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The diagnosis of bovine tuberculosis (bTB) is based on the single intradermal tuberculin
test (SIT), interferon gamma, and compulsory slaughter of reactor animals. Culture and
PCR from fresh tissue are regarded as gold standard techniques for post-mortem
confirmation, with the former being time-consuming and presenting moderate to low
sensitivity and the latter presenting promising results. Histopathology has the advantage
to identify and categorize lesions in both reactor and non-reactor animals. Therefore,
this study aims to highlight the role of histopathology in the systematic diagnosis of
bTB to shorten the time to disclose positive animals. Blood (212) and lymph node (681)
samples were collected for serological, bacteriological, and histopathological analyses
from a total of 230 cattle subjected to the Spanish bTB eradication program. Seventy-
one lymph nodes and 59 cattle yielded a positive result to bacteriology, with 59 lymph
nodes and 48 cattle presenting a positive result in real-time PCR from fresh tissue.
Roughly 19% (40/212) of sera samples gave a positive result to ELISA. Tuberculosis-
like lesions (TBLs) were observed in 11.9% (81/681) of the lymph nodes and 30.9%
(71/230) of cattle. Noteworthy, TBLs were evidenced in 18 out of 83 SIT~ and real-
time PCR and bacteriology negative animals, with 11/18 disclosing a positive result
to Ziehl-Neelsen technique and two of them to ddPCR from paraffin blocks targeting
IS6770. Six out of these 11 ZN™ corresponded with mesenteric LN and were confirmed
positive to paratuberculosis. Histopathology yielded a sensitivity of 91.3% (Clgs 83.2—
99.4%) and a specificity of 84.4% (Clgs 78.6-89.3%) with good agreement (x = 0.626)
when compared with real-time PCR. Our results confirm that histopathology allows a
rapid confirmation of real-time PCR and bacteriology, emphasizing its contribution to
bTB control and monitoring.
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INTRODUCTION

Bovine tuberculosis (bTB) is a chronic infectious zoonotic disease
mainly caused by either Mycobacterium bovis or M. caprae,
and other members of the Mycobacterium tuberculosis complex
(MTC) that affects various species of mammals (1). BTB is a
significant economic threat to farm businesses in the form of
trading restriction and slaughtering of reactor animals within
the eradication campaign framework (1, 2). In many countries,
the eradication program has faced important challenges in its
struggle against bTB due to the persistence of non-reactive
positive animals in the farm and wildlife reservoirs, limiting
their progress toward the eradication of this disease from cattle,
the main source of infection for humans (1, 3). Therefore, the
development of rapid and accurate diagnostic techniques and
protocols for the detection and culling of MTC-infected animals
is one of the cornerstones of success to control and eradicate bTB
in cattle and other species (4-6).

In the European Union (UE), the current bTB control
program is mostly based on the single intradermal tuberculin
test (SIT) and interferon gamma release assays to disclose
reactor animals, followed by compulsory slaughter of these
animals and livestock movement restrictions measures (7). The
microbiological culture has been traditionally considered as the
gold standard technique for bTB diagnosis (8, 9). However, it is
reported as a time-consuming technique with a moderate to low
sensitivity (Se), delaying the turnaround time to make a decision
for 3 months (9).

Nowadays, the diagnostic tests available for bTB are imperfect
because of limited Se and specificity (Sp) (5, 10, 11). The standard
interpretation of SIT leads to a Se of 68-96.8% and a Sp of 75.5-
98.8% (11), while the gamma interferon test presents a higher
estimated Se, between 73.0-100%, and Sp ranging from 85.0 to
99.6% (11, 12). BTB-ELISA test, validated by World Organization
for Animal Health (OIE), presents a high variability of Se, ranging
from 45.0 to 98.6% and Sp from 52.5 to 100% (13), although
better estimates have been reported with alternative cocktails
of antigens or different methodological approaches (14). In the
case of post-mortem techniques, bacteriology presents average Se
and Sp values of 78.1% (72.9-82.8%) and 99.1% (97.1-100%),
respectively (15). On the other hand, real-time PCR directly from
fresh tissue samples has been recently reported as a promising
diagnostic tool with a moderate to high values of Se and Sp
(16, 17).

Histopathology has the advantage to identify and categorize
lesions in both reactor and non-reactor animals even when they
are unnoticed during the visual inspection at the slaughterhouse.
This technique presents an average Se of 93.6% (89.9-96.9%) for
the diagnosis of bTB but with less Sp than other techniques,
on average 83.3% (78.7-87.6%) (16). This approach must be
followed by a definitive diagnosis that is dependent on the
isolation of M. bovis, but it is worth to note that the use in
parallel of histopathology and culture of lesion has shown to
provide an effective way of identifying infected animals (15).
Moreover, identification of microscopic lesions in no grossly
affected tissues or tuberculosis-like lesions (TBL) in anergic
animals can be achieved by means of histopathology. In this

sense, a rapid confirmation of bTB in tuberculosis-free herds is
pivotal to prevent the spread of the disease, with the combination
of different diagnostic tools representing a smart approach to
obtain an efficient diagnosis improving its control. Therefore,
this study aimed (i) to highlight the role of histopathology in
the systematic diagnosis of bTB to shorten the time to disclose
positive animals, but also (ii) to evaluate the histopathology as
a complementary tool to be used with real-time PCR targeting
IS6110 and microbiological culture to confirm positive animals.

MATERIALS AND METHODS
Study Population

A total of 230 cattle, subjected to the surveillance and monitoring
for bTB in the framework of the Spanish national eradication
program (18) between October 2018 and December 2019 were
included in this study. According to their SIT test result, the
230 cattle were classified as SIT positive (SIT*, bovine PPD >
4mm or SIT inconclusive 2mm > bovine PPD > 4mm) and
SIT negative (SIT™, < 2mm bovine PPD), belonging to each
group of 139 (60.4%) and 91 (39.6%) animals, respectively. SIT
inconclusive results were considered as positive.

Blood samples and samples from retropharyngeal,
tracheobronchial, mediastinal, and mesenteric lymph nodes
(LNs) were collected along the slaughter line and kept
refrigerated until arrival to the laboratory. Tracheobronchial and
mediastinal LNs were processed as a pool (tracheobronchial-
mediastinal LN) since volume sample was not enough
when independently processed. Due to the logistics of the
slaughterhouse and the timing of slaughtering, it was not
always possible to collect blood and LN samples from the 230
cattle. Thus, a total of 212 blood samples for the serological
analysis and 227, 226, and 228 samples from retropharyngeal,
tracheobronchial-mediastinal, and mesenteric LNs, respectively,
were collected. From each LN, samples were divided in two
parts. One part was fixed in 10% neutral-buffered formalin for
the histopathological analysis and the second part was processed
to obtain a tissue homogenate for bacteriological culture.

Bacteriological Culture

Every LN sample was individually homogenized with a tissue
homogenizer (Fisherbrand, Fisher Scientific, Madrid, Spain) to
obtain a uniform mixture and stored at —20°C until use (17).
Briefly, 4-7¢g of each LN tissue sample were placed into a
15ml tube (Falcon™; Corning, Madrid, Spain) with the same
volume (w/v: 1/1) of 0.85% sterile NaCl and grinded until a
homogeneous mixture was obtained. Tissue homogenate was
used for selective bacterial culture according to the protocol
carried out in a previous study (17). Briefly, the homogenate
was decontaminated with an equal volume of 0.75% (w/v: 1/1)
hexadecyl pyridinium chloride solution in agitation for 30 min.
Samples were centrifuged for 30 min at 1,500 x g. Pellets were
collected with swabs and cultured in liquid media (MGIT™
960; Becton Dickinson, Madrid, Spain) using an automatized
BD Bactec™ MGIT™ System (Becton Dickinson, Spain).
Culture was considered positive when isolates were identified
as MTC by real-time PCR (19). Individually, an animal was
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considered positive when at least one out of the three LN samples
was positive.

Real-Time PCR From Fresh Tissue
Targeting 1IS67110

Deoxyribonucleic acid extraction from homogenized tissue
samples and subsequent real-time PCR targeting IS6110
was performed in a parallel study from our research group
(17). Briefly, DNA Extract Vacunek (VK; Bizkaia, Spain)
was performed according to manufacturer’s instructions
with modifications. Specific primers (IS6110-forward: 5'-
GGTAGCAGACCTCACCTATGTGT-3'; IS6110-reverse:
5'-AGGCGTCGGTGACAAAGG-3') and a probe (IS6110-probe:
5-FAM-CACGTAGGCGAACCC-MGBNFQ-3')  targeting a
conserved region of IS6110 transposon were used for the real-
time PCR (16, 17, 20) by using the QuantiFast® Pathogen PCR +
IC Kit (QIAGEN, Hilden, Germany). Real-time PCR was carried
out using the QuantiFast® Pathogen PCR + IC Kit (QIAGEN,
Hilden, Germany) with amplifications run in duplicate in
the MyiQTM2 Two-Color qPCR Detection System (Bio-Rad,
Hercules, CA, USA) under the following cycling conditions:
95°C for 5min, followed by 45 cycles of 95°C for 15s and 60°C
for 30s. Following the manufacturer’s guidelines, an exogenous
inhibition heterologous control (internal amplification control,
IAC) supplied with the kit was included. Complete inhibition of
amplification was considered when IAC did not amplify, while
partial inhibition was considered when it showed a quantification
cycle (Cq) > 33. An inter-run calibrator with a known Cq value
of 32 was introduced in each assay to self-control intra-assay
repeatably and accuracy. The limit of detection for this real-time
PCR is from 10 to 100 genomic equivalents, and the cut-off is
established at Cq < 38 (17).

Blood Samples and Antibody Detection

Sera was obtained from blood by centrifugation at 6,000
x g for 10min and stored at —20°C until analysis. The
presence of specific antibodies against M. bovis was determined
by using a commercial ELISA kit (IDEXX, Mycobacterium
bovis Antibody Test kit, Westbrook, Maine, USA) following
manufacturer’s instructions.

Histopathology

Formalin-fixed LNs were routinely processed and embedded in
paraffin. All samples were stained with hematoxylin-eosin (H&E)
for their histopathological analysis. Histopathological findings
were microscopically evaluated, and samples were classified
as positive if TBLs were observed. TBLs were considered as
those consistent with tuberculous granuloma, pyogranuloma, or
scattered Langhans-type multinucleated giant cells (MNGCs).
Tuberculosis (TB) granuloma were classified into 4 different
stages as previously reported (21). Briefly, stage I (initial)
granulomas are characterized by the presence of abundant
epithelioid macrophages with lymphocytes, neutrophils, and, at
times, MNGCs. Stage II (solid) granulomas are characterized
by epithelioid macrophages surrounded by a thin connective
tissue capsule. Infiltrates of neutrophils and lymphocytes may be
present along with MNGCs. In addition, the necrosis, if present,

is minimal. Stage III (necrotic) granulomas are characterized
by a necrotic center surrounded by a zone of epithelioid
macrophages with or without MNGCs and lymphocytes and
encapsulated with fibrous connective tissue. Stage IV (necrotic
and mineralized) granulomas are characterized by coalescent
granulomas with a complete fibrous encapsulation, extensive
central necrosis, and mineralization surrounded by epithelioid
macrophages and MNGCs (21). For each LN sample, all
granulomas were staged, and a specific stage was given to the
sample according to the most represented stage. Pyogranulomas
were characterized by a necrotic core with abundant neutrophils
surrounded by epithelioid cells and a rim of connective
tissue with infiltrate of mononuclear cells. Tissue with normal
histological characteristics and no lesion compatible with TBL
was considered as negative.

Additional sections from those samples containing TBLs were
carried out and stained with Ziehl-Neelsen (ZN) technique
for the identification of acid-fast bacilli (AFB). A sample was
considered positive for ZN when one or more AFB were detected
in at least one high-power field magnification (HPF, 100x) of the
sample and, according to the results, the lesions were classified
as paucibacillary if it was observed with 1 to 10 AFB bacilli,
or pluribacillary if > 11 AFB were observed per HPF (22, 23).
Those lesions that yielded a negative result to ZN technique
were also subjected to periodic acid-Schiff (PAS) and Gram
staining to rule out the presence of fungal structures and bacterial
colonies, respectively.

Furthermore, fresh tissue samples from LNs with TBL and a
negative result to SIT, real-time PCR from fresh tissue targeting
IS6110, and culture were subjected to Mycobacterium avium
subspecies paratuberculosis (MAP) detection by using the PCR
MAPTB-VK kit (Vacunek S.L., Bizkaia, Spain). DNA template
from fresh tissue was run in duplicate for each sample in the
MyiQ™2 Two-Color real-time PCR Detection System (Bio-
Rad, Hercules, CA, USA) following manufacturer’s guidelines. A
sample was considered as positive when the Cq value was < 40.

DNA Extraction From Formalin-Fixed
Paraffin Embedded (FFPE) Samples

Deoxyribonucleic acid extraction from the paraffin blocks and
subsequent real-time PCR were performed from SIT, real-time
PCR (from fresh tissue), and bacteriology negative samples,
but were positive to the histopathological detection of TBL,
independent of their result to ZN technique.

Deoxyribonucleic acid extraction from formalin-fixed
paraffine embedded (FFPE) samples was performed using
NucleoSpin® DNA FFPE XS kit (Macherey-Nagel, Germany)
according to the manufacturer’s guidelines with some
modifications. In brief, 7 sections of 10m thickness were
obtained from each tissue block and collected in a sterile
microcentrifuge tube of 1.5ml. A new blade was used for each
tissue block to avoid cross contamination. Tissue sections were
dewaxed by three incubation steps in xylene at 60°C and 700
rpm for 2 min, followed by two washes with 100% ethanol to
remove residual xylene. After dewaxing, tissues were incubated
with an open lid at 60°C for 10-12min to dry the pellet. The
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tissue was digested in the lysis buffer FL with 20 pl of proteinase
K and incubated at 56°C and 700 rpm overnight. Thereafter,
Decrosslink Buffer was added and incubated at 90°C and 250
rpm for 30 min, followed by ethanol precipitation. The solution
was transferred into a spin column and washed following
manufacturer’s instructions. DNA was eluted in 60 pl of Elution
Buffer. Residual ethanol DNA was removed by incubation at
90°C and 250 rpm for 8 min.

Real-Time PCR From FFPE Targeting
IS6110

Deoxyribonucleic acid templates from FFPE samples were
diluted up to a final concentration of 150 ng/pl, and
amplifications were run in duplicate for each sample in the
MyiQ™2 Two-Color real-time PCR Detection System (Bio-Rad,
Hercules, CA, USA) following the similar conditions as above
mentioned for real-time PCR from fresh tissue.

Droplet Digital PCR (ddPCR) for Detection
of MTC in FFPE Samples

In order to use a technology with a higher Se than real-time
PCR for detecting traces of DNA, a droplet digital PCR (ddPCR)
targeting IS6110 was run in the FFPE samples mentioned above.
Indeed, we used the same specific primers and probe targeting a
conserved region of IS6110. According to Bio-Rad ddPCR system
guidelines, each reaction was prepared in a final volume of 20
nl, including 10 pl of ddPCR Supermix for probe (No dUTP),
1.6 pl of 1S6110-forward (10 mM), 0.8 l of IS6110-reverse
(10mM), 0.6 pl of IS6110-probe (FAM-labeled, 10 mM), 4 pl
of DNA template, and 3 pl of nuclease-free water. Afterwards,
the droplets were generated on the droplet generator according
to the manufacturer’s instructions. These droplets were carefully
transferred to a specific 96-well ddPCR reaction plate (Bio-Rad,
Hercules, CA, USA). After heat-sealing, amplifications were run
in the C1000 Touch thermal cycler (Bio-Rad, Hercules, CA, USA)
under the following cycling conditions: 95°C for 10 min, followed
by 40 cycles of 94°C for 30 s and 59°C (annealing/extension) for
1 min, and finally 98°C for 10 min. The temperature ramping
rate was set at 2°C/s. Thereafter, the droplets were stored in
darkness at 4°C for 12h. A QX200 Droplet Reader (Bio-Rad,
Hercules, CA, USA) was used to read and count the droplets,
and the data were then analyzed by using the QuantaSoft Analysis
Program (Bio-Rad, Hercules, CA, USA). Samples were disclosed
as MTC-positive when the number of positive droplets was > 2.
In contrast, samples were MTC-negative if the number of positive
droplets was 0, and a droplet number of 0-1 was defined as the
‘gray area’ (24).

Statistical Analysis

Culture and real-time PCR were considered as gold standard
tests for post-mortem diagnosis of bTB (5). Thus, the results of
the histopathological study were compared with bacteriological
culture and real-time PCR from fresh tissue results to estimate
diagnostic Se and Sp and positive and negative predictive
values (PPV/NPVs) by using WinEpi 2.0 (Faculty of Veterinary,
University of Zaragoza, Spain; http://www.winepi.net/uk/index.
htm). Cohen’s kappa coeflicient (k) analysis was conducted

to assess the agreement between two raters. Analysis results
were categorized into six categories based on kappa values: no
agreement (k < 0), slight (0.01 < k < 0.20), weak (0.21 < k <
0.40), moderate (0.41 < k < 0.60), good (0.61 < k < 0.80), and
very good (0.81 < k < 1.00) agreement (WinEpi software 2.0).

RESULTS

Bacteriological Culture

Seventy-one LNs yielded a positive result to bacteriological
culture. Among these samples, the majority of them
corresponded to the tracheobronchial-mediastinal LN (40
out of 71; 56.3%), followed by the retropharyngeal LN (22 out
of 71; 31.0%) and, in a lesser extent, the mesenteric LN (9 out
of 71; 12.7%) (Table 1). Analyzing the results per animal and
considering that an animal was positive when at least one of
its 3 LNs resulted positive to bacteriology, 59 out of 230 cattle
(25.6%) gave a positive result to bacteriological culture, whereas
171 animals (74.3%) were negative. Eleven animals were positive
for more than one LN. From them, 5 cattle were positive for
both retropharyngeal and tracheobronchial-mediastinal LNs.
Another 5 cattle were positive for tracheobronchial-mediastinal
and mesenteric LNs, while only one animal (1 out of 11) was
positive for the 3 examined LNs.

Real-Time PCR From Fresh Tissue
Targeting 1IS6110

Fifty-nine out of 681 LNs yielded a positive result to real-time
PCR from fresh tissue. Among these samples, the majority of
them corresponded to the tracheobronchial- mediastinal LN (36
out of 59; 61.1%), followed by the retropharyngeal LN (18 out
of 59; 30.5%) and, in a lesser extent, the mesenteric LN (5 out
of 59; 8.5%) (Table 1). Analyzing the results per animal and
as mentioned above, taking into account that an animal was
positive when at least one of its 3 LNs resulted positive to real-
time PCR, 59 out of 230 cattle (25.7%) gave a positive result
to bacteriological culture, whereas 171 animals (74.3%) were
negative. Eleven animals were positive for more than one LN, and
from them, seven cattle were positive for both retropharyngeal
and tracheobronchial-mediastinal LNs. Another three cattle were
also positive for tracheobronchial-mediastinal and mesenteric
LNs, while only one animal (1 out of 59) was positive for the 3
examined LNs.

Serological Analysis

Forty out of 212 sera samples (18.9%) gave a positive result to the
ELISA test, while the remaining samples were negative (Table 2).
Eighteen ELISA™ samples belonged to SITT/MTC™/PCR™ cattle
(18/39; 46.2%), with 19 ELISA™ animals corresponding to cattle
positive to any of these three techniques (Table2). Only 3
out of 76 SIT~/MTC™/PCR™ animals (3.9%) presented specific
antibodies against M. bovis.

Histopathological Findings

Tuberculosis-like lesions were observed in 81 out of 681 (11.9%)
examined LNs and were distributed as TB granuloma in 60
samples (60 out of 81; 74.1%), pyogranuloma in 5 samples
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TABLE 1 | Results of Mycobacterium tuberculosis complex (MTC) culture and real-time PCR I1S6770 considering the examined lymph node.

Lymph nodes (LN)

Positive Negative Total

MTC Retropharyngeal LN
Tracheobronchial-mediastinal LN
Mesenteric LN

Real-time PCR IS6770
Retropharyngeal LN
Tracheobronchial-mediastinal LN
Mesenteric LN

(h=71)
22/71 (31.0%)
40/71 (56.3%)
9/71 (12.7%)

(n=159)
18/59 (30.5%)
36/59 (61.0%)
5/59 (8.5%)

(n =610)
205/610 (33.6%)
186/610 (31.0%)
219/610 (35.9%)
(n=622)
209/622 (33.6%)
190/622 (30.5%)
223/622 (35.9%)

(n = 681)
227/681 (33.3%)
226/681 (33.2%)
228/681 (33.5%)
(n = 681)
227/681 (33.3%)
226/681 (33.2%)
228/681 (33.5%)

LN, Lymph node.

(5 out of 81; 6.2%), and scattered Langhans-type MNGCs
in 16 samples (16 out of 81; 19.7%) (Figure 1, Table 3). TB
granulomas were highly represented in the tracheobronchial-
mediastinal LN, followed by the retropharyngeal LN (33 out
of 38, 86.8%; and 16 out of 21, 76.2%, respectively). The
presence of scattered Langhans-type MNGCs was another type
of TBL frequently observed in the mesenteric LN (9 out of
22; 40.9%). Seventy one out of 230 cattle (30.9%) presented
TBL. Nine animals were positive for more than one LN, and
from them, 2 cattle were positive for both retropharyngeal
and tracheobronchial-mediastinal LNs and tracheobronchial-
mediastinal and mesenteric LNs. Another 4 cattle were positive
for tracheobronchial-mediastinal and mesenteric LNs, while only
one animal (1 out of 9) was positive for the 3 examined LNs
(Figure 2).

Ziehl-Neelsen technique was performed to determine the
presence of AFB in samples with TBL (Table 4). Sixty-one out
of 81 samples (75.3%) with TBL yielded a positive result to
ZN technique, mainly corresponding to TB granuloma (54 out
of 81; 66.7%). Only 6 out of 16 samples with Langhans-type
MNGGCs presented a ZNT result (37.5%), and just 1 sample out
of 5 (20.0%) with pyogranuloma. As depicted in Table 5, from
all ZN* LNs, 43 showed a paucibacillary form (Figure 3A) (22
in tracheobronchial-mediastinal LN, 15 in retropharyngeal LN
and 6 in mesenteric LN), whereas 18 showed a pluribacillary
form (Figure 3B) (8 in mesenteric LN, 7 in tracheobronchial-
mediastinal LN, and 3 in retropharyngeal LN). Nineteen out
of the 81 TBL samples were positive for ZN (13 paucibacillary
and 8 pluribacillary) and negative for SIT, MTC, and PCR.
Neither bacterial colonies by H&E and Gram staining nor fungal
structures by PAS staining were evidenced in ZN™ samples.

Tuberculosis-like lesions were identified in a total of 61 cattle,
with 53 animals presenting a positive result to SIT, MTC, and/or
PCR. Noteworthy, TBL were identified in all animals with a
positive result to bacteriology or to PCR, independently of the
SIT result, except in 15 out of 59 MTCT animals and 6 out
of 48 PCR™ animals in which histopathological lesions were
not observed (Table 6). Interestingly, when the histopathology
was compared to SIT and bacteriological culture results per
animal, 18 out of 83 SIT~, MTC™, and PCR™ animals presented
TBL. Among them, 8 showed TB granuloma, 1 pyogranuloma,
and 9 Langhans-type MNGCs. In these animals, ZN results

evidenced the presence of AFB in 5 out of 8 TB granuloma
and 6 out of 9 Langhans-type MNCGs, The pyogranuloma was
negative for ZN. As mentioned above, neither bacterial colonies
nor fungal structures were evidenced by H&E, Gram, and PAS
staining. Remarkably, MAP was detected in 6 of these samples
by real-time PCR, all of them belonging to mesenteric LNs with
pluribacillary ZN staining. Among the animals which presented
other types of lesions other than TBL, 2 of them presented
parasitic migration, 1 choristoma, 10 psammoma bodies, and 2
with inflammatory infiltration.

Furthermore, the relationship between ZN staining
(paucibacillar vs. pluribacillar patterns) and the stage of TB
granuloma with respect to the result to the different techniques
(SIT, ELISA, bacteriology, and real-time PCR) was also analyzed.
A total of 54 TB granulomas with a ZN result were included in
this study. These samples corresponded to 40 granulomas with a
paucibacillar ZN staining and 14 granulomas with a pluribacillar
staining. Paucibacillary granulomas were distributed as follows: 1
stage I granuloma, 2 stage II granulomas, 8 stage III granulomas,
and 29 stage IV granulomas. Pluribacillary granulomas consisted
of 6 stage I granulomas, 5 stage III granulomas, and 3 stage IV
granulomas. No stage II granuloma was found.

According to this distribution, paucibacillar
stage IV granulomas prevailed in our study and
corresponded to cattle positive to at least two of the
analyzed  techniques: 10  SIT*/ELISAT/MTC*/PCR*
animals; 1 SITT/ELISAT/MTC~/PCRT  animal; 1
SIT*/ELISA*/MTC™/PCR™  animal; 10  SIT*/ELISA™/
MTCH/PCRT animals; and 3 SITT/MTCH/PCRT animals.
Two stage IV granulomas yielded a negative result to SIT,
bacteriology, and PCR (no serum was available for ELISA).
In this line, paucibacillary stage III granulomas belonged to
cattle with positive result to at least three of the analyzed
techniques, namely, 3 SIT*/ELISAT/MTC*/PCR* animals, 4
SIT*/ELISA™/MTC*/PCR" animals, and 1 SIT*/MTC*/PCR*
animal. The low number of animals in which stage I and stage II
granulomas prevailed did not allow analyzing their relationship
with regards to the other techniques.

Pluribacillar granulomas, independently of their stage,
corresponded to animals positive to at least three of the analyzed
techniques, with one stage I and one stage IV granuloma being
positive only to SIT. Four stage I granulomas belonged to animals
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negative to SIT, bacteriology, and PCR (no serum was available
for ELISA).

Estimates of Sensitivity and Specificity and
Agreement of Histopathology With

Respect to the Reference Techniques

Table 7 shows the results of Se, Sp, and k. Estimates of Se and Sp
were calculated for SIT, ELISA, and histopathology with respect
to the bacteriological culture and real-time PCR IS6110 from
fresh tissues.

Single intradermal tuberculin test results presented good Se
(86.4%; Clos: 77.7-95.2%) but low Sp (48.5%; Clos: 41.0-56.0%)
compared with bacteriological culture. The PPV and NPV
were 36.7% (Clos: 28.7-44.7%) and 91.2% (Clos: 85.4-97.0%),
respectively. When compared with real-time PCR, the Se and Sp
of SIT were 93.8% and 48.4%, respectively, and the PPV and NPV
were 32.4% (Clos: 24.6-40.2%) and 96.7% (Clgs: 93.0-100.4%),
with a weak agreement (k = 0.248) among techniques.

Enzyme-linked immunosorbent assay results presented low Se
(37%; Clos: 24.2-49.9%) but good Sp (87%; Clos: 82.2-92.5%).
The PPV and NPV were 50% (Clgs: 34.5-65.5%) and 80.2%
(Clgs: 74.3-86.1%), respectively. When compared with real-time
PCR from fresh tissue, the Se and Sp of ELISA were 43.2%
and 87.5%, respectively, and the PPV and NPV were 47.5%
(Clgs: 32.0-63.0%) and 85.5% (Clgs: 80.2-90.7%), with a weak
agreement (k = 0.317) among techniques.

Regarding histopathology, it presented an acceptable Se
(74.6%; Clgs: 63.5-85.7%) and Sp (84.2%; Clos: 78.7-89.7%).
The PPV and NPV were 62.0% (Clos: 50.7-73.3%) and 90.6%
(Clgs: 86.0-95.1%), respectively, with a moderate agreement (i
= 0.551). On the other hand, the comparison of histopathology
with the results of real-time PCR showed a Se of 87.5% (Clogs
78.1-96.9%) and a Sp of 84.1% (Clos 78.7-89.4%) with PPV
and NPV of 59.2% (Clgs: 47.7-70.6%) and 96.2% (Clos: 93.3-
99.2%), respectively. A good agreement (k = 0.608) was observed
among techniques.

Real-Time PCR From FFPE Targeting

1IS6110

Eighteen out of 83 SIT~, MTC™, and PCR™ (from fresh tissue)
animals presented TBL and were subsequently subjected to real-
time PCR analysis directly from the paraffin blocks. One sample
was not available for the study because the paraffin block was
already exhausted. One sample out of seventeen (5.9%) was
positive by means of real-time PCR targeting IS6110. The IAC
amplified in all samples without partial inhibition. The real-time
PCR-positive result belonged to a tracheobronchial-mediastinal
LN in a sample that showed TB granuloma in histopathology as
TBL and paucibacillary lesion in ZN technique. This animal only
presented lesion in this LN.

Droplet Digital PCR (ddPCR) Targeting

1IS6110

In addition, ddPCR was carried out from paraffin blocks of the
17 SIT~, MTC™, and PCR™ samples with TBL. Only 2 out of
17 samples (11.7%) were positive by ddPCR targeting 1S6110,
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and abundant necrotic center.

FIGURE 1 | Microscopic lesion of TBLs in LNs (H&E) (A) Tracheobronchial-mediastinal LN. Stage | granuloma showing clustered epithelioid macrophages with
multinucleated giant cells (MNGCs; arrows) (B) Retropharyngeal LN. Stage Il granuloma with abundant epithelioid macrophages, lymphocytes, MNGCs, and a fibrous
capsule (arrow) (C) Mesenteric LN. Stage Ill granuloma showing a complete fibrous capsule and central necrosis with little mineralization (arrow) (D)
Tracheobronchial-mediastinal LN. Stage IV coalescent granuloma with a complete fibrous encapsulation, extensive central necrosis, and mineralization (arrow) (E)
Mesenteric LN. Multiple scattered Langhans-type MNGCs (arrows). (F) Retropharyngeal LN. Pyogranuloma with polymorphonuclear cells (arrow), apoptotic bodies,

TABLE 3 | Distribution of microscopic lesions in different lymph nodes.

TBL (n = 81; 81/681; 11.9%)

Histopathological lesions TB Granuloma Pyogranuloma Giant Cell Other lesions No lesion Total
(n =60) (n=25) (n=16) (n=17) (n = 583) (n = 681)
Retropharyngeal LN 16/81 (19.7%) 2/81(2.5%) 3/81 (3.7%) 3/17 (17.6%) 203/583 (34.8%) 227
Tracheobronchial-mediastinal LN 33/81 (40.7%) 1/81 (1.2%) 4/81 (4.9%) 1/17 (6.9%) 187/5883 (32.1%) 226
Mesenteric LN 11/81 (13.6%) 2/81(2.5%) 9/81 (11.1%) 13/17 (76.5%) 193/5883 (33.1%) 228

TBL, Tuberculosis-like lesions; TB, tuberculous; LN, Lymph node.

with one of them coinciding with the sample positive to real-time
PCR from FFPE (Figure 4). The other ddPCR™ result belonged
to a tracheobronchial-mediastinal LN that showed MNGCs in
histopathology to be TBL and had a negative result to ZN
technique, without lesion in any other LN in the same animal.
No sample was observed in the “gray area.”

DISCUSSION

Improving the diagnosis of bTB in cattle is a cornerstone
in control and eradication programs against this disease,
being fundamental in the rapid and effective identification of
infected animals. Current diagnostic tests for bTB present a
low to moderate Se, therefore, the combination of different
diagnostic tests, both ante-mortem and post-mortem, represents
a smart approach to improve the diagnosis against MTC.

Histopathology is an early, rapid, and economic technique that
allows us to identify and grade microscopic lesions associated
with MTC infection. In addition, it visualizes the presence of
mycobacteria within these lesions by additional techniques (ZN
staining). Hence, its combination with reference techniques,
such as bacteriological culture and real-time PCR, deserves
more attention. In the present study, 212 sera samples and
681 LNs (227 retropharyngeal, 226 tracheobronchial-mediastinal
and 228 mesenteric LNs) were collected from 230 slaughtered
cattle from the national bTB control and eradication program.
A higher number of culture positive samples and TBL were
obtained from the tracheobronchial-mediastinal LN, followed
by the retropharyngeal LN. These results are in agreement with
the exposure of cattle to contaminated aerosols as the main
route of entry of M. bovis (8, 9, 25). Interestingly, one cattle
presented culture positive and PCR positive results together with
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TBL only in the mesenteric LN, which suggests the ingestion
of food and/or water contaminated with M. bovis (9, 25-28).
Although a systematic sampling of LNs is included in the bTB
eradication programs (7), the veterinary inspection and sampling
at the slaughterhouse is usually limited to head and thoracic
cavity LNs from a logistic perspective due to the speed of the
slaughter chain. This is one of the main limitations of the
current study due to the lack of a more systematic sampling of
LNs. However, our results highlight the importance of including
mesenteric LNs in the routine sampling to avoid false negative
animals limiting the persistence and spread of mycobacterium in
negative herds.

Enzyme-linked immunosorbent assay has been considered for
ante-mortem diagnosis with its simplicity as main advantage,
but presenting a low Se (64.6%), which is primarily associated
with a delayed development of humoral immunity (around 3-
12 weeks) (9). In our study, from the total of MTC™ animals,

Tracheobronchial-mediastinal

lymph node
(n=38)
31
2 4

1
Retropharyngeal Mesenteric
lymph node lymph node

(n=21) (n=22)
16 2 15

FIGURE 2 | Distribution of tuberculosis-like lesions (TBLs) (1 = 81) according
to the affected lymph node (LN).

approximately one third were ELISA' (20 out of 54; 37.0%),
which led to a low Se. The use of ELISA for bTB diagnosis has
been argued by many authors for its utility to detect anergic
animals (9). In our case, only 3 out of 77 animals (5.9%) were
ELISA" and SIT~/MTC™/PCR™. However, these animals did
not present TBL. In addition, 15 out of 76 SIT~/MTC™/PCR™
animals presented TBL, but disclosed a negative result to
ELISA, pointing out that the contribution of the ELISA test
for bTB diagnosis is not significant in the conditions of the
present study.

Histopathology allows the identification of lesions compatible
with TBL and lesions other than those caused by mycobacteria.
The predominant TBL observed in our study was the
TB granuloma. It is noteworthy that other TBL, such as
pyogranuloma or Langhans-type MNGCs, were observed.
Pyogranulomas may be caused by the concomitant infection of
mycobacteria and pyogenic bacteria, such as Streptococcus spp.
or Trueperella pyogenes (29, 30). MNGCs are grossly unnoticed
and, interestingly, in our study, were observed in 16 out of
81 LNs of cattle with TBL, being observed more frequently
in the mesenteric LNs (9 out of 81; 11.1%). Six out of these
9 mesenteric LNs with Langhans-type MNGCs belonged to
SIT=/MTC™/PCR™ cattle and presented a positive result to MAP
PCR and a pluribacillar (5 LNs) or paucibacillar (1 LN) pattern
with ZN staining. Therefore, these cases were consistent with
field cases of paratuberculosis, not with an infection by MTC,
and emphasize the interest of performing a differential diagnosis
when monitoring lesions in LNs from the digestive system
(31). Other lesions, including parasitic migration, hemosiderosis,
and psammoma bodies, among others, were also observed.
Frequently, reactive LNs cannot be grossly differentiated with
certainty into those with or without TBL (5, 13, 30). Besides the
use of histopathology to confirm the microscopic diagnosis of
a TBL, the presence of AFB can also be evidenced through the
ZN technique as stated above. Usually, paucibacillary lesions are
observed in cattle, however, AFB may not be detected although
M. bovis is isolated in the bacteriological culture from the same
sample (9, 11, 21). ZNT mycobacteria are frequently observed in
giant cells or in areas of necrosis (32, 33), with the presence of
at least one mycobacterium being enough to consider a result
as positive. In the present study, ZN technique yielded positive
results in a similar percentage (61/81; 75.3%) as described by
others (33), with most of the samples preferably presenting

TABLE 4 | Relationship between microscopic lesions and the presence of acid-fast bacilli (AFB) in different lymph nodes.

TBL (n = 81; 100%)

TB Granuloma (n = 60; 74.1%) Giant cells (n = 16; 19.7%) Pyogranuloma (n = 5; 6.2%) Total
ZN* (n = 54) ZN~ (n =6) ZN* (n = 6) ZN~ (n =10) ZN* (n =1) ZN- (n=4) (n=281)
Retropharyngeal LN 16/54 (26.7%) 0/6 (0.0%) 1/6 (6.2%) 2/10 (12.5%) 1/1 (20.0%) 1/4 (20.0%) 21/81
Tracheobronchial- 29/54 (48.3%) 4/6 (6.7 %) 0/6 (0.0%) 4/10 (25.0%) 0/1 (0.0%) 1/4 (20.0%) 38/81
mediastinal
LN
Mesenteric LN 9/564 (15.0%) 2/6 (3.3%) 5/6 (31.2%) 4/10 (25.0%) 0/1 (0.0%) 2/4 (40.0%) 22/81

TBL, Tuberculosis-like lesions; ZN, Ziehl-Neelsen; LN, Lymph node.
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TABLE 5 | Classification of the lesions according to the Ziehl-Neelsen (ZN) staining and the number of AFB, paucibacillary or pluribacillary, in the different lymph nodes.

ZN* (n = 61; 75.3%) ZN~ (n = 20; 24.7%) Total
Paucibacillary Pluribacillary (n =81)
Retropharyngeal LN 15/43 (24.6%) 3/18 (4.9%) 3/20 (15.0%) 21
Tracheobronchial-mediastinal LN 22/43 (46.6%) 7/18 (4.9%) 9/20 (45.0%) 38
Mesenteric LN 6/43 (11.5%) 8/18 (11.5%) 8/20 (40.0%) 22

LN, Lymph node; ZN, Ziehl-Neelsen; (+), Positive; (—), Negative.

FIGURE 3 | (A) Retropharyngeal LN. Paucibacillary lesion. The arrowhead
shows acid fast bacilli (AFB) within cytoplasm of a Langhans-type MNGCs
(Ziehl-Neelsen, ZN) (B). Mesenteric LN. Pluribacillary lesion. Numerous AFB
within the cytoplasm of Langhans-type MNGCs and epithelioid cells (ZN).

paucibacillary lesions (48/61), confirming the usefulness of this
technique to confirm the involvement of mycobacteria within a
concrete lesion.

Our results showed that TB granuloma was the predominant
lesion within TBL (60/81; 74.1%), identifying in most cases
AFB by ZN technique (54 out of 60), which highlights a
high association between TB granuloma and the presence
of AFB. Forty out of 43 animals showing TB granuloma
belonged to SITT/MTC*/PCR" cattle. In addition, three out
of 86 SITT™ and MTC~ and PCR™ animals also presented
TB granuloma as a TBL, pointing out the interest of the
histopathology to confirm the diagnosis in these cases, more

importantly in SIT™ cases to allow a faster confirmation of bTB
diagnosis. Interestingly, 8 SIT~/MTC™/PCR™ animals presented
TB granuloma, with 5 of them disclosing a positive result to
ZN but negative to ELISA, evidencing the capability of this
technique to identify infected animals negative to the reference
techniques. Indeed, real-time PCR and ddPCR from FFPE tissues
were able to amplify MTC from one of these TB granulomas,
which presented a paucibacillary ZN staining, supporting this
statement. The implication of a foreign body reaction, bacteria
or fungi was ruled out by the histopathological characteristics
of the lesion, Gram, and PAS staining, respectively, along with
the participation of MAP by real-time PCR. Therefore, these
animals may correspond with anergic and/or immunosuppressed
animals, with a low bacterial load, corroborating the role of
the histopathological study to identify TBL in a rapid fashion
(approximately 48h), allowing an early diagnostic approach.
Nonetheless, a more complete differential diagnosis would allow
discarding the involvement of any other potential microorganism
in these lesions.

Regarding pyogranulomas, only 1 out of 5 was found
to be ZNT, characterized by a pluribacillary lesion and
corresponding with an MTC' and PCRT animal. On the
other hand, one SIT~/MTC™/PCR™ animal presented a TBL
consisting with a pyogranuloma. However, this lesion was
ZN~ and the animal also yielded a negative result to
ELISA, indicating that it might be a disease other than
tuberculosis (23).

Analyzing the stage of the granuloma and the ZN pattern
with respect to the different methods analyzed in our study,
paucibacillar stage IV granulomas were overrepresented with
respect to other stages or pluribacillar granulomas. This result
highlights the advanced stages of the infection observed in
our study, corresponding probably with around 6 months
post-infection or later according to previous results (34). Our
results do not draw a clear association of granuloma stage or
pauci-/pluri-bacillary pattern and the results to the different
techniques since most of the animals with different stages
of granuloma yielded a positive result to SIT, bacteriological
culture, and PCR. Only ELISA results presented a random
distribution independently of the stage of the granuloma and
ZN pattern. However, it is of interest to remark that in some
cases, although in a low proportion, paucibacillar stage IV or
pluribacillar stage I granulomas were detected in cattle, negative
to all the techniques under study. The number of animals
with TB granuloma included in our study together with the
distribution of animals according to the stage of the granuloma
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TABLE 6 | Distribution of the results collected from the 230 animals which were positive or negative to single intradermal skin test and subclassified by culture of MTC

and real-time PCR targeting IS6770 vs. histopathological lesions.

SIT* (n = 139) SIT- (n=91)
Histopathological MTC™* (n = 51) MTC™ (n = 88) MTC* (n = 8) MTC™ (n =83)
lesions PCR* PCR~ PCR* PCR- PCR* PCR- PCR* PCR-
TB Granuloma 40/43 (93.0%) 0/8 (0.0%) 1/2 (50.0%) 3/86 (34.9%) 0/2 (0.0%) 1/6 (1.7%) 0/1 (0.0%) 8/82 (9.8%)
Giant cell 0/43 (0.0%) 0/8 (0.0%) 0/2 (0.0%) 4/86 (4.6%) 0/2 (0.0%) 2/6 (3.3%) 0/1 (0.0%) 9/82 (10.9%)
Pyogranuloma 1/43 (2.3%) 0/8 (0.0%) 0/2 (0.0%) 1/86 (1,7%) 0/2 (0.0%) 0/6 (0.0%) 0/1 (0.0%) 1/82 (1.2%)
Other lesion 0/43 (0.0%) 0/8 (0.0%) 0/2 (0.0%) 11/86 (12.8%) 0/2 (0.0%) 0/6 (0.0%) 0/1 (0.0%) 4/82 (4.9%)
No lesion 2/43 (4.7%) 8/8 (0.0%) 1/2 (50.0%) 67/86 (77.9%) 2/2 (100.0%) 3/6 (50.0%) 1/1 (100.0%) 60/82 (73.2%)

TB, Tuberculous; SIT, Single intradermal Tuberculin Test; MTC, Culture of Mycobacterium tuberculosis complex; PCR, real-time PCR of targeting IS6110; (+), Positive; (—), Negative.

TABLE 7 | Estimates of sensitivity and specificity of the diagnostic techniques compared to against MTC culture as gold standard either alone or in parallel combination

together with real-time PCR targeting IS6770.

Sensitivity (Se) Specificity (Sp)
Diagnostic test % Clgs% % Clg5% K Agreement
MTC SIT 86.4 (77.7-95.2) 485 (41.0-56.0) 0.242 Weak
ELISA 37 (24.2-49.9) 87.3 (82.2-92.5) 0.256 Weak
Histopathology (H&E) 74.6 (63.5-85.7) 84.2 (78.7-89.7) 0.551 Moderate
Real time PCR 1S6110 SIT 93.8 (86.9-100.6) 48.4 (41.1-55.6) 0.248 Weak
ELISA 43.2 (28.5-57.8) 87.5 (82.5-92.5) 0.317 Weak
Histopathology (H&E) 87.5 (78.1-96.9) 84.1 (78.7-89.4) 0.608 Good
SIT, Single intradermal tuberculin test; H&E, Hematoxylin and eosin staining; MTC, Mycobacterium tuberculosis Complex.
and ZN pattern did not allow us to examine the relationship
R Ch1Pos:132 Neg:147702
between the number of AFB and the results to the different 5000 M 06 cos Dos EO6 P06 6 s

diagnostic methods

Single intradermal tuberculin test-positive/MTC™/PCR™/
TBL™ animals (8 out of 86; 9.3%) may be associated with several
factors, such as a very low bacterial load, the encapsulation
of the granulomas (35), the decontamination process of the
microbiological culture (8), or as suggested by Cassidy and co-
authors (31), with animals that have eliminated the infection
but have been sensitized to the disease. Although co-infection
with other pathogens or exposure to other mycobacterial species,
including members of the M. avium complex (MAP) and
environmental mycobacteria, can affect SIT test performance
and generate SIT false positives (5, 10, 36), the evidence of TBL
together with ZN positive results allow confirming SIT positivity
in our case. Nonetheless, according to our results, special caution
should be taken when evaluating mesenteric LNs with Langhans-
type MNGC:s as the sole lesion.

According to the inherent difficulties described above for
each one of these techniques to detect bTB in cattle when
used in single, the diagnostic performance of SIT, ELISA, and
histopathology compared with respect to bacteriology displayed
a low to moderate Se and Sp and a weak to moderate agreement
among tests. However, when histopathology was compared with
real-time PCR from fresh tissues, it presented a higher Se and a
good agreement among both techniques (k = 0.608), evidencing
the suitability of including histopathology as a complimentary
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FIGURE 4 | Channel 1 results for droplet separation based on simplex assays.
Droplet separation based the IS6770 simplex assay results. Positive droplets
were observed at an amplitude of about 3,000 while negative droplets were
observed at an amplitude of about 1,100.

diagnostic tool which may help improving bTB diagnosis and
disease control.
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CONCLUSIONS

Our results confirm that histopathology is a valuable diagnostic
tool with an acceptable Se (87.5%) and Sp (84.1%) to be used
alone or together with SIT, real-time PCR, and bacteriological
culture. Furthermore, histopathology allows not only a rapid
confirmation of SIT, PCR, and culture positive results, but also
detecting positive animals that yield negative results to these
techniques. For these reasons, this tool should be systematically
included in bTB surveillance and eradication programs.
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