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Abstract

Anemia of inflammation (Al) is a complex multi-organ response to inflammatory disorders. Because
Al can result from many infectious and non-infectious inflammatory diseases, multiple mechanisms
may contribute to its pathogenesis including iron restriction, direct erythropoietic suppression,
shortened red cell survival or frank hemolysis. Animal models have been helpful in the study of the
mechanisms of Al and its potential treatments but each model reflects distinct aspects of this
heterogeneous syndrome. It is therefore important to study a variety of models of Al. This review
focuses on the use of infectious and noninfectious mouse models of inflammation that have been
shown to manifest anemia. We review many of the models reported in the literature or developed in
our laboratory, and discuss their respective merits and drawbacks.

INTRODUCTION

Anemia of inflammation (Al), also known as anemia of chronic disease or anemia of chronic
disorders (ACD), is a common syndrome complicating many infectious, non-infectious
inflammatory, and neoplastic disorders. The definition, pathogenesis and consequences of Al
will be reviewed extensively in other articles in this same issue. What follows is a brief
discussion of the definitions of Al and some of the aspects of pathogenesis that are necessary
to understand how to model Al in animals for further studies of the condition.

Classically, ACD has been defined as a normocytic or microcytic anemia, without another
known cause, developing in the setting of a chronic inflammatory condition. Although the
anemia in ACD is often iron restricted, iron stores, as estimated by bone marrow biopsy, are
intact. The hypothesis that ACD is an iron restricted anemia caused by inflammatory induction
of hepcidin gained popularity with the discovery of the iron regulatory hormone hepcidin, its
increase by inflammation and its ability to inhibit iron absorption and the egress of iron from
stores. Moreover, the overproduction of hepcidin causes an anemia that fits this classical
definition of ACD173,

However, iron restriction does not explain all the features of Al. First, Al develops too quickly
to be attributed to iron restriction alone. In fact, part of the motivation for abandoning the term
ACD is the recognition that anemia often develops quite quickly in severe inflammatory
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settings. Nguyen and colleagues found that anemia develops at a rate of 5.2 g/L per day in non-
bleeding ICU patients* and that this exceeded what could be accounted for by phlebotomy
alone*°. Iron restriction would account for a much slower fall in hemoglobin since only
production would be affected.

In fact, it has long been known that multiple mechanisms contribute to the development of
anemia in the setting of inflammation. Destruction is also accelerated due to increased clearance
by macrophage or frank hemolysis during severe inflammation. Besides iron restriction,
suppression of erythropoiesis and interference with the production of erythropoietin or its
signaling could also contribute to decreased production of red blood cells®:’.

Because Al is likely a multifactorial disease, perhaps the broadest definition of Al is that it is
anemia that develops in the presence of inflammation without obvious blood loss.
Understanding the diverse mechanisms that could be involved requires a variety of animal
models that illuminate specific individual mechanisms. Most of this review will focus on mouse
models because the mouse is the most extensively studied; there are a large number of important
genetically altered mice that aid in the study of Al, and mice have a hematologic and
inflammatory system similar to humans. Anemia of cancer will not be discussed since this may
represent a separate entity entirely and few well characterized animal models exist.

MOUSE MODELS OF Al

Multiple systems, including the hemopoietic system, macrophages, immune system, liver and
kidneys are involved in the development of Al. While some aspects of Al can be modeled in
cell culture systems, most studies of Al will require animal models. Furthermore, because so
many systems are involved, it is important that the animal chosen is as similar to humans as
possible. This must be balanced by practical aspects such as amenability to genetic
manipulation, homogeneity of the animals, breeding time and costs. The mouse likely strikes
the best balance of similarity to the human and practicality. Therefore, the majority of this
review will be devoted to mouse models of Al with a short discussion of non-mouse models
at the end.

It is important to recognize that there are important differences between human and murine
pathophysiology that could lead to profound differences in the anemic response to
inflammation. The lifespan of the mouse erythrocyte is much shorter than that of humans® so
consequently they have a more active erythropoiesis and higher reticulocyte counts at baseline.
Mice mount a much more intense reticulocyte response to some inflammatory stimuli and are
capable of extensive extramedullary hematopoiesis®10. A discussion of the differences in the
immune systems of mice and humans is beyond the scope of this review but could also affect
the anemic response to Al.

Because Al is a multifactorial disease, the mouse model used depends on what aspects of the
disease are most important to the investigator. The models will be categorized based on their
underlying mechanism of inflammation.

Infectious Models

Anemia is a common feature of a broad spectrum of infectious diseases. It has been suggested
that the hypoferremia of Al evolved as a host defense mechanism against infection, inhibiting
microbial growth by depriving microbes of iron6:11. The inflammatory response to different
infections is diverse, as is the involvement of additional mechanisms that contribute to anemia.
Therefore, it will be difficult to extrapolate the findings in a bacterial peritonitis model, for
example, to a model based on a murine red cell parasite.
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Intestinal Perforation

The large intestine is colonized with a large array of organisms that are pathogenic when
allowed to spill into the peritoneum. The most common method of introducing fecal contents
into the peritoneum is by cecal ligation and puncture (CLP). CLP is performed by making a
midline incision in the lower abdomen, expressing the cecum, ligating it at its junction with
the large intestine or below, and puncturing it with a needle. Traditionally, CLP has been used
to model severe sepsis or septic shock 12. However, the severity and potential for chronicity
of the model depend on the size of the perforations, the number of punctures, the use of catheters
to maintain patency of the perforation(s) and the volume and composition of stool contents
expressed into the peritoneum 13,

The nature of the inflammatory response in response to CLP has been extensively studied 12
but very few studies reported using CLP to study the pathogenesis or treatment of Al. Schubert
and colleagues studied the role of tumor necrosis factor-o (TNF-a) and interferon-y (IFN-y) in
a CLP model of Al and found that neither of these cytokines played a significant role in the
pathogenesis of Al in this model14:15,

CLP has several significant technical drawbacks that make it less appealing for studying Al.
It is technically difficult, time consuming to perform, has variable outcomes and is associated
with significant morbidity. However, in experienced hands CLP-induced anemia is an
informative model of the anemia in the setting of severe infections.

Pyogenic Bacterial Infections

Al is a common feature of most chronic infections with pyogenic bacteria (gram positives and
enteric gram negatives) such as osteomyelitis, indwelling catheter infections and endocarditis.
However, there is a relative paucity of literature on animal models of anemia caused by chronic
infections of these types. Gallimore and colleagues reported mild chronic anemia in response
to a Staphylococcus epidermidis coated catheter implanted in the peritoneum for a period as
long as six months!®. We modified this technique somewhat to create a very easy model of
chronic peritoneal catheter infection that is well tolerated by the mice. Standard intravenous
catheter-over-needle assemblies were soaked in a broth culture of S. epidermidis overnight.
The catheters were then cut circumferentially 1 cm from the tip. The catheter-over-needle
assemblies were passed into the peritoneum using standard IP injection technique under
isoflurane anesthesia. The catheter was then slid over the needle to the hub and then the needle
and hub were removed. Because of the cut in the catheter, the distal 1 cm would remain
implanted in the peritoneal cavity.

The mice tolerated this procedure very well and showed almost no signs of being chronically
ill up to 6 weeks after the procedure. Similar to Gallimore, we found that approximately 90%
of the mice developed a large, walled abscess around the catheter and that persisting bacteria
could be cultured from the pus and catheter. Although the anemia was mild (see Figure), the
mice had a significant fall in hemoglobin when compared to controls (data not shown). We
found this anemia to be mildly microcytic but not associated with terminally elevated hepcidin
levels (unpublished data).

Bunce and colleagues coated dextran microbeads (Cytodex; Sigma Chemical; St. Louis, MO)
with Staphylococcus aureus and Streptococcus pyogenes and injected them
subcutaneouslyl’. Mice developed large abscesses in proportion to the number of bacteria
injected. However, the investigators did not report any hematologic parameters. We modified
this technique by using S. epidermidis and injected the bacteria coated beads into the
peritoneum. This technique is exceedingly easy and is essentially without morbidity. After 4
weeks, the mice develop 10-30 one to five millimeter abscesses throughout the peritoneum,
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and these sometimes become confluent. We did not assess whether viable bacteria could be
recovered from these abscesses. Mice were statistically more anemic than controls but the
anemia was very mild. Regardless, this model may be a good representation of more indolent
Al and it is likely that the severity of the anemia could be tuned by altering the number of
beads, the inoculum of bacteria or the pathogenicity of the organism.

Mycobacterial Infections

Mycobacterial infections, especially Mycobacterium tuberculosis (MTB), are exceedingly
prevalent in the world, responsible for widespread morbidity and mortality and frequently
associated with anemial8. Furthermore, the ability to obtain iron is important for the
pathogenicity of most mycobacterial infections, especially MTB19, MTB causes infection in
several strains of mice including Balb/C2%, C57BL/62 and DBA/2J21. One major drawback
to working with MTB is that it requires a Biosafety Level-3 (BSL-3) containment. Surprisingly
little work has been done to characterize the extent and strain variation of the anemic response
to MTB. However, as will be discussed below, we have shown that the inflammatory response
to components of MTB causes Al so it is likely that MTB infections would be a good model
of Al

Parasitic Infections

Many parasitic infections are associated with anemia. However, in many cases the cause of the
anemia is presumed to be non-inflammatory or have a minor inflammatory component. Enteric
parasites, for example, cause anemia by depriving the host of nutrients or causing bleeding.
Some parasite associated anemias may be Al or exacerbated by concomitant Al.

Trypanosomes cause a wide variety of diseases in humans and animals, many of which are
associated with anemia. T. brucei, the cause of sleeping sickness in humans, causes anemia in
mice?2:23, Although the mechanism of anemia in T. brucei infection is complicated and
involves at least a component of immune-mediated erythrocyte destruction?3, iron
sequestration and iron restricted anemia, the classical hallmarks of Al, are also present24:25,

Malaria, caused by several Plasmodium species, is a frequent cause of anemia in tropical
regions. Although hemolysis is an important contributor to the anemia, iron sequestration and
suppression of erythropoiesis, characteristic of Al, are also important contributors. Further
evidence of the role of Al in malaria is that urinary excretion of hepcidin is increased in patients
with malaria?8:2” whereas it would be suppressed by a purely hemolytic process accompanied
by increased erythropoiesis28—30, Many Plasmodium species are able to infect mice and cause
anemia. P. chabaudi infected red blood cells injected IP causes anemia after about five days
that reaches a nadir at 10 days31:32, P. berghei causes severe anemia but is rapidly fatal without
treatment33:34, P. yoelii infects mice, has not been shown to be a human pathogen and different
strains produce differing severities of anemia and mortality3°. Although Plasmodium infection
differs significantly from Al because of the importance of hemolysis in the former, it is
important to use these models to understand the role of iron sequestration and suppression of
erythropoiesis in malaria. Furthermore, these infections may provide important insights into
“classical” Al.

Pseudo-infectious Models

Working with true infections has the advantage of mimicking Al that occurs in humans with
similar infections. However, there are several technical limitations that make non-infectious
models more appealing. Some organisms, such as MTB, are known human pathogens, making
them difficult to work with. Even if they are not pathogenic to humans, all the organisms
discussed above could be transmitted to other mice requiring an increased level of isolation
within the mouse colony. Infections are often less predictable in their timing and manifestation
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even within littermates. During our studies of peritoneal catheter infection models, we observed
surprising variation in the size of the abscess, the intensity of systemic inflammation and the
severity of the anemia. We and others have therefore focused on models of Al that employ
immunogenic particles from infectious organisms. The chief disadvantage of these models is
that the inflammatory response to these particles may not fully reflect the response to the intact
organism.

Complete Freund’s Adjuvant (CFA) is an emulsion of dried and inactivated mycobacteria
(Mycobacterium butyricum) in oil. As the name suggests, CFA has long been used as an
adjuvant to aid in the preparation of antibodies. Intraperitoneal CFA injection causes an acute
increase in hepcidin production and hypoferremia in mice36. CFA has long been known to
produce anemia in rats3’—39 and dogs#0. We found that a single IP injection of 0.2 mL CFA
emulsified in an equal amount of normal saline produced a fall in hemoglobin in one week that
reached its maximum at approximately 3 weeks. Although this fall is mild (see figure), it is
reproducible and the anemia is iron restricted as evidenced by a fall in MCV and an increase
in blood zinc protoporphyrin. However, we have found significant variability in the potency
of CFA between manufacturers and even between different lots by the same manufacturer. We
therefore recommend that each batch of CFA be tested for its ability to produce anemia.

Brucella abortus causes brucellosis in cattle and humans. Investigators from Amgen reported
that a single injection of the Brucella ring test antigen (U.S. Department of Agriculture, Animal
and Plant Health Inspection Service, National Veterinary Services Laboratories, Ames, lowa)
produces anemia in C57BI/6 mice and that this anemia was iron restricted and partially
prevented by anti-hepcidin antibody#L. We have worked with this model as well and found it
easy to use. The model is more acute but similar in severity to the CFA (see Figure) model and
mice tolerate it well with no mortality and only occasional signs of chronic illness. Like in the
CFA model, there is evidence of iron restriction but because of the rapidity with which the
anemia develops, we suspect that there may be a significant component of increased red cell
destruction.

Lipopolysaccharides (LPS) are components of the outer cell membrane of Gram-negative
bacteria and elicit a potent inflammatory response when administered intravenously or IP. LPS
induces hepcidin and causes hypoferremia within hours of administration in both humans 42
and mice 43. LPS administration followed by zymosan (a component of yeast cell walls) was
reported to cause Al 44,

Non-infectious Models

Several inflammatory models exist that either mimic autoimmune diseases or produce
inflammation by mechanisms that are not well understood. As an example of the latter,
turpentine has been used to elicit an inflammatory response in animal models for more than
50 years. Turpentine is adistillate of the resins obtained from various trees and is a heterogenous
mixture of organic compounds. It is generally injected subcutaneously and causes a brisk
inflammatory response that peaks at approximately 16—-24 hours after injection but persists for
several days. Turpentine acutely induces hepcidin and causes hypoferremia 28:45:46, Repeated
turpentine injections, generally on a weekly basis, produce anemia although hepcidin does not
remain elevated*>47 (and unpublished data).

Collagen induced arthritis (CIA) is a model of rheumatoid arthritis created by sensitizing mice
to their own collagen by injecting them with collagen (autologous or heterologous) in the
presence of an adjuvant*8. CIA, like active rheumatoid arthritis in humans, causes Al in
micel0. Oral feeding of dextran sulfate sodium (DSS) for several days induces a colitis in mice
that is a model of inflammatory bowel disease (IBD) in humans. DSS colitis, like IBD, is
associated with anemia that resembles Al more than it does simple colonic bleeding?. Both
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of these models are useful for studying Al due to autoimmune disease but findings may not be
generalizable to other forms of Al.

Transgenic Models

Transgenic models of Al use a specific overexpressed gene product or gene ablation to induce
a condition that resembles Al. These models are the least generalizable of the models discussed
so far. A key pathway proposed to cause Al is the IL-6 — hepcidin — ferroportin axis 46:49:50,
In this model, Al is caused by overproduction of IL-6 inducing the production of hepcidin that
then causes the internalization and degradation of the iron export protein ferroportin. According
to this model, increase in IL-6 or hepcidin should cause a condition that resembles Al. Mice
overexpressing I1L-6 develop a disorder that resembles multicentric Castleman’s disease,
including anemia that resembles AI°L. In another transgenic model, overexpression of hepcidin
also induces an iron-restricted anemia similar to Al2. Such models query whether a specific
individual mediator can produce Al, or at least an iron-restricted anemia. Clearly, additional
or alternative mediators may contribute to Al in more complex models or in human disease.
Nevertheless, transgenic models can provide important insights into Al and may be beneficial
in studying treatment modalities in the future.

NON-MOUSE MODELS

Other Mammals

Several rat models of Al exist. Although rats are larger, more expensive to purchase and
maintain and are more difficult to manipulate genetically than mice, their large size may be
beneficial when repeated blood sampling is needed or delicate survival surgeries are planned.
CFA-induced anemia in rats has long been used as a model of AI37:38, Peptidoglycan (PG),
from the cell wall of gram positive bacteria and carrageenan, isolated from red seeweeds, also
cause Al in rats®2, The PG model would appear to be a good model of the anemia seen in RA,
as a single injection of PG in susceptible rats (Lewis) induces relapsing arthritis and anemia
that lasts almost a year 32754, This model is characterized by elevated hepcidin production and
iron restricted anemia 5 but decreased red cell survival may play a role 56. The anemia in this
model is partially reversed by treatment with an erythropoiesis stimulating agent °’. PG is a
complex mixture of polymers and the specific preparation may be important in determining
the ability to cause anemia.

Non-human primates are considered the “gold-standard” for animal models of human diseases.
Models using non-human primates are fraught with technical difficulties including cost, slow
breeding, technician safety, and ethical and regulatory difficulties. Cynomolgus monkeys
develop anemia in response to CIA %8, Multiple infections likely cause anemia in non-human
primates but these have not been studied extensively. As targeted therapeutics for Al are
developed, primate models will increase in importance.

Non-mammalian (fish) models

Using non-mammalian models of Al increases the risk that the model may not apply to the
human condition. However, having access to genetically distant models is important for
comparative genomics. Also, some techniques may be particularly suited to non-mammalian
organisms. Fish develop anemia in response to infection and non-infectious stress. Catfish
exposed to Edwardsiella ictaluri develop anemia with increased hepcidin expression®®. Bass
with intraperitoneal injections of bacteria or upon exposure in the water to Streptococcus
iniae have increased production of hepcidin®; however it has not been reported whether the
bass develop anemia. Zebrafish are extremely useful animal models since they are very easy
to manipulate genetically and the presence of anemia (if sufficiently severe) can be visualized
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in the transparent intact animal. Injection of bacteria into zebrafish does cause elevation of
hepcidin®? but it has not been determined whether these fish develop anemia.

CONCLUSION

Because Al is not one simple disease but a complex response to diverse inflammatory
conditions, it will require many models to study the disease. The choice of models must take
into account the applicability to the human disease but should also take account of the practical
aspects of cost, reproducibility, and existing information database about the model.
Furthermore, when testing pathways that are thought to be necessary for the development of
Al, several models may be necessary to assure that the findings are generalizable.
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Figure.

Chronic inflammation was induced in C57BL/6 with intraperitoneal (IP) complete Freund’s
adjuvant (CFA), serial injections of subcutaneous turpentine (Turp), peritoneal catheter
infection (Cath) or IP brucella antigen (Brucella). Control mice received normal saline
injections. Hemoglobin was determined at the end of 3 weeks for all models except Cath at 4
weeks. Mice in the top panel were maintained on a 4 ppm iron diet during the experiment
whereas in the lower panel, mice were on 20 ppm iron.
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