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A B S T R A C T   

Borderline interferon-gamma (IFN-γ) results (near the cut-off level 0.35 IU/ml) occur in QuantiFERON (QFT) 
assays. We investigated the performance of alternative biomarkers for classification of latent tuberculosis 
infection (LTBI) status in pregnant women with borderline QFT IFN-γ responses. Pregnant women (n = 96) were 
identified from a cohort study in Ethiopia, based on QFT-Plus IFN-γ results (QFT-low: <0.20 IU/ml, n = 33; QFT- 
borderline: 0.20–0.70 IU/ml, n = 31; QFT-high: >0.70 IU/ml, n = 32), including 12 HIV-positive individuals in 
each group and with 20 HIV-negative non-pregnant women from the same cohort with QFT IFN-γ <0.20 IU/ml as 
controls. Concentrations of 8 markers (IL-1ra, IL-6, IL-8, IP-10, MCP-1, MCP-2, osteopontin and resistin) were 
measured in whole blood QFT supernatants, stimulated separately with TB1 and TB2 antigens. K-nearest 
neighbor analysis (KNN) was used to classify participants with regard to likelihood of LTBI. Concentrations of 
MCP-2, IP-10 and IL-1ra were higher in QFT-borderline compared to QFT-low participants in both antigen 
stimulations (p < 0.001). KNN classification indicated high likelihood of LTBI in 13/31 (42%) women with QFT- 
borderline IFN-γ results. MCP-2, IP-10 and IL-1ra expressed in whole blood after TB antigen stimulation may be 
considered as alternative biomarkers for classification of LTBI status in pregnant women with borderline QFT 
IFN-γ results.   

1. Introduction 

Pregnancy is associated with increased incidence of active tubercu-
losis (TB) [1–3], and approximately 500 000 maternal deaths are 
annually attributed to TB, making this disease one of the leading causes 
of maternal mortality [4,5]. The risk of pregnancy-associated TB is 
especially high in HIV-positive women [6,7]. In addition, the immune 
modification that occurs during pregnancy can influence the perfor-
mance of immune-based methods used to diagnose latent TB infection 
(LTBI), such as interferon-γ release assays (IGRAs). This effect is also 
most pronounced in HIV-positive individuals [8,9]. 

A modified IGRA, QuantiFERON-TB Gold Plus (QFT-Plus), has been 
developed in order to improve sensitivity in immunosuppressed 

individuals. This assay is based on two sets of Mycobacterium tuberculosis 
(Mtb)-specific antigens; TB1, including early secretory antigenic target 
6-kD protein and culture filtrate protein 10, which stimulate CD4+ T- 
cells, and TB2, which also contains short peptides derived from these 
antigens, with the ability to induce both CD4+ and CD8+ T-cell re-
sponses [10,11]. Similar to previous versions of the QuantiFERON assay, 
QFT-Plus is based on measurement of interferon-γ (IFN-γ) in plasma 
after whole blood antigen stimulation. 

One problem in relation to the use of IGRAs concerns the definition 
of cut-off levels for positive and negative results. Although a binary 
threshold level of 0.35 IU/ml is recommended by the manufacturer [12], 
it has been noted that results around this cut-off level are subject to 
variability on repeated testing [13,14]. This has led researchers to study 
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variability of QFT results in a borderline range (or uncertainty zone) 
near 0.35 IU/ml, usually defined as 0.20–0.70 IU/ml [13,15]. Inter-
pretation of borderline QFT results remains unclear. Importantly, the 
reason for borderline results varies, depending on the pre-test risk of TB 
infection, technical performance, and the presence of immunosuppres-
sion in the individual tested [16–18]. Whereas most borderline results in 
persons living in low-endemic areas probably reflect false-positive re-
actions [19], such results may represent true TB infection in immuno-
compromised persons in TB-endemic settings. We have observed high 
proportions of borderline QFT IFN-γ results (0.20–0.70 IU/ml), among 
pregnant women in Ethiopia (7.6% among HIV-negative and 29% 
among HIV-positive women, respectively) [20]. Consequently, IFN-γ 
based assessment of response to Mtb antigens could be unreliable for 
individuals with physiological or pathological immunosuppression. 

Based on this, we hypothesized that the characterization of expres-
sion patterns of a broader range of markers, i.e. cytokines and inflam-
matory molecules, in response to TB antigen stimulation could identify 
alternative biomarkers that might be used separately or in combinations 
to elucidate LTBI status in pregnant women. Here we present data on 
Mtb-induced immune responses in whole blood of pregnant women 
living in a TB-endemic setting, with special focus on individuals with 
borderline IFN-γ results in the QFT-Plus assay. 

2. Materials and methods 

2.1. Study participants 

Participants for this study were identified from a prospective cohort 
of women recruited during pregnancy at three public antenatal care 
clinics in the city of Adama, Ethiopia. The overall purpose of this cohort 
is to study different aspects of Mtb infection in relation to pregnancy 
[21]. Pregnant women attending their first antenatal care visit were 
included in the cohort after providing written informed consent. 
Recorded characteristics of the study participants included age, gesta-
tional age, parity and mid-upper arm circumference (MUAC; for 
assessment of malnutrition) (Table 1). HIV serostatus was determined 
using rapid tests according to national guidelines [22], and for 
HIV-positive women, CD4+ T cell count, viral load (VL) and antiretro-
viral treatment (ART) data was collected. 

Two morning sputum samples were obtained from participants with 
symptoms and/or signs suggestive of active TB, and from all HIV- 
positive women (regardless of clinical presentation) for bacteriological 
testing [20]. Blood was collected from all participants at inclusion and at 
9 months after delivery for QFT-Plus testing. 

For the current study, participants were selected from the cohort 

based on their QFT IFN-γ results at the inclusion visit. Three categories 
of participants were selected: QFT-low (IFN-γ <0.20 IU/ml); QFT- 
borderline (IFN-γ 0.20–0.70 IU/ml) and QFT-high (IFN-γ ≥ 0.70 IU/ 
ml). All women with QFT-borderline results and available plasma 
samples were included (both TB1 and TB2 IFN-γ responses were 
required to be within the same QFT IFN-γ category for inclusion). For 
each QFT-borderline participant one QFT-low and one QFT-high 
participant were randomly selected for inclusion. We aimed to include 
similar numbers of HIV-positive individuals in each category. Partici-
pants with current or previous active TB were excluded. 

In order to control for effects of pregnancy per se on biomarker levels, 
we included samples obtained 9 months after delivery from women at 
low likelihood of having LTBI from the same cohort as negative controls. 
These women were HIV-negative, without confirmed nor suspected 
active TB at any time point, nor self-reported history of active TB, and 
with negative QFT result (IFN-γ <0.20 IU/ml) both during and after 
pregnancy. 

2.2. QuantiFERON-TB Gold Plus assay 

Venous blood was collected in lithium heparin tubes. Within 8 h of 
venipuncture, 1 ml of blood was transferred to each of the 4 QFT-plus 
incubation tubes (Nil, TB1, TB2 and mitogen). QFT-Plus testing (Qia-
gen, Carnegie, Australia) was performed according to the manufac-
turer’s instructions. In brief, after mixing by inversion, samples were 
incubated at 37 ◦C for 18 h, followed by centrifugation for 15 min at 
2000g, with storage of plasma supernatants at − 20 ◦C. 

IFN-γ concentration was measured by ELISA, with conversion of 
optical density to international units per milliliter (IU/ml) using the 
QFT-Plus analysis Software. The background (nil) corrected IFN-γ levels 
of TB antigens were recorded. Remaining aliquots of TB antigen stim-
ulated supernatants were stored at − 80 ◦C at Adama Public Health 
Research and Referral Laboratory and one aliquot of stored supernatants 
from each participant was transported frozen to Lund University, Swe-
den, for further analyses. 

2.3. Analysis of cytokines and inflammatory markers 

Based on a literature search for biomarkers shown to be associated 
with TB infection [23–26] we initially considered the following 20 
markers for this study; granulocyte-macrophage-colony-stimulating 
factor (GM-CSF), interleukins (IL-2, IL-6, IL-8, IL-10, IL-13, IL-15, 
IL-17a, IL-1ra [receptor antagonist]), interferon gamma-induced pro-
tein 10 (IP-10), monocyte induced interferon-γ (MIG), interferon-γ 
(IFN-γ), tumor necrosis factor-α (TNF-α), monocyte chemoattractant 

Table 1 
Study participant characteristics. Participants selected based on IFN-γ expression category in the Quantiferon-TB Plus assay.  

QFT categories⁋ QFT-low QFT-borderline QFT-high Controls 

n = 33 n = 31 n = 32 n = 20 

Age* (years) 23 (21–27) 28 (25–30) 26 (23–30) 25 (24–28) 
Gestational age* (weeks) 18 (14–20) 18 (14–20) 19 (16–21) N/A 
Parity* 1 1 2 1 
MUAC (cm)* 24 (22–26) 24 (22–26) 24 (22–26) 27 (24–28) 
HIV sero-positive n = 12 n = 12 n = 12  
CD4 count*(Cells/mm3)** 367 (297–664) 566 (291–766) 677 (450–860)  

5/12 5/12 8/12 
Viral load*(Copies/ml)** 1.1 × 104 (1.5 × 103–4.4 × 104) 2 × 104 (9 × 103–1.3 × 104) 1065  

1/12 0/12 1/12  
<150 RNA copies/ml 7/12 9/12 10/12  
ART status#     

On ART 10/12 8/12 11/12  
ART naïve 2/12 4/12 1/12  

⁋QFT-low (IFN-γ < 0.20 IU/ml), QFT-borderline (IFN-γ 0.20–0.70 IU/ml), QFT-high (IFN-γ ≥ 0.70 IU/ml), Controls (non-pregnant HIV negative women with IFN-γ <
0.20 IU/ml). *median, except viral load result for QFT-high (exact result is shown). IQR (interquartile range) is shown in bracket. MUAC (mid-upper arm circum-
ference). ** Subjects whose CD4 and Viral load results were missing at the time of enrolment. N/A (not applicable). #only applied for HIV-positive persons. 
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protein-1 and 2 (MCP-1 and 2), regulated on activation, normal T cell 
expressed and secreted (RANTES), resistin, osteopontin, platelet-derived 
growth factor-BB (PDGF-B), and macrophage inflammatory protein-1-β 
(MIP-1β). The concentrations of these markers were analyzed using 
Magnetic Luminex assay (R&D Systems Inc., Minneapolis, MN) on the 
Bio-Plex 200 platform (Bio-Rad Laboratories Inc., Hercules, CA). Con-
centrations of these markers were measured in duplicate in supernatants 
of Mtb antigen (TB1 and TB2) stimulated and unstimulated (Nil) whole 
blood in the QFT-Plus assay. 

In a pilot experiment the levels of GM-CSF, IL-10, IL-15, MIG, TNF-α, 
IFN-γ, IL-13, IL-17a, IL -2 and MIP-1β were found to be below the assay 
detection limit with dilution 1:3. RANTES and PDGF-BB secretion did 
not show any TB-specific response. Therefore, these markers were 
omitted from further evaluation. The remaining 8 markers were 
included and analyzed in 5-plex (MCP-1, MCP-2, IL-6, resistin and 
osteopontin) and 3-plex (IP-10, IL-8 and IL-1ra) assay in 1:2 and 1:30 
dilutions, respectively. 

For samples in which marker concentrations were above or below the 
assay detection limit the concentrations of the higher and lower stan-
dard concentration were used, respectively. Internal controls were 
included throughout each run. 

2.4. Statistical analysis 

In order to detect TB-specific responses the background concentra-
tion of each marker detected in the negative control (Nil) supernatant 
was subtracted from the concentration of the marker in the supernatants 
after Mtb antigen (TB1 or TB2) stimulation. Continuous variables were 
determined by medians and interquartile ranges (IQR). Kruskal-Wallis 
followed by Dunn’s multiple comparisons test was used for the three 
group comparisons. P-values <0.05 were considered significant. 
Receiver operating characteristic (ROC) analysis was performed sepa-
rately for the biomarkers to assess their potential to identify different 
categories of QFT IFN-γ responses. From the ROC analysis, area under 
the curve (AUC), 95% confidence interval [CI] and p-values were ob-
tained. Control subjects were not included for the ROC analysis. 

In addition, we used two supervised machine learning classification 
algorithms, k-Nearest Neighbor (KNN) and k-mean clustering (KMC) 
analyses. These models were applied to investigate the distribution of 
women with QFT-borderline results with regard to their similarity with 
participants considered to be at high vs. low likelihood of having LTBI. 
For this purpose, two reference groups were used; non-pregnant HIV- 
negative women with IFN-γ <0.20 IU/ml (low likelihood of LTBI), and 
pregnant HIV-negative women with IFN-γ ≥0.70 IU/ml (high likelihood 
of LTBI). Separate KNN and KMC analyses were performed for 
biomarker levels obtained after TB1 and TB2 stimulation. Individuals 
with QFT-borderline results were categorized as high likelihood of LTBI 
if data from either TB1 or TB2 antigen showed clustering with this 
reference group. Both these analyses were repeated separately on HIV- 
positive and HIV-negative study participants. 

K-Nearest Neighbor: In this analysis, data was divided into a training 
dataset and a test dataset. Women in the low and high likelihood LTBI 
reference groups were assigned as the training dataset, and all remaining 
study participants were assigned as the test dataset. The test cases were 
each classified by identifying the K-nearest neighbors in the n-dimen-
sional space of the normalized cytokine levels in the test dataset, and 
classified based on whether the majority of the K-nearest neighbors was 
at high or low likelihood of LTBI. The KNN algorithm was repeated with 
several numbers of neighbors (K = 1, 3, 5, 7, 9). 

K-mean clustering: In the n-dimensional space of normalized cyto-
kine levels, high or low likelihood of LTBI centroids were defined to 
minimize the total Euclidian distance from the training cases to their 
respective centroid. Women in the low and high likelihood LTBI refer-
ence groups were used as pre-determined cluster centroids for reference 
in this analysis, and the test cases were classified based on the lowest 
Euclidian distance to either of these centroids. 

All data analysis was performed using Graph pad prism 8 and IBM 
SPSS statistics version 25. 

2.5. Ethical consideration 

This study received ethical approval from National Research Ethics 
Review Committee, Addis Ababa, Ethiopia and the Regional Ethical 
Review Board at Lund University, Sweden. Written informed consent 
was obtained from participants prior to enrolment. 

3. Results 

3.1. Study participant characteristics 

In order to study alternative biomarkers for classification of LTBI 
status, 96 pregnant women were included. They were grouped accord-
ing to QFT responses (33 QFT-low, 31 QFT-borderline, and 32 QFT- 
high). Twelve women in each of these groups were HIV-positive 
(Table 1). In addition, 20 HIV-negative women with QFT IFN-γ <0.20 
IU/ml sampled 9 months after delivery were included as controls. The 
distribution of age, gestational age, parity and MUAC did not to vary 
between the different groups (Table 1). Among HIV-positive women, 
CD4 count tended to be lower in QFT-low compared to QFT-high, 
although this difference was not statistically significant (Table 1). 

3.2. Mtb specific cytokine expression patterns in pregnant women in 
different QFT categories 

Concentrations of 8 cytokines were analyzed in supernatants after 
TB1 and TB2 antigen stimulation of whole blood, revealing specific 
expression patterns (Fig. 1 and Table S1). Median concentrations of 
MCP-2, IP-10 and IL-1ra were greater in QFT-borderline compared with 
QFT-low and controls after both TB1 and TB2 stimulation (p < 0.05 to p 
< 0.0001), with the exception of TB2-stimulated IL-1ra between QFT- 
borderline and controls (Fig. 1a–c). 

In addition, median concentrations of MCP-2 in QFT-borderline were 
lower than those in QFT-high, after both TB1 and TB2 stimulation (p <
0.05 to p < 0.01) (Fig. 1a), while this was not seen for IP-10 nor for TB1- 
stimulated IL-1ra. Moreover, after TB1 stimulation, resistin and MCP-1 
levels were greater in QFT-borderline compared to QFT-low (p < 0.05; 
Fig. 1d and e). IL-8, IL-6 and osteopontin did not show significant dif-
ferences between any of the QFT categories (Fig. 1f–h). 

3.3. Cytokine expression patterns in different QFT categories with regard 
to HIV serostatus 

To analyze the influence of HIV infection on cytokine expression, we 
analyzed these patterns in women subdivided according to HIV seros-
tatus. Similar to the total population of studied women, median levels of 
MCP-2 and IP-10 in QFT-borderline were elevated compared to QFT-low 
in the subset of HIV-positive women, whereas no differences in IL-1ra 
levels were observed between QFT-borderline and QFT-low (Fig. 2 
and Table S3). No differences in secretion of the cytokines were 
observed between QFT-high and QFT-borderline in HIV-positive 
women. Cytokine secretion patterns in HIV-negative women mirrored 
those observed in the total study population (Table S2). 

3.4. Performance of selected Mtb cytokine responses for differentiation of 
QFT categories 

ROC curve analysis was performed to evaluate the potential to 
distinguish different QFT categories for each of the 5 markers found to 
have differential expression, i.e. MCP-2, IP-10, IL-lra, MCP-1 and resis-
tin. The markers with the best capacity to distinguish QFT-borderline 
from QFT-low were: IP-10 (AUC: 0.98; 95% CI, 0.95–1 with TB1; 
AUC: 0.97; 95% CI, 0.94–1 with TB2), MCP-2 (AUC: 0.96; 95% CI, 
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0.91–1 with TB1; AUC: 0.97; 95% CI, 0.93–1 with TB2) and IL-1ra (AUC: 
0.87; 95% CI, 0.77–0.96 with TB1; AUC: 0.85; 95% CI, 0.74–0.95 with 
TB2) (all P < 0.0001; Table 2). These 3 markers also had relatively high 
AUC (ranging from 0.75 to 0.89) when comparing QFT-high and QFT- 
borderline (all p < 0.0001; Table 2). Moreover, MCP-2, IP-10, IL-lra, 
MCP-1, and resistin had the greatest AUCs (ranging from 0.99 to 0.80) 
in differentiating QFT-high from QFT-low for both Mtb antigens 
(Table 2). 

3.5. Combination of markers classifying women with QFT borderline 
results with regard to likelihood of LTBI 

In order to differentiate women with QFT-borderline IFN-γ results 
with regard to their likelihood of LTBI, we performed two types of 

machine learning classification analyses, KNN and KMC, and evaluated 
the robustness of these models in regard to categorization of defined 
training and centroid groups, respectively. For these analyses, we 
included both results from all 8 markers analyzed, as well as results of 
the 3 cytokines found to have the greatest discriminatory capacity when 
tested separately (IP-10, MCP-2 and IL-1ra). 

Initially we performed KNN analysis and based the categorization on 
two reference training groups for low and high likelihood of LTBI. KNN 
analysis was also conducted using different numbers of nearest neigh-
bors (k = 1, 3, 5, 7 and 9) for the 3 and 8-cytokine combinations, 
respectively. In these analyses, KNN analysis using 7 nearest neighbors 
(k = 7) with the 3-cytokine combination showed the best classification 
of the training dataset in expected categories, 19/20 in the low and 18/ 
20 in the high likelihood of LTBI, respectively (Table 3). 

Fig. 1. Scatter plots showing expression 
patterns of eight markers in response to TB1 
and TB2 antigen stimulations; QFT-high 
(IFN-γ ≥ 0.70 IU/ml, n = 32, (filled cir-
cles)); QFT-borderline (IFN-γ 0.20–0.70 IU/ 
ml, n = 31, (open circles)); QFT-low (IFN-γ 
< 0.20 IU/ml, n = 33 (filled triangles)); 
controls (IFN-γ < 0.20 IU/ml, n = 33 non- 
pregnant and HIV-, (open triangles)). 
Kruskal-Wallis test followed by Dunn’s mul-
tiple comparisons was used for comparison 
between groups and median (IQR) was 
calculated for each markers. *p < 0.05, **p 
< 0.01, ***p < 0.001 and ****p < 0.0001 
indicated in the graph for each group dif-
ference using the bracket. Abbreviations: a) 
MCP-2: Monocyte chemoattractant protein-2 
b) IP-10: IFN-γ inducible protein 10 c) IL-1ra: 
interleukin 1receptor antagonist e) MCP-1: 
Monocyte chemoattractant protein-1 f) IL-8: 
interleukin 8 g) IL-6: interleukins 6.   
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Based on this, we used the combination of 3 cytokines in KNN with k 
= 7. With this approach, 13/31 (42%) of the QFT-borderline individuals 
classified with the high likelihood of LTBI training group in TB1 and/or 
TB2 stimulations (Table 3). IFN-γ responses in the QFT Plus assay among 
women with QFT borderline results and LTBI status classification after 
KNN analysis with K = 7 are presented in Table S7. These results show 
that all of the 13 women that classified with the high LTBI likelihood 
training group had IFN-γ results within the high QFT borderline range 
(0.35–0.70 IU/ml) in TB1 and/or TB2 stimulation (Table S7), supporting 
the correct LTBI classification of these women using the IFN-γ threshold 

0.35 IU/ml. However, 11/18 (61%) women with IFN-γ results within the 
high QFT borderline range (0.35–0.70 IU/ml) in TB1 and/or TB2 stim-
ulation classified with the low likelihood training group. 

The second best training group classification was obtained using 
KNN analysis including combination of 8 cytokines and K = 3 (Table S4). 
In this analysis, 10/31 (32%) of QFT-borderline women were catego-
rized with the high likelihood of LTBI training group in TB1 and/or TB2 
antigen stimulations. KNN using k = 1, 3, 5 or 9 with the 3-cytokine 
combination and KNN using k = 1, 5, 7 and 9 with the 8-cytokine 
combination resulted in lower numbers of the training group 

Fig. 2. Scatter plots showing the levels of 
five markers (IP-10, MCP-2, IL-1ra, MCP-1 
and resistin) in response to the two TB anti-
gens in HIV-positive and HIV-negative 
women, comparing the three QFT cate-
gories; QFT-low (IFN-γ < 0.20 IU/ml, n=12), 
QFT-borderline (IFN-γ 0.20–0.70 IU/ml, 
n=12) and QFT-high (IFN-γ ≥ 0.70 IU/ml, 
n=12) in TB1 and TB2. Comparison between 
QFT categories was performed using the 
Kruskal Wallis test followed by Dunn’s mul-
tiple comparisons test. P values are indicated 
separately in Table S2 for HIV-negative and 
Table S3 for HIV-positive pregnant women. 
The middle line represents median concen-
tration of each marker responses to TB anti-
gen stimulations. Abbreviations: IP-10: IFN-γ 
inducible protein 10; MCP-2: Monocyte che-
moattractant protein-2; IL-1ra: interleukin 
1receptor antagonist; MCP-1: Monocyte 
chemoattractant protein-1.   
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individuals classified in expected categories (see Tables S8 and S9), and 
were therefore not pursued further. 

In addition to the KNN algorithm, we explored KMC analysis for 
determination of likelihood of LTBI among women with borderline QFT 
IFN-γ results. In this analysis, all 20 subjects in the low reference group 
clustered with the expected centroid using the 3-cytokine combination 
(Table S5). In KMC with the 3-cytokine combination we found that 7/31 
(23%) QFT borderline subjects clustered with the high-likelihood of 
LTBI centroid in TB1 and/or TB2 antigen stimulations. KMC analysis 
based on all 8 cytokines showed that 13/31 (42%) of the QFT borderline 
subjects clustered with the high-likelihood LTBI centroid, with TB1 and/ 
or TB2 stimulation (Table S6). 

Comparing results of the KNN and KMC analyses, a higher number of 
subjects in the training groups classified according to their expected 
categorization using KNN than with KMC (Tables 3, S4, S5 and S6). 
Moreover, a higher proportion of TB1 and TB2 concordant results were 
observed when performing the classification with the 3-cytokine, 

compared with the 8-cytokine, combination in both KNN and KMC. 

4. Discussion 

In this study, which was based on Mtb antigen-stimulated whole 
blood from pregnant women living in a TB-endemic setting, we evalu-
ated several cytokines separately and in combination, for their capacity 
to characterize pregnant women with borderline IFN-γ results in the 
QFT-Plus assay. We show that three markers detected in QFT superna-
tants (IP-10, MCP-2 and IL-1ra) distinguished women with borderline 
QFT IFN-γ results from those with IFN-γ levels below the QFT borderline 
range (<0.20 IU/ml), and that 42% of women with borderline results 
were classified as having high likelihood of LTBI, using an algorithm 
based on a combination of these three cytokines. 

In the development of the QFT-Plus assay, the problem of reduced 
sensitivity in immunosuppressed individuals has been addressed by 
addition of modified Mtb antigens that stimulate CD8 T cells. During 

Table 2 
ROC curve analyses for differentiation between QFT categories among pregnant women with high, low and borderline QFT interferon-γ results b  

QFT Groupsa  Low vs High Low vs Borderline Borderline vs High 

Markers AUC 95% CI P AUC 95% CI P AUC 95% CI P 

MCP-2 
TB1-nil 0.98 0.96–1.00 0.0001 0.96 0.91–1.00 0.0001 0.88 0.79–0.96 0.0001 
TB2-nil 0.99 0.98–1.00 0.0001 0.97 0.93–1.00 0.0001 0.89 0.81–0.98 0.0001 
IP-10 
TB1-nil 0.98 0.94–1.00 0.0001 0.98 0.95–1.00 0.0001 0.85 0.74–0.95 0.0001 
TB2-nil 0.98 0.95–1.00 0.0001 0.97 0.94–1.00 0.0001 0.82 0.71–0.93 0.0001 
IL-1ra 
TB1-nil 0.91 0.82–0.98 0.0001 0.87 0.77–0.96 0.0001 0.75 0.63–0.88 0.001 
TB2-nil 0.92 0.84–1.00 0.0001 0.85 0.74–0.95 0.0001 0.77 0.65–0.88 0.0001 
MCP-1 
TB1-nil 0.83 0.73–0.94 0.0001 0.73 0.63–0.87 0.003 0.68 0.54–0.82 0.01 
TB2-nil 0.76 0.64–0.88 0.002 0.66 0.53–0.79 0.02 0.64 0.49–0.78 0.06 
Resistin 
TB1-nil 0.80 0.69–0.90 0.0001 0.75 0.63–0.87 0.001 0.61 0.47–0.75 0.15 
TB2-nil 0.87 0.71–0.92 0.0001 0.65 0.51–0.79 0.04 0.67 0.53–0.80 0.02 
IL-8 
TB1-nil 0.67 0.54–0.80 0.02 0.58 0.44–0.72 0.26 0.58 0.44–0.73 0.25 
TB2-nil 0.61 0.47–0.76 0.11 0.52 0.38–0.67 0.74 0.57 0.42–0.71 0.35 
IL-6 
TB1-nil 0.58 0.44–0.72 0.26 0.56 0.41–0.70 0.43 0.52 0.37–0.66 0.83 
TB2-nil 0.51 0.37–0.66 0.85 0.53 0.39–0.68 0.59 0.53 0.39–0.69 0.64 
Osteopontin 
TB1-nil 0.62 0.48–0.76 0.10 0.62 0.48–0.76 0.08 0.55 0.40–0.69 0.50 
TB2-nil 0.59 0.45–0.73 0.23 0.55 0.40–0.69 0.51 0.55 0.41–0.70 0.47  

a High (QFT IFN-γ ≥ 0.70 IU/ml); Borderline (QFT IFN-γ 0.20–0.70 IU/ml); Low (QFT IFN-γ < 0.20 IU/ml); controls (QFT IFN-γ < 0.20 IU/ml non-pregnant and 
HIV− ). 

b Abbreviations: MCP-2: Monocyte chemoattractant protein-2, IP-10: IFN-γ inducible protein 10, IL-1ra: interleukin 1receptor antagonist, MCP-1: Monocyte che-
moattractant protein-, IL-8: interleukin-8, IL-6: interleukins 6, AUC: Area under the curve. 

Table 3 
K-nearest neighboring analysis (K = 7) for classification of women with different categories of QFT IFN-γ responses into low and high likelihood of LTBI using three 
cytokines (IP-10, MCP-2 and IL-1ra).   

Low likelihood of LTBIb High likelihood of LTBIc 

QFT-Groupsa TB1 and TB2 TB1 only TB2 only TB1 and TB2 TB1 only TB2 only Total (n) 

Controls (low training group) 19 0 1 0 1 0 20 
QFT-low 21 0 0 0 0 0 21 
QFT-low HIVþ 12 0 0 0 0 0 12 
QFT-borderline 11 1 1 6 1 1 19 
QFT-borderline HIVþ 7 0 1 4 1 0 12 
QFT-high (high training group) 2 0 0 18 0 0 20 
QFT-high HIVþ 2 0 0 10 0 0 12 
Total 74 1 3 38 3 1 116  

a Controls (IFN-γ < 0.20 IU/ml, non-pregnant and HIV-), QFT-low (IFN-γ < 0.20 IU/ml), QFT-borderline (IFN-γ 0.20–0.70 IU/ml), QFT-high (IFN-γ ≥ 0.70 IU/ml). 
b Non-pregnant HIV-negative women with QFT IFN-γ < 0.20 IU/ml. 
c Pregnant HIV-negative women with IFN-γ ≥ 0.70 IU/ml. 
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pregnancy, T helper (Th) 1 pro-inflammatory responses shift towards 
Th2 anti-inflammatory responses; Th17 responses are also attenuated, 
with a corresponding increase in T-regulatory cell activity [27,28]. This 
physiological immune modification may disturb the control of bacterial 
replication in women with LTBI and promote development of active TB. 
For this reason, attention to TB infection in pregnant women is impor-
tant. Pregnancy-related immune modification can furthermore influence 
the performance of diagnostic assays based on IFN-γ secretion [8,9]. 
IFN-γ is a well-recognized marker of cell-mediated immune activation, 
and is predominantly produced by Th1 cells, which have a key role in 
immune protection against TB. Therefore, IFN-γ has been used as a 
readout marker for immune-based TB diagnostic assays. However, the 
capacity of Th1 cells to produce IFN-γ- after Mtb stimulation is reduced 
in persons with immunosuppression (including pregnant women), who 
for the same reason have increased risk of progression to active TB. 

In this study, we have explored the concept of using alternative 
cytokine markers to characterize borderline IFN-γ responses after Mtb 
antigen stimulation in pregnant women. 

We found MCP-2, IP-10 and IL-1ra levels to be significantly higher in 
the QFT-borderline and QFT-high categories compared to the QFT-low 
category, regardless of HIV serostatus, suggesting that these markers 
could be used to assess LTBI status in women with QFT-borderline IFN-γ 
results. These markers also showed the highest discriminatory perfor-
mance comparing the different QFT IFN-γ categories in ROC analyses. 
Similar to our previous observations for IFN-γ [20], we observed that 
TB1 and TB2 stimulation resulted in similar cytokine secretion patterns 
for most of the alternative markers analyzed in the different QFT IFN-γ 
categories. 

With regard to IP-10, our results are in agreement with other reports, 
showing that this chemokine is expressed in a higher magnitude than 
IFN-γ, and that its expression after Mtb antigen stimulation is less 
dependent on cell-mediated immune capacity [29]. Our findings add 
support to previous data suggesting that IP-10 could be an alternative 
marker for IGRA reactivity, with higher sensitivity than IFN-γ in 
immunocompromised subjects [30–32]. This could be due to the fact 
that IP-10 is primarily secreted by monocytes and macrophages, in 
contrast to IFN-γ, which is mainly secreted by activated T cells. 
Furthermore, IP-10 secretion is triggered by multiple cytokines, 
including IFN-γ, TNF-α, as well as IFN-α/β, IL-2, IL-17, IL-27 and IL-1β 
[23]. 

Similar to IP-10, but expressed in lower levels, MCP-2 has also been 
investigated as a potential marker for both active and latent TB [24]. 
MCP-2 is a proinflammatory chemokine, acting as a chemoattractant for 
granulocytes, monocytes and T-cells to the site of Mtb infection through 
various chemokine receptors [33]. IL-1ra is an internal inhibitor of IL-1 
and secreted by macrophages; elevated plasma levels of this cytokine 
have been reported in patients with active TB [34]. It is therefore 
possible that the increased expression of IL-1ra may reflect incipient 
reactivation of LTBI in pregnant women. 

The finding of higher levels of these 3 cytokines after whole blood TB 
antigen stimulation in women with QFT-borderline results compared to 
those with QFT-IFN-γ <0.20 IU/ml could imply that QFT-borderline 
individuals displaying this profile have LTBI. In order to explore this 
further, we performed classification analyses using machine-learning 
algorithms to determine how expression patterns of these markers 
classified QFT-borderline individuals with regard to their likelihood of 
having LTBI. For this purpose, we performed both KNN and KMC ana-
lyses, based on the combination of 3 (MCP-2, IP-10 and IL-1ra) as well as 
8 cytokines (IL-1ra, IL-6, IL-8, IP-10, MCP-1, MCP-2, osteopontin and 
resistin). In the absence of a diagnostic gold standard for LTBI, we used 
two reference groups, considered to be at low and high likelihood of 
having LTBI, respectively. The proportions of QFT-borderline in-
dividuals clustering with the high LTBI likelihood group depended on 
the variant of the KNN and KMC analyses used, and if classification was 
based on 3 or 8 cytokines. The KNN variant using the 3-cytokine com-
binations with 7 nearest neighbors yielded the most robust analysis, and 

indicated that 42% of women with QFT-borderline results were at high 
likelihood of LTBI; interestingly, all of these had IFN-γ levels within the 
higher borderline range. 

Still, a majority of women with QFT-borderline results classified with 
the low likelihood of LTBI group. This distribution is in line with the QFT 
IFN-γ responses, among which 55% (17/31) were within the low 
borderline range (IFN-γ 0.20–0.34 IU/ml), regardless of type of antigen 
stimulation (Table S7). However, among the 18 women with QFT- 
borderline results classified with the low LTBI likelihood group, 11 
(61%) had IFN-γ levels in the higher borderline range. Taken together, 
these findings indicate that the QFT-Plus cut-off of 0.35 IU/ml has 
satisfactory sensitivity for LTBI classification in pregnant women, 
whereas the use of this threshold level might lead to over diagnosis of 
LTBI in some cases. We did not identify any difference in this distribu-
tion in the subset of HIV-positive women, suggesting that the 0.35 IU/ml 
cut-off level may be adequate also in this population. Yet, this finding 
has to be interpreted with some caution, since the majority of HIV- 
positive individuals in our study received long-term ART and did not 
have advanced immunosuppression. We could therefore not assess the 
performance in ART-naïve HIV-positive persons. In summary, our data 
show that analysis using a combination of cytokine markers may help 
clarify the LTBI status of pregnant women with borderline QFT-Plus IFN- 
γ results. In this regard, IP-10, MCP-2 and IL-1ra appear to be the most 
promising alternatives, especially when used in combination. Further 
studies are needed to define cut-off levels for determination of LTBI 
status using such markers, as well as validation studies before this 
strategy can be considered for clinical use. 

To our knowledge, the concept of investigating several potential 
alternative biomarkers for LTBI diagnosis using the two Mtb antigen 
formulations in the QFT-Plus assay has not previously been explored. In 
particular, data is lacking on the performance of immune markers for 
LTBI in pregnant women. Our study was based on participants in a 
prospective cohort, representing women living in a TB-endemic setting. 
Furthermore, 9.3% of these women were HIV positive. Our findings 
therefore suggest that alternative cytokine markers, particularly IP-10 
and MCP-2, could increase sensitivity for LTBI detection in individuals 
with suppressed cellular immune function, such as HIV infection and 
pregnancy. 

Certain limitations for the current study should be mentioned. We 
only analyzed immune responses in women of reproductive age, and did 
not include men, nor women in other age categories for reference. 
Comparison with responses in persons with active TB could have been 
considered, as a reference for confirmed TB infection. However, since 
negative QFT IFN-γ results can occur in patients with active TB [35,36] 
we chose not to include such cases as controls. Given the cross-sectional 
design of this study, we were unable to assess whether the markers 
identified predict the risk of LTBI reactivation. Several of the markers 
initially considered were found to have low concentrations in the QFT 
supernatants tested in a pilot experiment, and were therefore not 
included. In several studies (mainly performed in settings with low TB 
prevalence), individuals with IFN-γ values close to the threshold level 
(0.35 IU/ml) show negative results upon retesting [13,37]. Our study 
design did not allow for direct re-testing of women with borderline re-
sults, but follow-up testing after the post-partum period is part of the 
protocol and currently ongoing. Other methods, such as the 
Flow-cytometric Assay for Specific Cell-mediated Immune-response in 
Activated whole blood [38], in which long term incubation boosts the 
response to Mtb antigens, might have been useful for further investi-
gation of borderline IFN-γ results. 

5. Conclusions 

The concentrations of several cytokines displayed differential 
expression patterns after Mtb antigen stimulation in the QFT-Plus assay 
among pregnant women with different types of IFN-γ response. In 
particular, MCP-2, IP-10 and IL-1ra differentiated women with QFT- 
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borderline IFN-γ results from those with low IFN-γ results, irrespective 
of HIV serostatus, suggesting that these markers could be used to further 
investigate individuals with QFT-borderline results. KNN classification 
analysis based on a combination of these markers categorized 42% of 
pregnant women with QFT IFN-γ borderline results as having high 
likelihood of LTBI. These findings suggest that analysis of combinations 
of cytokines could be used to assess LTBI status in pregnant women with 
QFT IFN-γ borderline results. 
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