) were TST
positive. Of these 434 TST-positive children, 25
(5.8%) were found to be QFT-G positive and would
be considered LTBI; because the vast majority of
TST-positive reactive children, i.e. 434 (84%), ap-
peared not to be infected with TB, they would not
have required antituberculous treatment. In the ab-
sence of the availability of the IGRAs, therefore,
these children would have been treated unnecessar-
ily for LTBI. Of the 517 children, 355 were previously
immunized with BCG; of these 355 children, 310
(87.3%) were TST positive, which included 18/27
(66.7%) children who were QFT positive. Therefore,
of the 27 QFT-G-positive responses, 7 were seen in
non-BCG-immunized children and 20 in children
who had also received the BCG vaccine. The simul-
taneous occurrence in the 18 TST-positive children
who had received BCG could have contributed to a
further diagnostic dilemma of whether their skin
reactivity was due either to previous immunization
or TB infection, a problem that was resolved by the
use of the QFT-G. The finding that only 18 TST-
positive children were actually TB infected and
would require antituberculous therapy obviated the
unnecessary use of antituberculous medication in
the remaining 292 children with TST-positive re-
sponses that were related to previous BCG immuni-
zation. Moreover, the unnecessary use of TB medi-
cation resulting from a lack of specificity of TST may
have resulted in an increased risk of significant drug
toxicity that was also avoided by the use of the
QFT-G.

One of the most interesting results of the study is
the finding of adequate IFN-y production by the
young child. For ease of discussion, IFN-v is classi-
cally a T-cell-derived cytokine produced by Thl
CD4" lymphocytes** as part of the IL-12/IFN-vy
pathway (Fig. 5). This pathway is critical in deter-
mining which of the three TB/macrophage outcomes
will occur; these include 1) successful killing of the
TB by the macrophage, 2) killing of the macrophage
by the TB overwhelming the microbicidal capacity,
and 3) establishment of chronic infection where both
the TB and macrophage survive as in chronic infec-
tion seen in LTBI. Shown in Fig. 6 is a more detailed
representation of the sequential IL-12/IL-2/IFN-vy/
tumor necrosis factor-a (TNF-«) cytokine cascade
involved in the macrophage/Thl interaction result-
ing in successful killing. In the present study, ade-
quate levels of IFN-y were found in response to
either ESAT-6 or CFP-10 peptides in all 27 QFT-G-
positive children, which included 12 children as
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Figure 5. Schematic representation of the three TB/macrophage
outcomes after the interaction of the tubercle bacillus with a
macrophage. (A) The macrophage kills the organism; (B) the
organism kills the macrophage; (C) the organism takes up resi-
dence in the macrophage and establishes chronic infection, as
seen in latent TB infection (LTBI). [Reproduced with permission
from Bellanti, JA (Ed). Immunology IV: Clinical Applications in
Health and Disease. I Care Press, Bethesda, MD, 2012%°].

young as 9 months of age. The measurement of
adequate IFN-y production in response to mitogen
was also documented in all 517 U.S. children but
particularly in the 56 children as young as 6 month to
1 42 years and 97 in the 2-4 V12 years group or a
total of 153/517 (229.6%) in the group <5 years of
age. Moreover, the levels of IFN-vy in the <5 year age
group were comparable to those seen in the children
>5 yrs of age.

The results of the present study suggest that there
may be adequate immunologic maturity with respect
to T-cell-driven IFN-y cytokine production by the
lymphocytes of children younger than 5 years to
justify the use of the QFT-G and other IGRAs for use
in diagnosis of TB in this younger age group.

A number of unanswered questions remain con-
cerning the use of IGRAs for the diagnosis of M.
tuberculosis in children. With the availability of both
ELISA and ELISpot assays now available in the US,
how will the two compare with sensitivity? Will the
measurement of other proinflammatory, e.g. IL-1,
IL-6, and IL-17, or immunoregulatory, e.g. IL-10 and
TGF-B, cytokines by IGRAs be helpful in further
unraveling the diagnostic dilemma of TB in chil-
dren?**>* In the study reported by Krummel et
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Figure 6. Schematic representation of the IL-12/IFN-vy pathway illustrating various activation pathways associated with the killing
of intracellular bacterial organisms such as M. tuberculosis (TB) and Salmonella. After the uptake of the TB by the macrophage (1)
into a phagosome (2), the macrophage is stimulated to produce IL-12 (3). The binding of IL-12 to its IL-12R on a Th CD4™ cell (4)
induces the synthesis of IL-2 (5), and after autocrine binding of IL-2 to its receptor IL-2R (6) leads to the synthesis of IFN-vy (7). The
binding of IFN-vy to its receptor IFNyR (8) activates both the signal transducer and activator of transcription 1 (STAT1) and nuclear
factor (NF)-«B pathways (9) to kill the TB and to further enhance IL-12 production; the IFN- y-activated macrophage (10) and Toll-like
receptor 4 (TLR4) activation by the TB (11) induce TNF-a production that, after binding to its receptor (12), leads to further
enhancement of intracellular killing of the TB (13). [Reproduced with permission from Bellanti, JA (Ed). Immunology IV: Clinical
Applications in Health and Disease. I Care Press, Bethesda, MD, 2012%°].

al.,*" a combination of a M. tuberculosis-specific IFN-y
ELISpot with a M. tuberculosis-specific IL-2 ELISpot
was shown to significantly improve the identifica-
tion of individuals with the highest risk of recent M.
tuberculosis infection and offers a promising method
that should be explored to target the treatment of
LTBI. Another promising diagnostic tool addressing
the need for additional assays to improve diagnosis
of M. tuberculosis infection in children was reported
by Ruhwald et al.*> This study evaluated the perfor-
mance of an IFN-y-inducible protein 10 (IP-10)- and
IL-2-based test for the diagnosis of M. tuberculosis
infection in recently exposed children from Nigeria.
After stimulation of lymphocytes in whole blood
preparations with M. tuberculosis-specific antigens
and mitogen, the high-risk children expressed sig-
nificantly higher levels predominantly of IP-10 and
lesser elevations of IL-2 than low-risk groups. These
findings suggest that IP-10 and possibly IL-2 could
be alternative or adjunct markers to IFN-vy in the
diagnosis infection with M. tuberculosis.

Another practical application of IGRA tests is their
use in screening patients before the use of corticoste-
roids and the recently developed biologic response
modifiers, e.g. anti-TNF-a agents known to exacerbate
TB infection.** The observation that anti-TNF-a ther-
apy is associated with reactivation of LTBI has led to
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clinical guidelines that recommend screening patients
for previous evidence of TB infection before commenc-
ing anti-TNF-a treatment.*” Of particular concern for
the allergist-immunologist is the known modifying ef-
fect of corticosteroids commonly used in the treatment
of allergic disease on the TST, resulting in misleading
false-negative results, thus exposing undiagnosed pa-
tients to the risk of TB reactivation when treated with
these agents.

In conclusion, the results of the present study are
in keeping with those of other studies and show that
the QFT-G and QFT-GIT offer distinct advantages
over the TST. They also provide new evidence that
the young infant <5 years of age has sufficient im-
munologic capacity for IFN-y production to allow
the test to be performed in younger populations. It
would seem prudent to follow the National Institute
of Health and Clinical Excellence guidelines®®* and
perform the TST as an initial screening tool and carry
out IFN-vy testing in patients with positive TST re-
sults.
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