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Anticoagulant rodenticides have been implicated as a potential inciting factor in the development of
mange in wild felids, but a causative association between anticoagulant rodenticide exposure and
immune suppression has not been established. Specific-pathogen-free domestic cats were exposed to
brodifacoum over a 6-week period to determine whether chronic, low-level exposure altered the feline
immune response. Cats were vaccinated with irrelevant antigens at different points during the course of
the experiment to assess recall and direct immune responses. Measures of immune response included
delayed-type hypersensitivity tests and cell proliferation assays. IgE and antigen-specific antibodies
were quantified via ELISA assays, and cytokine induction following exposure to vaccine antigens was
also analyzed. While cats had marked levels of brodifacoum present in blood during the study, no cats
developed coagulopathies or hematologic abnormalities. Brodifacoum-exposed cats had transient,
statistically significant decreases in the production of certain cytokines, but all other measures of
immune function remained unaffected throughout the study period. This study indicates that cats
may be more resistant to clinical effects of brodifacoum exposure than other species and suggests that
the gross impacts of environmentally realistic brodifacoum exposure on humoral and cell-mediated
immunity against foreign antigen exposures in domestic cats are minimal.

Anticoagulant rodenticide baits are an important pest control tool, but they also pose a health threat to
non-target species. Upper trophic-level predators, including raptors, bobcats, coyotes, mountain lions, and
other rodent-eating species, are often exposed to rodenticides by consuming poisoned rodents!~”. In Southern
California, blood and liver samples from 64 bobcats (Lynx rufus) revealed that 92% had been exposed to antico-
agulant rodenticides®.

Anticoagulant rodenticides interrupt blood clotting by inhibiting vitamin K epoxide reductase, an enzyme
that is essential for the conversion of vitamin K into its active form®. The active form of vitamin K is necessary
for the synthesis of various components of the coagulation cascade, including clotting factors II, VIL, IX, and X°.
Sufficient exposure to anticoagulant rodenticides can result in profound bleeding and death.

First-generation anticoagulant rodenticides such as warfarin have shorter half-lives and generally require
repeated dosing to produce toxicity, while second-generation anticoagulant rodenticides can be toxic with a sin-
gle dose!®!, Widely used second-generation anticoagulant rodenticides include brodifacoum, bromadiolone, and
difenacoum'®. Second-generation rodenticides are lipophilic and bioaccumulate in liver, so non-target wildlife
may develop toxicity following consumption of multiple, individually non-toxic doses over time'".

Exposure to these first and second generation anticoagulant rodenticides has been documented in bobcat
and mountain lion (Puma concolor) populations in California, which have also been increasingly debilitated
by severe notoedric mange (feline scabies). Recent studies have suggested that this is attributable to chronic
second-generation anticoagulant rodenticide exposure based on correlative evidence showing that non-domestic
felids with severe mange have also been exposed to anticoagulant rodenticides®'"'2, and that urban bobcats
with evidence of rodenticide exposure have perturbations in gene expression'?, white blood cell counts', and
serum biochemistry parameters'®. While the causative agent of feline scabies — Notoedres cati — generally causes
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Figure 1. Experimental timeline.

a transient skin infestation, immunocompromised animals may develop generalized, crusting mange'>~'”. This
more severe form of the disease may be due to an ineffective Th2 immune response and can result in debilitation
and death'®.

In one study, post-mortem examination of mange-infested bobcats revealed variable levels of anticoagulant
rodenticide residues present in the livers of all bobcats tested, in addition to various hematologic and serum bio-
chemistry abnormalities'®. Some of these bobcats were also tested for select infectious diseases (FIV, FeLV, FIP,
leptospirosis) and test results were predominantly negative'?, indicating that any potential immune suppression
is likely caused by something other than the most common feline immune-suppressing pathogens'”. Therefore, it
has been speculated that chronic exposure to second-generation anticoagulant rodenticides has immunomodu-
latory effects in felids, resulting in severe — and sometimes fatal - cases of notoedric mange in California bobcats
and pumas, in addition to broader immune dysfunction in these species'>'*. While domestic cats (Felis catus)
are remarkably resilient to the anticoagulant effects of rodenticides compared to other species'®, the effects of
sub-toxic anticoagulant rodenticide exposure in cats have not been fully explored.

Beyond its role in coagulation, vitamin K and its derivatives seem to play a role in diminishing the produc-
tion of inflammatory cytokines in vitro'*?. It is conceivable that non-lethal rodenticide exposure could inter-
fere with vitamin K synthesis at a sub-clinical level, subsequently disrupting the balance of inflammatory and
anti-inflammatory cytokines and producing immune dysfunction. Moreover, in rodents, chronic exposure to
warfarin-a first-generation anticoagulant-causes a pro-inflammatory response in circulating granulocytes and
affects IL-6 and TNF-a production?"?2. However, a closely related drug, acenocoumarol, diminishes Th1 immune
responses and pro-inflammatory cytokines in human cells in vitro®. These studies and others indicate that antico-
agulants may modulate various aspects of immunity through vitamin K-related mechanisms as well as associated
peripheral pathways.

Here, we use a specific-pathogen-free (SPF) domestic cat model to examine the effect of repeated, sub-toxic
anticoagulant rodenticide exposure on the immune responses of felids.

Results

Experimental brodifacoum exposure has minimal gross effects on feline health. To model an
environmentally realistic, chronic exposure scenario, cats in the brodifacoum-treated group (n=>5) were fed
0.05 mg/kg body weight brodifacoum mixed into canned cat food once weekly for six consecutive weeks (weeks
0-5) (Fig. 1). This dose was selected based on the findings of a conservation-based aerial baiting operation,
where animals that directly consumed brodifacoum bait were found to contain approximately 1 ug brodifacoum/g
meat®*. Thus, a 4kg cat consuming one poisoned rat (~200 g) would ingest a dose of 0.05 mg/kg brodifacoum.
Using this estimate, we fed cats in the brodifacoum-treated group the equivalent of one brodifacoum-intoxicated
rodent per week to model a realistic dose and frequency of brodifacoum exposure. Cats in the control group
(n=>5) received an equivalent amount of inert bait. Group size was determined based on the minimum number
of animals needed to permit discrimination of dose effects on hematocrit and clotting time based upon previous
studies of brodifacoum in non-target species®.

We monitored brodifacoum-exposed and control cats for symptoms of brodifacoum intoxication (lethargy,
tachycardia, tachypnea, anemia, coagulopathy, hemorrhage) throughout the study. We also tracked the cats’
weights and rectal temperatures as additional measures of health, and these were consistently within normal
ranges in both control and brodifacoum-treated cats.

Complete blood counts (CBC) and prothrombin times (PT) were regularly monitored to assess key hemato-
logic and immunologic parameters. CBC monitoring included: hematocrit, platelet count, nucleated cell count,
neutrophil %, lymphocyte %, monocyte %, eosinophil %, neutrophil count, lymphocyte count, monocyte count,
and eosinophil count. No significant changes occurred in the CBCs of brodifacoum-treated or sham-treated
cats at any time point. PT and blood clot formation also remained normal for all cats, regardless of exposure to
brodifacoum (Fig. 2).

Additional assays measuring vitamin K-dependent clotting pathways were performed to identify subtle
changes in clotting not detectable by PT. Proteins Induced by Vitamin K Antagonism or Absence (PIVKA) were
measured using a commercially available human quantitative sandwich enzyme immunoassay. Pre-exposure
(week 0) and post-exposure (week 9) plasma from brodifacoum-treated and sham-treated cats and negative con-
trol samples were below the limit of detection at both time points. Similarly, no differences in factor X activity
were detected between treated and untreated cats at weeks 0 and 9 using a commercial chromogen-based factor
X quantification kit.

Cats have marked levels of liver brodifacoum following chronic exposure.  Using high-performance
liquid chromatography combined with atmospheric pressure chemical ionization and tandem mass spectrometry
(HPLC-APCI-MS/MS), we measured the concentration of brodifacoum present in whole blood samples collected
during and following brodifacoum exposure. Brodifacoum concentrations peaked after 5 weeks (week 4, mean:
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Figure 2. Mean prothrombin times (PT) are normal in brodifacoum-treated cats. Shaded area represents
normal PT range for healthy cats. Standard deviation for each group shown at time points.
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Figure 3. Mean blood brodifacoum levels peak 3-4 weeks following start of dosing. Range of values shown at
each time point. Initial dose of brodifacoum started 7 days prior to initial data point, on week 0. Time frame of
brodifacoum dosing depicted with red line (weeks 0-5).

0.0103 pg/ml, range: 0.0086-0.0109 pg/ml) despite ongoing exposure, and then gradually decreased over subse-
quent weeks (Fig. 3). At the final blood collection, mean brodifacoum levels had decreased to 0.0048 ug/ml (week
10, range: 0.0040-0.0055 pug/ml) (Fig. 3).

Six weeks after the final bait exposure (week 11), the brodifacoum-treated group had mean liver brodifacoum
levels of 1.806 ug/g (SE: 0.473 ug/g, range: 1.670-1.940 ug/g). Cats in the brodifacoum-treated group did not
exhibit any clinical signs of brodifacoum intoxication (elevated PT, altered PIVKA and factor X activity, hem-
orrhage, anemia), despite the marked levels of brodifacoum detected in all liver samples. Brodifacoum was not
detected in the blood or livers of control cats.

Brodifacoum-treated and control cats have similar delayed-type hypersensitivity (DTH)
responses. While cats did not develop overt hematologic or clotting abnormalities in response to brodi-
facoum exposure, we wanted to examine whether brodifacoum-treated cats could mount a normal immune
response. We vaccinated treated and non-treated cats with the irrelevant antigens keyhole limpet hemocyanin
(KLH) and ovalbumin (OVA) to evaluate the potential effects of brodifacoum on primary and recall immune
responses. Following vaccination, cell-mediated immunity to OVA and KLH were tested with delayed-type
hypersensitivity (DTH) tests to determine if anticoagulant-altered immune responses were manifesting in the
dermis, as would potentially be the case with severe mange reactions.

Vaccinated cats in both the brodifacoum-treated and sham-treated groups developed strong positive reactions
(redness and induration) to intradermal injections of OVA and KLH following initial vaccinations, and KLH and
OVA DTH reactions became increasingly prominent with repeated vaccinations (Fig. 4). However, no signifi-
cant differences in DTH response were detected between groups at any time point, indicating that cell-mediated
immunity was predominantly normal in brodifacoum-treated cats despite chronic brodifacoum exposure.
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Figure 4. Brodifacoum- and sham-treated cats have similar delayed-type hypersensitivity (DTH) responses.
Mean DTH score (scale: 0-5) for cats in brodifacoum and sham bait treated groups. PBS = vehicle control.
Ovalbumin (OVA) concentration decreased to 0.25 mg/ml on weeks 6 and 9.
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Figure 5. Brodifacoum- and sham-treated cats have similar antibody responses to ovalbumin (OVA) and
keyhole limpet hemocyanin (KLH). Mean ELISA endpoint dilution, indicating last positive dilution shown.
Standard deviation shown for each group. No significant differences noted between sham- and brodifacoum-
treated groups. There was a trend towards lower anti-KLH antibody titers in brodifacoum-treated cats at week 6
(p=0.17).

Brodifacoum-treated and control cats have similar antibody responses. We then investigated
whether humoral immunity was diminished in brodifacoum-treated animals. To quantify antibodies present
against OVA and KLH, we performed ELISA tests on serum collected from cats in both groups during and fol-
lowing bait exposure. There were no significant differences in concentration of serum antibodies to OVA between
the brodifacoum-treated and sham-treated group at any time point (Fig. 5). At week 6, there was a trend of lower
anti-KLH antibody titers in cats in the brodifacoum-treated group compared to the sham-treated cats (p=0.17),
while antibodies to KLH were otherwise the same between groups at all other time points.

We then specifically measured serum IgE concentrations. As IgE is a key modulator of immunity to parasites,
we speculated that brodifacoum might cause perturbations in IgE production, resulting in impaired immunity to
external parasitism. However, serum IgE concentrations were not significantly affected by brodifacoum exposure.
Cats in the control group had significantly higher levels of IgE than brodifacoum-treated cats, but this difference
was present throughout the study - even before brodifacoum exposure - suggesting that individual outliers may
have had a large effect (see Supplementary Fig. S1).

Brodifacoum exposure does not alter cell proliferation responses. To test the overall immune com-
petence of brodifacoum- and sham-treated cats, we performed cell proliferation assays pre- and post-bait expo-
sure (weeks 0 and 10, respectively). We specifically assayed lymphocyte proliferation by measuring CD5+ cell
population expansion in response to stimulation with concanavalin A (ConA), OVA, or KLH. Non-stimulated
peripheral blood mononuclear cells (PBMCs) were used as a control. No significant difference in cell proliferation
was detected between OVA-stimulated and KLH-stimulated cells collected at week 10 in either the treatment or
control group (Fig. 6). Moreover, there were no differences in the cell proliferation responses between treated and
untreated cats, regardless of the stimulant used to induce cell proliferation.

Brodifacoum treatment is associated with alterations in cytokine expression. In order to
assess innate immunomodulatory effects of brodifacoum exposure, PBMCs were collected from treated and
untreated cats on weeks 0, 4, and 6 and subjected to various stimulatory conditions (ConA-, OVA-, KLH-, or
sham-stimulated). At each time point, the amount of INF~, IL-13, IL-2, IL-8, IL-10, MCP-1, TNFaq, Fas, SDF-1,
SCE, RANTES, PDGEF-BB, KC, IL-18, IL-13, IL-12 (p40), IL-6, IL-4, GM-CSF, and Flt-3 ligand was quantified
by microsphere immunoassay to detect differences in cytokine expression between brodifacoum-treated and
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Proliferation of CD-5+ Cells Following Stimulation
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Figure 6. Brodifacoum- and sham-treated cats have similar cell proliferations responses. Mean percent
proliferation of CD-5+ cells in response to concanavalin A (ConA), ovalbumin (OVA), keyhole limpet
hemocyanin (KLH), or unstimulated cells measured by incorporation of 5-ethynyl-2’-deoxyuridine (EdU) via
flow cytometry. Standard deviation for each group is shown. Pre-bait exposure CD-5+ cells were collected on
week 0 (day 0) prior to first brodifacoum treatment. Post-bait exposure CD-5+ cells were collected on week 10
(day 70). Cats had not been vaccinated with KLH prior to the first cell proliferation assay, so response to KLH-
stimulation was not measured on week 0.
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Figure 7. Concanavalin A (ConA)-stimulated peripheral blood mononuclear cells (PBMCs) from
brodifacoum-treated cats have significantly lower levels of certain cytokines than sham-treated cats after four
weeks of brodifacoum exposure. Box-and-whisker plot shows the median, interquartile, and concentration
range of each cytokine in picograms (pg) per milliliter (ml) of PBMC culture medium.

untreated cats. The most significant effect occurred in ConA-stimulated PBMCs at week 4 (Fig. 7), for which
there was a significant decrease in IL-6 (p=0.02), IL-4 (p =0.03), GM-CSF (p =0.05), and PDGF-BB (p =0.03)
expression in brodifacoum-treated cats compared to untreated cats. There was also a trend at this time point for
TNFa (p=0.19), KC (p=0.12), and IL-18 (p =0.11) to be decreased in brodifacoum-treated PBMCs following
ConA stimulation, but these results were not significant. No significant differences in cytokine expression were
detected between brodifacoum-treated and untreated cats at the next tested time point, week 6. When PBMCs
from brodifacoum-treated cats were evaluated specifically over time, there was a significant decrease in TNFa
(p=0.001) at week 4 and a significant increase in RANTES (p =0.05) at week 6 when compared to cytokine levels
prior to treatment (week 0).

Compared to PBMCs from untreated cats, unstimulated PBMCs from brodifacoum-treated cats exhibited sig-
nificantly decreased IL-6 (p=10.01) at week 4 (Fig. 8). For analytes with sufficient levels of cytokine expression at
all time points (IL-4, TNFa, IL-2), the ratio of cytokine expression in stimulated versus unstimulated PBMCs was
calculated (represented as fold increase in cytokine expression - ConA/Unstimulated). For this measurement,
we observed that brodifacoum treatment produced a significantly decreased effect in IL-4 expression (p = 0.004)
at week 4 (Fig. 9A). Although not statistically significant, there was also as a slightly decreased effect in TNFa
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Figure 8. Unstimulated peripheral blood mononuclear cells (PBMCs) from brodifacoum-treated cats have
significantly lower levels of IL-6 than sham-treated cats after four weeks of brodifacoum exposure. Box-and-
whisker plot shows the median, interquartile, and concentration range of each cytokine in picograms (pg) per
milliliter (ml) of PBMC culture medium.

expression at week 4 (p =0.228) (Fig. 9B), while no effect was observed in IL-2 expression (Fig. 9C). Surprisingly,
no significant differences in cytokine expression were observed between brodifacoum-treated and untreated cats
in OVA- or KLH-stimulated PBMCs at any time point.

Discussion

Numerous studies have explored the adverse effects of anticoagulant rodenticides on non-target species, but it
remains unclear whether sub-toxic doses of these compounds can affect immune responses, as has been sug-
gested for bobcats and mountain lions with severe notoedric mange in California''~'%. Other studies have detected
second-generation anticoagulant rodenticide residues in the livers of non-target species, but have not reported
increased incidence of mange or other immune anomalies?*-2.

Therefore, we designed this study to determine whether cats develop immunological changes in response to
chronic, low-level brodifacoum exposure, as might occur in a natural setting where upper-level predators occa-
sionally consume prey with brodifacoum residues. Brodifacoum-treated cats consumed roughly the equivalent of
one brodifacoum-intoxicated rodent per week for six consecutive weeks, modelling a realistic exposure scenario.
This dose and frequency allowed us to obtain measurable amounts of brodifacoum in the blood and tissues
of exposed cats without producing acute coagulopathies as would be seen at higher doses. There are reports
of the LD50 being as high as 25 mg/kg for cats?**°, while the lowest reported LD50 for brodifacoum in cats is
0.25mg/kg*'. Our dose of 0.05 mg/kg/week was 1/5th of the lowest reported toxic dose and 1/500th that of the
highest reported toxic dose. The cats in our study showed no hemogram or clotting abnormalities despite blood
brodifacoum levels up to 0.0109 ug/mL and liver brodifacoum levels up to 1.940 pg/g. Moreover, specific clotting
assays were within normal ranges for brodifacoum-treated cats, indicating that cats had no detectable changes
in vitamin K-dependent clotting pathways. These findings confirm that cats are highly resistant to the anticoag-
ulant effects of rodenticides. The physiologic mechanisms underlying this species-specific insensitivity remain
unknown and warrant further study.

In a study of bobcats in California, Seryies et al. detected a mean concentration of 0.23 ppm of brodifacoum,
0.62 ppm of bromadiolone, and 0.49 ppm of diphacinone in the livers 19 mange-infested bobcats'2. In an addi-
tional study, the authors concluded that severe mange in bobcats was significantly associated with brodifacoum
exposure and brodifacoum concentration®. Despite these associations, the domestic cats in our study had higher
brodifacoum residues in their livers than the mange-infested bobcats (mean: 1.806 ppm, SE: 0.473 ppm), but did
not develop striking immunologic derangements. Mange-associated mortality in bobcats was also found to be
significantly associated with liver anticoagulant residues > 0.05 ppm'!, whereas there was no domestic cat mor-
tality in this study despite substantially higher liver residues. It is possible that bobcats and other wild felids are
more sensitive to the effects of anticoagulant rodenticides than domestic cats, or that a combination of second
generation anticoagulant rodenticides may cause more profound derangements than exposure to a single com-
pound. Alternatively, the afore-mentioned associations between liver anticoagulant residues, mange, and bobcat
mortality may be correlative findings, rather than causative.

We monitored several immune system parameters throughout the study to account for a broad range of poten-
tial effects. Collectively, our findings demonstrate that the majority of immune system components showed no
differential effects between brodifacoum-treated and sham-treated domestic cats. We noted a significant dif-
ference in serum IgE concentrations between brodifacoum-treated and control cats, but this effect was present
before brodifacoum exposure and appeared to be due to the presence of one or two cats with consistently high IgE
in the control group. Importantly, this outlier effect was not apparent in our other analyses, making it unlikely that
any results were masked or falsely detected due to the presence of individual outliers.

Low-level brodifacoum exposure did appear to influence certain cytokine levels, but these differences did
not manifest clinically and were apparently transient. Differences in interleukin-4 (IL-4) and IL-6 expression

SCIENTIFICREPORTS| (2018) 8:8168 | DOI:10.1038/s41598-018-26558-3 6



www.nature.com/scientificreports/

A 1004 IL-4 - Cytokine Expression over Time
c
2
- "
© - @ Brodifacoum
]
sS2 # Untreated
os
§ E10 *
o @ p=0.004
c f=
g2
0T
€2
[
=3
'aE> £
1] “?" 14
S <
55
S
3
o
w
0.1 T T T
S @ a9
S o o
B 1009 TNFa - Cytokine Expression over Time
c
2
® @ Brodifacoum p=0.228
=0
§ % & Untreated
€3
Q
c j=
%3
@104
38
3
.QE, E
8o
£0
k=4
[
'S
® & &
C 1003 IL-2 - Cytokine Expression over Time
c
Lo
- "
© - @ Brodifacoum
-}
se # Untreated
o
c >
8 _%10-
Q
£3
0T
€L
og
=3
£ E
3 "?" 14
<
55
£¢S
3
[
'S
0.1 v T T
o & 02
d 6’,\' b;x

Figure 9. Ratio of cytokine expression in stimulated versus unstimulated peripheral blood mononuclear
cells (PBMCs) differs between brodifacoum-treated and control cats. Ratio between concanavalin A (ConA)-
stimulated and unstimulated PBMC cytokine expression represented as fold increase in cytokine expression
(ConA:unstimulated). Error bars represent standard error of the mean.

- which are important for B-cell proliferation and IgE isotype switching — were detected on week 4, possibly
explaining the lower anti-KLH antibody titer in brodifacoum-treated cats on week 6. In contrast to our findings,
arecent study comparing anticoagulant rodenticide-exposed and unexposed bobcats found a significant associa-
tion between rodenticide exposure and expression of keratinocyte chemoattractant (KC), stem cell factor (SCF),
and IL-12p40 levels, but no differences in IL-4 or IL-6 expression'“. In addition, rodenticide exposure was linked
with significant elevations in total lymphocyte count!*, whereas we found no evidence of lymphocytosis in our
brodifacoum-exposed group. These contrasting findings may indicate innate differences between domestic cats
and wild felids, or may allude to differences in the underlying etiology of immune dysfunction in bobcats com-
pared to the cats in our study.

While few studies have investigated the pathogenesis of notoedric mange, sarcoptic mange - a closely related
disease caused by Sarcoptes scabeii - is better described in the literature. In humans and animal models, severe
crusting sarcoptic mange is attributed to an ineffective Th2 immune response'®*2. Individuals who develop the
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severe form of the disease have marked numbers of CD8+ cells infiltrating the dermis and profound elevations
of IL-4'. Numerous other cytokines (IL-2, TGF-3, IL-13) appear to be differentially affected!®*2-**. Moreover,
mites themselves secrete factors that alter cytokine production at the skin surface!'®%. Interestingly, epicutaneous
administration of warfarin in rats was found to induce the expression of pro-inflammatory cytokines (TNF-q,
IL-17, and IL-103) from skin explants and epidermal cells*®, and had differential effects on granulocyte and lym-
phocyte proliferation in a whole-animal model®”. While gross measures of immune function measured in our cats
were not significantly altered - and those alterations that were detected were transient — brodifacoum exposure
may subtly alter the Th1/Th2 immune balance at the cytokine level, which could affect feline immunity to external
parasites. In addition, it is possible that rodenticide-mediated immune perturbations manifest locally in the der-
mis and thus were not detected via our experimental methods. However, the DTH responses of cats in our study
indicate that skin-level immunity in brodifacoum-treated cats is predominantly normal.

Numerous other factors may affect the overall health and immune competence of wildlife species, including
infectious diseases, stressors associated with living in urban environments, and exposure to environmental con-
taminants. While infectious diseases are known to circulate in wild felid populations and have well-described
immunosuppressive effects**-*, Foley et al. report that unpublished data on disease testing in mange-infested
bobcats has not shown any association between other infectious diseases and occurrence of generalize mange!”.

Peri-urban wildlife demonstrate glucocorticoid alterations in response to a variety of urban factors, including
noise pollution, light pollution, and changes to normal diets**>. Bhattacharjee et al. have described elevated lev-
els of fecal cortisol in tigers living adjacent to anthropogenic activities*’, and numerous studies have shown that
persistently elevated glucocorticoid levels impact immune function in various species**~*. Thus, stress-associated
immune suppression may be an important factor in the development of disease in wildlife.

Beyond exposure to anticoagulant rodenticides, animals living in urban or semi-urban areas are widely
exposed to a variety of potentially bioactive contaminants that leach into the environment, including polyaro-
matic hydrocarbons, organophosphates, and organochlorines*®-*°. These contaminants of concern (COC) have
well-documented effects on the immune function of numerous animal species®~>?, and are believed to bioaccu-
mulate in upper-level predators®*-¢. Studies in laboratory animals and wildlife have indicated that these com-
pounds cause measurable immune system derangements*-**-%°. Thus, these agents must also be considered and
investigated as potential auxiliary, potentiating, or primary factors driving immune derangements in wildlife
species.

Collectively, there are most likely numerous factors that contribute to immune modulation in wild felids, each
of which warrants further investigation. Importantly, our study demonstrates that healthy domestic cats do not
manifest overt signs of immune dysregulation despite chronic exposure to environmentally relevant, sub-toxic
doses of brodifacoum. There may be specific windows of time when certain immune responses are diminished in
brodifacoum-exposed cats, but this appears to be transient. It is likely that comorbidities, concurrent stressors,
exposure to environmental contaminants, and other variables may all play a role in the ultimate development of
immune dysfunction in wild felids with evidence of anticoagulant rodenticide exposure, and that brodifacoum
exposure is only one possible component of this phenomenon.

Methods

Animals. Specific-pathogen-free (SPF) domestic cats were randomly assigned to either a sham-bait or brod-
ifacoum-treated group (n = 5/group). Cats were free from feline herpes virus, feline calicivirus, feline leukemia
virus, feline immunodeficiency virus, feline panleukopenia virus, toxoplasmosis, Bartonella henselae, Giardia
spp., Cytoisospora spp., and Cryptosporidium spp. Each group contained 3 neutered males and 2 intact females,
all approximately 9-10 months of age. Cats were gang-housed according to treatment group and received a
nutritionally complete feline diet and water ad libitum. All animal experiments were reviewed and approved by
Colorado State University’s Institutional Animal Care and Use Committee and were carried out in accordance
with relevant regulations and guidelines.

Vaccinations and Brodifacoum Administration. All cats were subcutaneously vaccinated with 50 pg
of ovalbumin (OVA, InvivoGen, San Diego, CA) dissolved in 1 ml sterile PBS on weeks -6, -4, and 2, and 50 g
of keyhole limpet hemocyanin (KLH, Sigma Aldrich, St. Louis, MO) dissolved in 1 ml PBS on weeks 2, 4, and 6.
Cats in the brodifacoum-treated group were fed 0.05 mg/kg brodifacoum mixed into canned cat food once weekly
from weeks 0 to 5. Cats in the control group received an equivalent amount of inert bait. Cats were fed individu-
ally during bait exposure and each cat consumed the full amount of bait at each dosing.

Blood Collection and Tissue Collection. CBCs and prothrombin times (PTs) were measured twice weekly
on weeks 0-6, and once weekly through week 10 (SCA2000 Veterinary Coagulation Analyzer, Synbiotics, Kansas
City, KS) (IDEXX Coag Dx* PT cartridges, IDEXX Veterinary Diagnostics, Westbrook, ME). Baseline CBCs and
PTs were collected prior to initial bait exposure. Serum, plasma, whole blood, and leukocytes were saved from
each blood collection and stored at —80 °C for analysis at later time points. Six weeks following final bait exposure
(week 11), cats were anesthetized for a laparotomy to obtain a 1-3 g section of liver for analysis of brodifacoum
levels.

Whole Blood and Liver Brodifacoum Levels. Whole blood from weeks 1-10 and liver biopsies from
week 11 from both brodifacoum- and sham-bait-treated cats were measured for brodifacoum concentrations
using high-performance liquid chromatography combined with atmospheric pressure chemical ionization and
tandem mass spectrometry (HPLC-APCI-MS/MS). Liver and blood from non-treated cats acted as negative con-
trols. Whole blood (0.2 mL) was extracted with a water-acetonitrile mixture, phase separated with excess NaCl,
and the acetonitrile phase analyzed by HPLC-APCI-MS/MS. Liver (~0.2 g) was extracted the same way, except
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0 — No DTH reaction

1 —All reaction dimensions < 0.5 cm

2 — Any one reaction dimension 2 0.5 cmand < 1.0 cm

3 — Any one reaction dimension 2 1.0 cm

4 — Any reaction dimension 2 1.0 cm, with height 2 0.1 cm
5 — Any presence of bruising, ulceration

Figure 10. Left panel depicts typical delayed-type hypersensitivity (DTH) reaction appearance on dorsum of
cat. Triplicate series of each antigen were injected (0.1 ml/injection). From left to right: ovalbumin (OVA), PBS,
keyhole limpet hemocyanin (KLH). Right panel shows DTH scoring algorithm, with each reaction scored from
0-5. Mean DTH score was calculated for each antigen for each cat.

that an additional clean-up step with dispersive solid-phase extraction (C18 and primary-secondary amine sor-
bents) was performed prior to analysis. Method accuracy using control cat liver fortified with 0.028 to 2.3 ug/g
brodifacoum (n= 12) ranged from 90% to 101%. Control whole cat blood fortified with 0.0058 to 0.47 pg/mL
brodifacoum (n=24) ranged from 87% to 128%. Brodifacoum detection and quantitation limits estimated from
3X and 10X signal-to-noise ratio were 0.006 and 0.019 pg/g in liver; 0.0007 and 0.0022 pg/mL in whole blood.

Delayed-type Hypersensitivity (DTH) Reaction. Cell-mediated immunity to OVA and KLH were
tested with delayed-type hypersensitivity (DTH) tests on weeks -3, 2, 4, 6, and 9. Briefly, 0.1 ml of OVA (1 mg/
ml), KLH (1 mg/ml), and sterile PBS were injected intradermally in triplicate on the shaved dorsum of each cat.
Degree of induration at each site was measured with calipers at 24, 48, and 72 h post-injection. The concentration
of OVA was decreased from 1 mg/ml to 0.25 mg/ml for the final two DTH tests in both groups due to exuberant
induration in vaccinated cats. A scoring algorithm was used to determine the mean induration for each antigen
(Fig. 10) and unpaired t-tests with Holm-Sidak correction for multiple comparisons were used to test for signif-
icant differences between the treatment and control group means at each time point. Analyses were conducted
using GraphPad Prism 6.0 software (La Jolla, CA) and p-values < 0.05 were considered significant.

Anti-OVA and Anti-KLH ELISA. Anti-OVA and anti-KLH antibodies were quantified in the serum of
treated and untreated cats collected on weeks 0, 4, 5, 6, 7, and 10. ELISA plates were prepared by adsorbing OVA
and KLH to Immulon H2B high binding plates (Thermo Scientific, Rochester, NY) for 16-18h at 4°C. Each well
was coated with 100 ul of antigen diluted in 50 mM carbonate buffer at a concentration of 0.5 ng/pl. Plates were
blocked with 300 ul/well of wash buffer (2 mM imidazole, 160 mM NaCl, and 0.5mM EDTA) containing 2%
bovine serum albumin (BSA).

Serial two-fold dilutions of serum from each cat were added to 96-well plates (100 ul/well) and incubated for
2h at room temperature on an orbital shaker. Supernatants were discarded, and wells were washed 5 times using
an automatic plate washer (ELy50 AutoStrip Washer, Bio-Tek Instruments, Inc.) and wash buffer with 0.2% Tween
20. Goat anti-cat IgG (H+L) peroxidase conjugate (Cappel Research Reagents, MP Biomedicals, LLC, Solon,
OH) was diluted 1:5000 in ELISA diluent with 5% normal mouse serum (Invitrogen, Rockford IL) and 100 ul was
added to each well. Plates were incubated at room temperature on an orbital shaker for 1h. Supernatants were
discarded, and wells were washed 5 times using an automatic plate washer as before.

One hundred pl of TMB Microwell Peroxidase Substrate System (KPL, Gaithersburg, MD) was added to each
well. Plates were incubated at room temperature on an orbital shaker for approximately 10 min. The peroxidase
reaction was stopped by addition of 50 pl of 2.5N H,SO,.

Plates were analyzed on a MultiSkan Spectrum ELISA plate reader (Thermo Labsystems) at 450 nm. A positive
cutoff was set at twice the absorbance of the average reading of all negative serum samples on the plate. Pooled
serum from 4 vaccinated cats served as a positive control. Buffer-only and pooled serum from unvaccinated cats
were used as negative controls. Group means were compared using unpaired t-tests with Holm-Sidak correction
for multiple comparisons to test for significant differences between the treatment and control group titers at each
time point (GraphPad Prism 6.0). P-values < 0.05 were considered significant.

IgE ELISA.  Abcam’s IgE Cat ELISA Kit (Abcam, Cambridge, MA) was used to determine the concentration of
serum IgE from each cat on weeks 0, 4, and 6 according to manufacturer’s instructions. Briefly, serum was diluted
1:50 in 1x IgE Cat Diluent. One hundred pL of standards 1-6, a blank control, and diluted samples were added
in duplicate to the plate and incubated for 1 h. Following incubation, well contents were discarded and wells
were washed 4 times with 1x Wash Buffer. After final wash, well contents were discarded and 100 uL of 1x IgE
Cat HRP Conjugate was added to each well and incubated for 1h in the dark. Following incubation, wells were
again washed 4 times with 1x Wash Buffer. 100 uL of TMB Substrate Solution was then added to each well and
incubated for 10 min, followed by the addition of 100 uL Stop Solution to each well. Absorbance at 450 nm was
measured using a MultiSkan Spectrum ELISA plate reader and mean concentration of IgE was calculated relative
to the standards. Repeated measures ANOVA with multiple comparisons was used to evaluate differences in IgE
concentration between treatment groups over time and at individual time points. Analyses were conducted using
GraphPad Prism 6.0. P-values < 0.05 were considered significant.

Cell Proliferation Assay. Peripheral blood mononuclear cells (PBMCs) were isolated from each cat’s
blood using a standard Histopaque (Sigma, St. Louis, MO) isolation method®!. Red blood cells were removed
using Ammonium-Chloride-Potassium lysing buffer. PBMCs (2.5 x 10°) from each cat were added to each of
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Figure 11. Gating tree used to identify CD5+/5-ethynyl-2’-deoxyuridine (EdU)+ cells. Single cells were identified
by plotting side scatter area by side scatter height. Cells aligning linearly were counted as single cells. CD5+- cells were
identified from single cells by plotting FL8 (the channel recognizing APC-Cy7) by side scatter area. Finally, CD5+
EdU+ cells were identified from CD5+- cells by plotting FL6 (the channel that detects APC) by FL8.

12 wells in a 96-well tissue-culture plate with culture medium (Dulbecco’s modified Eagle’s medium (DMEM)
with GlutaMAX-1, 10% fetal bovine serum (FBS), and 1x penicillin-streptomycin (10,000 U/L penicillin and
10,000 pg/L streptomycin), and 1 ug/ml of amphotericin B).

Cells were stimulated with concanavalin A (ConA), OVA, or KLH at concentrations of 10 ug/ml, 100 ug/ml,
and 100 pg/ml, respectively, or were inoculated with culture medium alone. Stimulated cells were incubated at
37°Cfor 72h (ConA) or 96 h (OVA, KLH, unstimulated cells). Cells used for single staining were stimulated with
ConA or medium only. Each cat’s cells were run in triplicate for each treatment.

After incubation, cells were pulsed with 1 uM 5-ethynyl-2’-deoxyuridine (EdU) for 24 h at 37°C. One hundred
UL of supernatant was collected from each well and frozen at —80 °C for cytokine analysis (see below). Cells were
washed with FACS buffer and blocked with normal mouse serum. Antibodies were labeled using Abcam’s APC/
Cy7 Conjugation kit (Cambridge, MA) (Mouse Anti-Feline CD5) according to kit instructions. Antibodies were
diluted in FACS buffer (CD5 APC-CY7 1:750), added to cells at 50 ul/well, and incubated at room temperature in
the dark for 30 min. Cells were then washed, fixed with 4% paraformaldehyde for 10 min, and then washed again
with FACS buffer. Antibody single staining was accomplished similarly by addition of only 1 antibody per set of 3
ConA and 3 unstimulated wells. Antibody single stains underwent the EdU detection protocol without the addi-
tion of the EdU Alexa Fluor. The EAU single stain was accomplished by not surface staining with any antibodies
and only performing EdU detection.

The Click-iT Plus EdU Alexa Fluor 647 Flow Cytometry Assay Kit (Life Technologies Corporation, Carlsbad,
CA) was used to detect cell proliferation. Manufacturer’s protocols were followed with modifications to run
smaller reaction volumes (60 ul total volume) per well in a 96-well flow cytometry plate. Reagent relative concen-
trations were retained.

Stained cells were re-suspended in FACS buffer and run on a Beckman Coulter Gallios Flow Cytometer
(Beckman Coulter, Brea, CA). All results were based on cell counts of 10,000 or more. List mode-files were ana-
lyzed using Flow]Jo software (Ashland, OR). Gating was achieved as diagrammed in Fig. 11. Compensation was
based on single color staining of cells undergoing identical treatments as those being analyzed for each of the
fluorescently-labeled antibodies used. Unpaired t-tests with Holm-Sidak correction for multiple comparisons
were used to evaluate differences in cytokine concentration between treatment groups. Analyses were conducted
using GraphPad Prism 6.0 software and p-values < 0.05 were considered significant.

Quantification of cytokine expression in PBMCs during brodifacoum treatment. Cytokine con-
centrations in unstimulated PBMCs and ConA-stimulated PBMCs were measured using a commercially available
MILLIPLEX® MAP Feline Cytokine/Chemokine Magnetic Bead Panel (fluorophore-conjugated microspheres,
Millipore) per manufacturer’s instructions. Briefly, 25 pl from each triplicate sample was combined into one
sample per animal. Fifty pl of each combined sample was incubated with a composite panel of microspheres
coupled with capture antibodies to INF~, IL-183, IL-2, IL-8, IL-10, MCP-1, TNFaq, Fas, SDF-1, SCF, RANTES,
PDGF-BB, KC, IL-18, IL-13, IL-12 (p40), IL-6, IL-4, GM-CSE, and Flt-3 ligand. Following incubation with bioti-
nylated secondary antibodies and streptavidin-conjugated phycoerythrin (PE), soluble cytokine molecules were
detected in each sample using a Luminex® 200™ detection system. Final analyte concentration was calculated
using manufacturer-provided standard curves for each analyte and Bio-Plex™ Manager 5.0 software (Bio-Rad).
Repeated measures ANOVA with multiple comparisons was used to evaluate differences in cytokine concentra-
tion among treatment groups over time and at individual time points. Analyses were conducted using GraphPad
Prism 6.0 software and p-values < 0.05 were considered significant.
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PIVKA Assay. Proteins Induced by Vitamin K Antagonism or Absence (PIVKA) were measured using a com-
mercially available human quantitative sandwich enzyme immunoassay (MyBioSource, San Diego, CA). Plasma
samples from all cats from weeks 0 and 9 were diluted 1:4 and applied to duplicate wells. The PIVKA II standard
(0-20ng/ml) was also applied in duplicate. Bound PIVKA is detected using a peroxidase-labeled antibody and
peroxidase substrate. Optical density (OD) of each sample, measured at 450 nm, was used to calculate the quan-
tity of PIVKA II in the feline plasma samples using a line generated from the OD of the standards. Two canine
patient plasma samples were used as negative and positive controls. The negative control sample was from a dog
with a normal coagulation profile and no known exposure to vitamin K antagonists. The positive control sample
was collected as part of a clinical diagnostic procedure from a dog with known warfarin administration, and a
prolonged international normalized ratio (INR). The positive control sample contained 0.3 ng/ml of PIVKA II

Factor X Assay. Plasma collected from all cats on weeks 0 and 9 was prepared using the DiaPharma Factor X
Kit (DiaPharma Group, Inc., West Chester, OH) following manufacturer’s instructions for the quantitative deter-
mination of factor X activity. Russell’s Viper Venom (RVV) specifically activates factor X to factor Xa, and factor
Xa cleaves a chromogenic substrate to produce a color change. Optical density (OD) of the reaction well is directly
proportional to the factor X activity in plasma. A standard curve was calculated using laboratory-prepared canine
pooled plasma in serial two-fold dilutions representing factor X activities of 50% to 0.7815%. Logarithmic trans-
formation of the percent activity was then used to generate a linear equation with optical density. Samples were
diluted 1:4 and then applied in duplicate to a 96-well plate and warmed to 37 °C for 3-4 min. Factor Xa chromog-
enic substrate was added followed by RVV and calcium dichloride. The plate was then incubated for an additional
3 min for color development and 20% acetic acid was added to stop the color change. The ODs were measured at
405 nm using a plate reader (Syndergy H1, BioTek). Sample means were used to determine activity based on the
equation for the standard curve.

Data Availability. The datasets generated and/or analyzed during the current study are available from the
corresponding author on reasonable request.

References

1. Mendenbhall, V. M. & Pank, L. E. Secondary poisoning of owls by anticoagulant rodenticides. Wildlife Soc. B. 8, 311-315 (1980).

2. Littrell, E. E. Wild carnivore deaths due to anticoagulant intoxication. Calif. Fish Game 74, 183 (1988).

3. Riley, S. P. D. et al. Effects of urbanization and habitat fragmentation on bobcats and coyotes in southern California. Conserv. Biol.
17, 566-576 (2003).

4. Eason, C. T., Murphy, E. C., Wright, G. R. G. & Spurr, E. Assessment of risks of brodifacoum to non-target birds and mammals in
New Zealand. Ecotoxicology 11, 35-48 (2002).

5. Eason, C. T. & Spurr, E. Review of the toxicity and impacts of brodifacoum on non-target wildlife in New Zealand. New Zeal. J. Zool.
22,371-379 (1995).

6. Stone, W., Okoniewski, J. C. & Stedelin, J. R. Anticoagulant rodenticides and raptors: recent findings in New York, 1998-2001. B.
Environ. Contam. Tox. 70, 34-40 (2002).

7. Daniels, D. Second Generation Anticoagulant Rodenticide Assessment. Memorandum to California Department of Pesticide
Regulation http://www.cdpr.ca.gov/docs/registration/reevaluation/chemicals/brodifacoum_final_assess.pdf. (2013).

8. Serieys, L. E. K. et al. Anticoagulant rodenticides in urban bobcats: exposure, risk factors and potential effects based on a 16-year
study. Ecotoxicology 24, 844-862 (2015).

9. DeClementi, C. & Sobczak, B. R. Common rodenticide toxicoses in small animals. Vet. Clin. N. Am.-Small 42, 349-360 (2012).

10. DuVall, M. D, Murphy, M. J., Ray, A. C. & Reagor, J. C. Case studies on second-generation anticoagulant rodenticide toxicities in
nontarget species. J. Vet. Diagn. Invest. 1, 66-68 (1989).

11. Riley, S. P. et al. Anticoagulant exposure and notoedric mange in bobcats and mountain lions in urban southern California. J.
Wildlife Manage. 71, 1874-1884 (2007).

12. Serieys, L. et al. Serum chemistry, hematologic, and post-mortem findings in free-ranging bobcats (Lynx rufus) with notoedric
mange. J. Parasitol. 99, 989-996 (2013).

13. Fraser, D. et al. Genome-wide expression reveals multiple systemic effects associated with detection of anticoagulant poisons in
bobcats (Lynx rufus). Mol. Ecol. 00, 1-18, https://doi.org/10.1111/mec.14531 (2018).

14. Serieys, L. E. K. et al. Urbanization and anticoagulant poisons promote immune dysfunction in bobcats. Proc. R. Soc. B. 285,
20172533, https://doi.org/10.1098/rspb.2017.2533 (2018).

15. Pence, D. & Ueckermann, E. Sarcoptic mange in wildlife. Rev. Sci. Tech. OIE 21, 385-398 (2002).

16. Walton, S. The immunology of susceptibility and resistance to scabies. Parasite Immunol. 32, 532-540 (2010).

17. Foley, J. et al. A synthetic review of notoedres species mites and mange. Parasitology 143, 1847-1861 (2016).

18. Kohn, B., Weingart, C. & Giger, U. Haemorrhage in seven cats with suspected anticoagulant rodenticide intoxication. J. Feline Med.
Surg. 5,295-304 (2003).

19. Hatanaka, H. et al. Effects of vitamin K3 and K5 on proliferation, cytokine production, and regulatory T cell-frequency in human
peripheral-blood mononuclear cells. Life Sci. 99, 61-64 (2014).

20. Oshaki, Y. et al. Vitamin K suppresses the lipopolysaccharide-induced expression of inflammatory cytokines in cultures
macrophage-like cells via the inhibition of the activation of nuclear factor k3 through the repression of IKKo/3 phosphorylation. J.
Nutr. Biochem. 21, 1120-1126 (2010).

21. Belij, S. et al. Effects of subacute oral warfarin administration of peripheral blood granulocytes in rats. Food Chem. Toxicol. 50,
1499-1507 (2012).

22. Popov, A. et al. Oral warfarin affects peripheral blood leukocyte IL-6 and TNFa production in rats. J. Immunotoxicol. 10, 17-24
(2013).

23. Schroecksnadel, S. et al. Inmunomodulatory effects in vitro of vitamin K antagonist acenocoumarol. Thromb. Res. 131, e264-€269,
https://doi.org/10.1016/j.thromres.2013.02.012 (2013).

24. Dowding, J. E., Murphy, E. C. & Veitch, C. R. Brodifacoum residues in target and non-target species following an aerial poisoning
operation on Motuihe Island, Hauraki Gulf. New Zeal. J. Ecol. 23, 207-214 (1999).

25. Lenth, R. V. Some practical guidelines for effective sample-size determination. Am. Stat. 55, 187-193 (2001).

26. Shore, R. E, Birks, J. D. S., Afsar, A., Wienburg, C. L. & Kitchener, A. C. Spatial and temporal analysis of second-generation
anticoagulant rodenticide residues in polecats (Mustela putorius) from throughout their range in Britain, 1992-1999. Environ.
Pollut. 122, 183-193 (2003).

SCIENTIFICREPORTS| (2018) 8:8168 | DOI:10.1038/s41598-018-26558-3 11


http://www.cdpr.ca.gov/docs/registration/reevaluation/chemicals/brodifacoum_final_assess.pdf
http://dx.doi.org/10.1111/mec.14531
http://dx.doi.org/10.1098/rspb.2017.2533
http://dx.doi.org/10.1016/j.thromres.2013.02.012

www.nature.com/scientificreports/

27. Brakes, C. R. & Smith, R. H. Exposure of non-target small mammals to rodenticides: short-term effects, recovery and implications
for secondary poisoning. ] Appl. Ecol. 42, 118-128 (2005).

28. McMillin, S. C., Hosea, R. C., Finlayson, B. E, Cypher, B. & Mekebri, A. Anticoagulant rodenticide exposure in an urban population
of San Joaquin kit fox. Proc. Vert. Pest. Conf. 23, 163-165 (2008).

29. Rammell, C. G., Hoogenboom, J. J. L., Cotter, M., Williams, J. M. & Bell, J. Brodifacoum residues in target and non-target animals
following rabbit poisoning trails. New Zeal. . Exp. Agr. 12,107-111 (1984).

30. Godfrey, M. E. R. Non-target and secondary poisoning hazards of “second generation” anticoagulants. Acta Zool. Fennica 173,
209-212 (1985).

31. Eason, C. T. & Wickstrom, M. Brodifacoum (Talon®, Pestoft® ) in Vertebrate Pesticide Toxicology Manual (Poisons). 49-65. (New
Zealand Department of Conservation 2001).

32. Lalli, P, Morgan, M. & Arlian, L. Skewed Th1/Th2 immune response to Sarcoptes scabiei. J. Parasitol. 90, 711-714 (2004).

33. Mounsey, K. et al. Prospective study in a porcine model of Sarcoptes scabiei indicates the association of Th2 and Th17 pathways with
the clinical severity of scabies. PLoS Neglect. Trop. D. 9, 3498, https://doi.org/10.1371/journal.pntd.0003498 (2014).

34. Morgan, M. S., Arlian, L. G. & Markey, M. P. Sarcoptes scabiei mites modulate gene expression in human skin equivalents. PloS One
8, 71143, https://doi.org/10.1371/journal.pone.0071143 (2013).

35. Arlian, L., Morgan, M. & Paul, C. Evidence that scabies mites (Acari: Sarcoptidae) influence production of interleukin-10 and the
function of T-regulatory cells (Tr1) in humans. J. Med. Entomol. 43, 283-287 (2006).

36. Popov Aleksandrov, A. et al. Proinflammatory cytokine responses in skin and epidermal cells following epicutaneous administration
of anticoagulant rodenticide warfarin in rats. Cut. Oc. Toxicol. 34, 149-155 (2015).

37. Kataranovski, M. et al. Immunotoxicity of epicutaneously applied anticoagulant rodenticide warfarin: evaluation by contact
hypersensitivity to DNCB in rats. Toxicology 188, 83-100 (2003).

38. Brown, M. et al. Genetic characterization of feline leukemia virus from Florida panthers. Emerg. Infect. Dis. 14, 252-259 (2008).

39. Foley, J. et al. Risk factors for exposure to feline pathogens in California mountain lions (Puma concolor). J. Wildlife Dis. 49, 279-293
(2013).

40. Lee, J. et al. Evolution of puma lentivirus in bobcats (Lynx rufus) and mountain lions (Puma concolor) in North America. J. Virol. 88,
7727-7737 (2014).

41. Isaksson, C. Urbanization, oxidative stress and inflammation: a question of evolving, acclimatizing or coping with urban
environmental stress. Funct. Ecol. 29, 913-923 (2015).

42. Davies, S., Haddad, N. & Ouyang, J. Stressful city sounds: glucocorticoid responses to experimental traffic noise are environmentally
dependent. Biol. Letters 13, 20170276, https://doi.org/10.1098/rsbl.2017.0276 (2017).

43. Bhattacharjee, S. et al. Glucocorticoid stress responses of reintroduced tigers in relation to anthropogenic disturbance in Sariska
Tiger Reserve in India. PloS One 10, e127626, https://doi.org/10.1371/journal.pone.0127626 (2015).

44. Greco, D. & Harpold, L. Immunity and the endocrine system. Vet. Clin. N. Am.-Small 24, 765-782 (1994).

45. Charbonnel, N. et al. Stress and demographic decline: a potential effect mediated by impairment of reproduction and immune
function in cyclic vole populations. Physiol. Biochem. Zool. 81, 63073 (2008).

46. French, S. S., DeNardo, D. E, Grieves, T. ], Strand, C. R. & Demas, G. E. Human disturbance alters endocrine and immune responses
in the Galapagos marine iguana (Amblyrhynchus cristatus). Horm. Behav. 58, 792-799 (2010).

47. Boland, L. & Barrs, V. Peculiarities of feline hyperadrenocorticism: update on diagnosis and treatment. J. Feline Med. Surg. 19,
933-947 (2017).

48. Sabin, L. D,, Schiff, K. C., Lim, J. H. & Stolzenbach, K. D. Atmospheric concentrations of PAH, pesticides, and other semi-volatile
organic compounds in the Los Angeles coastal region. Southern California Coastal Water Research Project 2003-04 Biennial Report,
61-72 (2004).

49. Ataria, . M., O’'Halloran, K. & Booneratne, R. Hepatic and immune biological effect assay in C57BL/6 mice to measure polycyclic
aromatic hydrocarbon bioavailability under laboratory exposures with increasing environmental relevance. Env. Sci. Poll. Res. Int.
14, 256-265 (2007).

50. Davis, J. A., Hetzel, F, Oram, J. J. & McKee, L. J. Polychlorinated biphenyls (PCBs) in San Francisco Bay. Environ. Res. 105, 67-86
(2007).

51. Kim, K., Ara Jahan, S., Kabir, E. & Brown, R. J. C. A review of airborne polycyclic aromatic hydrocarbons (PAHs) and their human
health effects. Environ. Int. 60, 71-80 (2013).

52. Kamal, A, Cincinelli, A., Martellini, T. & Malik, R. N. A review of PAH exposure from the combustion of biomass fuel and their less
surveyed effect on the blood parameters. Environ. Sci. Pollut. Res. 22, 4076-4098 (2015).

53. de Swart, R. L., Ross, P. S., Vos, J. G. & Osterhaus, A. D. M. E. Impaired immunity in harbor seals (Phoca vitulina) exposed to
bioaccumulated environmental contaminants: review of a long-term feeding study. Environ. Health Persp. 104, 823-828 (1996).

54. Mongillo, T. M. et al. Predicted polybrominated diphenyl ether (PBDE) and polychlorinated biphenyl (PCB) accumulation in
southern resident Killer whales. Mar. Ecol. Prog. Ser. 453, 263-277 (2012).

55. Letcher, R.]. et al. Exposure and effects of persistent organohalogen contaminants in arctic wildlife and fish. Sci. Total Environ. 408,
2995-3043 (2010).

56. Sonne, C. Health effects from long-range transported contaminants in Arctic top predators: an integrated review based on studies
of polar bears and relevant model species. Environ. Int. 36, 461-491 (2010).

57. Mori, C., Morsey, B., Levin, M., Nambiar, P. & De Guise, S. Inmunomodulatory effects of in vitro exposure to organochlorines on
T-cell proliferation in marine mammals and mice. J. Toxicol. Environ. Health A 69, 283-302 (2006).

58. Finkelstein, M. et al. Contaminant-associated alternation of immune function in black-footed albatross (Phoebastria nigripes), a
North Pacific predator. Environ. Toxicol. Chem. 26, 18961903 (2007).

59. Martin, P. A. et al. Immunotoxicity of the commercial polybrominated diphenyl ether mixture DE-71 in ranch mink (Mustela vison).
Environ. Toxicol. Chem. 26, 988-997 (2007).

60. Blanton, R. H., Lyte, M., Myers, M. J. & Bick, P. H. Inmunomodulation by polyaromatic hydrocarbons in mice and murine cells.
Cancer Res. 46, 2735-2739 (1986).

61. Magden, E. et al. Acute virulent infection with feline immunodeficiency virus (FIV) results in lymphomagenesis via an indirect
mechanism. Virology 436, 284-294 (2013).

Acknowledgements

This information does not constitute or imply the endorsement, recommendation, or favoring by the United
States Department of Agriculture or any U.S. governmental agency. The authors thank Colorado State University’s
Laboratory Animal Resources for providing animal husbandry and technical support.

Author Contributions

S.N.B., KE.H. & S.V. conceptualized the study and the methodology. K.B., JH.K., C.A.M., EM., CS.0. & S.EV.
performed the experiments and assays. K.B., J H.K., C.A.M., C.S.0. & S.EV. wrote or contributed to the original
manuscript text. K.B., JH.K. & C.A.M. prepared the figures. All authors reviewed and edited the manuscript.

SCIENTIFICREPORTS| (2018) 8:8168 | DOI:10.1038/s41598-018-26558-3 12


http://dx.doi.org/10.1371/journal.pntd.0003498
http://dx.doi.org/10.1371/journal.pone.0071143
http://dx.doi.org/10.1098/rsbl.2017.0276
http://dx.doi.org/10.1371/journal.pone.0127626

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-26558-3.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:8168 | DOI:10.1038/s41598-018-26558-3 13


http://dx.doi.org/10.1038/s41598-018-26558-3
http://creativecommons.org/licenses/by/4.0/

	Effects of Low-level Brodifacoum Exposure on the Feline Immune Response

	Results

	Experimental brodifacoum exposure has minimal gross effects on feline health. 
	Cats have marked levels of liver brodifacoum following chronic exposure. 
	Brodifacoum-treated and control cats have similar delayed-type hypersensitivity (DTH) responses. 
	Brodifacoum-treated and control cats have similar antibody responses. 
	Brodifacoum exposure does not alter cell proliferation responses. 
	Brodifacoum treatment is associated with alterations in cytokine expression. 

	Discussion

	Methods

	Animals. 
	Vaccinations and Brodifacoum Administration. 
	Blood Collection and Tissue Collection. 
	Whole Blood and Liver Brodifacoum Levels. 
	Delayed-type Hypersensitivity (DTH) Reaction. 
	Anti-OVA and Anti-KLH ELISA. 
	IgE ELISA. 
	Cell Proliferation Assay. 
	Quantification of cytokine expression in PBMCs during brodifacoum treatment. 
	PIVKA Assay. 
	Factor X Assay. 
	Data Availability. 

	Acknowledgements

	Figure 1 Experimental timeline.
	Figure 2 Mean prothrombin times (PT) are normal in brodifacoum-treated cats.
	Figure 3 Mean blood brodifacoum levels peak 3–4 weeks following start of dosing.
	Figure 4 Brodifacoum- and sham-treated cats have similar delayed-type hypersensitivity (DTH) responses.
	Figure 5 Brodifacoum- and sham-treated cats have similar antibody responses to ovalbumin (OVA) and keyhole limpet hemocyanin (KLH).
	Figure 6 Brodifacoum- and sham-treated cats have similar cell proliferations responses.
	Figure 7 Concanavalin A (ConA)-stimulated peripheral blood mononuclear cells (PBMCs) from brodifacoum-treated cats have significantly lower levels of certain cytokines than sham-treated cats after four weeks of brodifacoum exposure.
	Figure 8 Unstimulated peripheral blood mononuclear cells (PBMCs) from brodifacoum-treated cats have significantly lower levels of IL-6 than sham-treated cats after four weeks of brodifacoum exposure.
	Figure 9 Ratio of cytokine expression in stimulated versus unstimulated peripheral blood mononuclear cells (PBMCs) differs between brodifacoum-treated and control cats.
	Figure 10 Left panel depicts typical delayed-type hypersensitivity (DTH) reaction appearance on dorsum of cat.
	Figure 11 Gating tree used to identify CD5+/5-ethynyl-2′-deoxyuridine (EdU)+ cells.




