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ABSTRACT

Mastitis due to intramammary infection is one of the
most economically relevant diseases in dairy cows, caus-
ing reductions in milk quality and quantity. Currently,
mastitis monitoring is based on somatic cell count
(SCC) and bacteriologic culture (BC) of milk. Never-
theless, inflammation-specific protein markers might
provide more sensitive and reliable assays, enabling
immunoassay-based screening strategies. Cathelicidin
is an inflammatory protein released in milk that has
recently demonstrated fair reliability and diagnostic
potential for ewe mastitis. To assess its performance
in cows, 531 quarter milk samples from 2 herds were
tested using cathelicidin ELISA, SCC, and BC. We
found that 29.0% of samples were positive for catheli-
cidin, 18.8% had SCC >200,000 cells/mL, and 13.7%
were BC-positive. Cathelicidin showed a strong positive
correlation with SCC as demonstrated by receiver op-
erating characteristics curve analysis and by the clus-
tering of cathelicidin-negative and cathelicidin-positive
samples in association with low and high SCC values,
respectively. For evaluating the diagnostic performance
of a novel test, BC cannot be considered a reliable gold
standard for true disease status because of its known
limitations. Therefore, we assessed the sensitivity (Se)
and specificity (Sp) of the milk cathelicidin ELISA us-
ing a latent class analysis approach together with BC
and SCC by considering different diagnostic thresholds
to identify the preferred Se/Sp combination. We mod-
eled conditional dependence of cathelicidin and SCC
to account for their close association. The cathelicidin
ELISA showed higher Se than SCC and BC for almost
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all threshold combinations. In fact, at the best-perform-
ing threshold combination, the Se of cathelicidin was
80.6%, 6.2 percentage points higher than that of SCC
>200,000 cells/mL (74.4%) and similar to that of SCC
>100,000 cells/mL (80.2%). Most importantly, this Se
was obtained with a loss in Sp of only 1.4 percentage
points compared with SCC >200,000 cells/mL (94.9%
Sp for cathelicidin vs. 96.3% for SCC >200,000). The
limited Se of BC (38.8%) was also confirmed in this
study, and BC showed a slightly lower Sp than both
cathelicidin and SCC for most of threshold combina-
tions. This study confirmed that cathelicidin is released
in the milk of cows with mastitis and that its presence
is highly correlated with SCC. The measurement of cat-
helicidin by ELISA may hold significant potential for
improving the sensitivity of mastitis detection in dairy
cows while maintaining high specificity.
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INTRODUCTION

Mastitis is a major cause of economic loss in the dairy
industry worldwide. It remains one of the most relevant
diseases in dairy cows, responsible for changes in milk
quality and reduced milk production (Bradley, 2002; Le
Roux et al., 2003; De Vliegher et al., 2012). However,
despite its relevance, mastitis can be difficult to detect
before the onset of clinical symptoms, before the ap-
pearance of milk quality alterations, or when the case
is subclinical. The consequences of delayed detection
are delayed interventions to treat or control infection.
Therefore, efforts are needed to identify tools that can
enable the effective and timely detection of mastitis.
The most widely accepted indicator for monitoring
mastitis is SCC (Schukken et al., 2003), but physiologi-
cal factors, seasonal variations, and other stressors can
produce changes in SCC that are unrelated to an IMI
(Schepers et al., 1997; Schukken et al., 2003). Increased
SCC indicates only that an IMI may have occurred
(Dohoo and Leslie, 1991; Dohoo, 2001; Fox, 2013), and
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the presence of a low number of cells in milk is only
very likely associated with the absence of mastitis. The
threshold of 200,000 cells/mL is currently believed to
provide the least diagnostic error when determining
whether an IMI is present (Dohoo and Leslie, 1991;
Schukken et al., 2003; Bradley and Green, 2005).

Considering the above limitations, implementation
of other more specific markers of inflammation might
prove useful, either in association with SCC or as an
alternative, particularly if they open the way to devel-
oping field measurement systems (such as lateral flow
devices or dipsticks), in-line systems, or other dedicated
immunoassay formats (Viguier et al., 2009; Gurjar et
al., 2012). Several immune-related molecules released
in milk in response to a bacterial infection have been
suggested for use as udder health markers (Ceciliani
et al., 2012; Wheeler et al., 2012; Miglio et al., 2013),
and indications of the release of cathelicidin in the milk
of cows with mastitis have been provided by several
authors (Murakami et al., 2005; Smolenski et al., 2007;
Zhang et al., 2015). Cathelicidins are innate immune
effectors with direct antimicrobial activity and potent
proinflammatory and chemotactic functions (Zanetti,
2004, 2005; Wiesner and Vilcinskas, 2010). Seven cat-
helicidin genes have been described in cattle, of which
6 are expressed in milk leukocytes (Whelehan et al.,
2014). In neutrophil secondary granules, cathelicidin
represents about 4% of the protein content (Zanetti
et al., 1991), and it is released upon exposure to a
pathogen-associated molecular pattern, often before
the onset of clinical symptoms (Lippolis and Reinhardt,
2005; Smolenski et al., 2007; Addis et al., 2011). Cathe-
licidin is also produced and released by epithelial cells
(including milk-secreting cells) early and efficiently
upon exposure to pathogen-associated molecular pat-
terns (Chromek et al., 2006; Addis et al., 2011, 2013),
and it is abundant in neutrophil extracellular traps
formed in milk upon infection (Lippolis et al., 2006;
Reinhardt et al., 2013; Pisanu et al., 2015). A further
advantage of cathelicidin as an inflammation marker
is that it is undetectable in milk from healthy udders,
but it increases quickly and significantly upon exposure
to a microbial stimulus and returns rapidly to baseline
if an infection is not established (Saad and Ostensson,
1990; Sladek et al., 2005).

Smolenski et al. (2011) showed promising results
concerning cathelicidin abundance in mastitic cow milk
by means of western immunoblotting. Recently, we
have identified cathelicidin among the most relevant
proteins released in ewe’s milk in mastitis and have
demonstrated its diagnostic value with a dedicated
pan-cathelicidin ELISA developed in our laboratories
(Addis et al., 2011, 2013, 2016).
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Based on these premises, the aim of this work was
to investigate the diagnostic potential of cathelicidin
as a mastitis indicator in cow milk, and to assess the
performance of our cathelicidin ELISA for its detection
compared with SCC and bacteriologic culture (BC)
results.

MATERIALS AND METHODS

Farm Characteristics and Milk Sampling

The study was carried out on 531 quarter milk sam-
ples. Before sample collection, teat ends were carefully
cleaned and disinfected with disposable towels embed-
ded with chlorhexidine. First streams of foremilk were
discharged, and then approximately 10 mL of milk was
collected aseptically from each teat into sterile vials.
Samples were brought to the laboratory and stored at
4°C for a maximum of 24 h until bacteriological assays
and SCC tests were performed. Samples were collected
from 2 herds: herd A had an average of 1,200 lactat-
ing cows and herd B had an average of 150 lactating
cows. Both farms were part of a voluntary herd health
monitoring program carried out over several years by
the University of Milan, in which cows were sampled by
quarter for culture after calving, and based on monthly
DHIA test-day linear score, all cows with scores >4.0
(SCC >200,000 cells/mL) were screened with the Cali-
fornia Mastitis Test to identify quarters with high SCC.
The samples included in the study were received at the
university laboratory in February 2015.

Bacteriological Analysis and Isolates

Bacteriological analysis was performed according to
the standards of the National Mastitis Council (1999).
Ten microliters of each milk sample was spread onto
blood agar plates (5% defibrinated sheep blood). Plates
were incubated aerobically at 37°C and examined after
24 h. Colonies were provisionally identified based on
Gram stain, morphology, and hemolysis patterns, and
the numbers of each colony type were recorded. Repre-
sentative colonies were then subcultured on blood agar
plates and incubated again at 37°C for 24 h to obtain
pure cultures. Catalase and coagulase production were
tested for gram-positive cocci. Gram-negative isolates
were identified using colony morphology, Gram-staining
characteristics, oxidase, and biochemical reactions on
MacConkey’s agar. Samples with growth of 3 or more
pathogens were considered contaminated. Somatic cell
count was determined using an automated counter
(Bentley Somacount 150; Bentley Instruments, Chaska,
MN).
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Pan-Cathelicidin ELISA

Evaluation of cathelicidin in milk was carried out
using a pan-cathelicidin sandwich ELISA developed
in-house as described previously (Addis et al., 2016),
with minor modifications. The pan-cathelicidin peptide
(PCP) sequence used for generating monoclonal an-
tibodies included a region with identity of 99% with
CTHL1_BOVIN, 72% with CTHL2_BOVIN, 69% with
CTHL3_BOVIN, 68% with CTHL4_BOVIN, 80% with
CTHL5_BOVIN, 73% with CTHL6_BOVIN, and 73%
with CTHL7_BOVIN, respectively, according to the
nonredundant UniProtKB/SwissProt Database (www.
uniprot.org). The PCP was synthesized using the solid-
phase procedure of Merrifield (1963) with a microwave
single-mode Discover SPS reactor insert in a peptide
synthesizer Liberty (CEM Corporation, Matthews,
NC) and fluorenylmethyloxycarbonylchloride (Fmoc)-
based solid-phase peptide synthesis; Fmoc amino acids
were from Novabiochem (Laufelfingen, Switzerland).
Reverse-phase high-pressure liquid chromatography,
carried out on an HP 1200 instrument (Agilent Tech-
nologies, Santa Clara, CA) connected to an UV-Vis
detector, was used to purify the crude peptide (Mura
et al., 2011). The purified peptide mixture was then
evaluated by mass spectrometry on a quadrupole time-
of-flight (Q-TOF) hybrid instrument with a nano Z-
spray source (Waters, Manchester, UK; Maddau et al.,
2009) after injection of the peptide solution into the
ion source.

Anti-PCP monoclonal antibodies were produced by
Abbiotec (San Diego, CA) with PCP as the antigen.
The 2 best-performing monoclonal antibodies were se-
lected and validated by Western immunoblot against
PCP and against milk samples from sheep with mastitis
as described previously (Addis et al., 2016). The PCP
ELISA was developed in a sandwich format following
standard protocols (Danowski et al., 2013; Miglio et
al., 2013; Trend et al., 2015). Capture antibodies were
absorbed overnight at 4°C on MaxiSorp Nunc-Immuno
96 well plates (Sigma-Aldrich, St. Louis, MO). Wells
were rinsed with Tris-buffered saline solution, and then
blocked with 5% bovine serum albumin in Tris-buffered
saline solution supplemented with 0.05% Tween 20. Af-
ter washing with Tris-buffered saline with Tween, milk
samples were incubated in the wells for 1 h at room
temperature, and the wells were washed again. Detec-
tion antibodies conjugated with horseradish peroxidase
were added to the plate, incubated for 1 h at room
temperature, and washed again; reactivity was visual-
ized using a 3,3',5,5'-tetramethylbenzidine substrate
(Sigma-Aldrich). The reaction was stopped with 2 M
H,SO,, and optical density (OD) values were acquired
on a plate reader at 450 nm (ODgsy). For absorbance
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normalization, 6 culture-negative samples with <50,000
cells/mL were included in all ELISA plates. Then, we
subtracted the average OD 5, + 3 SD of the 6 internal
normalization samples from all OD,s5, values to obtain
the normalized OD 5, values (NOD 45).

Statistics

According to the Shapiro-Wilk normality test, the
data showed a non-normal distribution. Therefore, we
applied a nonparametric Mann-Whitney U-test. De-
scriptive statistical analysis (medians and interquartile
ranges) was carried out using GraphPad Prism version
5.03 for Windows (GraphPad Software, La Jolla, CA).
MedCalc Statistical Software version 15.2.2 (MedCalc
Software bvba, Ostend, Belgium) was used to generate
receiver operating characteristic curves.

Latent class analysis (LCA) was carried out us-
ing BayesianLatentClassModels (BLCM) version 1.13
(www.nandinidendukuri.com/blem) to obtain sensitiv-
ity (Se), specificity (Sp), and 95% credible intervals
(CrI) (Dendukuri and Joseph, 2001; Dendukuri et al.,
2009). The latent class model requires that 3 assump-
tions be satisfied to validate the method: a different
prevalence in the populations, constant Se and Sp of
the tests in the populations, and conditional indepen-
dence of the tests. Tests that are not conditionally
independent need to be modeled. The difference in
prevalence was satisfied because BC positivity was 19%
in herd A and 10% in herd B. Constant Se and Sp in
both herds was verified by running a separate LCA for
each herd. Based on the model diagnostics, the assump-
tion of conditional independence was not satisfied for
cathelicidin and SCC. Therefore, we modeled the con-
ditional dependence between these 2 parameters. We
used uninformative priors for cathelicidin ELISA and
SCC using the default settings in the BLCM software,
and reliable estimates for Se and Sp of BC on a single
milk sample were available in the scientific literature
(Dohoo et al., 2011). We used the Se and Sp and rela-
tive confidence interval reported by these authors as
priors. Gibbs sampling was run by discarding the first
500 iterations at the burn-in phase and making infer-
ences on the subsequent 10,000. Convergence of the
Gibbs sampler algorithm was verified by examining the
trace plots for all runs.

Test performances were evaluated at different thresh-
olds. For ELISA, adding to the optimal cutoff value
resulting from normalization with negative samples
(NODysy = 0.000), we also assessed a higher threshold
of NOD5, = 0.014 based on previous findings (Addis et
al., 2016). For SCC, we considered 3 different thresh-
olds: the conventional 200,000 cells/mL, estimated to
provide the most desirable Se versus Sp, and 2 lower
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Figure 1. Receiver operating characteristic (ROC) curves illustrat-
ing the relationship of cathelicidin ELISA and SCC (cells/mL) with
bacteriologic culture (BC) as the reference. The ROC curves reported
in the figure describe the tradeoff between sensitivity and specificity
of the cathelicidin ELISA (solid line) and SCC (dotted line) compared
with BC results as the reference, respectively. The 45° diagonal of the
ROC space corresponds to the random chance line.

thresholds of 150,000 and 100,000 cells/mL (Dohoo and
Leslie, 1991; Schukken et al., 2003; Bradley and Green,
2005).

RESULTS

Relationship of Cathelicidin and SCC
with Bacteriologic Culture

All 531 quarter milk samples were subjected to cat-
helicidin ELISA, SCC (cells/mL), and BC. As a result,
29.0% of the samples were positive for cathelicidin,
18.8% had SCC >200,000 cells/mL, and 13.7% were
positive for BC. To estimate the relationship of cathe-
licidin ELISA and SCC with BC, we generated receiver
operating characteristic curves by setting BC results as
the reference (Figure 1). Area under the curve values
for cathelicidin ELISA and SCC were 0.78 (95% CI:
0.74-0.81) for cathelicidin and 0.75 (95% CI: 0.71-0.79)
for SCC, respectively. Sensitivity, Sp, and diagnostic
thresholds were assessed by LCA as described in the
next section.

We evaluated the distribution of all cathelicidin-
negative and cathelicidin-positive samples accord-
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ing to SCC. As shown by the box plots in Figure 2,
cathelicidin-negative and cathelicidin-positive samples
displayed a statistically significant separation (Mann-
Whitney test, P < 0.0001) around low and high SCC,
respectively. Median and interquartile range SCC val-
ues are reported in Table 1.

Diagnostic Performance of Cathelicidin, SCC
and BC, and Definition of Diagnostic Thresholds

The Se and Sp of cathelicidin ELISA, SCC, and BC
were evaluated by LCA in a Bayesian framework at dif-
ferent threshold combinations, and results are reported
in Table 2. The cathelicidin ELISA showed superior
Se compared with both SCC and BC in 5 out of 6 of
the diagnostic combinations evaluated, although with
some overlapping of the respective credible interval
values. The most interesting result, however, was that
the Se of cathelicidin was higher by 6.2 percentage
points when applying the NOD,;, = 0.014 threshold
than the Se of SCC >200,000 cells/mL (80.6% vs.
74.4%, respectively). This finding was at the expense
of a minimal loss in Sp of 1.4 percentage points (94.9%
vs. 96.3%, respectively). The Se of cathelicidin at the
NOD,5, 0.014 threshold was comparable to that of SCC
>100,000 cells/mL (80.6% vs. 80.2%, respectively), but
with a Sp close to that of SCC >200,000 cells/mL. The
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Figure 2. Distribution of cathelicidin-negative and cathelicidin-
positive samples according to the SCC on a logarithmic scale. The
box indicates values falling within the 25th and 75th percentiles, with
the central line indicating the median value. Whiskers indicate values
falling within the 2.5th and 97.5th percentiles, and the individual dots
represent values falling outside the whiskers. The dashed line indi-
cates an SCC threshold of 200,000 cells/mL. The difference between
the negative and the positive group was statistically significant (P <
0.0001; n = 531).
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Table 1. Median and interquartile ranges of SCC (cells/mL) in cathelicidin-negative and cathelicidin-positive

milk samples

25th percentile Median 75th percentile
Sample SCC SCC SCC
Cathelidicin-negative (n = 377) 1,000 3,000 11,000
Cathelidicin-positive (n = 154) 20,000 286,000 815,000

limited Se of BC was confirmed in this study (38.8%),
and BC also showed lower Sp than the other tests when
considering the NOD 5, 0.014 threshold.

Relationship of Cathelicidin and SCC Results
with the Isolated Microorganisms

Table 3 reports the distribution of results according
to isolated microorganism based on the conventional
SCC threshold of 200,000 cells/mL and the cathelicidin
ELISA threshold of NOD,, = 0.014 selected accord-
ing to the above findings. In Table 3, Staphylococcus
aureus, Streptococcus dysgalactiae, Streptococcus uberis,
and Prototheca spp. are reported independently, and
all CNS, other gram-positives, and gram-negatives
are grouped into separate classes. Of all BC-negative
samples, 95.2% of those <200,000 cells/mL were nega-
tive for cathelicidin and 85.5% of those >200,000 cells/
mlL were positive. However, 6 BC-positive samples
<200,000 cells/mL were positive for cathelicidin. Half
of these were positive for Strep. uberis. On the other
hand, 4 BC-positive samples >200,000 cells/mL were
negative for cathelicidin and 3 of them were positive
for CNS.

DISCUSSION

Measurement of SCC in milk has long been estab-
lished as the standard for monitoring mastitis in cows,
and the presence of SCC >200,000 cells/mL is typically

considered a strong indicator of mastitis (Schukken et
al., 2003). Nevertheless, protein biomarkers measured
with dedicated immunoassays have the potential to im-
prove mastitis detection (Viguier et al., 2009). Building
on the results obtained in dairy sheep (Addis et al.,
2016), this study demonstrated increased Se and Sp of
milk cathelicidin, measured by ELISA, for the detec-
tion of bovine mastitis compared with SCC and BC.
We also found a strong positive correlation between
cathelicidin and SCC, both by the comparable areas
under the curve for cathelicidin and SCC in relation
to BC and by the distribution of cathelicidin-negative
and -positive samples around low and high SCC values,
respectively.

We assessed the Se and Sp of the cathelicidin ELISA
by LCA compared with SCC and BC. Building on cross-
classification of the observed or “manifest” variables into
an unobserved “latent” variable, LCA probabilistically
groups each observation into one latent class. In this
way, the lack of a gold standard for true disease status
is obviated (Hui and Walter, 1980), providing a way to
evaluate the Se and Sp of a novel diagnostic test when
a reliable reference assay is not available (Georgiadis et
al., 2003). This approach is finding increasing applica-
tion in mastitis research (Koop et al., 2011; Fosgate et
al., 2013; Vissio et al., 2014; Addis et al., 2016). In fact,
BC cannot be considered the perfect assay for defining
true disease status, because its use as a reference may
lead to possible errors in estimating the Se and Sp of
a novel diagnostic test (Enge et al., 2000). Adding to
practical factors, the limitations of BC originate from

Table 2. Means of sensitivity and specificity (95% credible intervals in parentheses) obtained for cathelicidin, SCC, and bacteriological culturing
upon application of the latent class analysis approach by modeling conditional dependence of cathelicidin and SCC'

SCC threshold

ELISA threshold >100,000 >150,000 >200,000

NOD,5, = 0.000

Cathelicidin 81.3 (65.2-94.6)/86.0 (80.3-91.5) 83.9 (67.2-96.5)/86.1 (80.3-91.4) 83.8 (66.6-96.1)/85.8 (80.0-91.2)
scc 78.1 (59.7-93.6)/91.8 (86.4-96.7) 76.4 (59.1-92.4) /94.2 (89.2-98.0) 75.0 (55.9-92.1)/96.1 (91.5-99.3)
BC 38.8 (35.5-42.2)/92.8 (91.2-94.4) 38.8 (35.5-42.2)/92.7 (91.0-94.3) 38.9 (35.6-42.3)/92.7 (91.0-94.2)

NOD,5, = 0.014
Cathelicidin 76.0 (59.5-92.1)/94.3 (89.0-98.5) 79.5 (61.7-93.8)/94.5 (89.3-98.7) 80.6 (63.2-93.7)/94.9 (90.1-98.7)
Sele 80.2 (63.5-93.8)/92.5 (86.8-97.8) 77.5 (59.6-92.6)/94.4 (89.4-98.1) 74.4 (57.4-89.3)/96.3 (91.8-99.3)
BC 38.8 (35.4-42.1)/92.8 (91.1-94.4) 38.8 (35.5-42.2)/92.7 (91.0-94.3) 38.8 (35.5-42.2)/92.8 (91.1-94.3)

"Results are based on 2 optimized normalized optical density at 450 nm (NOD,5) ELISA thresholds and 3 SCC thresholds.
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Table 3. Combined results for SCC, cathelicidin, and bacteriological culturing

SCC <200,000 cells/mL

SCC >200,000 cells/mL

Bacterial species Total Total Cat—' Cat+4? Total Cat— Cat+
CNS 24 12 11 1 12 3 9
Streptococcus dysgalactiae 12 11 10 1 1 — 1
Streptococcus uberis 11 4 1 3 7 — 7
Staphylococcus aureus 6 — — — 6 — 6
Other gram-positives 5 2 2 — 3 — 3
Gram-negatives 13 5 4 1 8 1 7
Prototheca spp. 2 — — — 2 — 2
Positives 73 34 28 6 39 4 35
Negatives 458 396 377 19 62 9 53
Total 531 430 405 25 101 13 88

'Cathelicidin ELISA with normalized optical density at 450 nm (NOD ;) <0.014.

*Cathelicidin ELISA with NOD 5, >0.014.

its low Se due to intermittent shedding of bacteria in
milk, the possible presence of low bacterial loads, the
fastidiousness of certain microorganisms to grow in
culture, the effective reduction the number of bacteria
in milk by the host immune response, and the pres-
ence of antimicrobials in milk, including host-produced
antimicrobial molecules (Walker et al., 2011; Ruegg
and Pantoja, 2013). If using BC as a reference, a false-
negative BC result would erroneously be considered a
false positive for the novel assay being evaluated, lead-
ing to underestimation of its diagnostic performance.
Bacteriologic culture can also produce false-positive
results upon isolation of contaminant or nonpathogenic
microorganisms, leading to underestimation of the Sp
of the evaluated assay. In addition, BC does not enable
discrimination among more and less virulent strains of
the same species, and their ability to cause mastitis.
Concerning SCC, a threshold of 200,000 cells/mL pro-
vides the best diagnostic performance, but lower SCC
thresholds may be more adequate in some cases (Dohoo
and Leslie, 1991; Schukken et al., 2003; Ruegg and Pan-
toja, 2013). It is known that a low number of somatic
cells in milk is associated with an absence of mastitis,
but nonspecific SCC increases can occur, and high SCC
can persist after the infection resolves (Schepers et al.,
1997; Schukken et al., 2003; Fox, 2013). Considering
these limitations, LCA may be a more reliable approach
for estimating the Se and Sp of a novel diagnostic test,
given that model assumptions and performances are
correctly verified (van Smeden et al., 2014).

With LCA, the milk cathelicidin ELISA showed a
higher Se than SCC and BC in almost all combinations
evaluated. Of particular relevance was the higher Se
(6.2 percentage points) obtained at the expense of a mi-
nor loss in Sp (1.4 percentage points) when compared
with SCC >200,000 cells/mL. Notably, cathelicidin
showed Se comparable to a threshold of SCC >100,000
cells/mL with Sp comparable to a threshold of SCC

>200,000 cells/mL. This result is especially relevant
when favoring disease control versus disease eradica-
tion, as in the case of mastitis, where maintaining a
good level of Sp is preferable to reaching the highest
possible Se levels (Banoo et al., 2010).

Adding to its remarkable diagnostic performance,
cathelicidin presents numerous advantages as a masti-
tis biomarker compared with SCC. Together with the
fact that it can be measured by ELISA in relatively
lower-resource laboratories without requiring dedicated
cell counting instrumentation, cathelicidin lends itself
to the development of other immunoassay tools to be
used for field testing in the form of dipsticks or im-
munochromatographic devices (e.g., lateral flow assays)
for applications similar to those of the California Mas-
titis Test (Whyte et al., 2005) or electrical conductivity
measurements, especially considering the limited Se
and Sp of the latter methods (Pyorélé, 2003). Similarly,
the implementation of immunoassay-based strategies
enabling in-line detection in herd management systems
may have potential. Different enzymes have been used
for this purpose to date, including lactate dehydrogenase
(Chagunda et al., 2006; Hiss et al., 2007) or N-acetyl-
B-D-glucosaminidase (Mattila et al., 1986; Holdaway
et al., 1996; Nielsen et al., 2005). The development of
enzyme-based assays is easier because of their intrinsic
reactivity but is counterbalanced by lower Se and Sp
(Nyman et al., 2016). Instead of by measuring enzyme
activity, mastitis-related biomarkers can be detected by
developing dedicated immunoassay strategies, provided
that reliable antibodies are available to warrant assay
robustness and reproducibility (Baker, 2015). Advance-
ments in laboratory and field immunoassay technolo-
gies have improved the reproducibility, sensitivity, and
specificity of nonenzymatic molecule measurement and
can provide new means of developing inexpensive and
practical alternatives (Viguier et al., 2009; Gurjar et
al., 2012).
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Several other nonenzymatic, immune-defense pro-
teins have been proposed as mastitis markers (Ceciliani
et al., 2012; Wheeler et al., 2012; Miglio et al., 2013),
including serum amyloid A and haptoglobin (Eckersall
et al., 2001; Hiss et al., 2007; O’Mahony et al., 2006).
Serum amyloid A and haptoglobin are mainly produced
in the liver but are also found in the inflamed udder
(McDonald et al., 2001; Hiss et al., 2004). A sandwich
ELISA for serum amyloid A (Tridelta phase range SAA
kit; Tridelta Development Ltd., Co. Wicklow, Ireland)
has been developed and is commercially available. It
will be of interest to assess the respective diagnostic
performance of these assays and the cathelicidin ELISA
in comparable sample groups.

As a biomarker, cathelicidin is directly linked to
mastitis, being involved in innate immune response
processes. It is produced by both mammary epithelial
cells and immune cells, and its rapid release upon entry
of a pathogenic microorganism in the udder may enable
earlier detection of infection (Smolenski et al., 2011;
Addis et al., 2013). Considering its crucial role in the
first steps of inflammation and in the host response
to infection, the measurement of cathelicidin may also
represent a useful research tool in studies aimed at in-
vestigating microbial pathogenicity and the dynamics
of the host response to infecting microorganisms. By
looking at the detailed results of cathelicidin, SCC, and
BC in relation to the microorganism isolated from milk,
6 of 34 BC-positive samples had SCC <200,000 cells/
mL but were positive for cathelicidin, suggesting the
presence of an inflammatory condition that would go
undetected if relying only on SCC. These cases may
relate to early IMI stages or subclinical mastitis, as
suggested by other authors (Smolenski et al., 2011),
and would account for the higher Se of cathelicidin
compared with SCC. Notably, half of these samples
were positive for Strep. uberis. On the other hand, 4
of 39 BC-positive samples with SCC >200,000 cells/
mL were negative for cathelicidin, and 3 of those had
CNS. Adding to the possibility of nonspecific increases
in SCC or lack of cathelicidin Se, it should be noted
that some microorganisms such as CNS can lead to
SCC increases without compromising milk quality or
production performance, and are associated with mea-
surable increases in milk yield (Schukken et al., 2009;
Piepers et al., 2013). That is, CNS or other microbial
colonizers of the udder might cause slight SCC increases
without inducing cathelicidin release (Fox, 2013). From
other studies, we know that when pathogen clearing is
successful, spent neutrophils undergo a “clean death”
without degranulation or neutrophil extracellular trap
release and are efficiently removed by macrophages
or dendritic cells (Lu et al., 2012). Nevertheless, we
cannot rule out that in some chronic infections or in
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later stages of resolving infections, cathelicidin may no
longer be present. Further studies on the dynamics of
colonization/infection and on the role of pathogenicity
traits in influencing cathelicidin release will help elu-
cidate the relationships among SCC, cathelicidin, and
microbial features.

In conclusion, this study confirmed that cathelicidin
is released in the milk of cows with mastitis, that its
presence is highly correlated with SCC, and that its
measurement by ELISA may hold significant potential
for improving the sensitivity of mastitis detection in
dairy cows while maintaining high specificity.
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