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Acute phase proteins (APP) were first identified in the early 1900s as
early reactants to infectious disease. They are now understood to be an
integral part of the acute phase response (APR) which is the cornerstone of
innate immunity. APP have been shown to be valuable biomarkers as
increases can occur with inflammation, infection, neoplasia, stress, and
trauma. All animals—from fish to mammals—have demonstrable APP, but
the type of major APP differs by species. While the primary application of
these proteins in a clinical setting is prognostication, studies in animals have
demonstrated relevance to diagnosis and detection and monitoring for
subclinical disease. APP have been well documented in laboratory, compan-
ion, and large animals. With the advent of standardized and automated
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assays, these biomarkers are available for use in all fields of veterinary
medicine as well as basic and clinical research.

The acute phase response or APR is a term given to a collective of reactions
to tissue injury resulting from infection, trauma, neoplasia, inflammation, and
stress. The response is formulated by a number of different acute phase
proteins (APP) that vary in magnitude and type among animal species. These
systemic responders act as part of the innate immune defense system with the
goal of reestablishing homeostasis and promoting healing. Several publications
have documented the role of APP in response to experimental and infectious
stimuli in animal models."™! Over the past decade, APP have been more
widely applied as biomarkers of inflammation in human and veterinary
medicine.

I. The Acute Phase Response

The APR is part of broad response of the innate immune or early-defense
system. The production of APP is preceded by the perhaps better known local
response involving the creation of proinflammatory cytokines such as IL-1,
IL-6, and TNF-a. These signal hepatocytes to produce the myriad of APP
which then enhance chemotaxis provide other immunomodulatory effects,
impart specific bacteriostatic support, and assist in the reduction of oxidative

damage (Fig. 1, Table I).

A. Innate Immunity

The innate immune system serves to prevent infection, eliminate potential
pathogens, and initiate the inflammatory response.12 It is often described as
compromised of distinct defenses including anatomic barriers (i.e., skin, mu-
cous membranes), physiologic barriers (i.e., low pH and temperature to inhibit
bacterial growth), phagocytic barriers (i.e., tissue-based cells that can ingest
pathogens), and inflammatory barriers. It is the latter barrier that serves as the
backup in the event of the failure of the other arms of the innate immune
system and also perhaps is the most recognized given the myriad of symptoms
including edema, redness, and fever that are produced with the complex
interactions of cytokines, chemokines, and APP.

With the increased knowledge of the inflammatory process, it is recognized
that this represents a cascade of very specific and effective immune responses
that also initiate several metabolic events.'®!* The innate immune response is
often characterized as nonspecific as it is contrasted to the adaptive immune
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Tissue damage
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Fic. 1. The acute phase response.

response which involves antigen-specific responses via T and B cells. While the
antigen receptor and its required gene recombination events are a more recent
evolutionary acquisition of vertebrates, the innate immune system represents
the core from which the adaptive immune system was based. Additionally,
these two systems are often examined as mediating separate events. There is
a true interface between the APR and adaptive immunity. Yoo and colleagues,
with the use of lipopolysaccharide (LPS) treatment of mice, demonstrated that
the APR mobilizes antigen presentation by hepatocytes via MHC class L'
Others have demonstrated that the elimination of toll-like receptors affects
both innate and adaptive immune responses.w’16

B. Induction of the APR

The APR is initiated primarily by tissue macrophages, blood monocytes,
and dendritic cells at the site of tissue damage when particular chemical
structures in damaged tissue or infectious agents are presented for detection
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TABLE 1
List oF CoMMON ACUTE PHASE PROTEINS AND THEIR COMMONLY USED ACRONYMS AND ACTIVITIES
Acronym Acute phase protein Activities
AAT Alpha-1 antitrypsin Protease inhibition
ACT Alpha-1 Protease inhibition
antichymotrypsin
AGP Alpha-1 acid glycoprotein ~ Bind drugs and LPS
ALB Albumin Transport protein
A2M Alpha-2 macroglobulin Protease inhibition
CP Ceruloplasmin Transport copper, protect from iron-mediated
oxidative injury
CRP C-reactive protein Enhance opsonization, activate complement,
induce cytokines, inhibit chemotaxis
FIB Fibrinogen Substrate for fibrin, tissue repair
HP Haptoglobin Bind hemoglobin, bacteriostatic
MAP Pig major acute phase Trypsin inhibition
protein
SAA Serum amyloid A Chemotaxis, anti-inflammatory activity
SAP Serum amyloid P Enhance opsonization, activate complement
TN Transferrin Sequestration of iron

by these first-line defense cells.'” These cells undergo a rapid activation leading
to the production of the primary cytokines IL-1, TNF-o, and IL-6 which not
only incite the APR but also result in the chemotactic recruitment of additional
cells to the affected area to rapidly augment the response. The area of major
APP production is the liver; specifically, the induction of APP expression in
hepatocytes. APP have also been noted to be produced in other tissues. The
production of the major APP serum amyloid A (SAA) has been demonstrated in
the gastrointestinal tract, mammary gland, kidneys, and airways.'>""

The inflammatory stimuli may result in a differential production of cyto-
kines, and the absence of some of the cytokines may abrogate the APR. In a
study of LPS-induced inflammation of the mouse lung, the use of neutralizing
antibody to IL-6 but not TNF-o resulted in the cessation of the APR.?’ In IL-6-
deficient mice, the intraperitoneal injection of LPS resulted in an overproduc-
tion of TNF-o but still a significant decrease in the production of SAAZ!
Similarly, in a mouse model of bacterial pneumonia, SAA increases were
completely abrogated in IL-6-deficient mice.?* In wild-type mice, IL-6 levels
were increased in both the liver and the lungs of infected mice within 24 h of
bacterial instillation.

The apparent conduit between the cytokines and the expression of APP are
the transcription factors STAT3 and RelA. It was shown that these factors form
a complex after interaction with IL-1 and IL-6 and then induce the transcrip-
tion of the SAA gene.23 In a mouse model where the levels of STAT3 were
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significantly reduced, the SAA response was a‘broga’[ed.24 In vitro studies
further demonstrated that the loss of either STAT3 or RelA prevented SAA
production in a hepatocyte cell line.?

C. Other Effects of the APR

While specific APP will be discussed in the following sections, it should be
noted that the APR is often defined by a myriad of changes not limited to the
well-known biomarkers alone (Fig. 1). In addition to the immune system, both
the nervous and endocrine systems are also involved and stimulated by the
cytokine production resulting in behavioral, physiologic, biochemical, and
nutritional changes.25 IL-6 stimulates the corticotrophin-releasing hormone
(CRH) synthesis in the hypothalamus which, in turn, modulates ACTH release
from the pituitary and glucocorticoid production in the adrenal gland; this is
the so called hypothalamic—pituitary-adrenal axis. In IL-6-deficient mice
injected with LPS, CRH, and glucocorticoid levels were significantly lower
than wild-type controls.?®

Other host responses include fever, fatigue, hypoglycemia, anorexia, lipol-
ysis, and muscle catabolism. In the LPS injection model, there is nearly a 10%
loss in body weight by day 1.>* Both IL-6 and neural mechanisms have been
implicated in this 1response.21‘27 This is concomitant with a significant decrease
in food intake and serum glucose. Fever is thought also to be a response to IL-6
through the production of other mediators including prostaglandins which
affect the hypothalamus.28’29 Decreases in serum iron and zinc concentrations
are also often observed with their redistribution to the tissues where they assist
in antioxidant activity.*

Leukocytosis is initially mediated through the production of cortisol by the
removal of marginal pool cells from the tissues and placement in the blood in
what is often called an immediate stress response. The true leukocytosis follows
some days after the effects of the proinflammatory cytokine response and its
positive effect on the bone marrow, and often involves enhanced levels of both
lymphocytes and neutrophils.

Glucocorticoids are known to mediate upregulatory effects on the APR.
Experiments have been completed with the application of exogenous dexa-
methasone into different models of APR; increased APP transcription, IL-6
receptor, and hepatocyte proliferation have been demonstrated.* Downregu-
lation occurs as the initial stimulus (tissue damage) is addressed. Cytokines can
be inhibited by other cytokines and excess cortisol.>*3! Notably, in addition to
their direct roles in addressing the inflammatory tissue and resultant tissue
damages, APP also often have anti-inflammatory activity. For example, SAA was
found to inhibit myeloperoxidase release, migration, and free oxygen radical
production in neutrophils.**
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Il. Acute Phase Proteins

It is thought that the APR results in changes in more than 200 proteins and is
defined as those in which there is a minimum 25% change in concentration.*>3*
APP are categorized as positive or negative. Positive APP increase in concentra-
tion and include most of the described proteins. Negative APP decrease in
concentration and include albumin and transferrin (in nonavian species). APP
are further classified on the basis of the magnitude of their increase.>%% Major
APP represent those proteins that increase 10- to 1000-fold; most have negligi-
ble levels in normal animals. These are often the first responders with rapid
increases of large magnitude within 24-48 h of the stimulus. Moderate APP
have higher basal levels than major APP and increase 5- to 10-fold with peak
levels occurring 3 or more days after the stimulus. Minor APP increase slowly
with increases often less than twofold. It should be considered that these
classifications are not formalized as such they are dependent on both the type
of assay performed and the type of stimulus. In various reviews, there are often
discordant classifications of some APP. Of note, the classification of APP by
these categories differs by species; this will be further discussed in Section IV. In
many cases, the biological activities of the APP are only partially known. Table I
provides a list of the most commonly referenced APP.

A. C-Reactive Protein

C-reactive protein (CRP) was the first APP to be identified in the blood of
humans and nonhuman primates (NHP) infected with Streptococcus pneumo-
niae. The “C” fraction (C polysaccharide) of the bacteria was found to react
with CRP.*® It is one of the most well-known APP given its use in humans after
myocardial infarction.>” As CRP has become more understood, the diagnostic
utility has grown to include wellness assessments on clinically normal humans
as well as patients with underlying diseases including diabetes and coronary
heart disease. 353

CRP is composed of five subunits combining to form a pentameric struc-
ture.*” It acts as an opsonin binding polysaccharide residues on bacteria, fungi,
and parasites to activate complement and phagocytosis.m CRP has also been
described to result in the induction of cytokines and interact with Fe-gamma
receptors prompting the hypothesis that CRP is also interactive in the adaptive
immune response.4; Serum amyloid P (SAP), a major APP of mice, is consid-
ered to have biological functions and structural similarities to CRP*

CRP is a major APP of the canine species and a canine-specific ELISA
is commercially available.** Recently, a human immunoturbidimetric assay
for CRP has been validated for use with canine sera.*® This appears to be
manufacturer specific as many other human CRP reagents fail to provide any
cross-reactivity.44’46
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B. Serum Amyloid A

SAA is normally found complexed with lipoproteins and different isoforms
have been described with numbers varying by species.47 SAA represents one of
the most conserved proteins among mammals supporting the premise that it
has a basic and essential role in the innate immune system. In species with
CRP, SAA often mirrors the magnitude and time course of the response.48
Studies have demonstrated SAA activity in chemotaxis of leukocytes as well as
the induction of additional proinflammatory cytol<1'nes.49’50 In addition, SAA
has also been described to induce extracellular matrix degrading enzymes
which can assist in tissue repair.47

Assays for SAA in animals had been traditionally in the ELISA format.
More recently, an immunoturbidimetric assay for human SAA was described
with excellent reactivity for equine SAA."! Similar assays have been described
for use with other species.52

C. Haptoglobin

Haptoglobin (HP) is composed of 2ot and 2B subunits. There are different
subtypes and these may vary with species.8 HP binds free hemoglobin which
may be released during various autoimmune, infectious, or inherited dis-
eases.” This HP-hemoglobin complex is phagocytosed by macrophages via
the CD163 receptor. In mouse models, clearance is rapid with a half-life of less
than 50 min.”> In HP-deficient mice, high levels of hemoglobin are found to
accumulate in the kidney.>* The effective binding to CD163 has been found to
stimulate cytokine production, and HP has also been linked to protease activity
and immune suppression.55 Interestingly, HP is found both in mammals and in
fish but not in chickens and in frogs where another hemoglobin-binding
protein has been identified called PIT54.%°

Assays for HP in animals are often via spectrophotometry using the natural
affinity of HP for hemoglo‘bin.57 Immunoassays for human HP which show
cross-reactivity with animal HP are also available but are not widely
implemented.'38

D. Other APP

Alpha 1-acid glycoprotein (AGP) is a highly glycosylated protein which has
the ability to bind drugs including heparin, serotonin, steroids, and hista-
mine.” This protein has also been implicated in anti-inflammatory responses
and has been described to bind LPS.>*%° Assays for AGP in animals are
commonly performed via radial immunodiffusion making this particular APP
unenviable for use as a rapid dia%nostic test. A feline-specific immunoturbidi-
metric assay has been described. !
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Fibrinogen, like HP, is present in the serum of all vertebrates and has been
recognized to be part of the APR for several years. It is a large protein
composed of six polypeptide chains and a glycoprotein which is converted by
thrombin into fibrin and is essential in the coagulation cascade.’> Many assays
are based on heat precipitation methodology.®”

Ceruloplasmin (CP) is a glycoprotein which binds most of the free serum
copper. In the inflammatory process, it acts as a protectant against damage by
free iron which promotes free radical oxidation.®* ELISA-based assays are
available for quantitation of this biomarker.

Pig major acute phase protein (Pig-MAP) is one of the main APP in swine.
It is a glycoprotein that appears to be unique to this species; it functions as a
trypsin inhibitor.®> ELISA methodology is validated for quantitation of this
plrotein.f’.6

Protease inhibitors include MAP as well as alpha l-antitrypsin, alpha
1-antichymotrypsin, and alpha 2-macroglobulin (A2M).? Proteases are released
during damage as well as from responding neutrophils; these inhibitors are
protective from immune-mediated damage.

E. Negative Acute Phase Proteins

Albumin is the major negative APP in all species. As the most abundant
protein in the serum, it serves as a source of nutrients and a regulator of
osmotic pressure. Decreases can be attributed to protein loss due to kidney
or gastrointestinal disease or edema and also due to decreased synthesis related
to liver disease or malnutrition.>® In mammals, the iron transporter transferrin
(TN) is also a negative APP, although in avian species it has been shown to
increase with the APR.7%®

F. Quantitation of APP

Given the broad range of APP, the differences which occur at the species
levels (see Section IV), and the rapid changes in technology over the past 25
years, it is understandable that many of the publications referenced in this
review have used a myriad of techniques to assess the APR. At the research
level, proteomic profiling has been utilized. With the maturation of immunoas-
says, immunodiffusion tests, ELISA, and immunoturbidimetric assays have
been employed. Where possible, colorimetric assays have also been implemen-
ted. Lastly, the APR has been broadly judged by the use of serum protein
electrophoresis. This method provides quantitation of albumin and then frac-
tions of APP which are grouped as alpha 1, alpha 2, beta, and gamma globulins
based on their migration characteristics.™ Major benefits of this method are
not having the need for species-specific reagents and the assessment of the
complete APR—albumin and the groups of APP. Protein electrophoresis has
been commonly implemented in avian species as an adjunct test to infectious
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disease assessments.®>™ A negative to this assay is the limits of detection as
fraction sensitivity is at the g/dL level rather than the mg/L level obtained by
specific APP assays.71

APP assays have become more available to researchers and veterinarians in
recent years. In many cases, labor intensive and costly ELISA-based assays
have been replaced by automated assays that have heterologous cross-reactivity
with many species. Examples of this type of assay include the Eiken SAA
immunoturbidimetric assay (a human assay which reactive with horse and cat
but not dog SAA) and the Randox reagents for CRP (a human assay which is
reactive with dog CRP).*™ These assays afford a commercial source of
reagents negating lengthy developmental time. In other cases, species-specific
reagents are preferred. These include an immunoturbidimetric assay for feline
AGP and a pig-MAP-specific ELISA.1% These needs are based more on the
unique APP in particular species which defies the routine use of human or
other reagents.

The decision to use a heterologous assay is based on a validation process
that ensures not only a low coefficient of variation but also reproducibility. In
some cases, a species-specific standard curve can be developed with use with
these cross-reactive reagents when such control reagents are commercially
available.>*? Lacking that, patient-derived controls can be obtained through
routine practice and store indefinitely to serve as assessors of different reagent
lots. Recently, a four-step validation approach was proposed for these types of
assays.5 These steps include assessment of analytical characteristics (i.e., line-
arity, imprecision), comparison of a small set samples from normal and abnor-
mal animals, evaluation of the assay in an actual clinical setting in which
sensitivity and specificity can be judged, and assessment of the clinical and
research impact of the test.

Adoption of these types of methods also allows for reproducible results
among different laboratories which allows for the first steps toward assay
standardization. Within this very review, reference intervals have not been
presented due to the diverse types of assays that have been used in the various
research studies. This problem was recognized more than 10 years ago at which
time a proposal was made to harmonize the types of assays performed among
major international laboratories as well as to distribute a reference sample for
intralaboratory testing.73 This was formalized into the development of a Con-
certed Action Group as well as a Colloquium of Acute Phase Proteins where
assay information and research findings could be more regularly distributed.™

The positive implementation of APP assays is linked to the development of
reference intervals. As discussed above, this is very much method specific but
other physiological differences also have a role. CRP levels were examined over
a several-day period in normal dogs, and they were found to vary more than 10-
fold; no pattern of circadian rhythm was detected.” Others reported a low
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biological variability in CRP, HP, AGP, and FIB in d()gs76 Age has been
demonstrated to influence APP production. In a rat model of LPS stimulation,
significantly decreased HP and AGP were observed in aged animals.”” In dogs
injected with turpentine oil, significantly higher levels of CRP were found in
dogs over 3 months versus 1 month of age.78 Lower resting levels of AGP were
observed in these very young dogs versus older dogs prompting the proposal
that age should be considered when using and interpretating APP results.™
Similar recommendations were made for newborn dairy calves that gave high
levels of APP post-birth followed by a significant decrease through day 21 and
eventual stabilization.*°

It should also be recognized that APP levels may also be husbandry and
strain/breed related as well as reflective of altered physiology or treatment
status. Germ-free mice, injected with LPS, were observed to have a lower SAA
response.Sl Similar differences were observed in dogs housed in clean versus
dirty husbandry conditions.®? In addition, SAP low responder and higher
responder strains of mice were described; this was not strongly linked to the
H-2 complex.83 Differences in pig-MAP levels were also described between
Large White and Meishan breeds.** Pregnancy was also reported to alter CRP
levels by nearly 10-fold in dogs.‘%5 Additionally, glucocorticoid treatment and
other drugs have described to result in a persistent HP increase.?

lll. Clinical Value of APP

The origin of the APP stimulus can be infection, neoplasia, trauma, inflam-
mation/immunologic reaction, and stress (Table II). In general, APP increases
are of high magnitude and can be detected within the first day of stimulus; this
rivals other traditional markers of inflammation. In veterinary medicine, appli-
cations have been documented in diagnosis, prognosis, detection of subclinical
disease, monitoring levels of stress, and viewing the progression of chronic
inflammatory processes.

A. Comparison to Other Markers of APR

An experimental model of inflammation using the injection of turpentine
oil in dogs provides data which demonstrate the differences among the
various inflammatory markers (Fig. 2).56 Levels of 1L-6 and TNF-o were
increased within a few hours with maximal response at 12-24 h postinjection.
While an early increase (marginal response) in total white blood cells (WBC)
was observed, the higher magnitude response was not present until days 4-7.
A gradual decrease in serum albumin was present through day 14. The
maximal decrease was less than 50% of day 0 values. CRP levels were
increased 400-fold by day 2 postinjection and normalized by day 14. Serum
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TABLE 11
SUMMARY OF INFLAMMATORY STIMULI THAT CAN INDUCE
AN APR

Stimuli

Experimental—inflammatory agents such as turpentine oil
Infection—bacterial, viral, parasitic

Surgery and trauma

Other trauma including burns

Autoimmune diseases

Toxins

Neoplasia

Stress

CRP AGP

v v

Marginal response Leukocytosis
_¢ ¢_
Albumin

v

IL-6  TNF-a

vov

5 6 7 8 9 10 1" 12 13 14

Day post injection

05 1 2

w
N

Fic. 2. Comparison of expression of acute inflammatory biomarkers after the injection of
turpentine oil in a dog. Arrows indicate time of peak expression. Horizontal lines indicate period of
expression.

AGP was increased approximately twofold on a similar timeline with maximal
levels on day 3. Similar results can be found in a study of LPS injection in a
model of arthritis in horses.®” An early increase in WBC occurs within 24 h of
the stimulus. SAA increases by 24 h with peak values at 48 h and elevated
levels through day 5.
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APP are commonly compared to WBC and fibrinogen as they are long-
standing hallmarks of inflammatory processes. In a large study of samples from
dogs with various inflammatory processes, only a weak correlation (r=0.44)
was observed between CRP levels and WBC counts but no correlation to the
presence of band neutrophils which generally indicate bone marrow stimula-
tion.®® In a smaller study, a poor correlation (r=0.34) was observed between
the CRP and the presence of band neutrophils.89 A positive correlation was
observed between HP and FIB in dogs with various diseases.” In a study of
horses with various conditions, SAA and FIB were found to be consistently
elevated in those animals with bacterial infection, whereas low or normal total
WBC and neutrophil counts were observed.”!

In our own laboratory, we have compared inflammatory markers in both
dogs and horses with various diseases (C. Cray, 2011). The mean total WBC
values, while significantly higher than the control group, did not exceed normal
reference intervals for this determination. Similarly, there was a mild decrease
in the A/G ratio and a mild increase in the fibrinogen between the clinical
groups. Changes for all these determinations were less than twofold. Notably, a
70- and 20-fold mean increase was observed for SAA and CRP in horses and
dogs, respectively. It is this ma%nitude of difference which makes the clinical
use of APP especially attractive.” As major APP are normally either not present
or present in very low levels, increases are rapid and persistent as other minor
and moderate APP are produced during later stages of inflammation.

B. Diagnosis

As APP can be increased by a myriad of different stimuli, it is difficult to
state that APP, alone, can lead to a diagnosis (Table II). As discussed above,
APP can provide more and earlier information regarding an ongoing inflam-
matory process over traditional assessments of WBC and fibrinogen. APP can
also assist in providing a differential diagnosis. For example, LPS appears to
produce the strongest APP response so that animals with high-magnitude APP
increases can be suspect of bacterial infection. Thus, elevated APP can provide
a basis for an inflammatory etiology which can aid in the development of a
diagnosis and early treatment intervention.

SAA was found to differentiate the etiology of colic in horses.”” Those
animals with more serious enteritis, colitis, and peritonitis had a 50- or more
fold increase in SAA versus those with obstruction, perforation, and ulcers.
Similarly, a disorder in cattle called traumatic reticuloperitonitis (related to
foreign body ingestion) is difficult to diagnose with just a general examination
and often requires radiology and surtcgery.g"3 The use of SAA and HP quantita-
tion provided 100% sensitivity and 86% specificity. Lastly, a large study
was undertaken to examine cattle with acute and chronic disorders.®® SAA
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levels were found to be consistently fivefold higher in acutely ill animals versus
those with chronic processes and were reported to provide 100% sensitivity in
the discrimination between these conditions. The slower forming HP response
provided a specificity of 76%. The combined use of APP has been the subject of
study, and an APP value index has been proposed for diagnosis and monitoring
of clinically ill humans and animals.”

C. Prognosis

Given the high magnitude of response, duration of response, and the short
half-life of APP, it is readily understood why APP are favored in prognostica-
tion. Studies regarding prognosis have included examination of mortality as
well as short-term response to treatment. A large study of the general disorder
colic in horses demonstrated a nearly twofold higher proportion of nonsurvi-
vors had marked increases in SAA versus survivors.”” In another study, SAA
levels from horses naturally infected with equine influenza virus were observed
to be strongly associated with disease severity with eventual normalization
of SAA levels with uncomplicated convalescence.” Similar changes were
observed in horses with a positive response to treatment for joint disease.”

In canine medicine, critically ill animals presenting with trauma, sepsis, or
pancreatitis demonstrated elevated CRP levels, although no differences were
observed between survivors and nonsurvivors.”” Using a single CRP assess-
ment, similar results were observed in dogs diagnosed with sepsis or systemic
inflammatory response syndrome.98 As expected, CRP levels decreased with
recovery thus predicting survival in 94% of the patients. Acute abdomen
syndrome was reported to result in up to 200-fold increases in CRP”
Nonsurvivors were observed to have significantly higher levels of CRP
than survivors.

APP levels have also been used as prognostic indicators in a variety of
infections, inflammatory, and neoplastic conditions. In one study, AGP was
monitored in dogs with pyometra.lo0 Nearly fourfold increases in AGP were
observed and animals with higher AGP levels had prolonged hospitalization.
CRP, SAA, AGP, and HP levels were observed to be elevated in dogs with
steroid-responsive meningitis.w ! Decreasing levels of APP were reported with
response to treatment as well as identifying relapse. CRP was also reported to be
a valuable management tool of inflammatory bowel disease, idiopathic arthritis,
and autoimmune hemolytic anemia as well as post operative management. 102-105

Prognostic value has also been identified in neoplasia. Dogs with multi-
centric lymphoma demonstrated higher levels of CRP, and 90% of the animals
had normal levels with remission although there was a high variability
among the patients.'”® In contrast, AGP levels did not serve as a prognostic
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marker in cats with lymphoma.m7 In a mouse model of colorectal cancer with a
novel immunotherapy treatment, SAA and SAP levels were higher in
nonresponders.w8

We have also proposed implementing APP assays as an aid to determine the
humane endpoint for different animal models of disease.' In most studies,
the endpoint of an experimental model is often loosely judged on subjective
measures and based on the desire of the investigator to obtain endpoint
information which may often be clouded by the severe clinical disease in the
animal. APP, as a reflection of stress and severe physiologic changes, may have
sensitivity in determining an endpoint. Studies are underway to address this
proposal.

D. Subclinical Disease

APP have been found to be useful in the detection of subclinical disease. In
a large study conducted in cows, clinical signs of inflammatory processes
occurred with elevated SAA in 26% of the assessments, whereas normal SAA
levels were observed in clinically normal animals in 95% of the assessments.'"?
These results are similar to that proposing APP as indicators of calf herd
health.'** The group with a higher incidence of disease and lower weight
gain had significantly higher levels of HP, SAA, and FIB. Increases in HP
were also observed before the onset of severe clinical disease in pigs.”I Ina
similar study, pig-MAP was observed to increase before the onset of postwean-
ing multisystemic wasting syndrome.112

These concepts have led to the implementation of APP quantitation in
improving food safety. Toussaint and colleagues suggested the implementation
of an APP index that could be used at the slaughterhouse level.''® In another
study, HP levels were compared in normal cattle versus culled animals and
carcasses removed during slaughterhouse inspection due to gross abnormi-
ties. ! Higher HP levels were found in the suspected or confirmed diseased
groups. Assays for pig-MAP and HP have also been adapted for use with meat
juice of pigs perhaps making this a more viable test panel for the assessment of
food Safety.1 15

Our laboratory has studied the application of the herd health concept to the
monitoring program of laboratory mice.”! Mice and rats in animal colonies are
potentially subject to numerous viral, bacterial, and parasitic infections. Most
institutions complete labor intensive and costly screening programs for each
pathogen usually by specific serology and PCR detection methods. In our
study, we examined mice experimentally infected with Sendai virus and
mouse parvovirus and found no significant elevations in SAA, SAP, CRP, and
HP. Additionally, APP levels in sentinel mice from colonies with several differ-
ent endemic infections were also found to be not elevated.
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E. Stress

There are several reports of the utility of APP as indicators of stress where
these biomarkers rival more traditional assessments of serum cortisol and fecal
corticosterone. Most of these studies have involved the use of large animals.
Two breeds of cows that differed in nutrition and level of human handling were
examined.''® The semi-feral cows that were subject to more nutritional stress
demonstrated more than a sixfold increase in SAA. The effects of animal
density in housing were also examined in pigs.117 In this study, significant
increases in pig-MAP were observed in those animals subjected to a higher
stocking rate for two 4-day periods over 26 days. These increases occurred after
the second period and were concurrent with the detection of increased antioxi-
dant activity in the serum. Similar changes were reported in pigs subjected to
different transport conditions, cows subject to transportation and new housing,
and newly weaned calves.''57 121 APP expression was also studied in mice after
stress induced by acoustic and immobilization methods.'®* CRP levels were
increased nearly threefold in animals with acute stress and more than fourfold
with chronic exposure.

F. Chronic Inflammation

The goal of the APR is to facilitate tissue repair and the restoration of
homeostasis. Under some conditions, however, inflammatory processes are
prolonged and can result in further damage. Recent terms have been coined
including “metainflammatory” and “parainflammatory” and refer to the obser-
vation that chronic elevations of APP have been associated with the onset of
different syndromes including atherosclerosis, cardiovascular conditions, obe-
sity, asthma, and diabetes.'**'** Tt is suggested that the classic APR results in
tissue repair and the metainflammatory APR are initiated with the same
mechanisms, but self-tissues are the target rather than pathogens or other
inflammatory stimuli in the latter process.

CRP has been associated with cardiovascular disease in humans, and CRP
levels are often used to monitor treatment regimens.125 Extravascular inflam-
mation has been proposed as the basis for cardiac damage and the promotion of
atherosclerosis, and this may be related to altered HDL particles which occur
with increased SAA explression.123 Interestingly, however, a study of a genetic
mouse model of atherosclerosis revealed that the recurrent exposure of mice to
potent inflammatory agents did not affect the development of disease.'*® In
contrast, exposure of the same strain of mice to chronic unpredictable stress
including temperature changes, light cycle changes, and agitation resulted in
the promotion of atherosclerotic lesions as well as an elevated CRP level.1?"
Obesity has also been proposed as a chronic inflammatory process in animals
and humans."**'?® CRP and HP have been found to be elevated in obese dogs
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concurrent with insulin resistance and the development of diabetes, and APP
have been proposed to be valuable monitors in case management.128 Similarly,
HP expression was found to be increased in rats that later developed type 1
diabetes.'*” The chronic expression of SAA has been described as the cause of
systemic amyloidosis, and this overstimulation has been linked to infectious and
autoimmune diseases.'>" Amyloidosis has been reported in both humans and
animals. The fibril protein AA is derived from the SAA and deposited in tissues
as amyloid where it gradually affects tissue function. In early subclinical stages
of disease, SAA levels have been reported to be elevated in NHP and geneti-
cally predisposed Abyssinian cats.'*"'

IV. APP in Animals

Major, moderate, and minor APP differ by species. This information is
presented in Table ITT and has been drawn from several references, 73133136
Although acute inflammation and APP are common to all species, numerous
studies have shown that APP do appear to have differential sensitivity to the
types of diseases and disorders which are present in each species. In addition,
the unique environment and usage of some species further dictate the usage of
APP quantitation. For example, some animals are viewed in a clinical sense as a

TABLE III
List oF APP BY ANIMAL SPECIES
Species Major APP Moderate and minor APP
Cat AGP, SAA FIB, HP
Chicken None AGP, CP, FIB, HP (PIT54), SAA,
TN
Cow HP, SAA AGP, CP, CRP, FIB
Dog CRP, SAA AGP, CP, FIB, HP
Goat HP, SAA AGP, FIB
Horse SAA AGP, CP, FIB, HP
Human CRP, SAA AGP, FIB, HP
Mouse HP, SAA, SAP CRP, FIB
Nonhuman CRP A2M, FIB, HP, SAA
primate
Pig HP, MAP, SAA AGP.CP, CRP, FIB
Rabbit CRP, HP, SAA AGP, CP, FIB, TN
Rat AGP, A2M CP, CRP, FIB, HP

Sheep HP, SAA AGP, CP, CRP, FIB
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colony or herd (i.e., laboratory animals, cows, etc.) which create an opportunity
for possible novel applications of APP assessment (see Section III1.D). Many
prototypic studies on animal APP have been conducted using inflammatory
agents such as LPS, croton oil, and turpentine oil. These represent the gold
standard of the inflammatory process and are included in the following discus-
sion sections as well as studies of diseased animals (Table II).

A. Rodents and Rabbits

As presented in the previous sections, much of what is known about APP
and the APR has been examined in rodent models and transgenic mice. APP
have not only been well characterized in these animals, but they also have
served as biomarkers in specific animal models of disease. There are several
comprehensive reviews on rodent App 134136

The APR of mice has been studied with the injection of the inflammatory
agent LPS."® SAA and CRP levels were found to significantly increase within
24 h; SAP and HP increased by 48 h. This was concomitant with a decrease in
serum albumin. Decreasing positive APP levels were observed with the recov-
ery of the animal (i.e., weight gain, clinical appearance) by day 4. Several
models of infection have also been examined. Experimental infection with
rodent infectious agents Sendai virus and mouse parvovirus was found to not
induce an APR; this was also examined in mice naturally infected with several
agents which commonly occur in laboratory animal colonies.*® In contrast,
experimental infection with malaria was observed to result in increased SAP
levels.'>” SAP and HP levels were documented in an experimental model of
Trypanosoma infection.'®® Increases were present early postinfection as well as
with the onset of posttreatment encephalopathy.

Significant increases in SAA, SAP, and HP were observed in mice subjected
to 20% burn injury; these levels were not completely comparable to that
induced with LPS where higher SAA levels were observed.™® Fourfold
increases in HP were observed in mice subjected to lethal doses of irradia-
tion.*” SAP was also found to be increased in a mouse model of arthritis.'*!
Mice injected with a hepatotoxin demonstrated very early transient increases in
SAA and SAP, whereas repeated exposure with the same agent resulted in
consistent increases at all time points.]42 CRP increases were most pronounced
within 24 h of mouse exposure to scorpion venom.'*?

Experimental models of acute inflammation using Freund’s adjuvant (CFA)
and turpentine oil revealed the major APP of rats. #7146 CRP and HP increases
were observed with CFA injection, but only HP was observed to increase with a
single dose of hepatotoxin.144 A marked increase in A2M was observed after
intramuscular injection with turpentine oil with maximal levels by day 2 and
resolution by day 6.5 With repeated turpentine oil injection, AGP levels also
peaked at 2 days."*® Injection of organophosphorus compounds resulted in a
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twofold increase in HP, sixfold increase in A2M and FIB, and eightfold increase
in AGP within 24 h.'*" Thirty-fold increases in A2M were also observed in rats
inoculated with Staphylococcus aureus.**® An acute septicemia model resulted
in elevated CP levels, and the provision of exogenous AGP was observed to
decrease the severity of the inflammatory response.'*” Trauma related to
surgery for castration or oophorohysterectomy induced similar levels.'*®

Rabbit APP studies have concentrated on experimental inflammatory sti-
muli. Animals subjected to turpentine oil treatment demonstrated 50-fold
increases in CRP by 36 hours with resolution by 96 h.'5% CP was also observed
to increase. In a similar model, CRP, SAA, HP, and CP were observed to
increase with a decrease in albumin.'”' TN, a negative APP in most mammals,
was also found to increase. Notably, both hepatic and extrahepatic SAA expres-
sions were observed in rabbits injected with turpentine oil, LPS, and casein as
well as multiple injections with silver nitrate.'”>1>> APP expression has also
been studied in other rabbit models. In an arthritis model, CRP was observed
to increase immediately after intra-articular injection with normalization 10
days later.'*! In our own studies of rabbits with suspected naturally acquired
infection with Encephalitozoon cuniculi, we observed up to 30-fold increases in
CRP in approximately 50% of the animals with renal, ocular, and neurological
signs (C. Cray, 2011).

B. Companion Animals

Small animals including canine and feline species predominate the com-
panion animal category. Both species are readily used in laboratory animal
medicine in model development also occupy the major portion of the U.S.
veterinary market with ownership of over 70 million cats and dogs.'>* Although
APP have been well documented in the literature, these assays are not widely
used in the United States likely partly due to their poor availability. However,
our laboratory has demonstrated a utility for APP quantitation in dogs in a large
specialty veterinary practice. In a study of over 200 dogs, a mean increase of 20-
fold and 7-fold was observed for CRP and HP, respectively (C. Cray, 2011).
These represented animals with varied diseases and disorders including neo-
plasia, trauma, infection, and autoimmune disorders. Our data are supported
by numerous reports of specific diseases and disorders, part of which are
reviewed in the following paragraphs and have been previously reviewed by
others.”

In a study of the intramuscular injection of turpentine oil in dogs, CRP levels
were increased 400-fold by day 2 postinjection and normalization by day 14. CRP
increases can certainly be observed in animals with natural infection and disease,
but the magnitude of increase is not as common. In alarge study of dogs (n = 928)
with various diseases, CRP was found to be a major APP with a weak correlation
with total WBC counts and a weak negative correlation with albumin.®®
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Consistently, high levels of CRP were observed in cases with pyometra, polyar-
thritis, pancreatitis, and panniculitis. Many metabolic diseases were observed not
to have significant increases including epilepsy, hypothyroidism, rhinitis, bronchi-
tis, and diabetes. AGP levels were examined in dogs with various diseases.”™
Increases were consistently observed in dogs with acute heartworm disease,
viral infections including parvovirus and distemper, pyometra, and renal failure.

Nasal disease in dogs can arise from several different etiologies. A recent
report demonstrated significant increases in CRP and HP in symptomatic
animals." Differences among APP were present among the groups with
aspergillosis, chronic rhinitis, and neoplasia not only with CRP and HP but
also in AGP and SAA levels. Versus other inflammatory stimuli, it is notable that
all of these presentations resulted in less than an 80-fold increase in CRP.

Consistent APP increases are observed with infectious diseases in dogs.
Two examples are ehrlichiosis and babesiosis which are syndromes related to
infection with hematoprotozoans. In an experimental model of infection with
Ehrlichia canis, the mean CRP increase was 400-fold with peak levels occur-
ring with evidence of Ehrlichia replication and seroconversion.'®® Another
study detailed APP levels in naturally infected dogs. Whereas 100-fold
increases in CRP were found in all infected dogs, significantly, higher levels
of HP, CRP, and SAA were observed in those dogs with the more advanced
myelosuppressive infection."” In animals with naturally occurring babesiosis,
CRP and CP levels were significantly increased; maximal levels were linked to
disease severity.lss Naturallg/ infected dogs with leishmaniasis, another proto-
zoan, were also studied."™ CRP was increased 30- to 60-fold in infected
animals with the highest levels present in symptomatic animals. Significant
increases in HP and CP were also observed.

Several studies have been conducted examining APP expression with neo-
plastic disease. In a studies of dogs with lymphoma, 68% had abnormal levels of
CRP.'% Both CRP and HP were increased in dogs with lymphoma, myeloma,
and leukemia.'® In dogs with mammary neoplasia, significant increases in CRP,
SAA, and HP were observed in only severe metastatic cases or those with
ulcerated tumors.'®! HP was also reported to be increased in dogs with mammary
tumors, but neither HP nor CRP levels were predictive of malignancy.162

Trauma, via surgery, has been documented to increase APP.1%>163 Basic
surgeries including tooth extraction and removal of superficial tumors were
observed to increase CRP levels two- threefold.'® In dogs with postovariohys-
terectomy complications (often bacterial infections), 200-fold increases in CRP
were observed.'” Whereas animals with uncomplicated surgery demonstrated
an early rise and normalization by 10 days postsurgery, elevated levels
were observed in those with pyometra for more than 17 days even with
appropriate antibiotic treatment. Increased serum AGP levels were also
found to be correlative to pyometra.'”
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Experimental models of trauma show similar changes. In a drug-induced
model of acute gastric mucosal injury, significant increases in CRP and SAA
were observed on day 1 with normalization by day 41 Increases in fibrinogen
and HP continued through the terminal endpoint of day 7. In a model of
pulmonic stenosis, approximately 30% of the animals demonstrated elevated
CRP levels and were those animals that more likely had clinical signs.165 After
balloon valvuloplasty, CRP increased twofold. Similar increases were observed
in dogs with naturally acquired chronic valvular disease.'®®

Inflammatory processes in dogs may have an infectious or noninfectious
etiology which is the case for canine idiopathic arthritis. CRP levels were
markedly increased in all of the study group dogs with values ranging from
3- to 20-fold over healthy controls.'™ CRP was also found to be increased nearly
50-fold in dogs with acute pancreatitis, a disease with a high mortality rate.'%" In
dogs diagnosed with autoimmune hemolytic anemia, 100-fold increases in CRP
and 5-fold increases in AGP were repor’ted.103 Steroid-responsive meningitis
arteritis represents another autoimmune-based disease in dogs. CRP, SAA, AGP,
and HP levels were significantly increased in all study pa’dents.mI More than
100-fold increases in CRP and 1000-fold increases in SAA were observed.

The clinical utility of feline APP has been reviewed in other publications.Q’4
The major APP in cats include SAA and AGP, and mild to moderate HP
increases are also observed. In an experimental model of either LPS or turpen-
tine oil injection, significant increases in SAA were observed by 8 h with AGP
and HP increased by 24 h postinjection.168 No changes in CRP were observed.
In addition, 10-fold increases in SAA and HP and 20-fold increases in
AGP were reported in cats hospitalized for various conditions. A larger study
examined SAA levels in clinically ill cats and found significant increases in
those animals grouped by diagnosis: infection, endocrine disease, and neo-
plasia.m‘g The highest levels were observed in the infection group. Others
reported significant increases in cats with renal failure and feline lower urinary
tract disease.!”

Increases in AGP and HP were observed in cats with feline infectious
peritonitis (FIP) and feline immunodeficiency virus as well in cats with symp-
toms similar to FIP.'"" A moderate increase in AGP was found to discriminate
FIP cats from cats with other inflammatory processes, and a marked increase
was supportive of a FIP diagnosis.172 In a study of the efficacy of different
diagnostic tests for FIP, AGP was reported to have 100% sensitivity and
specificity.'™ Other studies have indicated that the assessment of AGP in
peritoneal fluid—where a common effusion occurs in acutely ill cats—is cor-
related with the definitive diagnosis of this infectious disease.®"' APP
changes were also found in cats infected with feline coronavirus which can
progress to FIP disease; the investigators postulated that APP other than SAA,
AGP, and HP might have a role in monitoring the progression of disease.'™
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The APR was also examined in cats naturally infected with Chlamydophila
which commonly results in ocular disease. Higher levels of SAA but not AGP
were observed in seropositive animals that were actively shedding the
organism.

A mean increase of 1.5-fold AGP levels was reported in cats with various
malignant tumors.'™ No significant differences were observed by tumor type
which included carcinoma, sarcoma, and round cell tumors. Increased AGP
was also consistent observed in cats with lymphoma.w7 In other studies, cats
were subjected to surgery to study the APR. In these animals, significant
increases in SAA, AGP, and HP were all present by 24 h and persisted until
day 4."°° Significant increases in SAA were also reported in cats suffering from
various injuries.lm Inconsistent changes in other inflammatory diseases have
been reported in cats. 21" However, a 160-fold increase in SAA was reported
in a clinical case report of pancreatitis.176 SAA was found to decrease with
treatment and increase with disease recurrence.

C. Large Animals

APP have been demonstrated to be of value in management of individual
cases of disease in large animal species as well as in herd management. These
species include horses, cows, pigs, sheesp, and goats.

The major APP in horses is SAA,1BITTITS Experimental stimuli including
the injection of turpentine oil resulted in over 400-fold increases in SAA with
the first few days of exposure.178 Twofold increases in CP were also reported.179
Marked increases were also observed in animals with clinical signs including
enteritis, pneumonitis, fever, diarrhea, cellulitis, and colic.'™ The etiology of
the latter disease is multifactorial, and in those animals with a primary inflam-
matory cause, SAA levels were increased up to 500-fold.”*

Experimental and natural bacterial infection has also demonstrated the
utility of SAA assessments. In animals experimentally infected with Streptococ-
cus equi in the lung, the levels were observed to increase more than 800-fold
with normalization with the decrease in clinical signs.lg0 Variable concentra-
tions were observed in foals naturally infected with Rhodococcus equi which is
a major pathogen in horses. '™ SAA was reported to increase with experimental
infection with equine herpes virus more than 100-fold.'™™ SAA increases of
400-fold were observed in horses naturally infected with equine influenza
virus; the highest values were observed during the acute phase of infection
with the appearance of significant clinical Signs.'() 5

APR to surgery has been extensively studied in horses. 7175182 gAA
increases were reported to be rapid followed by increases in FIB and HP;
levels were found useful in postoperative monitoring. AGP levels were
reported to increase by day 2 and normalized in uncomplicated recovery by
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28 days.]83 A recent study compared the levels of SAA among horses subjected
to minimal, intermediate, and extensive surgical trauma.'® SAA and FIB
differed by group, whereas total WBC counts did not achieve significance.

Joint disease is a common affliction of horses, and the APR response has
been studied in experimental models.>'® In a noninfectious arthritis model
where inflammation was induced by amphotericin B, SAA increased more than
200-fold with more mild increases in HP.'*> The injection of LPS resulted in
similar increases in SAA in both the serum and the synovial fluid.®” In animals
with naturally occurring joint diseases suspected to have bacterial origin, signifi-
cant increases in SAA were also observed.”® In grass sickness, a degenerative
neurological disease, several APP including AGP, A2M, HP, and CP were
observed to be elevated with specific increases often dependent on clinical
presentation.186 AGP and HP appeared to be linked to the onset of clinical signs.

Both SAA and HP appear to be important APP in cows.® After challenge
with LPS, more than a 30-fold increase in HP and a 1300-fold increase in SAA
were reported by days 2-3.'87 A transient decrease in albumin was also
observed. Extensive studies have been conducted monitoring APP levels dur-
ing infection.® In a model of experimental infection with bovine respiratory
syncytial virus (BRSV), strong responses in both HP and SAA were reported.m8
In animals naturally infected with BRSV as well as different pathogenic bacte-
ria, similar increases were observed with higher levels of HP when bronchoal-
veolar fluid was examined.'™ APP expression in other infections including
bovine herpes virus, foot-and-mouth disease, bovine tropical theileriosis, and
bovine diarrhea virus has also been examined.>>'®" After bacterial or viral
challenge, mild increases in CP were reported.191 Levels of SAA and HP
have also been measured in the serum as well as the milk from cows with
mastitis.'%> Mild increases in CRP have also been observed in the serum.'®
Physiological changes in cows were also observed to affect APP levels. Within
the week following calving, significant increases in HP and SAA were observed;
this was especially prevalent in cows in their first parturition.194 Lactating cows
can commonly suffer from inflammatory disorders relative to the displacement
of the abomasum, and some of these animals have secondary or concurrent
diseases including hepatic lipidosis.]'g5 Both SAA and HP were observed to be
elevated with the displacement, and HP was most associated with the develop-
ment of lipidosis. In another study involving the implantation of a chamber in
the paralumbar fossa during an experimental protocol, mild AGP levels were
detected after 4 days.'”®

In the pig, the APP have been identified as including AGP, CP, HP, CRP,
SAA, TN, and pig—MAP.35 The injection of turpentine oil was observed to
induce highest early response in CRP and HP with significant increases also
in AGP and CP.'" APP levels were also assessed during naturally occurring
infections including porcine reproductive and respiratory syndrome virus,
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Aujeszky’s disease virus, porcine circovirus type 2, and Myco;nlasma.198 HP
levels were the most consistently elevated among the infections. Marked
increases in CRP were observed with the circovirus and Mycoplasma infections
with moderate increases in SAA and MAP. In an experimental model of
bacterial infection, both hepatic and extrahepatic expressions of SAA, CRP,
MAP and HP were observed with marked expression of SAA and HP in the
serum.'® Animals with trauma (ear/tail bites) as well as arthritis also demon-
strated high levels of SAA, CRP, MAP, and HP.!% Experimental surgery was
reported to result in transient increases in SAA and HP2>" Lastly, exposure to
the mycotoxin deoxynivalenol resulted in significant increases in HP and SAA
after 24 h.%°" This mycotoxin is produced by the Fusarium spp. of fungus which
is a frequent contaminant of livestock foodstuffs.

HP was reported to be a sensitive indicator of infection in sheep.202 On the
bases of postmortem diagnoses allowing for the comparison of sheep with
bacterial or fungal disease versus noninfectious diseases including metabolic
disorders and renal disease, HP was demonstrated to have 85% sensitivity and
specificity for infectious processes. In an experimental model using intrathoracic
injection of yeast, HP, CP, and FIB levels increased within the first week followed
by mild decreases in albumin.?®® In another study, after challenge with Coryne-
bacterium pseudotuberculosis, SAA, HP, and AGP levels were significantly
increased with a more persistent increase in the latter APP2* CRP, HP, CP,
and FIB were all increased in animals experimentally infected with Mannheimia
hae1n0lytica.2()5 Naturally occurring infection consistently resulted in increased
FIB, HP, SAA, and AGP2"° A surgical model resulting in bronchial obstruction
was utilized to study the trauma-induced APR.?" Increases were observed in
sham animals, but marked increases were especially observed with HP in the
obstruction group. CP and FIB increases were also present.

The APP response of goats has not been widely studied. Injection of
turpentine oil was reported to result in a marked early response of SAA with
significant lagging responses including HP, AGP, FIB as well as a decrease in
albumin.

D. Avian, Exotic, and Wildlife Species

While several research-based studies have documented the presence of
APP in various avian, exotic, and wildlife species, APP assays have not be widely
adapted for use in these species. This was the subject of a recent paper which
demonstrated that several of the standardized assays for CRP, SAA, and HP
appear to cross-react with APP from many species, yet samples from some
species demonstrated no clinically significant differences which may be a
function of the low sample size or the lack of reagent cross-reactivity.” % The
information from this and other publications (discussed below) is summarized
in Table IV.
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TABLE 1V
List oF APP IN AviaN, Exoric, AND WILDLIFE SPECIES

Species APP

Avian AGP, CP, HP (PIT54), SAA, TN
Elephant HP, SAA

Fish A2M, CRP/SAP, HP, SAA, TN
Frog HP (PIT54)

Harbor seal CRP, HP

Impala HP, SAA

Manatee HP, SAA

Musk ox HP, SAA

Nonhuman primate CRP, HP, SAA

Sitatunga HP

Turtle SAA

As with other species, each wildlife species appears to have its own APP
phenotype, that is, major APP. Impala, musk ox, and chimpanzee were found to
be reactive on the assay for SAA. 209 The chimpanzee was also found to be
reactive of the assay for CRP which is consistent with previous studies of
NHP.>'%?!" Treatment of NHP with recombinant IL-6 was found to result in
an increase in A2M.>'> HP reactivity was found in the impala, musk ox,
sitatunga, and chimpanzee. 299 Our laboratory has also found reactivity on the
HP colorimetric assay with serum samples from diseased eleghants (C. Cray,
2011). HP has been described in clinically healthy camels.'? CP levels have
been reported as a marker of pregnancy in the giant panda.21 Considerably,
more knowledge will be gained with increased sample size of animals with
various diseases and disorders.

Studies of APP in avian species have been dominated by work with chick-
ens.'®® TN was identified as a major APP with peak levels obtained 3 days after
the injection of croton oil. 215 Injection of LPS revealed peak levels of AGP at
2 days after exposure.”'®'” The APR was also studied using infectious agents.
Experimental infection with S. aureus resulted in increased TN and SAA,
although SAA changes were more consistent and higher.ﬂ8 Infection with
Salmonella enteritidis resulted in a 2.5-fold increase in AGP>" Escherichia
coli inoculation was observed to increase TN, HP, and CP>'>?2° CP, but not
HP, increased after inoculation of the parasite Eimeria tenella.>*° Challenge
with infectious bursal disease virus, a major disease problem in chickens,
resulted in 2.5- to 7-fold increases in TN.>'® Others reported significant
increases in SAA and CP as well as AGP**"?* In ongoing studies in our
laboratory, we have observed increased SAA, TN, and HP in other avian
species undergoing inﬂammatory processes including parrots and penguins

(C. Cray, unpublished observations).2'®
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The evolution of APP has been the focus of several research studies in
reptiles and fish. An SAA homolog was recently identified in the soft-shelled
turtle.??® Turtles were infected with a Gram-negative bacterium, and SAA
levels were found to increase over 1000-fold in the liver by 2 days postinfection.
Smaller increases were also observed in the kidney and spleen. Decreases in
albumin were also observed supporting a role for this biomarker as a negative
APP.

The innate immune response of fish is a subject of an extensive review.
CRP and SAP like biomarkers have been reported in several species of fish, and
both in vivo and in vitro studies have identified SAA. Bacterial infection in
trout has been described to result in a 3000-fold increase in SAA.>*> Earlier
studies documented the diverse inflammatory response to bacteria, virus, and
experimental agents.226 Both TN and HP were identified as major APP in
another teleost.??” This indicates that TN is a positive APP as observed in
avian species. A2M has also been documented in fish.***

APP have also been reported in marine mammals. Harr and colleagues
studied the cross-reactivity of SAA, HP, AGP, and CRP assays in serum of
manatees.>*® CRP and AGP assays were described to not cross-react with the
test sera, although, perhaps, this indicates that these are not major APP in this
species. SAA was reported to have the highest diagnostic sensitivity for inflam-
matory disease in this species versus FIB, HP, and total WBC. We have
similarly observed SAA to be a valuable prognostic marker in stressed and
injured manatees. (C. Cray, 2011). In other studies, specific CRP assays were
produced for use with serum samples from harbor seals.’® Animals with
pneumonia and other inflammatory processes were found to have as much as
a 50-fold increase. HP in harbor seals was characterized in two recent
publications.****!

224

V. Concluding Remarks

Dramatic increases in APP occur in response to inflammation and tissue
injury, and this process is essential to the development of an innate immune
response. The APR is conserved among different species which is a further
reflection of its critical function. Although there is marked species variation
among the proteins, this has not only resulted in a wealth of publications in
different animals but has also facilitated the development of several species-
specific and heterologous assays which can be employed to quantitate APP. The
implementation of these assays has provided results that have demonstrated
clear benefits at the research level with the association of APP with diagnosis,
prognosis, the detection of subclinical disease, and applications to food safety.
The excitement regarding the applications of APP has been measurable for



138 CAROLYN CRAY

year:s‘.ﬁ"g‘zsg’233 At this time, the only impediments are the need for education
and acceptance of veterinary practitioners and the more ready access to these
methods at the reference laboratory level. APP testing which is available today
represents just the start of newly emerging biomarkers for use in animals. As
technology improves and research studies ensue, a further understanding of
APP and the APR in animals will result in an important step in health monitor-
ing, understanding innate immunity, and potential therapeutic interventions of
acute and chronic inflammatory diseases in animals and humans.
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