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Bovine tuberculosis (bTB), caused by Mycobacterium bovis (M. bovis) infection

in cattle, is an economically devastating chronic disease for livestock worldwide.

E�cient disease control measures rely on early and accurate diagnosis using the

tuberculin skin test (TST) and interferon-gamma release assays (IGRAs), followed

by culling of positive animals. Compromised performance of TST and IGRA,

due to BCG vaccination or co-infections with non-tuberculous mycobacteria

(NTM), urges improved diagnostics. Lateral flow assays (LFAs) utilizing luminescent

upconverting reporter particles (UCP) for quantitative measurement of host

biomarkers present an accurate but less equipment- and labor-demanding

diagnostic test platform. UCP-LFAs have proven applications for human infectious

diseases. Here, we report the development of UCP-LFAs for the detection of six

bovine proteins (IFN-γ, IL-2, IL-6, CCL4, CXCL9, and CXCL10), which have been

described by ELISA as potential biomarkers to discriminate M. bovis infected from

naïve and BCG-vaccinated cattle. We show that, in line with the ELISA data, the

combined PPDb-induced levels of IFN-γ, IL-2, IL-6, CCL4, and CXCL9 determined

by UCP-LFAs can discriminate M. bovis challenged animals from naïve (AUC

range: 0.87–1.00) and BCG-vaccinated animals (AUC range: 0.97–1.00) in this

cohort. These initial findings can be used to develop a robust and user-friendly

multi-biomarker test (MBT) for bTB diagnosis.

KEYWORDS

biomarkers, bovine tuberculosis, chemokines, cytokines, diagnostics, DIVA, upconverting

reporter particles, UCP-LFA

1. Introduction

The members of the genus Mycobacterium cause major infections in humans,

including tuberculosis (Mycobacterium tuberculosis), leprosy (Mycobacterium leprae),

and zoonotic tuberculosis (Mycobacterium bovis). In cattle, M. bovis is the etiological

agent for bovine tuberculosis (bTB) (1). Bovine TB is a globally prevalent, chronic

infectious disease with dire consequences for animal trade, economics, and welfare.
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A very conservative estimate suggests that 50 million cattle are

infected with M. bovis, with a loss of three billion dollars per year

(2). Geographically, bTB is prevalent across the globe, with the

highest prevalence in Africa and parts of Asia (3). The disease

spreads among cattle herds mostly via the aerosol route and

horizontal transmission via reservoir hosts (e.g., Eurasian badgers

in the United Kingdom and white-tailed deer in the United States)

has also been reported (4).

The antemortem diagnosis of bTB is mainly dependent on the

tuberculin skin test (TST), which involves the administration of

a purified protein derivative of M. bovis (PPDb) in the skin of

the animal. Depending upon regional legislation, a comparative

avian tuberculin (PPDa) is also included to exclude animals infected

with only non-tuberculous mycobacteria (NTM). An increase in

skin thickness is measured 72 h later, and animals are classified as

reactors, inconclusive, or uninfected based on respective regional

cutoffs (5). An ancillary interferon-gamma (IFN-γ) release assay

(IGRA) involving in vitro determination of IFN-γ, the hallmark

cytokine released by Th1 cells as part of the cellular immune

response elicited post-mycobacterial infection, is also available

commercially (6). The TST takes three days in total, is liable to

operator bias, and has low specificity in the field as it is also

affected by prior exposure to NTMs, co-infections (Johne’s disease),

and vaccination with Bacille Calmette-Guérin (BCG) (7). On the

contrary, IGRAs require access to a sophisticated lab for overnight

stimulation at 37◦C with PPDb as well as equipment for enzyme-

linked immunosorbent assay (ELISA). Moreover, IGRA outcome

is also influenced by declining IFN-γ levels with advancement in

the stage of the disease (8). The sensitivity and specificity ranges

for TST from various international studies are between 52%−100%

and 78%−99%, respectively. Similarly, for IGRA, the respective

sensitivity and specificity range between 73%−100% and 85%−99%

(5, 8). Regarding bovine TB disease control, some developed

countries with endemic bTB rely on a test and cull strategy, whereas

hardly any measures are in place in low- and middle-income

countries (LMICs). BCG is the only licensed TB vaccine available

for humans, but its usage in cattle is limited because it has reported

limited efficacy in field trials and renders the TST ineffective as a

diagnostic tool because of T cell cross-reactivity (9). To overcome

the issue of cross-reactivity from PPD of different mycobacteria in

BCG-vaccinated cattle (as many antigens are homologous), efforts

are ongoing to develop a defined skin test from M. bovis-specific

antigens that are absent from BCG (10).

Bovine TB is endemic in LMICs, and a major obstacle to

early and accurate diagnosis is the lack of access to sophisticated

laboratories. To address the challenges faced with current

diagnostic tests, the goal for the future is to develop user-

friendly assays that are ideally Differentiating Infected from

Vaccinated Animals (DIVA) compliant. Lateral flow (LF) strip-

based diagnostics, such as pregnancy and COVID-19 antigen

detection tests, are commonly used due to the convenience of

their use. Upconverting reporter particle (UCP)-based LF assays

to detect host biomarkers have been previously applied in animals

[i.e., non-human primates (NHPs) and red squirrels] utilizing

assays developed for human application (11, 12). In our efforts

to contribute toward improved bTB diagnostics, we report here

for the first time in cattle the use of UCP-LFAs to detect host

proteins and describe the associated diagnostic prospects for bTB.

In contrast to our previous study on animal diagnostics based on

human antibodies, this study employed antibodies of bovine origin

only. The UCP technology utilizes nano-sized particles composed

of rare earth lanthanides in a crystal (13). Excitation by infrared

light and “upconversion” into visible light make them background-

free (as this up-conversion does not happen in nature) (14). UCP-

based assays have previously been shown to enable quantitative

assessment of a range of analytes, e.g., hormones (15), nucleic acids

(16), host serum proteins (including cytokines and antibodies)

(17), pathogens (18), and potential bio-warfare agents (19). LF

assays incorporating unique, sensitive UCP particles have been

applied in the development of point-of-care (POC) tests for human

diseases such as TB (20), leprosy (21), schistosomiasis (22, 23), and

bronchiolitis (caused by Respiratory Syncytial Virus) (18). Other

than for human samples, UCP-LFAs have also been pilot tested

in studies conducted on samples from rodents, wild animals, and

NHPs (11, 24–27). The potential of these UCP-LFAs is enormous;

for example, storage of assay reagents at room temperature and

the use of battery-operated (stand-alone) portable strip readers

have allowed the use of these tests at several sites worldwide for

the detection of human infectious diseases (20). Furthermore, the

ability to multiplex, i.e., combining quantitative detection of both

cellular and humoral immunity biomarkers on a single strip using a

small sample volume, has also been successfully demonstrated (28).

Considering these test characteristics, we aimed to use theUCP-

based LF platform to develop diagnostic tools for bTB that are

sensitive and easy to use, even in low-resource areas. Identification

of host protein signatures will ideally not only allow the detection

of infection but also discriminate patients with various phenotypes

of a disease (e.g., paucibacillary vs. multibacillary leprosy patients)

(29). Using ELISAs, we previously screened a panel of nine

cytokines/chemokines in both serum and supernatants of whole

blood stimulated for 24 h with bovine tuberculin. The proteins

included IFN-γ, Interleukin (IL) 1-β, IL-2, IL-6, IL-8, IL-17A, C-C

motif ligand 4 (CCL4), C-X-C motif ligand 9 (CXCL9)/monokine

induced by gamma interferon (MIG), and C-X-C motif ligand

10 (CXCL10)/interferon-gamma inducible protein-10 (IP-10). We

reported that serum concentrations for all host proteins, except

CXCL9 and CXCL10, were low or undetectable. However, PPDb-

stimulated concentrations of IFN-γ, IL-2, CXCL10, CCL4, and

CXCL9 had diagnostic potential for the detection of M. bovis

infection and improved utility as DIVA markers (30). In this

study, we report the development of UCP-LFAs for six bovine

proteins identified in our previous study (IFN-γ, IL-2, IL-6,

CCL4, CXCL9, and CXCL10). Considering the low levels of these

host proteins in serum, we utilized PPDb-stimulated whole-blood

supernatant samples for this study. Our findings show the potential

of employing UCP technology for specific detection of bovine

proteins for improved bTB diagnostics.

2. Materials and methods

2.1. Samples

The animal cohorts and their respective samples used in this

study were described previously (30, 31). Briefly, animals were
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either bTB naïve (n = 16); M. bovis experimentally challenged

with strain AF 2122/97 (32) (n = 9); BCG vaccinated (with BCG

Pasteur ∼1 × 106 CFU/calf; n = 10); or BCG vaccinated and

subsequently M. bovis challenged (n = 12) (30). The samples

from these animals included whole blood supernatants that were

stimulated for 24 h with purified protein derivatives of M. bovis

(PPDb) at a concentration of 20µg/ml (Veterinary Laboratory

Agency, Weybridge, United Kingdom), as previously described

(30, 33). The samples were taken 12 weeks after BCG vaccination or

M. bovis challenge for the respective groups. All samples were taken

under a project license from the Home Office according to ASPA

guidelines and with ethical approval from local AnimalWelfare and

Ethical Review Boards.

2.2. UCP conjugates

UCP nanomaterials (200 nm NaYF4:Yb3+, Er3+ particles,

functionalized with carboxyl groups) were obtained from

Intelligent Material Solutions Inc. (Princeton, NJ, United States).

The UCP conjugates for the six tested analytes were prepared

to utilize the following antibodies: mouse anti-bovine IFN-γ

(MT307; Mabtech, Stockholm, Sweden); mouse anti-bovine IL-2

(MT3B3; Mabtech, Stockholm, Sweden); chicken anti-bovine

IL-6 (AHP2380B; Bio-Rad Laboratories, Hercules, CA, USA);

rabbit anti-bovine CXCL9 (AHP2369B; Bio-Rad Laboratories,

Hercules, CA, USA); rabbit anti-bovine CXCL10 (AHP2368B;

Bio-Rad Laboratories, Hercules, CA, USA); and goat anti-bovine

CCL4 (PBB0479B-050; Kingfisher Biotech, St Paul, MN, USA) at a

concentration of 25 µg antibody per mg of UCP according to the

methods described previously for the development of UCP-LFAs

for the detection ofM. leprae infection (21).

2.3. Lateral flow strips

LF strips were developed as previously described (34). Briefly,

LF strips were assembled by mounting a 10-mm glass fiber

sample/conjugate pad (Ahlstrom 8964), a 25-mm laminated

nitrocellulose membrane (Sartorius UniSart CN95), and a 20-mm

absorbent pad (Whatman Cellulose 470) on a plastic backing.

The sample pad and absorbent pad each overlap 2.5mm with

the nitrocellulose, respectively, at the beginning and end. All

LF strip components were obtained via Kenosha (Amstelveen,

the Netherlands). Test (T) lines were sprayed using a CAMAG

ATS-4 (BCON Instruments B.V., Sint-Annaland, the Netherlands)

on the nitrocellulose membrane, comprising mouse anti-bovine

IFN-γ (M17.1, Mabtech, Stockholm, Sweden), mouse anti-

bovine IL-2 (MT11A31, Mabtech, Stockholm, Sweden), chicken

anti-bovine IL-6 (AHP 2380; Bio-Rad Laboratories, Hercules,

CA, United States), rabbit anti-bovine CXCL9 (AHP2369, Bio-

Rad Laboratories, Hercules, CA, United States), rabbit anti-

bovine CXCL10 (AHP2368, Bio-Rad Laboratories, Hercules,

CA, United States), and goat anti-bovine CCL4 (PB0470B-100,

Kingfisher Biotech, St Paul, MN, United States) at a concentration

of 200 ng per 4-mm width. The flow control (FC) lines comprised

goat anti-mouse (IFN-γ and IL-2; M8642; Sigma-Aldrich, St. Louis,

MO, United States), goat anti-rabbit (CXCL9 and CXCL10; R4880;

Sigma-Aldrich, St. Louis, MO, United States), rabbit anti-goat

(CCL4; G4018; Sigma-Aldrich, St. Louis, MO, United States),

and anti-chicken (IL-6; C2288; Sigma-Aldrich, St. Louis, MO,

United States). These were sprayed at a concentration of 100 ng

per 4-mm width. Ready-to-use LF strips were stored at ambient

temperature in containers with silica dry pads until use.

2.4. UCP-LF assays

The LF assays were performed as previously described (35).

Briefly, 200 ng of cytokine-specific UCP reporter conjugate and

diluted PPDb-stimulated whole blood supernatant samples (1:10

for IFN-γ, IL-2, IL-6, CXCL9, and CXCL10, and 1:100 for CCL4)

in a total assay volume of 100 µl with high salt lateral flow (HSLF)

buffer (100mM Tris pH 8.0, 270mM NaCl, and 0.5% Tween-

20) were added into 96-well plates. After 1min of shaking at 900

rpm (PST-60HL-4; Kisker Biotech GmbH & Co KG, Steinfurt,

Germany), cytokine-specific LF strips were added to the mixture

in the 96-well plate, and immunochromatography was allowed to

continue for at least 1 h. When dry, strips were scanned using a

UCP dedicated benchtop reader (UPCON; Labrox, Finland; 980-

nm infrared excitation, 550-nm emission), measuring the T and

FC signals (peak area; relative fluorescent units). The results are

displayed as the ratio (R) value of the T signal divided by the

FC signals based on relative fluorescence units (RFUs). For all

proteins, a dilution series ranging from 0 (i.e., buffer only) to

100,000 pg/ml was run in triplicate by spiking bovine recombinant

proteins [IFN-γ, CXCL9, and CXCL10 (Bio-Rad Laboratories,

Hercules, CA, United States); IL-2 and CCL4 (Kingfisher Biotech,

St. Paul, MN, United States); and IL-6 (Invitrogen, Carlsbad, CA,

United States)] in 100 µl of HSLF buffer. The schematic diagram

for the LF strip design and the UCP-LFAs workflow are shown

in Figures 1A, B.

2.5. Statistical analysis

Statistical analysis was performed using GraphPad Prism

version 9.0 for Windows (GraphPad Software, San Diego,

CA, United States; https://www.graphpad.com/). Group-wise

differences were tested using the Kruskal-Wallis test and by

applying Dunn’s multiple comparison tests to correct for

multiple comparisons. The diagnostic performance was assessed

by performing a receiver operator curve (ROC) analysis and

calculating the area under the curve (AUC). ROC analysis

allows discrimination among groups (by plotting sensitivity

against 100-specificity), followed by the calculation of optimal

sensitivity and specificity cutoffs. We utilized Youden’s index

(defined as sensitivity + specificity– 1) for determining the

optimal cutoffs, as described previously (36). The ratios (R)

correspond to the level of the respective protein present in

the sample, computed by dividing the signal intensity at the

test (T) line by the signal at the flow control (FC) line.

A NUM (number) score was assigned to each sample. This

corresponds to the number of host proteins (out of the
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FIGURE 1

Schematic diagram of lateral flow (LF) strip design (A) and workflow of UCP-LFAs performed in the study (B). UCP particles are first conjugated to

target-specific antibodies to form the UCP conjugate. LF strips are made by stripping a test (T) line, composed of a second antibody specific for the

target analyte and an isotype flow control (FC) antibody on a nitrocellulose membrane. The sample pad (the end added to the sample) and the

absorbent pads are assembled to the nitrocellulose membrane on a plastic backing, and individual strips are cut and stored at room temperature.

UCP-LFAs are performed by mixing a specific UCP conjugate with a sample diluted in LF bu�er, followed by adding target-specific LF strips. Once

immunochromatography is complete and the strips are dry, a dedicated infrared reader is used for scanning, and the signal intensity (expressed in

Relative Fluorescence Units, RFUs) is calculated for both T and FC lines. Ratio (R) corresponds to the quantity of target analyte and is obtained by

dividing signal intensities at T by the FC lines.

total six tested) that scored above the threshold of positivity

based on the maximum Youden’s index as previously described

(28). The Pearson correlation R-values were calculated and

expressed in the range from −1 to +1, with these extremes

indicating perfectly negative or perfectly positive correlation

among ratios, respectively. The statistical significance level used

was p < 0.05.

3. Results

3.1. Development and validation of UCP-LF
assays

UCP-LFAs were optimized using six recombinant host proteins

(cytokines and chemokines). For each recombinant protein, a serial

dilution (ranging from 0, i.e., assay buffer, to 100,000 pg/ml)

was run in triplicate, resulting in the specific detection of all

host proteins by each UCP-LFA (Figure 2). The UCP-LFAs for

bovine IFN-γ, IL-2, CCL4, and CXCL9 showed high robustness,

allowing specific detection between 100 and 100,000 pg/ml (the

highest point in the standard curve). However, the lower limit

of detection for IL-6 and CXCL10, in comparison to the other

four proteins, was higher, with overall low ratios across the

standard curve.

3.2. Di�erences between animal groups
based on ratios determined using UCP-LFAs

We evaluated individual cytokine and chemokine UCP-LFAs

to discriminate between groups based on M. bovis infection or

BCG vaccination status. Thus, the ratios obtained from PPDb-

stimulated whole blood supernatants were compared (Figure 3).

For discriminatingM. bovis naïve (N) fromM. bovis challenged (C)

animals, PPDb-induced ratios for IFN-γ, IL-2, and CXCL9 showed

highly significant potential as single biomarkers (p < 0.0001).

PPDb-induced ratios for CCL4 and CXCL10 also discriminated

against these groups significantly, although p-values were lower

(0.0008 and 0.0009, respectively). BCG-vaccinated cattle (V) could

be significantly differentiated from the M. bovis-challenged group

(C) using PPDb-induced ratios of IFN-γ (p < 0.0001), IL-2 (p

= 0.0053), IL-6 (p = 0.0001), CCL4 (p = 0.0007), and CXCL9

(p = 0.0077). This DIVA potential was not observed when

PPDb-induced CXCL10 ratios were analyzed (p < 0.0636). None

of the tested proteins could discriminate the BCG-vaccinated

animals (V) from naïve animals (N). For the calves that were

M. bovis-challenged post-BCG vaccination (V/C), differentiation

was possible from the naïve group (N) using PPDb-induced ratios

of IFN-γ (p = 0.0077), IL-2 (p = 0.0003), CXCL9 (p = 0.002),

and CXCL10 (p = 0.02). While comparing the four study groups,

only PPDb-induced IL-6 ratios could statistically discriminate this

group of animals (V/C) from those that were vaccinated alone
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FIGURE 2

Serial dilutions in triplicate for IFN-γ, IL-2, IL-6, CCL4, CXCL9, and CXCL10. Respective recombinant bovine cytokines were spiked in assay bu�er and

analyzed using UCP-LFAs. Shown are the ratios (R) obtained by dividing the signal at the respective test (T) lines by the signal at the flow control (FC)

lines for each recombinant bovine protein. Mean values with error bars (±1 SD) are shown.

(V; p = 0.0002), while none of the tested proteins were found to

discriminate them (V/C) from the M. bovis-challenged group (C)

(Figure 3).

3.3. Receiver operator curve analysis

A receiver operator curve (ROC) analysis was performed to

determine discrimination potential among study groups (N vs.

C, V vs. C, and V vs. V/C) using the ratios measured for six

proteins using UCP-LFAs. The optimal cutoffs to discriminate the

two groups for each host protein were determined using Youden’s

index (Table 1 and Figure 4).

Ratios determined for PPDb-induced IFN-γ and IL-2 levels

could discriminate M. bovis-challenged animals (C) from naïve

animals (N) with 100% sensitivity and specificity with an AUC

of 1 (p < 0.0001; Figure 4A). PPDb-induced ratios for both

CXCL9 and CXCL10 discriminated the two groups with 100%

sensitivity and specificities of 87.5 and 81.25% and AUCs of 0.93

and 0.91, respectively (p = 0.0004 and p = 0.009). For PPDb-

induced CCL4, the groups could be discriminated against with high

sensitivity (88.89%) and specificity (87.50%) with an AUC of 0.91

and a p-value of 0.0008. Finally, PPDb-induced IL-6 ratios could

discriminate the groups with low sensitivity (66.67%) but high

specificity (93.75%) with an AUC of 0.85 and a p-value of 0.0042

[Figure 4A, Table 1(a)].

ROC analysis was also performed to assess the potential of

the proteins for differentiating BCG vaccinated (V) from M.

bovis-challenged group (C). The results are shown in Figure 4B

and Table 1(b). Again, PPDb-induced ratios for IFN-γ and IL-2

were most effective as single markers, discriminating these groups

with 100% sensitivity and specificity with respective AUCs of

1.00 and p-value of 0.0002. The ratios for PPDb-induced IL-

6 and CXCL9 also discriminated groups with high sensitivity

(88.89%) and specificity (100%; AUC 0.98 and 0.97 and p-values

0.0004 and 0.0006, respectively]. A sensitivity of 100% was
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FIGURE 3

IFN-γ, IL-2, IL-6, CCL4, CXCL9, and CXCL10 levels in PPDb-stimulated whole blood supernatants were measured by UCP-LFAs. The ratios among

groups were compared using the Kruskal–Wallis test with Dunn’s multiple comparison post-test. N: Naive Animals (n = 16, empty circles); V:

BCG-vaccinated animals (n = 10, green circles); V/C: BCG-vaccinated and Mycobacterium bovis challenged (n = 12, blue circles); C: M. bovis

challenged only (n = 9, red circles). The bars of scatter dot plots show mean values, and error bars show ±1 SD. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001.

observed for PPDb-induced CCL4 and CXCL10 ratios with

respective specificities of 90 and 70% [AUC 0.99 and 0.87,

respectively, and p-values of 0.0003 and 0.0071; Figure 4B and

Table 1(b)].

The results of the ROC analysis for discriminating

BCG-vaccinated (V) individuals from those that were M.

bovis-challenged post-BCG vaccination (V/C) are shown

in Figure 4C and Table 1(c). PPDb-induced ratios for

IL-6 proved most effective, i.e., sensitivity of 91.67% and

specificity of 100% (AUC 0.98, p = 0.0001). PPDb-induced

ratios for IFN-γ and IL-2 also discriminated among groups

with respective high sensitivities (91.67% and 83.33%) and

specificities (80% and 90%) and respective AUCs of 0.92

and 0.87 and p-values of 0.0009 and 0.0037. Although the

specificity to discriminate these groups using CCL4, CXCL9,

and CXCL10 was high (80%), the respective sensitivities

were low and ranged between 58 and 67% [Figure 4C and

Table 1(c)].

3.4. Biomarker signature

To ascertain whether a multi-biomarker signature composed

of the proteins tested in this study could provide added value to

the discriminatory potential of single host proteins in overnight

PPDb-stimulated whole blood supernatants, a NUM score was

assigned to each sample. Here, the NUM score represents the

total number out of the six proteins (IFN-γ, IL-2, IL-6, CCL-4,

CXCL9, and CXCL10) detected above the marker-specific cutoff

values for naïve vs.M. bovis-challenged group for this study cohort

[as described in Table 1(a)] (28). Being a sum of the positive

biomarkers per individual, NUM scores offer an easy-to-interpret

and quick readout. Based on the NUM scores, naïve (N) animals

could be discriminated from M. bovis challenged (C; p < 0.0001)

and those that wereM. bovis challenged post-BCG exposure (V/C;

p< 0.0013). Similarly, we observed a significant difference between

the BCG-vaccinated (V) group and the M. bovis-challenged (C)

group (p < 0.0003; Figure 5A). Of 16 animals, three in theM. bovis
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TABLE 1 Receiver operator curve (ROC) analysis.

Protein Cuto� Sensitivity (%) 95% CI (%) Specificity (%) 95% CI (%) AUC p-value

(a) Naïve vs. Mycobacterium bovis challenged

IFN-γ R > 1.11 100 70.09–100 100 80.64–100 1.00 <0.0001

IL-2 R > 0.53 100 70.09–100 100 80.64–100 1.00 <0.0001

IL-6 R > 0.31 66.67 35.42–87.94 93.75 71.67–99.68 0.85 0.0042

CCL4 R > 0.47 88.89 56.50–99.43 87.50 63.98–97.78 0.91 0.0008

CXCL9 R > 0.37 100 70.09–100 87.50 63.98–97.78 0.93 0.0004

CXCL10 R > 0.40 100 70.09–100 81.25 56.99–93.41 0.91 0.0009

(b) BCG vaccinated vs. Mycobacterium bovis challenged

IFN-γ R > 1.02 100 70.09–100 100 72.25–100 1.00 0.0002

IL-2 R > 0.56 100 70.09–100 100 72.25–100 1.00 0.0002

IL-6 R > 0.17 88.89 56.50–99.43 100 72.25–100 0.98 0.0004

CCL4 R > 0.42 100 70.09–100 90 59.58–99.49 0.99 0.0003

CXCL9 R > 0.71 88.89 56.50–99.43 100 72.25–100 0.97 0.0006

CXCL10 R > 0.48 100 70.09–100 70 39.68–89.22 0.87 0.0071

(c) BCG vaccinated vs. BCG vaccinated and subsequently Mycobacterium bovis challenged

IFN-γ R > 0.68 91.67 64.61–99.75 80 49.02–96.45 0.92 0.0009

IL-2 R > 0.46 83.33 55.20–97.04 90 59.58–99.49 0.87 0.0037

IL-6 R > 0.14 91.67 64.61–99.75 100 72.25–100 0.98 0.0001

CCL4 R > 0.36 66.67 39.06–86.19 80 49.02–96.45 0.79 0.0200

CXCL9 R > 0.48 66.67 39.06–86.19 80 49.02–96.45 0.79 0.0200

CXCL10 R > 0.55 58.33 31.95–80.67 80 49.02–96.45 0.72 0.0700

IFN-γ, IL-2, IL-6, CCL4, CXCL9, and CXCL10 levels were measured by UCP-LFAs in bovine tuberculin (PPDb)-stimulated whole blood supernatants from naïve animals (N; n = 16), M.

bovis challenged (C; n = 9), BCG vaccinated (V; n = 10), and animals that were M. bovis challenged after BCG vaccination (V/C; n = 12). UCP-LFA results are displayed as a ratio value (R)

between test (T) and flow control (FC). The ability to distinguish naïve from M. bovis challenged group (a), BCG vaccinated group from M. bovis challenged group (b), and BCG vaccinated

from BCG vaccinated and laterM. bovis challenge group (c) was determined per protein using the ROC curve analysis and corresponding area under the curve (AUC). The study cutoff values

were determined by calculating Youden’s index; values above the respective cutoff for each protein were considered positive.

FIGURE 4

ROC curve analysis of IFN-γ (red), IL-2 (green), IL-6 (pink), CCL4 (yellow), CXCL9 (black), and CXCL10 (blue) detected in PPDb-stimulated whole

blood supernatants to discriminate naïve (N) from Mycobacterium bovis-challenged group (C) (A), BCG-vaccinated (V) from M. bovis-challenged

group (C) (B), and BCG-vaccinated group (V) from those that were M. bovis-challenged post-BCG (V/C) (C).

naïve group yielded a NUM score of 2 or more, with all three

animals showing CXCL9 and CXCL10 ratios above the respective

cutoffs for this cohort. Furthermore, NUM scores varied from 1 to

5 among the vaccinated and challenged cohorts (Figure 5A).

Since IFN-γ is a currently used biomarker applied in IGRAs, we

also investigated whether the ratios of IFN-γ correlated with other

tested host proteins. PPDb-induced IFN-γ ratios were strongly

correlated with those for PPDb-induced IL-2 [Pearson correlation

R-value (R = 0.89)]; moderately with PPDb-induced CCL4 ratios

(R = 0.63), and weakly with PPDb-induced CXCL9 (R = 0.52),

CXCL10 (R = 0.46), and IL-6 ratios (R = 0.41; Figure 5B). Thus,

a biomarker signature including other discriminatory proteins
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FIGURE 5

A NUM score was calculated based on IFN-γ, IL-2, IL-6, CCL4, CXCL9, and CXCL10 ratios in PPDb-stimulated whole blood supernatants for naïve (N;

n = 16), BCG-vaccinated (V; n = 10), and Mycobacterium bovis-challenged animals with (V/C; n = 12) or without prior BCG vaccination (C; n = 9).

The NUM score (y-axis) combines the results of six proteins, indicating the number of proteins with levels above a threshold based on the maximal

Youden’s index for each marker [Table 1(a)]. Group di�erences were determined using the Kruskal-Wallis test; the statistical significance level used

was ***p < 0.001; ****p < 0.0001 (A). Heatmap showing Pearson correlation among the ratios of the evaluated host proteins. The color corresponds

to the Pearson R value as indicated in each square (B).

(alongside IFN-γ) that identify additional positive animals, will

increase the overall diagnostic potential, especially when their

mutual correlation is weak. Testing this multi-protein signature for

discrimination of naïve and BCG-vaccinated groups from the M.

bovis challenged group in the current study was not possible as the

ratios for both PPDb-induced IFN-γ and IL-2 already yielded 100%

sensitivity and specificity when assessed individually (Section 3.3).

However, for discrimination between the BCG-vaccinated group

(V) and the group that was challenged post-BCG (V/C), none of

the markers yielded 100% sensitivity. Other than PPDb-induced

IL-6 ratios, none of the markers showed 100% specificity. Hence,

for discrimination between these two groups, a six-biomarker

signature with a cutoff value of ≥3 provided 75% sensitivity and

90% specificity (Table 2). Biomarkers were then individually deleted

from this 6-marker signature based on their relative AUC, i.e., the

marker with the lowest AUC was removed first until we were left

with the best-performing markers. The results indicate that PPDb-

induced IL-6 ratios performed best individually (91.67% sensitivity,

100% specificity, and AUC 0.98), and for this particular sample set,

no added value (improvement in sensitivity and specificity) was

observed by combining other markers with PPDb-induced IL-6

(Table 2).

4. Discussion

The development of user-friendly diagnostics for bTB can have

multiple benefits in resource-constrained settings. These could be

employed to reduce transmission within cattle and improve the

detection of zoonotic TB in humans, thus contributing to both

improved animal and public health. The use of TST and ancillary

IGRA with stringent slaughter measures has proven successful in

TABLE 2 NUM scores for biomarker signature.

Biomarker(s) in NUM
score

AUC Cuto� Sn/Sp (%)

IL-6 0.98 =1 91.67/100

IL-6, IFNγ 0.83 ≥1 66.67/100

IL-6, IFNγ, IL-2 0.93 ≥1 91.67/90

IL-6, IFNγ, IL-2, CCL4 0.96 ≥1 100/80

IL-6, IFNγ, IL-2, CCL4, CXCL9 0.94 ≥2 83.33/90

IL-6, IFNγ, IL-2, CCL4, CXCL9,

CXCL10

0.92 ≥3 75/90

Biomarker signature for discrimination between BCG-vaccinated (V) and BCG-vaccinated

and laterMycobacterium bovis-challenged (V/C) groups. Individually, IL-6 ratios from PPDb-

stimulated whole blood supernatants gave the best discrimination among these groups

[Table 1(c)]. A cutoff for positivity for each marker was determined using the maximal

Youden’s index. Using these cutoffs, a NUM score was calculated for each animal referring

to the number of biomarkers that scored above the positivity threshold. AUC, the area under

the curve; Sn/Sp sensitivity/specificity.

decreasing the disease burden in developed countries (9). However,

the economic impact of such control measures would be enormous

for all the involved stakeholders in LMICs. The development of host

biomarker signature-based tests that can ideally be DIVA (enabling

strategic vaccination with BCG) could therefore be a promising

way forward.

In this proof-of-concept study, we report the development of

the first UCP-LFAs for the detection of bovine host proteins. The

bovine proteins studied were selected for UCP-LFA development

as they exhibited (combined) potential to discriminate naïve from

M. bovis-challenged animals and/or were shown to be DIVA-

compliant biomarkers in our previous study using individual
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ELISAs (30). Results generated by user-friendly UCP-LFAs

similarly differentiate M. bovis infection and/or BCG vaccination

status. Currently, ELISA is an established diagnostic technique,

but the disadvantages associated with time, labor, cost, and

experienced personnel demand investigation into more efficient

alternatives (37). The LFA format presented here provides an

attractive alternative, as targeted markers can be detected by a

simple approach using a relatively small sample volume. Although

this study utilized a benchtop reader to quantify results, in the field,

the same UCP-LFA strips can be analyzed using hand-held, battery-

operated portable readers, as has previously been shown for TB and

leprosy diagnostics (20, 28, 34, 38).

The data reported herein showedmaximal differential potential

among the three study groups using individual proteins (PPDb-

induced IFN-γ, IL-2, and IL-6), and no additive benefit for

diagnostic improvement was observed when proteins were

combined for a biomarker signature. Although IFN-γ alone

provided 100% sensitivity and specificity in discriminating naïve

and BCG-vaccinated animals from M. bovis-challenged animals,

it is released in much lower concentrations following stimulation

with PPDb compared to proteins such as IL-2, CCL4, and CXCL10

(30). Moreover, in contrast to naturally infected animals, stronger

immune responses are usually observed in experimentally infected

animals, such as those that were studied here (33, 39). Similarly,

in anergic and chronically infected animals, in which IFN-γ

responses may no longer be present, the quest for additional

biomarkers becomes even more significant. Various bTB studies

have strongly argued in favor of the inclusion of biomarkers other

than IFN-γ in a host protein signature/multiple read-out system

for improving diagnostic sensitivity and specificity (in comparison

to using either TST or IGRA alone or in parallel) (40–42). Building

on these initial findings, we can discover and validate an optimal

biomarker signature based on regional control aims, i.e., a DIVA-

compliant user-friendly assay allowing BCG vaccination and/or

allowing accurate diagnosis with no false positives or negatives

for eradication schemes in high-income countries. Other studies

reported that CXCL10 is an extremely important diagnostic marker

and can be detected in much higher concentrations compared

to IFN-γ (30, 43). Therefore, the measurement of CXCL10

might thus function as an alternative or adjunct tool to IGRA.

Only PPDb-induced IL-6 ratios showed statistical discriminatory

potential between BCG-vaccinated animals and those that were

challenged with M. bovis post-BCG while comparing the four

animal groups in the study. It is therefore worthwhile to improve

the sensitivity of assays for IL-6 and CXCL10. Two animals in

the naïve group had a NUM score of 2, and one animal had a

NUM score of 4. When ratios from their medium-only stimulated

samples were tested, they were found to be equal to or even higher

than the respective PPDb-induced ratios (data not shown). This is

consistent with other studies, which reported that while levels of

these chemokines are mostly higher in infected animals in response

to PPDb stimulation compared to medium/controls, this might not

always be the case (44, 45). While exact mechanisms are unclear,

it is likely that the elevated levels observed in unstimulated or

serum samples are due to these chemokines being non-specific

pro-inflammatory markers produced in vivo before sampling (43,

46). Lower levels in PPD-stimulated samples in comparison to

unstimulated samples may sometimes be due to the release of

inhibitory cytokines such as IL-10 in response to the activation

of antigen-specific memory lymphocytes (45). Despite this, when

a NUM score cutoff of 3 is considered the cutoff for M. bovis

infection, allM. bovis challenged and naïve animals (except for the

one with high ratios for medium stimulation) from this cohort were

correctly classified while showing a range of positive and negative

results among the vaccinated and challenged cohort NUM scores

(1–5). The latter is expected and indicates the amply described

partial protection conferred by BCG after a virulent challenge

(31, 33, 47).

To the best of our knowledge, this is the first study describing

the utility of the quantitative UCP reporter technology utilizing

bovine antibodies for bTB diagnostics. Qualitative lateral flow-

based approaches for bTB have been tested by other groups:

Alonso et al. recently described a gold nanoparticle-based test

to detect humoral responses against MPB83. They showed the

potential of the platform to detect animals that were TST-negative

but had confirmed M. bovis infection (based on PCR positivity

from lesions at post-mortem) and hence could complement the

existing CMI-based tests (TST and IGRA) (48). Conflicting initial

findings have been reported when lipoarabinomannan (LAM)

antigen tests and Lionex Animal TB antibody tests (comprised of

non-disclosed proprietary M. bovis-specific antigens) have been

assessed in various bTB settings. In one study carried out on

Ethiopian cattle, while the specificities of both tests were excellent

(98%), the sensitivities were low, i.e., 72 and 54%, respectively (49).

The findings of Kelley et al., however, did not support the usefulness

of these POC tests for bTB diagnostics (50). Similar to the study

reported herein, limited sample sizes were used, and each of the

potential rapid test platforms requires additional assessment and

validation on larger cohorts of animals.

Further research using larger animal cohorts of experimentally

and naturally M. bovis-infected animals is needed to validate

current findings. It will also be key to account for co-infections

with related mycobacteria, particularly Mycobacterium avium

paratuberculosis (MAP), the causative agent of Johne’s disease,

which has been reported to alter the bias of the immune response

and cytokine expression (51). Furthermore, the assays were

currently developed only for six cytokines/chemokines identified

in our previous study (30). In mycobacterial diseases, the cellular

immune responses tend to decrease as the disease progresses and

bacteria multiply, leading instead to increased humoral responses

(35, 52). Sridhara et al. (53) recently reported enhanced diagnostic

sensitivity by complementing TST and IGRA with the detection of

antibodies against the MPB70/MPB83 fusion protein (determined

by Dual Path Platform technology) in sample cohorts from the

United States and Spain. Future studies could involve testing

M. bovis-specific antigens on the UCP platform. The inclusion

of a humoral marker along with cytokines/chemokines on a

single MBT platform [as shown for the leprosy prototype (28)]

could potentially be useful to detect M. bovis across the disease

spectrum. Finally, the levels in serum for most of the evaluated

proteins obtained with UCP-LFAs were low or undetectable (data

not shown) (30). Future studies should focus on the discovery,

development, and optimization of UCP-based assays for promising

biomarkers detectable in serum (54, 55). This can be more useful
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for developing accessible diagnostics with easier field applicability.

With regard to the challenges that field settings pose for blood

incubation steps in bTB diagnostics, future studies should exploit

the advances in simulation platforms. Simultaneous detection of

IFN-γ and IP-10 from plasma stimulated in QuantiFERON
R©

Gold tubes (pre-coated with ESAT6, CFP10, and TB-7.7 antigenic

peptides) identified all M. bovis culture-positive African buffaloes

compared to using TST and IGRA alone or in parallel (56).

Similarly, another stimulation platform composed of polyester

beads engineered to express M. tuberculosis-specific ESAT6, CFP-

10, andMTB 7.7 has been developed (57). Beads enhanced cytokine

release assay (BECRA) was subsequently tested and indicated the

diagnostic promise of IFN-γ, IL-2, IP-10, and CCL11, as single

markers and also in various combinations, for discriminating

smear and/or culture-positive human pulmonary TB patients

from both TST-positive and TST-negative healthy individuals (57).

Initiating stimulation directly in these field-friendly tubes will lead

to a reduction in total assay time. Furthermore, using a multi-

biomarker, lateral flow detection format (28) as a follow-up to these

innovative platforms presents huge opportunities and can advance

the eventual goal of developing globally applicable bTB diagnostics.

5. Conclusion

We show for the first time that the development of UCP-LFAs

for the detection of bovine proteins is feasible and demonstrates

good performance. While this is a proof of principle, this format

allows rapid and less complex analysis of the protein levels in

PPDb-stimulated samples, and therefore its potential for being

a user-friendly alternative to lab-based ELISAs requires further

evaluation and validation. To achieve the ambitious targets set to

eliminate bTB, accurate diagnosis of M. bovis, which has largely

been neglected, has to be prioritized higher in healthcare systems

(58). The development of sensitive and specific assays as described

here will allow improved diagnostics for bovine tuberculosis.

Data availability statement

The original contributions presented in the study are included

in the article/supplementary material, further inquiries can be

directed to the corresponding author.

Ethics statement

All samples were taken under Project License from the UK

Home Office according to ASPA guidelines and with ethical

approval from local Animal Welfare and Ethical Review Boards.

The study was conducted in accordance with the local legislation

and institutional requirements. No potentially identifiable images

or data are presented in this study.

Author contributions

Conception, design, and funding: AG, JH, TC, and PC. Design

of UCP-LFA strips: LP, PC, AvH, and AG. Production of and

experiments with UCP-LF strips: HK, LP, ZZ, ET, and DdJ. Wrote

first draft: HK. Performed statistical analysis: HK, LP, and AvH.

Writing—review and editing: LP, TC, AvH, JH, PC, and AG. All

authors contributed to the manuscript revision, read, and approved

the submitted version.

Funding

JH and TC were funded by Biotechnology and Biological

Sciences Research Council Institute Strategic Programme funding

(BB/P013740/1 and BBS/E/D/20002174). AG received funding

from the Q.M. Gastmann-Wichers Foundation. HK was funded

by a joint Ph.D. studentship from the University of Edinburgh,

United Kingdom, and Leiden University Medical Center,

The Netherlands.

Acknowledgments

We acknowledge H. Martin Vordermeier and Chris J. Howard

for their input into the original studies, from which the samples

were derived. These studies were performed at the Institute for

Animal Health, Compton, to compare the efficacy of two BCG

strains (33) and the age of BCG administration in calves (31).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

1. Rodriguez-Campos S, Smith NH, Boniotti MB, Aranaz A. Overview and
phylogeny of Mycobacterium tuberculosis complex organisms: implications for
diagnostics and legislation of bovine tuberculosis. Res Vet Sci. (2014) 97:S5–
S19. doi: 10.1016/j.rvsc.2014.02.009

2. Correia CN, McHugo GP, Browne JA, McLoughlin KE, Nalpas NC, Magee DA,
et al. High-resolution transcriptomics of bovine purified protein derivative-stimulated
peripheral blood from cattle infected withMycobacterium bovis across an experimental
time course. Tuberculosis. (2022) 136:102235. doi: 10.1016/j.tube.2022.102235

Frontiers in Veterinary Science 10 frontiersin.org

https://doi.org/10.3389/fvets.2023.1193332
https://doi.org/10.1016/j.rvsc.2014.02.009
https://doi.org/10.1016/j.tube.2022.102235
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Khalid et al. 10.3389/fvets.2023.1193332

3. Refaya AK, Bhargavi G, Mathew NC, Rajendran A, Krishnamoorthy R,
Swaminathan S, et al. Bovine tuberculosis. Oxfordshire: CABI (2018).

4. Palmer MV. Tuberculosis: a reemerging disease at the interface of
domestic animals and wildlife. In: Childs JF, Mackenzie S, Richt JA, editors.
Wildlife and Emerging Zoonotic Diseases: The Biology, Circumstances and
Consequences of Cross-species Transmission. Berlin: Springer (2007), p.
195–215. doi: 10.1007/978-3-540-70962-6_9

5. Monaghan ML, Doherty ML, Collins JD, Kazda JF, Quinn PJ. The tuberculin test.
Vet Microbiol. (1994) 40:111–24. doi: 10.1016/0378-1135(94)90050-7

6. Wood P, Corner L, Plackett P. Development of a simple, rapid in vitro cellular
assay for bovine tuberculosis based on the production of γ interferon. Res Vet Sci.
(1990) 49:46–9. doi: 10.1016/S0034-5288(18)31044-0

7. De la Rua-Domenech R, Goodchild AT, Vordermeier HM, Hewinson RG,
Christiansen KH, Clifton-Hadley RS. Ante mortem diagnosis of tuberculosis in cattle:
a review of the tuberculin tests, γ-interferon assay and other ancillary diagnostic
techniques. Res Vet Sci. (2006) 81:190–210. doi: 10.1016/j.rvsc.2005.11.005

8. Schiller I, Oesch B, Vordermeier HM, Palmer MV, Harris BN, Orloski KA, et al.
Bovine tuberculosis: a review of current and emerging diagnostic techniques in view
of their relevance for disease control and eradication. Transbound Emerg Dis. (2010)
57:205–20. doi: 10.1111/j.1865-1682.2010.01148.x

9. Buddle BM, Vordermeier HM, Chambers MA, de Klerk-Lorist L-M. Efficacy and
safety of BCG vaccine for control of tuberculosis in domestic livestock and wildlife.
Front Vet Sci. (2018) 5:259. doi: 10.3389/fvets.2018.00259

10. Jones GJ, Konold T, Hurley S, Holder T, Steinbach S, Coad M,
et al. Test performance data demonstrates utility of a cattle DIVA skin
test reagent (DST-F) compatible with BCG vaccination. Sci Rep. (2022)
12:1–8. doi: 10.1038/s41598-022-16092-8

11. Schilling A-K, van Hooij A, Corstjens P, Lurz PWW, DelPozo J, Stevenson K,
et al. Detection of humoral immunity to mycobacteria causing leprosy in Eurasian
red squirrels (Sciurus vulgaris) using a quantitative rapid test. Eur J Wildl Res. (2019)
65:1–5. doi: 10.1007/s10344-019-1287-1

12. Amaral MS, Santos DW, Pereira ASA, Tahira AC, Malvezzi JVM,
Miyasato PA, et al. Rhesus macaques self-curing from a schistosome
infection can display complete immunity to challenge. Nat Commun. (2021)
12:6181. doi: 10.1038/s41467-021-26497-0

13. Ye X, Collins JE, Kang Y, Chen J, Chen DTN, Yodh AG, et al. Morphologically
controlled synthesis of colloidal upconversion nanophosphors and their shape-directed
self-assembly. Proc Nat Acad Sci. (2010) 107:22430–5. doi: 10.1073/pnas.1008958107

14. Corstjens PLAM, Li S, Zuiderwijk M, Kardos K, Abrams WR, Niedbala RS,
et al. Infrared up-converting phosphors for bioassays. IEE Proc Nanobiotechnol. (2005)
152:64–72. doi: 10.1049/ip-nbt:20045014

15. Hampl J, Hall M, Mufti NA, Yao YM, MacQueen DB, Wright WH, et al.
Upconverting phosphor reporters in immunochromatographic assays. Anal Biochem.
(2001) 288:176–87. doi: 10.1006/abio.2000.4902

16. Corstjens P, Zuiderwijk M, Brink A, Li S, Feindt H, Niedbala RS, et al. Use of
up-converting Phosphor Reporters in Lateral-flow Assays to Detect Specific Nucleic Acid
Sequences: A Rapid, Sensitive DNA Test to Identify Human Papillomavirus Type 16
Infection. Oxford: Oxford University Press (2001). doi: 10.1093/clinchem/47.10.1885

17. Corstjens PLAM, Chen Z, Zuiderwijk M, Bau HH, Abrams WR, Malamud
D, et al. Rapid assay format for multiplex detection of humoral immune responses
to infectious disease pathogens (HIV, HCV, and TB). Ann N Y Acad Sci. (2007)
1098:437–45. doi: 10.1196/annals.1384.016

18. Mokkapati VK, Niedbala RS, Kardos K, Perez RJ, Guo M, Tanke HJ,
et al. Evaluation of UPlink–RSV: prototype rapid antigen test for detection
of respiratory syncytial virus infection. Ann N Y Acad Sci. (2007) 1098:476–
85. doi: 10.1196/annals.1384.021

19. Hua F, Zhang P, Zhang F, Zhao Y, Li C, Sun C, et al. Development and evaluation
of an up-converting phosphor technology-based lateral flow assay for rapid detection
of Francisella tularensis. Sci Rep. (2015) 5:1–9. doi: 10.1038/srep17178

20. Corstjens PLAM, Fat EMTK, de Dood CJ, van der Ploeg-van Schip JJ, Franken
KLMC, Chegou NN, et al. Multi-center evaluation of a user-friendly lateral flow assay
to determine IP-10 and CCL4 levels in blood of TB and non-TB cases in Africa. Clin
Biochem. (2016) 49:22–31. doi: 10.1016/j.clinbiochem.2015.08.013

21. Bobosha K, Fat EMTK, van den Eeden SJF, Bekele Y, van der Ploeg-van Schip JJ,
de Dood CJ, et al. Field-evaluation of a new lateral flow assay for detection of cellular
and humoral immunity against Mycobacterium leprae. PLoS Negl Trop Dis. (2014)
8:e2845. doi: 10.1371/journal.pntd.0002845

22. van Dam GJ, de Dood CJ, Lewis M, Deelder AM, van Lieshout L, Tanke HJ,
et al. A robust dry reagent lateral flow assay for diagnosis of active schistosomiasis by
detection of Schistosoma circulating anodic antigen. Exp Parasitol. (2013) 135:274–
82. doi: 10.1016/j.exppara.2013.06.017

23. Mulindwa J, Namulondo J, Kitibwa A, Nassuuna J, Nyangiri OA, Kimuda
MP, et al. High prevalence of Schistosoma mansoni infection and stunting among
school age children in communities along the Albert-Nile, Northern Uganda: a cross
sectional study. PLoS Negl Trop Dis. (2022) 16:e0010570. doi: 10.1371/journal.pntd.
0010570

24. Zhou Z, van Hooij A, Vervenne R, Sombroek CC, Fat EMTK,
Ottenhoff THM, et al. Quantitative rapid test for detection and monitoring
of active pulmonary tuberculosis in nonhuman primates. Biology. (2021)
10:1260. doi: 10.3390/biology10121260

25. Zhou Z, PenaM, vanHooij A, Pierneef L, de Jong D, Stevenson R, et al. Detection
and monitoring of Mycobacterium leprae infection in nine banded armadillos
(Dasypus novemcinctus) using a quantitative rapid test. Front Microbiol. (2021)
12:763289. doi: 10.3389/fmicb.2021.763289

26. Casacuberta-Partal M, van Lieshout L, van Diepen A, Sijtsma JC, Ozir-
Fazalalikhan A, Koopman JPR, et al. Excretion patterns of Schistosoma
mansoni antigens CCA and CAA by adult male and female worms,
using a mouse model and ex vivo parasite cultures. Parasitology. (2022)
149:306–13. doi: 10.1017/S0031182021001839

27. Beechler BR, Jolles AE, Budischak SA, Corstjens PLAM, Ezenwa VO, Smith M,
et al. Host immunity, nutrition and coinfection alter longitudinal infection patterns of
schistosomes in a free ranging African buffalo population. PLoS Negl Trop Dis. (2017)
11:e0006122. doi: 10.1371/journal.pntd.0006122

28. van Hooij A, Fat EMTK, de Jong D, Khatun M, Soren S, Chowdhury AS, et al.
Prototype multi-biomarker test for point-of-care leprosy diagnostics. Iscience. (2021)
24:102006. doi: 10.1016/j.isci.2020.102006

29. van Hooij A, Fat EMTK, da Silva MB, Bouth RC, Messias ACC, Gobbo AR, et al.
Evaluation of immunodiagnostic tests for leprosy in Brazil, China and Ethiopia. Sci
Rep. (2018) 8:1–9. doi: 10.1038/s41598-018-36323-1

30. Khalid H, van Hooij A, Connelley TK, Geluk A, Hope JC. Protein
levels of pro-inflammatory cytokines and chemokines as biomarkers of
Mycobacterium bovis infection and BCG vaccination in cattle. Pathogens. (2022)
11:738. doi: 10.3390/pathogens11070738

31. Hope JC, Khalid H, Thom ML, Howard CJ, Shaw DJ. Protective efficacy
of BCG vaccination in calves vaccinated at different ages. Pathogens. (2023)
12:789. doi: 10.3390/pathogens12060789

32. Garnier T, Eiglmeier K, Camus J-C, Medina N, Mansoor H, Pryor M, et al.
The complete genome sequence of Mycobacterium bovis. Proc Nat Acad Sci. (2003)
100:7877–82. doi: 10.1073/pnas.1130426100

33. Hope JC, Thom ML, McAulay M, Mead E, Vordermeier HM, Clifford D,
et al. Identification of surrogates and correlates of protection in protective immunity
against Mycobacterium bovis infection induced in neonatal calves by vaccination with
M. bovis BCG Pasteur and M bovis BCG Danish. Clin Vaccine Immunol. (2011)
18:373–9. doi: 10.1128/CVI.00543-10

34. van Hooij A, van den Eeden S, Richardus R, Fat ETK, Wilson L, Franken
KLMC, et al. Application of new host biomarker profiles in quantitative point-of-
care tests facilitates leprosy diagnosis in the field. EBioMedicine. (2019) 47:301–
8. doi: 10.1016/j.ebiom.2019.08.009

35. van Hooij A, Fat EMTK, Richardus R, van den Eeden SJF, Wilson L, de Dood
CJ, et al. Quantitative lateral flow strip assays as user-friendly tools to detect biomarker
profiles for leprosy. Sci Rep. (2016) 6:1–10. doi: 10.1038/srep34260

36. Fluss R, Faraggi D, Reiser B. Estimation of the Youden Index and its associated
cutoff point. Biom J. (2005) 47:458–72. doi: 10.1002/bimj.200410135

37. Hancock RJ, Yendle JE, Bradley BA. Advantages, disadvantages and
modifications of conventional ELISA. In: Hosseini S, Vázquez-Villegas P, Rito-
Palomares M, and Martinez-Chapa SO, editors. Enzyme-Linked Immunosorbent Assay
(ELISA). Berlin: Springer (2018), p. 67–115. doi: 10.1007/978-981-10-6766-2_5

38. Sutherland JS, Mendy J, Gindeh A, Walzl G, Togun T, Owolabi O, et al. Use of
lateral flow assays to determine IP-10 and CCL4 levels in pleural effusions and whole
blood for TB diagnosis. Tuberculosis. (2016) 96:31–6. doi: 10.1016/j.tube.2015.10.011

39. Pollock JM, Rodgers JD, Welsh MD, McNair J. Pathogenesis of bovine
tuberculosis: the role of experimental models of infection. Vet Microbiol. (2006)
112:141–50. doi: 10.1016/j.vetmic.2005.11.032

40. Jones GJ, Pirson C, Hewinson RG, Vordermeier HM. Simultaneous
measurement of antigen-stimulated interleukin-1β and gamma interferon production
enhances test sensitivity for the detection of Mycobacterium bovis infection in cattle.
Clin Vaccine Immunol. (2010) 17:1946–51. doi: 10.1128/CVI.00377-10

41. Coad M, Doyle M, Steinbach S, Gormley E, Vordermeier M, Jones G.
Simultaneous measurement of antigen-induced CXCL10 and IFN-γ enhances
test sensitivity for bovine TB detection in cattle. Vet Microbiol. (2019) 230:1–
6. doi: 10.1016/j.vetmic.2019.01.007

42. Elnaggar MM, Abdellrazeq GS, Elsisy A, Mahmoud AH, Shyboub A,
Sester M, et al. Evaluation of antigen specific interleukin-1β as a biomarker
to detect cattle infected with Mycobacterium bovis. Tuberculosis. (2017) 105:53–
9. doi: 10.1016/j.tube.2017.04.009

43. Palmer MV, Thacker TC, Rabideau MM, Jones GJ, Kanipe C, Vordermeier HM,
et al. Biomarkers of cell-mediated immunity to bovine tuberculosis. Vet Immunol
Immunopathol. (2020) 220:109988. doi: 10.1016/j.vetimm.2019.109988

44. Waters WR, Thacker TC, Nonnecke BJ, Palmer MV, Schiller I, Oesch B, et al.
Evaluation of gamma interferon (IFN-γ)-induced protein 10 responses for detection
of cattle infected with Mycobacterium bovis: comparisons to IFN-γ responses. Clin
Vaccine Immunol. (2012) 19:346–51. doi: 10.1128/CVI.05657-11

Frontiers in Veterinary Science 11 frontiersin.org

https://doi.org/10.3389/fvets.2023.1193332
https://doi.org/10.1007/978-3-540-70962-6_9
https://doi.org/10.1016/0378-1135(94)90050-7
https://doi.org/10.1016/S0034-5288(18)31044-0
https://doi.org/10.1016/j.rvsc.2005.11.005
https://doi.org/10.1111/j.1865-1682.2010.01148.x
https://doi.org/10.3389/fvets.2018.00259
https://doi.org/10.1038/s41598-022-16092-8
https://doi.org/10.1007/s10344-019-1287-1
https://doi.org/10.1038/s41467-021-26497-0
https://doi.org/10.1073/pnas.1008958107
https://doi.org/10.1049/ip-nbt:20045014
https://doi.org/10.1006/abio.2000.4902
https://doi.org/10.1093/clinchem/47.10.1885
https://doi.org/10.1196/annals.1384.016
https://doi.org/10.1196/annals.1384.021
https://doi.org/10.1038/srep17178
https://doi.org/10.1016/j.clinbiochem.2015.08.013
https://doi.org/10.1371/journal.pntd.0002845
https://doi.org/10.1016/j.exppara.2013.06.017
https://doi.org/10.1371/journal.pntd.0010570
https://doi.org/10.3390/biology10121260
https://doi.org/10.3389/fmicb.2021.763289
https://doi.org/10.1017/S0031182021001839
https://doi.org/10.1371/journal.pntd.0006122
https://doi.org/10.1016/j.isci.2020.102006
https://doi.org/10.1038/s41598-018-36323-1
https://doi.org/10.3390/pathogens11070738
https://doi.org/10.3390/pathogens12060789
https://doi.org/10.1073/pnas.1130426100
https://doi.org/10.1128/CVI.00543-10
https://doi.org/10.1016/j.ebiom.2019.08.009
https://doi.org/10.1038/srep34260
https://doi.org/10.1002/bimj.200410135
https://doi.org/10.1007/978-981-10-6766-2_5
https://doi.org/10.1016/j.tube.2015.10.011
https://doi.org/10.1016/j.vetmic.2005.11.032
https://doi.org/10.1128/CVI.00377-10
https://doi.org/10.1016/j.vetmic.2019.01.007
https://doi.org/10.1016/j.tube.2017.04.009
https://doi.org/10.1016/j.vetimm.2019.109988
https://doi.org/10.1128/CVI.05657-11
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Khalid et al. 10.3389/fvets.2023.1193332

45. Parsons SDC, McGill K, Doyle MB, Goosen WJ, van Helden PD, Gormley
E. Antigen-specific IP-10 release is a sensitive biomarker of Mycobacterium bovis
infection in cattle. PLoS One. (2016) 11:e0155440. doi: 10.1371/journal.pone.0155440

46. Xin T, Gao X, Yang H, Li P, Liang Q, Hou S, et al. Limitations of using IL-
17A and IFN-γ-induced protein 10 to detect bovine tuberculosis. Front Vet Sci. (2018)
5:28. doi: 10.3389/fvets.2018.00028

47. ThomML, McAulay M, Vordermeier HM, Clifford D, Hewinson RG, Villarreal-
Ramos B, et al. Duration of immunity against Mycobacterium bovis following
neonatal vaccination with bacillus Calmette-Guérin Danish: significant protection
against infection at 12, but not 24, months. Clin Vaccine Immunol. (2012) 19:1254–
60. doi: 10.1128/CVI.00301-12

48. Alonso N, Griffa N, Moyano RD, Mon ML, Olivieri MAC, Barandiaran
S, et al. Development of a lateral flow immunochromatography test for
the rapid detection of bovine tuberculosis. J Immunol Methods. (2021)
491:112941. doi: 10.1016/j.jim.2020.112941

49. Zewude A, Mohammed T, Terfassa L, Hunt WG, Pan X, Balada-Llasat JM, et al.
Evaluation ofMycobacterium tuberculosis lipoarabinomannan antigen assay and rapid
serology blood test for the diagnosis of bovine tuberculosis in Ethiopia. BMC Vet Res.
(2019) 15:1–8. doi: 10.1186/s12917-019-2114-3

50. Kelley HV, Waibel SM, Sidiki S, Tomatis-Souverbielle C, Scordo JM, Hunt
WG, et al. Accuracy of two point-of-care tests for rapid diagnosis of bovine
tuberculosis at animal level using non-invasive specimens. Sci Rep. (2020) 10:1–
10. doi: 10.1038/s41598-020-62314-2

51. Roupie V, Alonso-Velasco E, Van Der Heyden S, Holbert S, Duytschaever L,
Berthon P, et al. Evaluation of mycobacteria-specific gamma interferon and antibody
responses before and after a single intradermal skin test in cattle naturally exposed toM.
avium subsp paratuberculosis and experimentally infected with M bovis. Vet Immunol
Immunopathol. (2018) 196:35–47. doi: 10.1016/j.vetimm.2017.12.007

52. Waters WR, Maggioli MF, McGill JL, Lyashchenko KP, Palmer MV. Relevance
of bovine tuberculosis research to the understanding of human disease: historical
perspectives, approaches, and immunologicmechanisms.Vet Immunol Immunopathol.
(2014) 159:113–32. doi: 10.1016/j.vetimm.2014.02.009

53. Sridhara AA, Johnathan-Lee A, Elahi R, Sikar-Gang A, Lambotte P, Esfandiari J,
et al. Potential for improved detection of bovine tuberculosis by targeting combined
blood biomarkers in multi-test algorithms. Vet Immunol Immunopathol. (2022)
248:110419. doi: 10.1016/j.vetimm.2022.110419

54. Mazorra-Carrillo JL, Alcaraz-López OA, López-Rincón G, Villarreal-Ramos
B, Gutiérrez-Pabello JA, Esquivel-Solís H. Host serum proteins as potential
biomarkers of bovine tuberculosis resistance phenotype. Front Vet Sci. (2021) 8,
734087. doi: 10.3389/fvets.2021.734087

55. Gao X, Guo X, Li M, Jia H, Lin W, Fang L, et al. Interleukin 8 and pentaxin (C-
reactive protein) as potential new biomarkers of bovine tuberculosis. J Clin Microbiol.
(2019) 57:e00274-19. doi: 10.1128/JCM.00274-19

56. Bernitz N, Kerr TJ, Goosen WJ, Clarke C, Higgitt R, Roos EO, et al.
Parallel measurement of IFN-γ and IP-10 in QuantiFERON R©-TB Gold (QFT)
plasma improves the detection of Mycobacterium bovis infection in African buffaloes
(Syncerus caffer). Prev Vet Med. (2019) 169:104700. doi: 10.1016/j.prevetmed.2019.
104700

57. Sheffee NS, Rubio-Reyes P, Mirabal M, Calero R, Carrillo-Calvet H, Chen
S, et al. Engineered Mycobacterium tuberculosis antigen assembly into core-shell
nanobeads for diagnosis of tuberculosis. Nanomed Nanotechnol Biol Med. (2021)
34:102374. doi: 10.1016/j.nano.2021.102374

58. Ramos B, Pereira AC, Reis AC, Cunha MV. Estimates of the global and
continental burden of animal tuberculosis in key livestock species worldwide:
a meta-analysis study. One Health. (2020) 10:100169. doi: 10.1016/j.onehlt.2020.
10016

Frontiers in Veterinary Science 12 frontiersin.org

https://doi.org/10.3389/fvets.2023.1193332
https://doi.org/10.1371/journal.pone.0155440
https://doi.org/10.3389/fvets.2018.00028
https://doi.org/10.1128/CVI.00301-12
https://doi.org/10.1016/j.jim.2020.112941
https://doi.org/10.1186/s12917-019-2114-3
https://doi.org/10.1038/s41598-020-62314-2
https://doi.org/10.1016/j.vetimm.2017.12.007
https://doi.org/10.1016/j.vetimm.2014.02.009
https://doi.org/10.1016/j.vetimm.2022.110419
https://doi.org/10.3389/fvets.2021.734087
https://doi.org/10.1128/JCM.00274-19
https://doi.org/10.1016/j.prevetmed.2019.104700
https://doi.org/10.1016/j.nano.2021.102374
https://doi.org/10.1016/j.onehlt.2020.10016
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Development of lateral flow assays to detect host proteins in cattle for improved diagnosis of bovine tuberculosis
	1. Introduction
	2. Materials and methods
	2.1. Samples
	2.2. UCP conjugates
	2.3. Lateral flow strips
	2.4. UCP-LF assays
	2.5. Statistical analysis

	3. Results
	3.1. Development and validation of UCP-LF assays
	3.2. Differences between animal groups based on ratios determined using UCP-LFAs
	3.3. Receiver operator curve analysis
	3.4. Biomarker signature

	4. Discussion
	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


