136 Eur. Cytokine Netw. Vol. 29 n° 4, October-November-December 2018, 136-145

ORIGINAL ARTICLE

Assessment of an ultra-sensitive IFNy immunoassay prototype
for latent tuberculosis diagnosis

Elyes Ben Salah', Karim Dorgham!, Mylene Lesénéchal®, Camille Pease?, Laure Allard?, Céline
Dragonetti?, Guy Gorochov', Amélie Guihot!, Delphine Sterlin!

! Sorbonne université, Inserm, Centre d’immunologie et des maladies infectieuses (CIMI-Paris), AP-HP, groupement hospitalier de la Pitié-Salpétriere,
département d’immunologie, 75013 Paris, France )
2 bioMérieux, R&D Immunoassays, chemin de I’Orme, 69280 Marcy-1’Etoile, France

Correspondence: Sorbonne université, Inserm, U1135, CIMI-Paris hopital de la Pitié-Salpétriere, batiment Cervi, 83, boulevard de 1’Hopital, 75013
Paris, France.
<karim.dorgham @inserm.fr>

Accepted for publication October 11,2018

To cite this article: Ben Salah E, Dorgham K, Lesénéchal M, Pease C, Allard L, Dragonetti C, Gorochov G, Guihot A, Sterlin D. Assessment of an ultra-sensitive IFNy

immunoassay prototype for latent tuberculosis diagnosis. Eur. Cytokine Netw. 2018; 29(4): 136-45 doi:10.1684/ecn.2018.0417

ABSTRACT. Worldwide there are about 1.7 billion individuals with latent tuberculosis infection (LTBI) and only
5% to 15% will develop active tuberculosis (TB). It is recommended to treat only those most at risk of develop-
ing active TB to avoid problems of drug resistance. LTBI diagnosis involves reviewing the individual’s medical
history, physical examination, and biological tests. Interferon gamma release assays (IGRA) can yield ‘“undetermi-
nate” or ‘“‘uncertain’ results, which makes clinical management decisions difficult. We assessed an ultra-sensitive
immunoassay prototype based on single molecule array (SiMoA) technology to evaluate its overall performance,
and in particular, its performance for indeterminate and uncertain positive or negative samples, as classified by the
results from the current ELISA technique used for IFNvy quantification. We analyzed samples from hospitalized or
consulting patients and healthcare workers from three hospitals in Paris, previously classified as negative (rn = 30),
positive (n = 35), uncertain negative (n = 25), uncertain positive (n = 31), or indeterminate (n = 30). We observed that
with the SiMoA assay 83.3% of the indeterminate samples became interpretable and could be classified as negative,
whereas 74 % of uncertain positive samples were classified as positive. Most uncertain negative samples (72 %) were
reclassified as uncertain positive (68 %) or positive (4% ). The results suggest that the ultra-sensitive SiMoA IFNvy
assay could represent a useful tool for the identification of true positive and negative samples among those giving
indeterminate or uncertain results with the TB IGRA assay currently used.
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INTRODUCTION

Tuberculosis (TB) is a bacterial infection caused by
Mycobacterium tuberculosis complex that affects the lungs
in about 70-80% of cases [1, 2]. When people with pul-
monary TB cough, sneeze, or spit the bacteria is expelled
into the air and other people can become infected by inhala-
tion of only a few of the bacteria [1]. TB infection can be
either active (disease state) or latent. TB is a major public
health threat that has important medical and economic con-
sequences. In 2017, about 10 million people were reported
to have active TB and it was among the top ten causes
of death worldwide, with 1.6 million deaths [1]. TB is
responsible for about 40% of deaths in coinfected HIV
patients [1].

The World Health Organization (WHO) defines latent
tuberculosis infection (LTBI) as the persistence of an
immune response to M. tuberculosis antigens, coupled with
the absence of clinical signs suggestive of tuberculosis [3].
In 2014, it was estimated that there were about 1.7 billion
individuals with LTBI, i.e., 23% of the global population

[4]. About 5% to 15% of those with LTBI will develop
active TB during their lifetime [5].

To prevent active TB from developing, individuals with
LTBI can receive treatment, which is less intensive than
treatment for active TB [6]. However, it is not recom-
mended to treat everyone with LTBI to avoid problems of
drug resistance, particularly multi-drug-resistant strains.
The priority, therefore, is to identify those who are most
at risk of developing active TB, i.e., those with an incom-
petent immune system, either due to disease, e.g. HIV or
immunosuppressive therapy, such as anti-tumor necrosis
factor alpha (anti-TNF-o) therapies for the management
of certain pathologies (e.g. Crohn’s disease and rheuma-
toid arthritis). The growing number of people with LTBI
that could potentially evolve to active TB underlines the
need for reliable means to diagnose LTBI [7].

At present, LTBI is diagnosed using the patient’s medical
history, physical examination, and biological tests. These
tests assess the capacity of the patient’s immune system to
recognize mycobacterial antigens, thereby providing indi-
rect proof of infection [8, 9]. The first test, developed in the
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early 20th century by Robert Koch, involved an intrader-
mal injection of mycobacterial antigen extracts (tuberculin
skin test, TST) that triggers an in vivo delayed hypersen-
sitivity reaction, indicating the presence of a more or less
specific immune response [10]. Recently, two more spe-
cific assays, i.e., interferon gamma release assays (IGRA),
based on an in vitro immune response and subsequent
secretion of interferon gamma (IFN<y) in whole blood sam-
ples have been developed, the QuantiFERON®-TB Gold
in-tube and T-SPOT.TB® [11-13]. These assays have sig-
nificantly improved the diagnosis of LTBI because, unlike
the TST, they do not cross-react with BCG (Calmette-
Guérin bacillus). The most widely used TB IGRA test is
the QuantiFERON®—TB test (Qiagen, Hilden, Germany).
The QuantiFERON®-TB Gold in-Tube assay (QFT-GIT)
is being replaced by the new-generation QuantiFERON®-
TB Gold Plus (QFT-Plus). These assays involve an in
vitro stimulation of lymphocytes specific for the bacte-
rial tuberculosis complex by a cocktail of peptides from
two M. tuberculosis specific proteins (ESAT-6 and CFP10).
This is followed by the quantification of IFNvy produced
in response to this stimulation (expressed as international
units/mL [IU/mL]) using the same microplate QFT IFNvy
ELISA kit. Both QFT-GIT and QFT-Plus rely on a dif-
ferential interpretation of different in vitro stimulations,
based on the quantity of detected IFNvy. The negative con-
trol (NIL) provides information on the background level
of IFNy in the sample at the time of testing and a positive
control (MIT) validates the IFN+y secretion capacity of T
lymphocytes in the whole blood sample. In the QFT-GIT
assay there is a single M. tuberculosis-specific stimulation
(TB), compared with two (TB1 and TB2) in the QFT-
Plus assay. The test result is considered positive if the
difference between the M. tuberculosis-specific stimula-
tions (TB1 or TB2) and the negative control exceeds a
predefined threshold. However, the QFT results are con-
sidered “indeterminate” when the positive control values
are low or when there is a high background response to
the negative control. Indeterminate results are often asso-
ciated with immunodeficiency due to lymphopenia, HIV,
or immunosuppressive treatments [14-19]. This immun-
odeficiency reduces the T lymphocyte population and,
consequently, the amount of IFNy secreted is decreased.
However, other factors can reduce the number of viable
T-cells, e.g., delayed reception of samples in the labora-
tory and result in lower levels of secreted IFNvy for the
positive control [20-22]. High results for negative con-
trols, either due to excessive levels of circulating IFNvy
or heterophilic antibodies, can also result in indeterminate
results. The incidence of indeterminate results is usually
low in healthy individuals (<2%) but can increase signifi-
cantly in immunosuppressed populations due to the lower
secretion of IFNvy and the level of the IGRA detection
threshold [23, 24].

“Uncertain” results are linked to an additional uncertainty
zone around the QFT manufacturer’s predefined thresh-
old. An “uncertainty zone” has been proposed to deal with
variations occurring in the interpretation of results from
serial QFT assays. In one study, assessing serial testing of
samples from healthcare workers in a low-incidence set-
ting using the QFT-GIT assay, the use of an uncertainty
zone from 0.2 to 0.7 IU/mL, instead of a strict threshold
of 0.35 IU/mL, resulted in a lower percentage of conver-
sions and reversions (2.6% versus 6.1% and 15.4% versus
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32.6%, respectively) [25]. Several sources of variability
that can have an impact on serial QFT testing were iden-
tified in a systematic review, with the QFT IFNvy ELISA
kit variability itself being the most important [26]. More
recently, results from a study investigating the preanalyti-
cal, analytical, and inter-assay variability of the QFT-GIT
assay demonstrated that the variability could be improved
by implementing optimized procedures, some of which
were linked to the combined effects of blood volume and
incubation times in the QFT stimulation tubes and some
linked to the QFT IFN+vy ELISA kit itself [27].

Overall, these observations suggest that a more sensitive,
automated assay could provide a better clinical interpre-
tation of the results for these specific patient populations.
Recently, a highly-sensitive SiMoA prototype for IFNvy
quantification, based on single molecule array (SiMoA™)
technology and digital ELISA signal detection, has been
developed. This technology enables detection of lower
concentrations of proteins than with conventional tests
such as microplate ELISA assays; the detection thresh-
old is generally 100-fold lower or more, compared with
current analog methods [28, 29].

The aim of this study was to assess the analytical perfor-
mance of this new IFNy immunoassay prototype based on
SiMoA technology and to compare it with the performance
of the QFT-Plus IFNy ELISA kit. In particular, we inves-
tigated whether the SiMoA IFNvy assay could improve the
clinical interpretation of samples collected using QFT-Plus
tubes and classified as “indeterminate” and “uncertain”
using the QFT IFNvy ELISA kit.

MATERIALS AND METHODS

QFT-TB Gold Plus assay

The QuantiFERON-TB Gold Plus (QFT-Plus) assay (Qia-
gen) measures cell-mediated immune responses to two
different peptide cocktails (TB1 and TB2, see below) from
two M. tuberculosis proteins (ESAT-6 and CFP10). The
assay is performed in two stages. In the first stage, blood
samples are transferred to the laboratory in collection tubes
containing the peptide cocktail where they are incubated
at 37 °C for 16-24 hours. In the second stage, the plasma
is harvested and the secreted IFN+y is measured with the
QFT ELISA kit in a 50 pL aliquot.

The routine QFT-Plus assay was performed according to
the manufacturer’s recommendations except the whole
blood samples that had been collected in lithium heparin
tubes could be received up to 24 hours after collection at
the Pitié-Salpétriere Hospital in the Cellular and Tissue
Immunology Laboratory, whereas the manufacturer rec-
ommends up to 16 h. For each patient, blood samples were
transferred into the four specialized collection QFT-Plus
tubes:

— anegative control tube, i.e., NIL (without antigen);

— a positive control tube, i.e., mitogen (MIT; PHA);

— atube containing ESAT-6 and CFP10 long peptides, i.e.,
TB antigen 1 (TB1);

— a tube containing ESAT-6, CFP10 short and long pep-
tides, i.e., TB antigen 2 (TB2).

A log-log standard curve was generated by plotting the log
of the mean optical density (OD) on the y-axis against the
log of the IFN+y concentration of the four standards (0, 0.25,
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Rules for interpreting the results from the QuantiFERON-TB Gold Plus assay.

Categories of results MIT-NIL 3TB1 and 3TB2
Manufacturer’s Uncertainty categories
recommendation
Indeterminate <0.5 IU/mL Not interpretable Not interpretable
Negative >0.5 IU/mL <0.35 IU/mL <0.2 IU/mL
Uncertain negative >0.5 TU/mL Not considered [0.2-0.35[ ITU/mL?
Uncertain positive >(0.5 IU/mL Not considered [0.35-0.7[ IU/mL?*
Positive All > (.35 IU/mL? >(0.7 IU/mL?

MIT: positive control tube or mitogen; NIL: negative control tube: 3TB1: TB1-NIL; 8TB2: TB2-NIL.

43TB1 or 8TB2 >25% of NIL.

1.0, and 4.0 IU/mL) supplied in the kit on the x-axis. The
line of best fit for the standard curve was then determined
with regression analysis and used to determine the IFNvy
concentration in IU/mL for each of the tested plasma sam-
ples, using the OD value of each sample. The results were
calculated as MIT minus NIL and TB1 (or TB2) minus
NIL. When the TB1-NIL (8TB1) and TB2-NIL (8TB2)
results were discordant, the highest value was taken into
account for interpretation. The results were interpreted as
summarized in table 1.

SiMoA IFNv immunoassay prototype

The SiMoA IFNvy immunoassay prototype is a fully auto-
mated three-step sandwich immunoassay that quantifies
IFNvy in plasma and cell culture supernatants using the
HD-1 Analyzer. In this assay, the IFNv is captured onto
antibody-coated paramagnetic beads and detected with a
biotin-labeled antibody and an enzyme-conjugated strep-
tavidin. The individual beads are then isolated and sealed
in arrays of femtoliter-sized wells in the presence of a
fluorogenic enzyme substrate. The fluorescence emitted
is captured by a charged coupled device (CCD) camera,
allowing the number of wells containing an enzyme-
labelled bead and the level of emitted fluorescence to be
ascertained. Both the fraction of beads associated with
at least one enzyme and the fluorescence intensity from
each well are determined, enabling the instrument to detect
ultra-low IFNvy concentrations (digital readout mode). The
assay was calibrated with native IFNvy antigen obtained
by stimulation of peripheral blood mononuclear cells
(PBMCs) and diluted in the sample diluent. Standards were
calibrated in IU/mL, based on determinations with the QFT
ELISA assay. The calibration curve was established using
seven standards tested in duplicate (0, 0.0023, 0.0056,
0.029, 0.13, 0.61, and 2.34 IU/mL) using a four-parameter
logistic (4PL) regression model [30]. Two duplicate control
samples were included; one with a concentration within the
digital range and the other with a concentration within the
analog range for the SiMoA IFNv assay.

The carboxy-paramagnetic microbeads (2.7-pwm, provided
by Agilent Technologies) coated with a mouse monoclonal
anti-human IFNy antibody (developed by bioMérieux)
were mixed with 75 pL of the prediluted sample (1/4) and
incubated for 15 minutes. An additional dilution (1/20) was
analyzed when saturation of TB1 or TB2 occurred. The
antibody-coated beads were diluted to obtain a concen-
tration of 2 x 107 beads/mL in Tris buffered saline with
0.05% tween 20 and 0.05% bovine serum albumin (BSA).

The capture microbeads were collected into a pellet using
a magnet, washed and then incubated for five minutes
with biotinylated anti-human IFN+y-detector monoclonal
antibody (also developed by bioMérieux) at 0.1 pg/mL
in phosphate-buffered saline containing 0.05% tween 20
(PBST) and 0.05% BSA. After pelleting and washing, the
beads were incubated with streptavidin-(-galactosidase
(SBG; enzymatic conjugate) compound for five minutes.
The SBG compound was prepared at bioMérieux by
covalent conjugation of purified streptavidin (Thermo Sci-
entific) and BG (Sigma), and diluted to 150 ng/mL in
PBST and 0.05% BSA. The beads were then pelleted and
washed and finally incubated with the fluorogenic sub-
strate, resorufin 3-D-galactopyranoside (RGP). The HD-1
analyzer processed the substrate incubation, bead trans-
fer onto the disk and the CCD camera reading and image
acquisition in about three minutes.

Assessment of assay reproducibility and limits of
quantification

The reproducibility of the SiMoA IFN+y and QFT IFNvy
ELISA assays was assessed using samples that were within
their specific detection ranges: from 0.0023 to 2.34 IU/mL
and from 0.065 IU/mL (LOD) to 10.0 IU/mL (extrapolated
highest standard), respectively [31].

The reproducibility of the QFT ELISA assay was assessed
using 13 blood samples that were tested in duplicate over
three days. Two technicians performed the assays in one
laboratory, using the same QFT ELISA assay batch (n=12
for each sample). The limit of quantification (LOQ) at 20%
CV was estimated using concentrations of the 13 blood
samples ranging from 0.02 IU/mL to 4.0 IU/mL, with eight
of the samples in the low range (0.02-0.37 IU/mL).

The reproducibility of the SiMoA IFN+y assay was per-
formed using one HD-1 instrument. Seven plasma samples
and two controls in duplicate (one digital and one analog)
with concentrations ranging from 0.02 to 1.0 ITU/mL were
tested twice a day for three days (n =12 for each sample).
Five of the samples, obtained by dilution in the sample
diluent, were used specifically to assess the assay LOQ at
20% CV.

Linearity of the SiMoA IFNv and QFT assays

To assess the linearity of the SiMoA IFNy assay two
plasma samples, containing 0.64 and 2.51 IU/mL of IFNv,
were serially diluted with the sample diluent from 3/4 to
1/20 for sample A, and from 3/5 to 1/20 for sample B,
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Origin of the 151 samples assessed with the SiMoA IFTI;?\l/)l:siay by classification based on QFT IFN+vy ELISA results.
Classification of Total Internal Rheumatology/ Occupational Others? Lymphocyte count
sample (N) medicine gastroenterology medicine available
Positive 354 6 5 20 10
Negative 30 5 6 6 13 14
Uncertain positive 312 8 3 6 12 11
Uncertain negative 252 4 4 4 11 10
Indeterminate 30 10 5 0 15 17
Total 151 33 20 21 71 62 (41%)

# Information missing for two samples in each category.

Y From infectious medicine, pulmonology, neurology, ophthalmology, nephrology and organ transplantation departments.

giving concentrations from 0.48 IU/mL to 0.032 IU/mL
and from 1.51 IU/mL to 0.13 IU/mL, respectively. Each
dilution was tested in duplicate to assess the linearity of
SiMoA IFNv assay. The IFN+vy concentrations were deter-
mined using an in-house standard curve.

We did not assess the linearity of the QFT IFNvy ELISA
here because the manufacturer had documented its linearity
previously [31].

Samples tested

A total of 1,717 fresh blood samples from hospitalized or
consulting patients from three hospitals in Paris, France
(Pitié-Salpétriere, Saint-Antoine and Tenon Hospitals),
were assessed routinely in our laboratory using the QFT-
Plus assay from 19 June to 10 October 2017. There were
1,387 negative (81%), 188 positive (11%), 50 uncertain
negative (3%), 56 uncertain positive (3%), and 36 inde-
terminate (2%) samples. A total of 151 of these samples
that were frozen after the QFT IFNvy ELISA test were
later assessed with the SiMoA IFNv assay: 30 negative,
25 uncertain negative, 35 positive, 31 uncertain positive,
and 30 indeterminate samples. The samples were a conve-
nience selection of samples that had a sufficient volume
for the SiMoA IFNy assay to obtain about 30 in each
category. The majority of the samples came from hospi-
talized patients and 21 were from healthcare professionals
(table 2). Lymphocyte counts were available for 41% of
the samples.

These samples were used to assess if the higher sen-
sitivity of the SiMoA IFNy assay could confirm the
positive and negative results and improve the clinical
interpretation of samples classified as indeterminate or
uncertain positive or negative based on the results from
the QFT IFNy ELISA assay. The indeterminate sam-
ples were mainly from immunosuppressed patients, with
a MIT-NIL <0.5 TU/mL. The thresholds for the negative
and positive 8TB1 and 8TB2 samples were <0.2 IU/mL
and >0.7 IU/mL, respectively. The results for the uncer-
tain negative and uncertain positive samples fell into the
uncertainty zones around the cutoff of 0.35 IU/mL; 0.2 to
0.35 TU/mL and 0.35 to 0.7 IU/mL, respectively [27].

Statistical analysis

Analyses were performed using the GraphPad Prism (ver-
sion 7.03), SAS-Add in (version 4.3), and Analyse-it

(version 3.70) software. Passing and Bablok regression
analysis, a nonparametric statistical method, was used to
estimate the agreement between the assays and detect any
systematic bias between them [32].

RESULTS

Analytical performance of the SiMoA IFNv assay
and the QFT IFNvy ELISA

Reproducibility and limits of quantification

The intra-assay CVs for the SiMoA IFNvy assay were below
4% for samples ranging from 0.045 to 1.037 IU/mL com-
pared with CVs from 4.4% to 14.1% for the QFT ELISA
assay for samples ranging from 0.595 to 3.998 TU/mL
(table 3). The inter-assay CVs for the SiMoA IFNvy assay
ranged from 3.7% to 8.2% compared with from 10.5% to
21.3% for the QFT ELISA.

The precision profiles for both assays were plotted using
the results for the lowest concentration samples tested in
the repeatability study to determine the LOQ, correspond-
ing to 20% of the CV (figure 1). The LOQ for the QFT
ELISA was 0.169 IU/mL compared with 0.002 IU/mL for
the SiMoA IFNv assay.

Linearity of the SiMoA IFNvy assay

For the assessment of the linearity of the SiMoA IFNvy
assay the recovery rate ranged from 99.2% to 115.7% for
sample A (initial IFN+y concentration 0.64 IU/mL) and
from 103.3% to 111.0% for sample B (initial IFN+y concen-
tration 2.51 IU/mL), with slopes and a R? close to 1.0 for
both samples (figure 2).

Verification of the metrological traceability between

the QFT IFNvy ELISA and SiMoA IFNv assay

The correlation of the results from the SiMoA and QFT
IFNvy ELISA assays was assessed using the 35 positive
samples, i.e., where 8TB1 and/or 8TB2 were >0.7 [U/mL,
to ensure that the poorer precision of the QFT IFNy ELISA
assay in the low range of concentrations would not bias the
results. The IFN+y concentrations obtained with SiMoA
IFN+y assay were, on average, 17% higher than those
obtained with the QFT ELISA assay for 8TB1 and 24%
higher for 8TB2 (95% CI: 0.99-1.42 and 1.01-1.41, respec-
tively). The correlation equations were y = 1.17x + 0.16 for
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Table 3
Reproducibility of QFT and SiMoA IFNvy assays.
IFN+y sample mean (IU/mL) Intra-assay CV (%) Inter-assay CV (%)
QFT IFNvy ELISA assay (n=12)
0.595 44 10.5
1.471 14.1 21.3
2.211 12.0 12.4
3.998 7.2 11.6
SiMoA IFNy assay (n=12)
0.045 2.7 8.2
0.080 32 3.7
0.484 3.7 4.5
1.037 34 74
A QFT-Plus IFNy ELISA assay B SiMoA IFNy assay
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Figure 1

Limits of quantification (LOQ) for (A) QFT IFNy ELISA and (B) SiMoA IFN assays determined using the 20% CV for the lowest concentration

samples in the repeatability study.
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Linear regression curves with regression equations and R? values for SiMoA IFNw assay for (A) sample A, initial INFy concentration 0.64 TU/mL

and (B) sample B, initial INFvy concentration 2.51 IU/mL.

OTBI1 and y = 1.24x + 0.09 for 8TB2 (figure 3). The Pear-
son’s correlation coefficient R? was 0.923 for both TB1
and 3TB2.

SiMoA IFNv assay results for nonpositive QF T-Plus
results

Comparison of indeterminate results

A total of 30 samples with indeterminate MIT-NIL results
(<0.5IU/mL) from the QFT-Plus assay were also analyzed
with the SiMoA assay. The SiMoA assay results for the
majority of NIL tubes were above the LOQ of 0.002 IU/mL
(median value 0.026 IU/mL, interquartile range [IQR]
0.008 to 0.055 IU/mL), compared with none of the QFT

ELISA results (median value 0.055 IU/mL, IQR 0.033 to
0.080 IU/mL) (figure 4A). Only two of the samples were
not measurable by the SiMoA assay, but they were both
detectable and lower than the LOQ (0.0014 IU/mL). The
median MIT results from the SiMoA and the QFT assays
were 0.393 TU/mL with IQR 0.198 to 0.690 TU/mL and
0.230 IU/mL with IQR 0.089 to 0.300 IU/mL, respectively
(figure 4B). The MIT-NIL values for the SiMoA assay
were significantly different from those for the QFT IFNvy
ELISA assay, resulting in a MIT-NIL value >0.5 IU/mL for
11/30 samples making interpretation possible according to
the manufacturer’s recommendations (table I; figure 4C).
The lymphocyte count was within the normal range (1,500-
4,000 lymphocytes/mm?) for three of the 17 QFT-Plus
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Box and whisker plots of (A) NIL and (B) MIT responses (IU/mL) with the QFT ELISA and SiMoA IFNy assays for samples with indeterminate
results with the QFT-Plus assay (n =30) showing median, interquartile range and the minimum and maximum values. P values were calculated
by Wilcoxon test. The dashed lines denote the means. (C) Pairwise comparison for the MIT-NIL results from the QFT-Plus and SiMoA IFNvy
assays for the 30 samples with indeterminate results with the QFT-Plus assay.

indeterminate samples for which lymphocyte counts were The 8TB1 and 8TB2 results for the 11/30 samples with
available. For the remaining 14, the counts were below MIT-NIL values >0.5 IU/mL in the SiMoA assay (max-
the normal range (mean: 698 lymphocytes/mm?, SD: 332 imum=0.027 and 0.016, respectively) were all below
lymphocytes/mm?). No link between lymphopenia and the the uncertain positivity thresholds of 0.2 IU/mL and
MIT-NIL value was observed. 0.35 TU/mL for the SiMoA and QFT IFN+vy ELISA assays,
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Table 4
Impact of lower MIT-NIL thresholds with the SIMoA assay on the classification of 30 samples from the QFT-Plus “indeterminate” category.
MIT-NIL threshold Indeterminate Interpretable Interpretation based
on 3TB1 and 3TB2
>0.51U/mL 19/30 Not considered
11/30 Negative
>0.351U/mL 15/30 Not considered
15/30 Negative
>0.21U/mL 10/30 Not considered
20/30 Negative
>0.11U/mL 5/30 Not considered
25/30 Negative
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Figure 5

Passing-Bablok regression analyses of results from the QFT-Plus 8TB1 and 8TB2 versus SiMoA 8TB1 and 3TB2. (A) QFT-Plus 8TB1 versus
SiMoA 3TBI1 and (B) QFT-Plus 8TB2 versus SiMoA 8TB2 using 25 uncertain negative blood samples (§TB1 or 8TB2 with the QFT assay
[0.2-0.35[ TU/mL). (C) QFT-Plus 8TB1 versus SiMoA 8TB1 and (D) QFT-Plus 8TB2 versus SiMoA 8TB2 using 31 uncertain positive blood
samples (8TB1 or 3TB2 with the QFT-Plus assay [0.35-0.7[ IU/mL). The gray line indicates 100% agreement.

respectively and they were interpreted as negative. Since
the LOQ for the SiMoA assay is lower than that for the QFT
ELISA, a MIT-NIL threshold lower than 0.5 IU/mL could
be considered. The results with lower MIT-NIL thresholds
on the clinical interpretation of the indeterminate samples

are summarized in fable 4. The lowest MIT-NIL threshold,
>0.1 IU/mL, enabled the results for 25 of the 30 indeter-
minate samples to be interpreted; all were negative. Four
of the five samples that remained indeterminate had high
NIL values (data not shown).
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Table 5
Classification of the samples based on (A) uncertainty categories and (B) QFT-Plus manufacturer’s categories.
A. Uncertainty categories QFT IFNvy ELISA Total
Negative Uncertain Uncertain Positive
(3TB1 or negative (3TB1 positive (3TB1 or (3TB1 or
3TB2 or 3TB2 3TB2 3TB2
<0.2IU/ml)  [0.2-0.35[ IU/ml) [0.35-0.7[ IU/ml) >0.71U/ml)

SiMoA IFNvy

Negative (3TB1 or 8TB2 <0.2 IU/ml) 28 0 0 0 28

Uncertain negative (3TB1 or 8TB2 [0.2-0.35[ IU/ml) 1 7 0 0 8

Uncertain positive (3TB1 or 8TB2 [0.35-0.7[ IU/ml) 1 17 8 0 26

Positive (8TB1 or 8TB2 >0.7 IU/ml) 0 1 23 35 59
Total 30 25 31 35 121
B. QFT-Plus categories QFT IFNvy ELISA Total

Negative (3TB1 or Positive (3TB1 or
3TB2 <0.35 IU/ml) 3TB2 >0.35 IU/ml)

SiMoA IFNvy

Negative (8TB1 or 8TB2 <0.35 IU/ml) 36 0 36

Positive (8TB1 or 3TB2 >0.35 IU/ml) 19 66 85
Total 55 66 121

The numbers of concordant samples for each classification are indicated in bold.

Comparison of uncertain positive, uncertain negative,
and negative results

Passing-Bablok regression analyses were used to compare
the results for samples that were classified as uncertain
(positive and negative) with the QFT-Plus assay with those
from the SiMoA assay (figure 5). We also used the QFT-
Plus manufacturer’s criteria for the uncertainty categories
to compare the interpretation of the results from both
assays.

Unlike the analyses with positive samples, where the
Passing-Bablok analyses gave slopes of 1.17 and 1.24 for
the 8TB1 and 8TB2 results, respectively, higher slopes
were observed with the uncertain categories (figures 3 and
5). In these analyses the slopes for the 8TB1 and 8TB2
results for uncertain negative samples were 2.79 and 3.37,
respectively, and 2.17 and 2.30, respectively, for uncertain
positive samples (figure 5).

When the uncertainty thresholds and the QFT-Plus man-
ufacturer’s thresholds were used to interpret the results,
discordant results were observed for 43 and 19 samples,
respectively (fable 5). The 8TB1 and 8TB2 SiMoA assay
results were classified in a higher category than the QFT-
Plus assay results for all 19 discordant samples, using the
manufacturer’s thresholds (data not shown).
Passing-Bablok regression analyses were not performed
for the negative samples because most of the QFT 8TB1
and 8TB2 were close to 0 or negative.

DISCUSSION

The WHO recommends screening for LTBI in certain at-
risk populations [3]. Biological exploration with TB IGRA
assays is an important element for the diagnosis of LTBI
since there are no clinical symptoms. However, the results
for transplanted patients or individuals living with HIV
may be indeterminate due to lymphopenia or immunosup-
pressive therapy [23, 33-35]. A more sensitive test, such
as the SiMoA IFNw assay, could provide more definite

results confirming or refuting the diagnosis of LTBI in
these patients.

The LOQ for the SiMoA IFNy assay was lower than that for
the QFT ELISA assay (0.002 IU/mL versus 0.169 IU/mL)
confirming that the IFNvy assay based on digital SiIMoA
technology is about 100-fold more sensitive than the QFT
ELISA assay.

We obtained inter-assay CVs ranging from 10.5%to21.3%
for samples containing IFN+y concentrations ranging from
0.6 to 4.0 IU/mL for the QFT ELISA, which is similar to
those indicated in the manufacturer’s package insert and
those previously reported; inter-assay CVs of 13% around
an individual mean of 4+0.47 IU/mL for all values (irre-
spective of the initial IFNvy value) and CVs of 30% around
an individual mean of +0.26 IU/ml for individuals with
an initial borderline IFNvy response (in the range of 0.25-
0.80 IU/mL) [26, 27]. The inter-assay CVs were smaller
for the SiMoA IFN assay, ranging from 3.7% to 8.2% for
samples containing IFNvy concentrations ranging from 0.05
to 1.04 IU/mL. This variability for samples with low IFN+vy
concentrations ranging from 0.01 to 0.40 IU/mL with the
QFT assay has an important impact on the clinical inter-
pretation of assay results and therefore the management
of these patients. In addition, the manufacturer recom-
mends only one assay per sample, which could result in
a higher risk of false positive and negative results due to
the poor precision. We found good agreement for the clin-
ical interpretation of results from the two assays, when we
checked the metrological traceability of the SIMoA assay
to the QFT IFNvy ELISA assay by regression analysis using
the 35 positive samples, i.e., with a 8TB1 and/or 8TB2
>0.7 IU/mL.

In clinical practice, samples that have either an uncer-
tain positive, uncertain negative or indeterminate result are
retested with the T-SPOT-TB assay, which is a more sen-
sitive TB IGRA assay than the QFT assay, to attempt to
provide a better clinical interpretation [36]. The advan-
tage of the T-SPOT-TB assay is that a standard number of
PBMCs is used, which can correct for a patient’s immune
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status, but a second blood sample has to be taken, which
can be inconvenient for both clinicians and patients. The
SiMoA IFNv assay results, using the original frozen sam-
ples, were consistent with the T-SPOT-TB assay results
using a second set of blood samples from 6/14 patients
(data not shown). Among the remaining eight samples,
four that gave uncertain positive results with the QFT assay
and negative results with T-SPOT-TB assay, were positive
with the SiMoA IFNr assay. This may be explained by the
higher sensitivity of the SiMoA IFN+ assay and its mea-
surement precision at low IFN+y concentrations, since in
samples with low levels of secreted IFNv, the SiIMoA tech-
nology enables distinguishing between no response and a
weak response to the TB antigens. Thus, the SiMoA IFNvy
assay could help to provide a clearer interpretation to guide
clinical decisions with respect to LTBI without the need for
a second blood sample. Although, it has been reported that
IGRA assays are sensitive to blood lymphocyte counts, we
observed no link between lymphopenia and MIT-NIL val-
ues, although lymphocyte counts were only available for
41% of the samples [34, 37, 38].

The main limitation of this study relates to heterogeneity
of the patient population since the cohort included both
immunosuppressed patients, as well as immunocompetent
patients and healthcare workers. However, this heterogene-
ity is representative of patients in a real-world setting that
had undergone TB testing for a variety of reasons.

Our results suggest that the ultra-sensitive SiMoA IFNry
assay could be a useful tool for the identification of true
positive and negative samples among those giving inde-
terminate or uncertain results with the currently used TB
IGRA assay and, therefore, allow appropriate clinical man-
agement of the patients. Future studies should be conducted
on defined populations at risk, such as individuals living
with HIV, patients receiving anti-TNF therapy and those
who have undergone organ transplant, to confirm the poten-
tial advantages of using a more sensitive detection method
such as the SiMoA IFNv assay.
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