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Specifically designed gene expression studies can be used to prioritize candidate
genes and identify novel biomarkers affecting resilience against mastitis and other
diseases in dairy cattle. The primary goal of this study was to assess whether specific
peripheral leukocyte genes expressed differentially in a previous study of dairy cattle with
postpartum disease, also would be expressed differentially in peripheral leukocytes from
a diverse set of different dairy cattle with moderate to severe clinical mastitis. Four genes
were selected for this study due to their differential expression in a previous transcriptomic
analysis of circulating leukocytes from dairy cows with and without evidence of early
postpartum disease. An additional 15 genes were included based on their cellular,
immunologic, and inflammatory functions associated with resistance and tolerance to
mastitis. This fixed cohort study was conducted on a conventional dairy in Washington
state. Cows >50 days in milk (DIM) with mastitis (n = 12) were enrolled along with
healthy cows (n = 8) selected to match the DIM and lactation numbers of mastitic
cows. Blood was collected for a complete blood count (CBC), serum biochemistry,
leukocyte isolation, and RNA extraction on the day of enrollment and twice more at 6 to
8-days intervals. Latent class analysis was performed to discriminate healthy vs. mastitic
cows and to describe disease resolution. RNA samples were processed by the Primate
Diagnostic Services Laboratory (University of Washington, Seattle, WA). Gene expression
analysis was performed using the Nanostring System (Nanostring Technologies, Seattle,
Washington, USA). Of the four genes (C5AR1T, CATHL6, LCN2, and PGLYRP1T) with
evidence of upregulation in cows with mastitis, three of those genes (CATHL6, LCN2,
and PGLYRP1) were investigated due to their previously identified association with
postpartum disease. These genes are responsible for immunomodulatory molecules that
selectively enhance or alter host innate immune defense mechanisms and modulate
pathogen-induced inflammatory responses. Although further research is warranted to
explain their functional mechanisms and bioactivity in cattle, our findings suggest that
these conserved elements of innate immunity have the potential to bridge disease states
and target tissues in diverse dairy populations.
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INTRODUCTION

Mastitis is one of the most economically impactful diseases of
livestock (1). The incidence, severity, and outcomes associated
with mastitis are influenced by several factors including pathogen
types, environmental conditions, and host immunity (2). The
immune response is a very complex biological process that must
recognize the foreign organism, recruit immune cells, eliminate
the invading pathogen, and resolve the inflammatory response.
The speed, strength, and duration of this response are critically
tied to the genetic background of an animal (3, 4), and genetic
improvement offers the potential for cumulative, permanent and
cost-effective disease resistance (5).

Genome-wide association studies (GWAS) are widely used
to find DNA variants associated with complex traits such as
mastitis (5-7). However, concordance among such studies is low
and candidate genes for genetic selection are difficult to identify
due to the complex interactions that must occur for effective
disease resistance (5, 7). As an alternative, specifically designed
gene expression studies in target tissues from healthy and affected
animals can be used as biological evidence post GWAS to
prioritize candidate genes and identify novel biomarkers (8).
As such, transcriptomic profiling has identified genes, pathways,
and regulatory networks activated during infection by various
mastitis pathogens such as Escherichia coli, Staphylococcus
aureus, and Streptococcus uberis (4).

Resilience against mastitis is influenced by many genes
involved in multiple processes, including the response to
infection, inflammation, and post-infection healing (7). For
example, mammary gland associated candidate genes such
as IL1B, IL6, ILS, SAA3, TNF, IFNG, CDI14, LBP, TLR2,
TLR4, and C5ARI1 (6) are responsible for a wide variety of
cellular, immunologic, and inflammatory functions (9). More
recently, Chen et al. combined GWAS and differential gene
expression (DGE) data analyses to identify candidate genes
expressed differentially in mammary tissue samples from cows
specifically affected with E. coli and S. uberis mastitis (5).
Ingenuity Pathway Analysis (IPA) highlighted signaling pathways
comprising a network regulating the activity of leukocytes,
especially neutrophils, during mammary gland inflammation.
This suggested that polymorphisms in key genes in these
pathways such as ACTR3, BCARI, CXCL2, CXCL6, CXCLS,
FABP, SELP, and SELL may influence dairy cow resilience
against mastitis. Similarly, Cai et al. used Gene Ontology
(GO) terms, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis, and the mammalian phenotype
database post GWAS to highlight putative causal genes affecting
resistance to clinical mastitis (7). Results were confirmed using
gene expression data from E. coli-challenged cow udders and
highlighted genes with putative functions such as “abnormal
humoral immune response,” “inflammatory response,” “innate
immune response,” and “abnormal T cell physiology and
decreased T cell proliferation.” These results indicate that the
timely and properly controlled movement of leukocytes to
infection loci may be key to an animal’s resilience based on
balancing pathogen elimination (resistance) and tissue damage
(tolerance) (5, 10, 11).

Although resistance mechanisms are viewed as the primary
function of immunity, disease tolerance also is essential in
terms of tissue damage control mechanisms that limit the health
and fitness costs of infection (12). Ultimately, resistance and
tolerance to infection are integrated through stress and damage
responses that regulate how tissues respond to cytokines and
other cues emanating from immune cells. Given the variability in
homeorhetic responses to diverse diseases, identifying common,
conserved resistance and tolerance mechanisms should provide
insight into resilience in the face of pathogenic microbes from
different sites of infection. For example, altered expression
profiles of peripheral leukocyte immune regulatory genes
related to trafficking, migration, adhesion, energy metabolism,
inflammatory mediators, cytokines, cell survival and apoptosis
have been associated with both mastitis and uterine disease (13—
17). These findings suggest that changes in peripheral leukocyte
gene expression may emphasize mechanisms of immunity that
bridge disease states and target tissues.

We recently identified 15 genes differentially expressed in
peripheral blood leukocytes from dairy cattle with postpartum
disease including clinical metritis, co-morbidities, and associated
physiological changes (unpublished data). Although most of
these 15 genes remain largely unreviewed in cattle, cross-
species analysis suggests that they are primarily involved in
immune cell and receptor function, tissue repair, and cell
signaling based on functional enrichment analysis and gene
ontology annotations (9). Four of the genes (CATHL6, IL17D,
LCN2, and PGLYRPI) have useful background information
related to underlying immunologic functions. Three of these
genes (CATHL6, LCN2, and PGLYRPI) have been associated
previously with mastitic somatic cells or mammary epithelial
cells and their affiliated peptides play a role in disease resistance
through potent antimicrobial activity (18-20). The fourth gene
(IL17D) has not been extensively investigated but appears to
play a role in both disease resistance and tolerance through the
regulation of cytokine production involved in the inflammatory
response (21). Of the 15 differentially expressed genes in our
postpartum study, PGLYRPI was notable as a marker for diverse
postpartum disease. Based on these data, the primary goal of this
study was to assess whether specific peripheral leukocyte genes
expressed differentially in dairy cattle with postpartum disease,
also would be expressed differentially in peripheral leukocytes
from a diverse set of cows with clinical mastitis. Specifically, we
hypothesized that the top ranked gene (PGLYRPI) within our
postpartum study would be expressed differentially in peripheral
leukocytes from dairy cows of different breeds, parities, days in
milk, production levels and pregnancy status with and without
moderate to severe mastitis (grade 2 or 3) during the post-
voluntary waiting period (>50 DIM).

MATERIALS AND METHODS

Experimental Design and Clinical

Assessments
This fixed cohort field study was conducted from February to
April 2019, on a conventional dairy in the state of Washington
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with an inventory of ~4,000 lactating cows and an 8,464kg
average 305ME. Of note, the participating dairy was separate in
terms of ownership and cows from the dairy that participated in
our previous study of postpartum disease. All cows were housed
in open dry lots or freestall barns, fed a total mixed ration,
and milked 2 or 3 times daily. Eligible cows were >50 days in
milk (DIM), with no recorded episodes of mastitis within the
previous 30 days. Cows identified by farm personnel with mastitis
were evaluated by a Washington State University veterinarian
on the day of initial diagnosis and only cows with moderate to
severe mastitis (grade 2 or 3) in a single mammary gland quarter
were enrolled. Mastitis severity was based on abnormal milk
(California Mastitis Test (CMT) >1; >400,000 SCC) and redness
or swelling of the mammary gland without (grade 2) or with
(grade 3) pyrexia, but no other clinical signs of systemic illness
such as depression, anorexia, or dehydration (22). Healthy cows
without mastitis or any other clinical disease were enrolled to
provide comparisons to those cows with mastitis based on similar
DIM, lactation number, and pregnancy status. All enrolled cows
were evaluated cow-side on the day of enrollment and twice
more by the WSU veterinarian at 6-8-days intervals to ascertain
the progression in mammary gland condition, CMT score, rectal
temperature, and B-hydroxybutyrate levels over a period of 14-15
days. Any treatments for mastitis were administered after initial
sampling and at the discretion of the farm manager according to
on-farm protocols.

Requirements for sample size were based on expectations
for a multivariate analysis estimating the log fold-change in
PGLYRPI DGE following a negative binomial distribution and an
assay dynamic range of 100-200,000 counts for any given gene
(nSolver Analysis Software 4.0, NanoString Technologies Inc.,
Seattle WA) (23). This equated to an estimate of a minimum of 8
animals within each group (mastitis, healthy cohort) based on a
significance level of 0.05, power of 80%, and expectation that no
more than 10% of healthy cows and no fewer than 80% of cows
with mastitis would demonstrate a conservative 2 fold estimate of
effect size.

Blood Sampling

At the time of enrollment and the two subsequent clinical
evaluations, blood was collected from the coccygeal blood
vessels for leukocyte isolation (~10 mL/cow), complete blood
counts (CBC) (~10 mL/cow), haptoglobin measurement (~10
mL/cow), and a serum biochemistry panel (~10 mL/cow).
Whole blood for leukocyte isolation was collected into Tempus
Blood RNA Tubes (Thermo Fisher, Waltham, MA). Blood for
CBC evaluation was collected in Covidien Monoject™ coated
EDTA evacuated tubes with lavender stoppers (Fisher Scientific,
Waltham MA). Blood for haptoglobin and serum biochemistry
analysis was collected in Covidien Monoject™ silicone-coated
evacuated tubes with red stoppers (Fisher Scientific, Waltham
MA). All tubes were inverted carefully multiple times and placed
immediately on top of ice until further processing. Samples
for CBC and biochemistry were kept chilled until submission
to the WSU College of Veterinary Medicine clinical pathology
laboratory within 6 h of collection.

Haptoglobin

Blood to be analyzed for haptoglobin concentrations was
processed within 6 h of collection at which point it was allowed
to settle at room temperature for 30 min prior to centrifugation
at 2,750 x g for 10min. Separated serum was aspirated off
the clot, placed into two 2 mL microcentrifuge tubes, and held
at —80°C until further processing. Haptoglobin levels were
obtained following instructions for the Bovine Haptoglobin
ELISA Kit (Innovative Research, Inc.). Serum samples were
initially diluted 1/500. Concentrations above the standard curve
required additional dilutions of up to 1/50,000.

Latent Class Analysis

Udder palpation, milk appearance, and CMT results provided
a clinical diagnosis of mastitis. CBC and biochemistry data
provided additional insight used to discriminate potentially
healthy controls and gradients of mastitis severity. Latent
class analysis (LCA) was performed using R (R Project for
Statistical Computing, https://www.r-project.org/) and package
poLCA to identify unique classes of animals with shared clinical
and physiologic parameters based on categories for normal
or abnormal using reference intervals established at the WSU
clinical pathology laboratory (CBC and serum biochemistry)
and Kansas State University veterinary diagnostic laboratory
(haptoglobin). All observations from enrolled cows were used
(n = 60 observations) and variables used to inform the models
included: rectal temperature, p-hydroxybutyrate levels, serum
haptoglobin levels, CBC values, and serum biochemistry values.
LCA is a statistical method that uses observed categorical
responses to identify underlying latent or “unobserved” groups
of individuals or objects that share certain characteristics (24).

Gene Selection

Nineteen candidate genes were selected for this study. Four
genes (CATHLSG, IL17D, LCN2, and PGLYRPI) were based on our
previous transcriptomic analysis of circulating leukocytes in early
postpartum dairy cows with postpartum disease and associated
physiological changes (unpublished data). An additional 15
genes (BCARI, C5ARI, CDI4, CXCL2, CXCL6, IFNG6, ILIB,
IL8, SAA3, SELL, STAT5A, TLR2, TLR4, and TNF) were
selected based on their potential for expression in peripheral
leukocytes and previously described cellular, immunologic, and
inflammatory functions associated with resistance and tolerance
to mastitis (5-7). Five genes were used for internal control
[golgin subfamily A, member 5 (GOLGAS5), oxysterol-binding
protein-like 2 (OSBPL2), single-strand-selective monofunctional
uracil-DNA glycosylase 1 (SMUGI), 14-3-3 protein zeta/delta
(YWHAZ), and Actin, cytoplasmic 1 (Beta-actin) (ACTB)] based
on their previous identification as suitable controls for peripheral
leukocytes (25-28).

Leukocyte RNA Extraction and Gene

Expression Analysis

Extraction of RNA from peripheral blood leukocytes was
accomplished following the Tempus Spin RNA isolation kit
(Thermo Fisher, Waltham, MA). Three samples were selected
at random to test RNA integrity with the Qubit RNA IQ Assay
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TABLE 1 | Animal demographics at the time of enrollment including mastitis status, breed, parity, freshening date, days in milk, previous milk test results, pregnancy

status, and days carrying calf if applicable.

Cow ID Mastitis (Y/N) Breed? Parity Fresh date DIMP Prev milk test date Prev milk test Ib (kg) Preg DCC°
3731 N H 4 6/22/18 241 2/6/19 97 (44) Y 150
5307 N X 4 5/13/18 270 2/6/19 37 (17) Y 195
5362 N X 4 10/12/18 144 2/6/19 84 (38) N na
6081 N X 3 5/27/18 282 3/5/19 71 (32) Y 175
6246 N X 3 7/21/18 212 2/18/19 48 (22) Y 149
6748 N X 3 6/24/18 260 3/11/19 31 (14) Y 149
8494 N X 2 9/18/18 182 3/19/19 41 (19) Y 117
11150 N X 1 12/8/18 87 3/5/19 51 (23) N na
3955 Y H 5 10/16/18 146 3/6/19 81 (37) N na
4451 Y H 4 5/16/18 267 2/6/19 43 (20) Y 200
5291 Y X 4 6/23/18 236 2/6/19 71(32) Y 147
5410 Y X 3 5/25/18 269 2/18/19 63 (29) Y 171
5754 Y X 4 10/25/18 123 2/25/19 71(32) N na
6341 Y X 3 6/15/18 269 3/11/19 33 (15) Y 135
6493 Y H 3 6/16/18 254 2/25/19 63 (29) Y 174
6645 Y X 3 7/10/18 219 2/14/19 35 (16) Y 154
6805 Y X 3 7/29/18 200 2/14/19 47 (21) Y 138
9028 Y X 2 8/17/18 214 3/19/19 50 (23) Y 121
11151 Y X 1 12/15/18 72 2/25/19 47 (21) N na
20008 Y H 4 5/30/18 253 2/7/19 48 (22) Y 167

4Breed: H, Holstein-Friesian; X, Holstein-Friesian x Jersey.
bDIM: days in milk.
°DCC: days carrying calf (na = not applicable).

Kit using the Qubit Fluometer 4.0 (Invitrogen Carlsbad, CA).
Sample quantity was also measured using the Qubit RNA BR
Assay Kit. Prior to submission, RNA was diluted to a working
concentration of ~20 ng/jl, except for 4 samples with <20 ng/ul
(range 1-11 ng/ul). RNA samples were processed by the Primate
Diagnostic Services Laboratory (University of Washington,
Seattle, WA). Gene expression analysis of the 19 target genes
and five housekeeping genes was performed using the Nanostring
System (Nanostring Technologies, Seattle, Washington, USA),
as previously described (29). Gene expression was measured
using a custom CodeSet for the selected genes in the Nanostring
nCounter Analysis System (NanoString Technologies, Seattle,
WA). The NanoString technology uses a digital color-coded
barcode tag with single-molecule imaging that can detect and
count hundreds of unique transcripts per reaction. The analysis
of data was performed using nSolver Analysis Software 4.0,
including nCounter Advanced Analysis (version 2.0, NanoString
Technologies, Seattle, WA). Low count data was omitted from
a given analysis by removing probes that fell below a standard
threshold count value of 20. The nSolver software detects probes
based on a doubling of the counts relative to the median
count value of the negative control. More specifically, fold
changes and p-values were calculated using nCounter default
settings and a Benjamini-Yekutieli (B-Y) correction for multiple
comparisons. The B-Y correction makes the assumption that
there may be some biological connection between genes and
returns moderately conservative estimates of false discovery
rate (FDR). The FDR is the proportion of genes with equal

or greater evidence for differential expression (i.e., equal or
lower raw p-value) than are expected to be “false discoveries”
due to chance.

RESULTS

Enroliments and Clinical Assessments

Twenty Holstein-Friesian and Holstein-Friesian x Jersey cross
lactating cows were enrolled in this project. Healthy cows (n
= 8) were selected to match the DIM and lactation numbers
of mastitic cows (n = 12; Table 1). At enrollment, the cattle
were >50 DIM (range 72-282 DIM) and in their first through
fifth parities. Monthly Dairy Herd Improvement Association
milk production test results were available demonstrating an
average production level per cow at enrollment of 55.6 lb
(25.2kg) with a range of 31.0-97.0 1b (14.1-44.0kg). Fifteen
of the cows were pregnant at the time of enrollment with
gestation length ranging from 117 to 200 days (Table1). Of
note, this study purposely investigated a range of breeds, parities,
days in milk, production, and pregnancies in an effort to
explore peripheral leukocyte gene expression signals in a diverse
community of animals in field conditions. Variations in udder,
milk, and CMT characteristics highlighted the clinical variability
of symptoms inherent to mastitis grades (Table 2). At the farm
manager’s discretion, two of the mastitic cows with grade 2
mastitis were left untreated and the remaining 10 mastitic cows
were treated once daily with intramammary cephapirin sodium
(ToDay, Boehringer Ingelheim Vetmedica, Inc.) for 2-3 days
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TABLE 2 | Mammary quarter affected by mastitis if applicable, and udder
palpation, milk appearance, milk CMT, and mastitis grade at the time of
enroliment.

Cow ID Mastitis Affected Udder Milk CMT® Mastitis
(Y/N) quarter® palpation appearance grade®
3731 N na Soft, supple  Grossly normal N na
5307 N na Soft, supple  Grossly normal N na
5362 N na Soft, full Grossly normal N na
6081 N na Soft, full Grossly normal N na
6246 N na Soft, supple  Grossly normal N na
6748 N na Soft, full Grossly normal N na
8494 N na Soft, full Grossly normal N na
11150 N na Soft, full Grossly normal N na
3955 Y LR Hard, swollen, Serous 1 2
hot
4451 Y LR Firm, swollen  Serous 2
5291 Y LR Firm, swollen, Bloody, clots 3
hot
5410 Y RR Firm, swollen  Clots
5754 Y LF Firm Clots
6341 Y LF Firm, swollen, Serosanguinous, 2 2
hot clots
6493 Y RR Swollen Grossly normal 1 2
6645 Y LR Firm Grossly normal 2 2
6805 Y LF Firm, swollen  Serous 3 2
9028 Y RF Firm, swollen ~ Clots 3 2
11151 Y LR Firm, swollen ~ Clots 3 2
20008 Y LR Hard, swollen, Clots 3 3
hot

aAffected quarter: na = not applicable; LR = left rear; RR = right rear; LF = left front; RF
= right front.

bCMT, California mastitis test; N, negative; T, trace; 1, weak positive; 2, distinct positive;
3, strong positive.

CMeastitis grade: na, not applicable; 2, abnormal milk, redness or swelling of the mammary
gland, and no pyrexia; 3 = abnormal milk, redness or swelling of the mammary gland,
and pyrexia.

commencing on the day of enrollment. None of the eight
cows without mastitis had treatments administered during the
sampling period.

Results are presented in Table 3 from the repeated clinical
assessments of CMT, rectal temperature, B-hydroxybutyrate,
and haptoglobin. Additional results related to CBC and serum
biochemistry are presented in Supplemental Tables S1, S2,
respectively. None of the enrolled cows displayed clinical signs
of systemic illness such as depression, anorexia, or dehydration
at any of the assessments. Two mastitic cows were pyrexic
(>39.2°C) and two healthy cows were subclinically ketotic
(B-hydroxybutyrate (>1.2 and <3.0 mmol/L) at the time of
enrollment (Table 3). One mastitic cow demonstrated subclinical
ketosis at the third sampling point. None of the healthy cows
exhibited excessive levels of inflammatory proteins; however, 10
of the mastitic cows had haptoglobin levels at enrollment above
the reference interval, and 2 of those cows had persistently high
levels at the second sampling point as well. The two mastitic cows
with normal haptoglobin levels at enrollment were those that
were left untreated.

Although individual healthy cows did demonstrate some
mild shifts outside CBC and serum biochemical reference
ranges, the overall clinical and diagnostic assessments
indicated no evidence of mastitis or systemic physiological
derangements that would exclude them from the healthy
reference group. In contrast, CBC and serum biochemistry
results for mastitic cows provided a nuanced perspective on
the severity and progression of inflammatory and immunologic
responses at the time of enrollment and across sampling points
(Supplemental Tables S1, S2). In particular, white blood cell
counts in general and band cell, segmented cell, and lymphocyte
counts specifically, were frequently outside reference intervals.
Similarly, levels of fibrinogen, albumin, and globulin were
outside references intervals for many of the mastitic cows across
multiple time points.

Latent Class Analysis

LCA was used to help corroborate the separation between healthy
cows vs. diseased cows, and to provide insight into the impact
of physiological changes from one sampling period to the next.
Models for up to six classes were explored and a 2-class model
was used to distinguish unique groups based on the lowest
Akaike information criterion (914.74) and parsimony (Table 3).
Latent class 1 (LC1) membership (n = 33) typically described
substantially normal or mild changes to physiologic, CBC, or
biochemical parameters (Table 3, Supplemental Tables S1, S2).
Latent class 2 (LC2; n = 27) typically indicated moderate to
severe systemic inflammatory and immunologic changes. All
eight of the healthy cows were designated to LC1 for all three
sampling points. At enrollment, 11 of the mastitic cows were
designated to LC2, and one mastitic cow was assigned to LCI.
This cow remained in LC1 across all time points and consistently
had normal values for inflammatory proteins, band cells, and
segmented cells. However, she was retained in the mastitis group
because at enrollment she had a swollen udder, serous discharge,
strong positive CMT, and a 5-fold elevation in haptoglobin
level (82.6 ug/mL) compared to the healthy cows (mean 16.0
4.2 ug/mL). As the sampling periods progressed, four mastitic
cows were reclassified from LC2 to LC1 as inflammatory and
immunologic parameters returned to normal (Table 3). These
results aligned with clinical perceptions that the mastitis was
resolving. Overall, cow with mastitis demonstrated expected
pathophysiologic gradients of disease severity and resolution
indicative of variations in pathogens, treatments, and host
resistance and tolerance mechanisms.

Differential Gene Expression

RNA integrity number values ranged from 8.2 to 9.0 for the
three randomly selected samples, indicating intact RNA and
sufficient storage and extraction methods (30). Data from all
60 submissions passed QC, with no imaging, binding, positive
control, or limit of detection flags. However, 3 of the samples
with <20 ng/ul RNA (Cow ID 4451, 2/7/2019, 3 ng/ul; Cow
ID 4451, 2/14/2019, 1 ng/ul; Cow ID 5307, 2/7/2019, 11
ng/ul) were flagged and removed from further analysis due
to normalization factors well outside the recommended range
(nSolver Analysis Software 4.0, NanoString Technologies, Seattle,
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TABLE 3 | Diagnostic results for cows with and without mastitis at all sampling points including California mastitis test, rectal temperature, serum p-hydroxybutyrate,

serum haptoglobin levels, and latent classes.

Cow ID Mastitis (Y/N) Affected quarter® Sample date DIMP CMT® Rectal temp (<39.2°C) -HOB® (<1.2 mmol/L) Hapt® (<140 ng/mL) Latent class (1-2)

3731 N na 2/18/19 241 N 38.4 0.4 14.1 1
2/25/19 248 N 38.3 07 13.0 1
3/5/19 256 N 38.1 06 14.0 1
5307 N na 2/719 270 N 38.1 s 14.2 1
2/14/19 277 N 384 0.8 115 1
2/2119 284 na 37.9 05 11.0 1
5362 N na 3/5/19 144 N 38.1 0.2 17.1 1
31119 150 N 38.4 0.6 12.6 1
3/19/19 158 N 38.4 08 11.6 1
6081 N na 3/5/19 282 N 38.3 08 25.8 1
3/11/19 288 N 38.6 0.9 14.0 1
3/19/19 296 N 38.1 1.1 13.7 1
6246 N na 2/18/19 212 N 38.2 03 13.0 1
2/25/19 219 N 38.6 0.9 132.0 1
3/5/19 227 N 38.2 0.4 14.9 1
6748 N na 31119 260 N 387 0.9 135 1
3/19/19 268 N 38.6 1 465 1
3/26/19 275 N 38.6 0.9 52.4 1
8494 N na 3/19/19 182 N 385 T 15.1 1
3/26/19 189 N 382 1.1 11.8 1
4/2/19 196 N 38.2 08 13.2 1
11150 N na 3/5/19 87 N 38.2 06 15.1 1
31119 93 N 37.9 0.9 13.6 1
3/19/19 101 N 37.9 06 16.7 1
3955 Y LR 31119 146 1 38.1 0.6 . a6 2
319/19 154 T 38.4 05 12.4 2
3/26/19 161 N 38.1 0.9 12.4 2
4451 Y LR 27719 267 2 3738 0.8 . 634 2
214119 274 N 382 07 14.7 2
2/21/19 281 na 38.2 0.4 14.2 1
5091 Y LR 2/14/19 236 3 387 08 82.6 1
2/2119 243 1 38.2 08 12.2 1
31719 251 N 37.8 12 16.2 1
5410 Y RR ongine 200 3 [N 0.1 . 234083 2
2/25M19 276 1 37.9 08 76.3 2
3/5/19 284 N 38.3 0.4 1.6 2
5754 Y LF 2/25/19 123 3 39.0 08 T AT 2
3/5/19 131 1 37.9 0.8 11.8 2
31119 137 N 387 1 106.3 2
6341 Y LF 31119 269 2 38.1 0.8 . 23833 2
319119 277 2 38.4 07 13.1 1
3/26/19 284 na 38.1 07 15 1
6493 Y RR 2/25/19 254 1 37.8 07 12.1 2
3/5/19 262 1 38.1 06 13.7 2
31119 268 1 38.6 1 365 2
6645 Y LR 2/14119 219 2 38.3 0.9 . 10886 2
2/2119 271 N 386 0.9 14.0 1
31719 271 N 3738 07 1.4 1
6805 Y LF 2/14/19 200 3 386 0.7 - a0 2
2/2119 207 2 38.1 06 20.0 2
(Continued)
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TABLE 3 | Continued

Cow ID Mastitis (Y/N) Affected quarter® Sample date DIMP CMT® Rectal temp (<39.2°C) B-HOB® (<1.2 mmol/L) Hapt® (<140 ng/mL) Latent class (1-2)

3119 215 1 381 07 175 2
9028 Y RF 3/1919 214 3 38.1 0.5 8756 2
3/26119 221 N 38.3 05 13.0 2
4/2/19 228 N 38.1 07 13.4 2
11151 v LR 2/25/19 72 3 379 07 2
3/5/19 80 T 385 07 - 2
31119 86 T 38.1 1 705 1
20008 Y LR oo 253 3 [NESEN 06 2
2/14/19 260 1 38.3 05 - 2
2/2119 267 * 38.1 05 13.0 2

aAffected quarter: na, not applicable; LR, left rear; RR, right rear; LF, left front; RF, right front.

bDIM, days in milk.

CCMT (California mastitis test): na = dried off; N = negative; T = trace; 1 = weak positive; 2 = distinct positive; 3 = strong positive; * = missing data point.

9B-HOB: B-hydroxybutyrate.
®Hapt = haptoglobin.

Reference cut-points are provided within parentheses, and cells with gray coloration indicate values outside established reference ranges.

I BN NN BN NN BN N OEEES N el Sampling Order

TNF 0 Healthyl
CXCL6 [ Healthy2
C5AR1 @ Healthy3
PGLYRP1 B Mastitisl
CATHL B e
IL6
BCARI1
SAA3 Probe Annotations

g CXCL2

O IFNG

O mwm
SELL
IL1B
STATSA
TLR2
LCN2 -3-2-101 23
IL8 Z-scores
CD14
TLR4

FIGURE 1 | Heatmap of the normalized data, scaled to give all genes equal variance, generated via unsupervised clustering. Orange indicates high expression; blue
indicates low expression. This plot is meant to provide a high-level exploratory view of the data.

WA). A heatmap of the remaining normalized data provides
an overview of gene expression per cow at each sampling
point (Figure 1).

There was no differential expression of genes between
sampling points for healthy cows when comparing the initial
samples to those from sampling points 2 or 3 (B-Y p > 0.8).
Three genes (PGLYRPI, CATHL6, and LCN2) were differentially
expressed between sampling points for mastitic cows when
comparing samples from the onset of mastitis to those from
sampling points 2 or 3 (B-Y p < 0.05; Table 4). In confirmation
of our hypothesis, PGLYRPI was expressed differentially in
peripheral leukocytes from dairy cows with and without
moderate to severe mastitis during the post-voluntary waiting
period (B-Y p < 0.05; Table 5). Two additional candidate genes

chosen from our previous study of postpartum disease (CATHL6
and LCN2) also were upregulated (B-Y p < 0.05) at the onset of
mastitis. When mastitic cows were compared to healthy cows by
sampling point, PGLYRPI remained upregulated with notable log
fold-changes from the onset of mastitis (4.31 41.55) through to
sample 2 (2.15 £1.06). On the other hand, the initial log fold-
changes of CATHL6 (4.70 1.70) and LCN2 (3.75 £1.26) quickly
diminished such that they were upregulated only at the onset
of mastitis. Based on the moderately conservative estimates of
false discovery rate using the B-Y correction, none of the other
candidate genes demonstrated DGE in association with mastitis
(Table 5). It is worth acknowledging that a less conservative
estimate (uncorrected p < 0.05) indicated upregulation of one
other candidate gene (C5ARI) at the onset of mastitis, and
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TABLE 4 | Log fold-changes for peripheral leukocyte gene expression in cows

TABLE 5 | Log fold-changes for peripheral leukocyte gene expression in cows

with mastitis. with mastitis (n=12) vs. healthy cows (n = 8).
Gene Mastitis  Log> Std  Lower Upper P-value B-Y Gene Sample Logs Std  Lower Upper P-value B-Y
name sample  fold error CL CL p-value? name fold error CL CL p-value?
change (logz) (logz)  (logy) change (logz) (logz) (logz)
BCAR1 2vs. 1 —0.69 2.74 —6.06 4.68 0.8020 1.0000 BCAR1 1 -0.07 4.72 —9.32 9.19 0.9890 1.0000
3vs. 1 -0.18 267 —5.41 5.05  0.9470 1.0000 2 —0.54 3.34 —7.08 6.00 0.8730 1.0000
C5ART  2vs.1  —002 028 —056 052 0.9420 1.0000 3 0.39 337 —621 699 09100 1.0000
3vs. 1 _0.64 0.27 _147  —041 00241 0.2400 C5AR1 1 0.89 0.32 0.27 1.62 0.0138 0.1570
CATHL6 2 vs. 1 —5.11 0.64 —6.37 —3.85 0.0000 <0.0001 2 0.09 033 —0.56 0.74 07930 1.0000
3vs. 1 -508 063 -631 —385 0.0000 <0.0001 8 020 028 ~034 073 04880 1.0000
CATHL6 1 4.70 0.86 3.00 6.39 0.0001 0.0010
CD14 2vs. 1 -0.80 0.30 -1.39 —-0.21 0.0127 0.1580 5 0.07 0.94 _1.78 192 0.9420  1.0000
3vs.1  -054 080 —112 003 00749 06210 3 0.89 138 182 361 05270 1.0000
CXCL6 2vs. 1 —0.01 0.27 —0.54 0.62 0.9730 1.0000 cD14 1 0.47 0.44 —0.39 1.32 0.3030 1.0000
3vs. 1 —0.06 0.26 —0.57 0.46 0.8350 1.0000 2 —-0.33 0.21 —-0.75 0.09 0.1380 1.0000
IFNG 2vs. 1 0.79 1.14 —1.44 3.03 0.4930 1.0000 3 0.00 0.22 —-0.43 0.44 0.9840 1.0000
3vs. 1 0.60 111 —158 278 0.5960 1.0000 cxcrz 1 Removed
IL18 2vs. 1 042 026 -009 093 01160 0.9650 2 -0.09 090  -1.8 168 09240 1.0000
3vs. 1 —0.19 0.25 —0.68 0.31 0.4670 1.0000 3 =011 0.91 —1.89 1.67 0.9020  1.0000
CXCL6 1 0.36 0.38 -0.38 1.10 0.3550 1.0000
IL8 2vs. 1 —0.58 0.30 —1.16 0.00 0.0571  0.5690
2 —0.02 0.28 —-0.57 0.58 0.9460 1.0000
3vs. 1 —-0.73 0.29 —-1.30 -0.16 0.0168 0.2090 3 —013 0.07 _0.66 0.41 0.6510 1.0000
LCN2 2vs. 1 —-2.67 0.53 —-3.70 —1.64 0.0000 0.0004 IENG 1 Removed
3vs. 1 —-2.60 0.52 -3.61 —1.59 0.0000 0.0005 2 —0.24 1.46 ~3.10 263 0.8740 1.0000
PGLYRP1 2vs. 1 —-2.41 0.73 —-3.84 —-0.99 0.0023 0.0386 3 —0.36 1.97 —4.21 3.49 0.8560 1.0000
3vs. 1 —2.41 0.71 -3.80 —1.01 0.0020 0.0323 IL17D 1 Removed
SELL 2vs.1  —-027 030 -086 032 03740 1.0000 2 -0.65 135 =830 201 0.6400 1.0000
3vs.1 -0.38 029 -096 019 0.1990 1.0000 3 —0.72 114 -296 151 0.5340 1.0000
STATSA  2vs.1 041 009 -006 028 02240 10000 18 ! 0.44 03  -081 118 02710 1.0000
3vs. 1 0.08 0.09 —0.09 0.25 0.3870 1.0000 2 0.34 0.23 —0.11 0.79 01570 1.0000
3 -0.02 0.25 —0.51 0.47 0.9330 1.0000
TLR2 2vs. 1 —0.10 0.18 —0.45 0.26 0.5980 1.0000 s 1 0.71 0.44 _0.16 157 01320 1.0000
3vs. 1 0.11 0.18 -0.23 0.46 0.5280 1.0000 > _0.23 0.07 _0.76 0.30 0.4030 1.0000
TLR4 2vs. 1 -014 021 -054 027 0.5150 1.0000 3 092 035 —091 047 05420 1.0000
3vs. 1 —0.09 0.20 —0.48 0.31 0.6650 1.0000 LCN2 9 3.75 0.65 2.49 501 <0.0001 0.0010
TNF 2vs. 1 -0.23 0.25 -0.72 0.26 0.3700 1.0000 2 0.97 0.43 0.14 1.81 0.0359 1.0000
3vs. 1 -0.31 025 -079 018 02210 1.0000 3 0.81 043 -0.03 166 0.0765 1.0000
PGLYRP1 1 4.31 0.79 2.76 5.86 0.0001  0.0010
;B- Y /p—va/ue: :?enjatn;:i-\/ekuttfe/ffmem?;i fz(ar p—v7a7ljje adjustment. o the second 2 215 0.54 1.09 3.20 0.0009 0.0546
7;3)5 iﬁnfiff%pf% sa(in(;;zs t:ke:'a:t Iéstona-day ;n\t/;i\r/Z/zogiirzenes (CXCL2, IL17D, S 1.88 0.63 0.65 810 0.0076 04460
IL6 and SAA3) were removed for falling below the background level too frequently. SELL 1 0.66 0.37 —0.06 1.39 0.0925 0.8420
2 0.00 0.24 —-0.47 0.46 0.9850 1.0000
3 -0.14 0.24 —0.60 0.33 0.5680 1.0000
3 . . . STAT5A 1 0.13 0.09 —0.06 0.32 0.1900 1.0000
ongoing upregulation of LCN2 and PGLYRP]I at sampling points 5 0.03 041  —049 024 07910 1.0000
2 and 3, respectively. 3 -0.10 010 —029 009 0.3330 1.0000
TLR2 1 0.08 0.25 —0.41 0.57 0.7430 1.0000
DISCUSSION 2 -0.23 0.13 -049 003 0.1010 1.0000
3 —0.09 0.13 —0.33 0.16 0.5070 1.0000
This study investigated differences in peripheral leukocyte gene ~ TLR4 1 0.19 022  -024 063 04000 1.0000
expression in a diverse set of cows with and without moderate 2 —0.17 022 -089 026 04570 1.0000
to severe mastitis and associated physiological changes and 8 —012 019 -0.50 0.250.5330  1.0000
treatment. We identified three genes (CATHL6, LCN2, and TNE ! —0.08 088 —082 066 08370 1.0000
PGLYRPI) that were upregulated during the early stages of 2 004 025 ~05% 045 08680 10000
3 —0.02 0.16 —0.33 0.28 0.8890 1.0000

mastitis regardless of differences in breeds, parities, days in
milk, production levels and pregnancy status. These genes were
investigated due to their previously identified association with
diverse postpartum disease (unpublished data), and their role
in disease resistance through the antimicrobial activity of their

aB-Y p-value: Benjamini-Yekutieli method for p-value adjustment.

Comparisons were made based on sample number (e.g., initial mastitis samples were
compared against initial healthy samples, etc.). Four genes were removed from specific
analyses for falling below the background level too frequently either at the first sampling
point (CXCL2, IL17D, IL6) or altogether (SAA3).
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associated peptides (18, 31, 32). Our expectation was that if the
four genes selected from the postpartum study went undetected
in this study (e.g., ILI7D), mammary-associated genes might
serve as a DGE baseline for mastitis-associated immunologic
and cellular stimuli. Ultimately, the disparity in DGE between
the various candidate genes was likely the result of inherent
influences related to pathogen diversity, variable tissue damage,
and concomitant cytokines, chemokines and virulence factors. As
pointed out previously, cellular effects may be diverse depending
on the pathogens and the nature of inflammation which
ultimately influences the expression of associated resistance and
tolerance mechanisms. More specifically, it should be mentioned
that although mRNA expression is a useful mechanism for
investigating intracellular events in leukocytes, mRNA undergoes
posttranscriptional modifications leading to certain limitations
when studying innate immunity (33).

The cathelicidin-6 protein (CATHL6 gene) is a member
of a major group of host-defense antimicrobial peptides and
has demonstrated potent antimicrobial activity against gram-
negative and gram-positive bacteria, including methicillin-
resistant Staph. aureus and E. coli (18, 34). Lipocalin-2 (LCN2
gene) is also a member of a highly diverse group of proteins that
participate in modeling the immune response (35). In certain
conditions it may play a protective role and prevent severe
tissue damage by facilitating tissue remodeling (36, 37). LCN2
rapidly increases during bacterial infections and inflammatory
conditions (37), acts as a natural bacteriostatic agent through
the interference with siderophore-mediated iron acquisition
(31), and has been recommended as a potential marker of
infection for bovine mastitis (20). Peptidoglycan recognition
protein 1 (PGLYRPI gene) has been shown to have both gram-
positive (Staph. aureus and Listeria monocytogenes) and gram-
negative (E. coli and Salmonella enterica serovar Typhimurium)
bactericidal effects (32, 38, 39). Furthermore, the PGLYRPI gene
has been associated with variable disease resistance indicating
potentially different roles for PGLYRP-1 in diverse diseases
(19, 40). More broadly, peptidoglycan recognition proteins are
important pattern recognition molecules of the innate immune
system that have been shown to act like certain glycopeptide
antibiotics (41, 42).

None of the other genes evaluated in this study demonstrated
DGE associated with mastitis based on moderately conservative
estimates of FDR. This included IL17D which was upregulated
in our postpartum study but left undetected or inconsequential
in this study. Although interleukin-17D (IL17D gene) has not
been extensively investigated it belongs to the IL-17 family
of cytokines which have been implicated in inflammation and
host defense (21). However, the cellular sources of IL-17D are
unknown and IL-17D-mediated cellular effects may be diverse
depending on the pathogens and the nature of inflammation
(43). Although our selection of other candidate genes was
based on previously described associations with mastitis (5-
7), their potential for expression in peripheral leukocytes was
varied. Nonetheless, of the remaining candidates there were
surprises within the omissions given their associated cellular,
immunologic, and inflammatory functions underlying disease
resistance and tolerance (9). The lack of DGE for TLR4 was

particularly surprising given the relationship between the C5AR1
and TLR4 signaling pathways (44), the role of TLR4 in mediating
the innate immune response to bacterial lipopolysaccharide (9),
and recent evidence for upregulation of TLR4 in peripheral blood
leukocytes from cows with clinical mastitis (16).

A less conservative estimate of DGE within our study
results suggested that C5ARI also might have been expressed
differentially in mastitic cows. Although C5ARI was not
identified as a candidate gene within our previous postpartum
study, perhaps due to lactation stage effects (33), it was selected
for this study due to its integrated resistance and tolerance
mechanisms and association with mastitis traits in expression
studies (6, 44). The C5a anaphylatoxin receptor (C5AR1) is
specifically involved in the homeostatic response of bovine
neutrophils to anaphylatoxin complement component 5a (C5a)
(44). C5a is a member of the anaphylatoxins that represent
endogenous danger signals that induce inflammatory responses
and modulate innate immune cell functions, but also have major
potential for harm to go along with their broad spectrum of
biological functions (45, 46). The complexity of C5AR1-induced
effects on different immune functions and systems is reflected by
the fact that even though C5a-C5ARI interaction is associated
with the preservation of neutrophil innate immune functions
(chemotaxis, phagocytosis, respiratory burst) and attenuation of
the inflammatory reaction, excessive interaction of C5a-C5AR1
may result in harmful effects including the paralysis of neutrophil
function during extreme inflammatory reactions such as sepsis
(47, 48). Furthermore, there appears to be cross-talk between
the C5ARI and toll-like receptor 4 (TLR4) signaling pathways
in neutrophils. This suggests that a better understanding of
the attributes of C5AR1 and its interactions with C5a and the
TLR4 pathways could prove useful particularly for maximizing
dairy cow resilience against extreme disease outcomes such as
sepsis (44).

The 4 genes (C5ARI, CATHL6, LCN2, and PGLYRPI)
with evidence of DGE in this study encompass a range of
antimicrobial and immunomodulatory activities, speaking to the
importance of both disease resistance and tolerance in systemic
resilience. Understanding this resilience is essential for managing
the health of livestock and achieving a proper balance between
pathogen elimination and excessive tissue damage (5, 49).
Although the concept of resilience takes on different meanings
depending on the context, it invariably relates to the ability of
a system to maintain specific functions in the face of change
(50). With reference to GO terms aligned with our findings, the
specific molecular functions and biological processes influencing
dairy cow resilience in the face of diverse diseases include the
antimicrobial immune response mediated by antimicrobial
peptides (51). In fact, host defense (antimicrobial) peptides such
as CATHL6, LCN2, and PGLYRP-1 are attractive candidates for
therapeutic development and represent potential alternatives
to antimicrobials for infection management (52). They impact
disease resistance through direct antimicrobial activities,
and they influence disease tolerance through multifaceted
immunomodulatory activities, including profound anti-infective
and selective anti-inflammatory properties (53). These biological
properties suggest that such host defense peptides and their
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synthetic derivatives likely possess wide-ranging clinical
and diagnostic potential beyond antimicrobial replacement.
Although further research is warranted to explain their
functional mechanisms and bioactivity in cattle, our findings
suggest that these conserved elements of innate immunity have
the potential to bridge disease states and target tissues in diverse
dairy populations.
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