k7

50(67:961 —969, 2004

Acta Zoologica Sinica

The costs of immunity

Kirk C. KLASING™*

Department of Animal Science, University of California, Davis, California 95616, USA

Abstract The costs of development of the immune system come primarily from the expenditure of energy to fuel the inef-
ficient process of developing antigen recognition diversity in B and T lymphocytes and to provide substrates (e.g.» amino
acids and lipids) for the initial burst of leukopoiesis needed to supply the late embryo and hatchling with leukocytes. The
costs of maintaining the immune system are related to allocating nutrients for the continued production of leukocytes, im-
munoglobulin, and other plasma proteins to replace those lost during normal turnover of cells and extra-cellular proteins.
The costs of using the immune system to thwart the invasion of potential pathogens come in two primary forms. First,
there are losses in tissue function that result from damage incurred when leukocytes engage their effector mechanisms and
damage tissue integrity and host cell viability (collateral damage). Secondlys there are nutritional costs in mobilizing the
responding cell types and fueling their effector functions. The primary cost of an authentic pathogen challenge is in the
systemic acute phase responses especially recruitment of the liver, to assist the immune system by producing protective

proteins [ Acta Zoologica Sinica 50 (6): 961 —969, 2004].
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1 Introduction

Vertebrates shield themselves against virus, bac-
terias and eukaryotic parasites by investing in a mul-
tilayered and complex system of protection: the im-
mune system. Among birds, there is marked inter-
species and intraspecies variation in susceptibility to
challenges by pathogens. Given that there are costs
attributable to the processes providing protection, it
can be expected that much of the variability in
pathogen susceptibility is due to differing investments
in the size and quality of the immune system. Evi-
dence from genetic selection studies (Siegel et al.
1982b: Parmentier et al.» 1995; Parmentier et al. »
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1996; Qureshi and Havenstein, 1994; Martin et al. »
1990) and from interspecies and intraspecies compar-
isons ( Moller et al., 2003; Martin et al., 2003;
Tella et al. » 2002) support this contention. Studies
in physiological ecology and theoretical immunology
often refer to the “costs” in terms of resources, such
as the energy needed to mount an immune response;
or the trade-offs between immunocompetence and
other nutrient-requiring functions ( Read and Allen,
2000). An accounting of these costs should be precise
for birds, for these theories and arguments to have a
sound quantitative basis. However, the costs of im-
munity have rarely been described with precision, so
the importance of trade-offs between immunity and
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other physiological processes remains obscure. Given
that investment in self-maintenance, especially immu-
nity, is presumed to be an important constraint in the
diversification of life-histories ( Ricklefs and Wikels-
ki, 2003; Klasing and Leshchinsky, 1999), a grea-
ter appreciation of the costs of immunity is needed.

The immune system has many layers and is per-
vasive within most physiological processes of the
body. All cells have mechanisms that provide self-
maintenance and thwart infectious challenges. For
example; foreign RNA is silenced by an intricate
molecular mechanism that minimizes the ability of
viruses to commandeer the translational machinery of
a cell (Plasterk, 2002). Though all body cells have
defensive pathways, leukocytes are the professional
cells of the immune system and are responsible for de-
tection of pathogens, production of molecules to elim-
inate the pathogen, and alerting nervous, endocrine
and other regulatory systems of infectious challenges.
Leukocyte functions are typically divided into innate
and adaptive components. Innate immunity is mediat-
ed predominantly by phagocytes and is crucial for de-
fense against novel pathogens. Adaptive immunity is
mediated predominantly by lymphocytes; and re-
quires four or more days of activation before con-
tributing significantly to protection against novel
pathogens. Notably, subsequent challenges by a
pathogen are quickly and effectively thwarted by
adaptive immunity because of its memory capabilities,
whereas innate immunity is no more effective against
a second challenge than it was against the first.

2 Estimating the cost of immunity

As in all physiological processes, the nutritional
costs of immunity are best subdivided into three com-
ponents: those of developing the immune system,
those of maintaining that system in working order,
and those involved in use of the system to thwart a
parasitic invasion. Development of the immune sys-
tem is defined as the initial differentiation and selec-
tion events in the thymus and bursa that generate a
diverse pool of lymphocytes expressing thousands of
unique pathogen receptors needed to identify potential
pathogens. Development also includes the clonal pro-
liferation of all leukocyte populations and their occu-
pation of epithelia and secondary lymphoid organs.
The maintenance state is defined as a quiescent im-
mune system engaged in routine functions such as
clearing apoptotic cells that result from normal cell
turnover. The use of the immune system is defined as
a response to a foreign organism or molecule designed
to contain or deactivate it.

Use of the immune system includes phagocyto-
sis» the acute phase response, proliferation of antigen-
specific lymphocytes, antibody production, and cell-

mediated cytotoxicity. Current theory predicts that
there is a tradeoff between inductive versus constitu-
tive types of protection ( Shudo and Iwasa, 2002;
Schmid-Hempel and Ebert, 2003). Maintaining con-
stitutive levels of protective cells and proteins at pro-
tective levels should provide the most rapid and effec-
tive defense, but it has high nutritional costs. Alter-
nately, a low level of constitutive production of pro-
tective factors, with rapid induction following a
pathogen challenge, is predicted to have cheaper cost
if lower protective value. From this viewpoint, con-
stitutive production of leukocytes and protective pro-
teins is a maintenance activity, while the increase due
to a challenge is considered use of the system.

The cost of immunity can be estimated directly
or indirectly. Direct estimates are derived from popu-
lation dynamics, energy expenditure; and rates of
material accretion by leukocytes and other cells that
contribute to immunity. Indirect estimates can be ob-
tained by examining the extent of trade-offs in com-
peting physiological processes that occur due to im-
mune processes. Ultimately, our confidence in the
cost of immunity depends on the congruence of direct
and indirect estimates.

Quantitative measurements of leukocytes and
their products typically require monoclonal antibodies
and other reagents that are species-specific and un-
available except for agriculturally important species.
For this reason, direct estimates of the cost of immu-
nity in the Aves are available only for chickens Gallus
gallus. However, indirect estimates are not particu-
larly reagent-dependent and can be obtained across a-
vian orders; though to dates most of the work has al-
so used the Galliformes, especially the chicken and
Japanese quail Coturnix coturnix japonica .

2.1 Direct estimates

The nutritional costs of many physiological pro-
cesses have been well defined. For example, the rest-
ing metabolic rate of many hundreds of avian species
has been measured and often re-measured. The addi-
tional costs to support activity, thermoregulation,
growth, molt, and egg production have likewise been
detailed with precision. Data on the rate of tissue ac-
cretion, the nutrient composition of tissues, and the
rates of macromolecule turnover have provided a firm
scientific basis for estimating the nutritional demands
of growth, molting, and egg production (Klasing,
1998b; National Research Councils 1994). Unfortu-
nately, a similar quantitative foundation is mostly
lacking for the estimation of the nutritional resources
needed for immunity. This is probably due to the
complexities and uncertainties surrounding the pro-
cess. Immunity is mediated by at least ten lineages of
leukocytes that are located diffusely throughout the
body. Nobel prizes are awarded almost annually for
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fundamental advancements in our understanding of
the immune system and its regulation. Clearly, it is
difficult to evaluate, quantitatively, physiological sys-
tems that are incompletely understood and hard to lo-
cate.

Furthermore, the diverse types of challenges Ce.
g.» viral, bacterial), the variable intensities and du-
ration of the challenge Cacute vs. chronic), and the
differences in responses triggered by
pathogens (e. g., innate, cell-mediated; humoral )
make generalizations difficult. Nevertheless, several
attempts have been made to determine the cost of im-
munity, including attempts to sum factorially the
costs of the wvarious processes of immunity
(Lochmiller and Deerenberg, 2000; Klasing and
Calvert, 1999; Cohn and Langman, 1990; Langman
and Cohn, 1993). In our attempt (Klasing and
Calvert, 1999), amino acids were used as the curren-
cy for estimating costs because the immunology litera-

immune

Table 1 Relationship between types and costs of immune responses

ture is relatively replete with estimates of rates of pro-
tein accretion (e.g., antibody or acute phase protein
synthesis) and cell proliferation; but there is a dearth
of information on the energetics of these processes.
Lysine, in particular, is used as the nutrient of choice
for factorial summation of the costs of immunity be-
cause this amino acid has few uses other than as a
substrate for protein synthesis.

Because we do not yet know all of the processes
responsible for immunity, factorial summations neces-
sarily underestimate the total costs. While incomplete
and presumably providing an underestimate of the to-
tal cost of immunity, direct estimates provide impor-
tant perspectives on the relative costs of different
components of the system. As described below, the
systemic acute phase response that accompanies an in-
nate immune response appears to be the most expen-
sive component of immunity in young chickens ( Table

.

Developmental Developmental Maintenance —Nutritional

Effectiveness Pathological

Parameter )
time costs costs costs of use Novel challenge Repeated challenge —costs of use
Non-specific immunity )
) ) short low medium! very high! good good very high
including acute phase response
Specific, lymphocyte-mediated )
long very high low low poor excellent variable?

immunity

1. Constitutive production of protective levels of complement, natural antibodies, and other broad-spectrum defensive proteins is considered as a mainte-

nance cost. During an infectious challenges rapid secretion of these proteins plus acute phase proteins has a high cost.
2.Many of the pathological actions of specific immunity occur when immunoglobulins or T-lymphocytes activate macrophages and other cells of the non-

specific system.

2.2 Indirect estimates

Because of the myriad of cell types, effector
mechanisms and locations of the immune system, in-
direct estimates of the resources needed for protection
have utility. Implicit in this approach is that the costs
needed for immunity impinge on the nutrients avail-
able for other physiological processes. For example;
the energy used by leukocytes during a response to a
pathogen presumably siphons away energy for
growth, reproduction etc. The decrease in energy de-
posited in growing or storage tissues that occurs dur-
ing such a protective immune response should be pro-
portional to the amount of energy utilized by that im-
mune response. While indirect estimates of the costs
of immunity are not particularly useful for identifying
the relative contribution of various immune processes
to the total costs they circumvent many of the prob-
lems associated with our incomplete understanding of
the process of immunity and availability of reagents to
quantify the processes.

Though energy expenditure is the preferred cur-
rency for the measurement of many life history char-

acteristics, it has not always provided reliable results
for studies on the cost of immunity. This is because
there are many behavioral changes that accompany
the immune response to pathogens which confound
interpretation of changes in energy expenditure. For
example,; the acute phase response that accompanies
immune responses to pathogens markedly decreases
activity levels compensating for increases in energy
expenditure attributable to immunity; the net result
is little change in energy expenditure ( Parmentier et
al.» 2002; Johnson et al. > 1993). Indirect estimates
of the developmental costs of immunity are not cur-
rently available; but indirect estimates for mainte-
nance and use of the immune system have been made.

3  Costs of immunity development

The innate and adaptive arms of the immune sys-
tem follow very different developmental schemes and.,
consequently, have very different developmental
costs. In general, development of the innate immune
system is gradual and efficient and has no obvious
costs that distinguish it as being uniquely expensive.
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Development of the adaptive immune system occurs
through a notably inefficient process during a limited
window of time, imposing a uniquely high cost.
3.1 Adaptive immunity

The receptors that lymphocytes utilize to recog-
nize pathogens are generated via a series of semi-ran-
dom recombination and point mutations in their cod-
ing genes within the thymus and bursa (Reynaud and
Weill, 1996). This semi-random diversification is
necessary to permit the immune system to recognize
diverse pathogens and diminish evolution of their re-
sistance. Diversification of antigen receptor genes
typically results in ineffective receptors, which signal
the deletion of the lymphocyte involved. Only rarely
does a recombination event result in a functional anti-
gen recognizing capability that does not recognize self-
antigens too strongly. In these instances, that lym-
phocyte divides and migrates into the periphery where
it populates lymphoid tissues and epithelia. In chick-
ens, approximately 90% of developing B-lymphocytes
and 95% of developing T-lymphocytes are non-func-
tional and are deleted in the bursa and thymus, re-
spectively ( Reynaud and Weill, 1996; Lassilas
1989). This is the most inefficient developmental
process occurring in the embryo and hatchling, and
presumably it is energetically very costly.

Rates of protein synthesis and accretion within
chicken bursa and thymus, rates of growth of the

thymus and bursa, and the rate of export of lympho-
cytes to the periphery permit estimates of the devel-
opmental costs of adaptive immunity. Rapid B-cell
development starts at about E-14 and continues to
about 4 weeks after hatching. The bursa expands
from about 0.05% of body weight at E-14 to 0.45%
of body weight at 3 — 4 weeks after hatching, when it
reaches its maximum size (Betti and Sesso» 1989;
Mercer-Oltjen and Woodard, 1987). At 4 weeks
post-hatching, the bursa exports 5% 10% cells per day
(Paramithiotis and Ratcliffe, 1994 ), representing
0.04% of body weight. The total lysine needed for
expansion of bursa mass and cell export is 837 pmol.
During this same periods 75 950 pmol of lysine are
accreted in the whole body. Consequently, B-cell de-
velopment accounts for about 1.10% of the lysine ac-
creted in a growing chick (Table 2). The overall ki-
netics of thymus growth and T-lymphocyte migration
to the periphery approximates that of B-lymphocytes;
and the proportion of lysine accreted for development
of the adaptive immune system is estimated to be
about 2.2% (Klasing and Calverts 1999). The rate
of protein synthesis in the thymus and bursa are 2.4
and 3.6 times the whole body rate (Klasing and Aus-
tics 1984) and, correcting for relative organ size> de-
velopment of lymphocytes accounts for about 3% of
the total daily energy expenditure used for protein ac-
cretion in a 4-week-old chick.

Table 2 Daily rate of protective processes and growth in young chicks'

Normal LPS challenged
Process Production Cost Production Cost
(mg/kg/d) (pmol lysine/kg/ d)? (mg/kg/d) (pmol lysine/kg/d)?

Leukopoiesis in all tissues 650 45.5 1 300 90.9
Immunoglobulin synthesis® 114 65.6 121 69.6
Acute-phase protein synthesis ~0? ~0 710 386

Total for immunocompetence 764 111.1 2 131 546.5
Body weight gain® 85 000 5950 72 446 5212
Lysine intake - 9 520 - 8 311
% of intake used for immune processes 1.17 6.71

% of intake used for growth 62.50 62.70

1. From Klasing and Calvert (2000). LPS: Lipopolysaccharide.

2. Constitutive production of complement and other defensive proteins is not included in this analysis because their synthetic rates are not yet available.

3. For 2-week-old chickens.

Current theory on the diversification of the B and
T cell receptor repertoire predicts that the number of
lineages of functional lymphocytes that must be gen-
erated is independent of body weight ( Cohn and
Langman, 1996; Langman and Cohn, 1993; Cohn,
2000). This is because small birds are exposed to the
same milieu of viruses, bacteria, and other parasites
as large birds and must be able to recognize the same

number of foreign antigens. Thus all birds, regardless
of size, are predicted to have similar absolute costs for
diversifying their lymphocyte repertoires. Clearly,
this cost represents a much larger investment for
small birds than large. Presumably the only way that
small birds can cope with these developmental costs is
by either spreading them out over a long period of
time or by accepting a smaller repertoire and poorer
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capacity to recognize pathogens. Theoretically, birds
smaller than 4 g cannot have a complete repertoire of
lymphocytes because they lack sufficient space in their
bodies for the number of cells required in each lineage
to establish effectively protective levels of immunity.
3.2 Innate immunity

Cells of the innate immune system (e.g.,
macrophages and heterophils) utilize pattern-recogni-
tion receptors that are coded in the genome and do not
require diversification or selection. As progenitor cells
proliferate, all daughter cells are functional, express a
full repertoire of pathogen-recognition receptorss and
have equal utility in combating parasites.

The stem cells that give rise to cells of the
macrophage-phagocyte system are present early in de-
velopment and proliferate slowly, populating lym-
phoid organs as they are formed (Kent, 1961). Be-
cause of such straight-forward development, nutrients
are needed uniformly during embryogenesis and are
proportional to the number of innate immune cells in
the embryo and hatchling. The number of granulo-
cytes, monocytes and macrophages reach adult densi-
ties at about 1 week of age in chickens ( Mast and
Goddeeriss 1998; Jeurissen et al. » 1992; Jeurissen et
al.» 1994, and account for 0.18% (14.4 pmol) of
the total of the 8.05 mmol of lysine accreted from E6
to 7 days of age (Table 2). Thus amino acid costs for
development of the innate immune system appear to
be relatively low. This simple and efficient develop-
ment scheme, with all daughter cells competent, sug-
gests that the energy requirements for this process
would be low.

A hen makes a large investment in the innate im-
munity of her eggs and hatchlings. Chickens incorpo-
rate about 200 mg of immunoglobulin (IgY) into
cach egg yolk (Kowalczyk et al.» 1985), which is
about 3.8% of the egg’s lysine. Furthermore, the
antimicrobial proteins lysozyme, ovotransferrin, ovo-
mucin, and avidin comprise about 25% of the egg
white and function to protect the developing embryo
(Romanoff and Romanoff, 1949).

4 Costs of immunity maintenance

The vast majority of lymphocytes in a healthy
bird are “at rest” and are among the least metabolical-
ly active cells in the body. Their content of cytoplasm
and RNA is exceptionally small, and rates of antibody
secretion are negligible. Similarly, monocytes are not
especially metabolically active unless they encounter a
pathogen and are activated to differentiate into
macrophages. A small fraction of B-lymphocytes dif-
ferentiates into plasma cells which constitutively se-
crete immunoglobulin. The pool of constitutively se-
creting plasma cells includes lineages that have previ-
ously responded to a pathogen and lineages of B-1

cells that produce “natural antibody” that is especially
important in constraining commensal microflora and
clearing endogenous antigens. This constitutive secre-
tion of immunoglobulin should be counted as a main-
tenance cost.

In the healthy adult, the immune system con-
sists of a set of re-newing cell populations which con-
tinuously produce and lose cells in dynamic equilibri-
um. At maintenance> many of the cells of the im-
mune system are relatively long-lived, with the ex-
ception of neutrophils. Replacement lymphocytes in
immunologically mature animals result from the repli-
cation of lymphocytes in the existing pool. Conse-
quently, each daughter cell is competent and the pro-
cess of maintaining lymphocyte numbers is efficient.
The liver is the primary accessory organ of the im-
mune system and constitutively produces complement
and other accessory proteins.

4.1 Direct estimates

The costs for maintaining the cells of the im-
mune system can be put into perspective by examin-
ing the contribution of leukocytes and their effector
molecules to body mass or body lysine ( Table 2).
The cellular elements of the immune system of an
adult chicken contribute slightly less than 1% of the
body weight. The primary effector protein in the
body is Ig. In the chicken, total IgY, IgM and IgA
(Leslie and Clem, 1970) comprise 0. 13% of body
weight and about 1.05% of total lysine content.

Though most leukocytes are very long lived,
heterophils migrate into the intestines and IgA is se-
creted into the epithelia. At present, the cost of these
losses is not known. Therefore, it is instructive to es-
timate the maintenance needs for the immune system
from the rate of cell and Ig synthesis, assuming zero
re-utilization of nutrients during replacement. The
normal rate of immunoglobulin synthesis in chickens
is about 0.025% of body weight per day (Leslie and
Clem, 19700, which is 1.9% of the total lysine used
by a 2-week-old chick. Leukopoiesis accounts for
0.76% of lysine use in a young chick. Based on
serum concentrations and half-life estimates, it is
likely that the amino acid demands for the synthesis
of complement and other accessory proteins are an or-
der of magnitude lower than that of Ig. Thus, the
use of lysine for maintaining the immune system of a
young chicken is likely to be less than 3% of the to-
tal.

4.2 Indirect estimates

Indirect estimates of the maintenance cost of im-
munity can be drawn from experiments examining
chicks grown in a sterile environment relative to
chicks grown in a conventional, but pathogen-free en-
vironment. Young chickens that have not been ex-
posed to bacteria and viruses have far fewer leuko-
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cytes, lower rates of leucopoiesis, and convert about
5% more of their dietary nutrients into body tissue
than chickens in a conventional environment ( Coates,
1973). Likewises feeding high levels of antibiotics or
antibacterials decreases the numbers of leukocytes,
especially along the intestinal epithelium and spares
about 5% of daily nutrient needs ( Roura et al.,
1992; Humphrey et al. » 2002). These indirect esti-
mates are somewhat higher than direct estimates (5%
vs 3% ) but confirm that the immune system has a
measurable cost even when it is not being used to
thwart pathogens.

5 Costs of immunity use

Any discussion of the costs of using an immune
system requires a statement of the obvious: the
pathology and necrosis induced by pathogens in im-
munodeficient hosts is usually fatal. On the other
hand, a maximal response of the immune system may
also be fatal Ce. g. > anaphylaxis or septic shock). De-
scriptions of the pathology induced by inadequate or
excessive immune responses are detailed in every text-
book on avian medicine; but estimates of the nutri-
tional costs of a successful and appropriate immune re-
sponse are poorly characterized.

The survival of an animal following infection by
a pathogen is determined by the relative rate of
pathogen proliferation versus the current level of pro-
tective immunity and capacity to recruit additional
protection. Defense against novel pathogens is clearly
more costly than re-engagement of previously encoun-
tered pathogens. The following analysis considers the
costs of defense against a novel bacterial challenge.
Most challenges begin with an influx of monocytes
and heterophils from the blood to the site of infection
and their secretion of effector molecules, such as reac-
tive oxygen intermediates, complement
and defensins. These phagocytes must be replaced by
increased output from leukopoietic areas of bone mar-
row. Stimulated leukocytes release interleukin-183
(IL-1B), IL-6, tumor necrosis factor-as and y-inter-
feron. These cytokines orchestrate a systemic acute
phase response that includes fever, anorexia, and re-
cruitment of the vast immune defense capabilities of
the liver, especially the secretion of acute phase pro-
teins ( Parmentier et al., 1993; Klasing, 1998a;
Adler et al.» 1998; Johnsons, 1997; Johnson et al. s
1993). Over the next few dayss B and T lympho-
cytes that recognize antigenic determinants on the
pathogen begin to proliferate. The responding lym-
phocytes form germinal centers in nearby lymphoid
tissues where affinity maturation of Ig occurs. After
about a week, plasma cells begin to produce protec-
tive levels of Ig, and T-cytotoxic lymphocytes seek
out infected host cells and kill them.

lysozyme>

Most novel pathogens induce strong innate and
adaptive immune responsess and costs of immunity
must take both into account. Experimentally, many
investigators use purified antigens like KILH, BSA or
SRBC, which do not stimulate robust innate immune
responses and are poor model systems for true infec-
tious diseases. However, reagents that selectively
stimulate either a B-lymphocyte response or a T-lym-
phocyte response are instructive in itemizing the spe-
cific costs of various arms of the immune system.

5.1 Direct estimates

The costs of using the immune system are equal
to the increase in cell proliferation and secretion of ef-
fector molecules triggered by a pathogen (Table 2).
Following a successful immune responses the number
of leukocytes and levels of effector molecules return to
normal and the nutrients left over are presumably
redirected to other uses.

5.1.1 Innate responses The infiltration of leuko-
cytes during the first day of a simulated peritoneal in-
fection results in the accumulation of about 1.5 X
10® macrophages and heterophils per kg body weight
(Golemboski et al. > 1992; Klasing, 1998a; Sabet et
al.» 1977). This is equivalent to about 0. 0025% of
total body weight. In large mammals, fever has a
considerable energetic cost> but in chickens and other
birds, a net change in energy expenditure due to fever
is not normally observed because of compensatory de-
creases in other expenditures such as activity, growth
or reproduction. The accretion of acute phase proteins
(Barnes et al.» 2002; Adler et al.» 1998 is the sin-
gle most significant use of amino acids during an im-
mune responses accounting for 386 pmoles of lysine/
kg/d or 4.6% of the lysine intake in a 3-week-old
chicken. Clearly, the recruitment of liver action away
from its normal functions in secreting nutrients to
support growth or reproduction to aid immune defens-
es is the single most expensive component of immuni-
ty to pathogens that induce an acute phase response.

5.1.2 Adaptive responses Acute systemic infec-
tions in mammals causes a 2-fold increase in the rate
of leukopoiesis in bone marrow (Elgert: 1996) to
0.06% of body weight per day; but corresponding
information for birds is not available. The rate of syn-
thesis of Ig specific for epitopes on pathogens increas-
es remarkably during an infectious challenge, from
levels that are often undetectable to effective concen-
trations of between 10 and 100 ng of Ig per ml of ex-
tracellular fluid (Cohn and Langman, 1990) in less
than a week. The total amount of antigen-specific-Ig
produced following hyperimmunization of complex
antigens augments plasma Ig levels by about 25% in
chickens (Leslie and Clem, 1970). Assuming that a
similar increase in Ig occurs in all extracellular {luids,
this represents an increase of about 28 mg of Ig per
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kg body weight per day. In chickens challenged with
a highly antigenic protein, the influx of lymphocytes
into the spleen and the formation of germinal centers
accounts for only about 0.01% of body weight
(Humphrey and Klasing, unpublished observations).

In most challenges by novel pathogens, the in-
nate response precedes the peak adaptive response and
the expenses of the two arms are spread sequentially.
Only in the case of persistent pathogens can both in-
nate and adaptive arms of the immune system be ex-
pected to respond simultaneously at high levels. The
above accounting indicates that the amount of lysine
needed to support such a simultaneous response is 550
pmol/kg/d. If this quantity were to be used for
growth, it would support the accretion of 7.8 g of
body mass/kg of body weight.

5.2 Indirect estimates

Indirect measurements of the cost of a vigorous
immune response have been obtained by exposing
growing chicks to bacterial lipopolysaccharide (LPS).
LPS induces an intense innate and adaptive immune
response simultaneously by stimulating macrophages
B-cells and T-cells through specific LPS receptors.
Under this model system, growth rate slows from 85
g/kg/d to 72.4 g/kg/d in young chickens (Klasing
et al.,» 1987; Benson et al.» 1993). Interestingly,
known process in immunity can account for about
60% this loss (Table 2); and most of the remainder
is due to anorexia.

The high cost of an acute phase response proba-
bly explains why a variety of avian species respond to
challenges from live bacterial and viral pathogens, and
sometimes even relatively benign parasites, with
changes in body condition and energy metabolism that
are much greater than can be accounted for by sum-
mation of the substrates needed for adaptive immune
responses ( Sheldon and Verhulst, 1996; Martin et
al.» 2003; Korver et al.» 1997). Even benign anti-
gens like red blood cells in sheep stimulate a mild a-
cute phase response that can be measured as increased
heat production, protein turnover, fever, and slightly
decreased rate of growth (Cook et al.» 1993; Klasing
and Austic, 1984: Klasing et al., 1987; Siegel et
al.» 1982a). The idea that an immune response di-
verts nutrients away from growth, reproduction and
other productive purposes needs to be put into con-
text. A quantitative analysis of the processes involved
indicates that anorexia and changes in nutrient use by
the major organs of a bird, especially the liver, are
primarily responsible and that use of nutrients by
leukocytes is only a minor contributor.

Although the above analysis has focused on mod-
el systems that invoke vigorous immune and acute
phase responses, frequent challenges of low intensity
can, over long periods of time, result in diminished

productivity. For example, the frequency with which
the immune system responds to challenges by oppor-
tunistic microorganisms is inversely proportional to
the rate of growth and the efficiency of dietary energy
use for tissue deposition. Hatchling chickens housed
in environments where they have frequent but low
level challenges have greater numbers of leukocytes
present along their epithelia; presumably the cost of
sustaining this higher level of surveillance amounts to
about 5% of daily nutrient use (Roura et al.,» 1992;
Humphrey et al.» 2002).

6 Conclusions and predictions

All avian species require an immune system that
is sufficiently competent to thwart the continuous
challenges from commensal microflora and occasional
challenges by true pathogens. However, immunity
comes at a cost that must be paid at the expense of
other processes, and it is unlikely that any species, or
individual, possess the maximum immunity possible.
Presumably there is a continuum of levels of invest-
ment for immunity at the species level, and that fac-
tors related to environment and life history drive this
variability. Our current view of the avian immune
system is colored heavily by what happens in the
chicken. The chicken immune system is very differ-
ent from that of mammals. In the few instances were
other avian species have been examined, albeit super-
ficially, surprising diversity has been found. For ex-
ample; ducks produce a structurally and functionally
different IgY to that of chickens, and the production
of this unique effector molecule affects the cost of im-
munity markedly (Higgins, 1996; Humphrey et al. »
2001). There is reason to expect that even greater di-
versity will be found as attention is focused on other
orders that have greatly different body sizes, life-his-
tories, and phylogenies.

Given that each component of the immune sys-
tem has a unique cost and benefit, it is likely that
there is a wide variety of strategies for immunity
(Ricklefs and Wikelski>» 2003; Klasing and Leshchin-
sky, 1999). Each strategy may accentuate specific
components of immunity and de-emphasize others.
Developmental costs are uniquely high for lympho-
cytes; and the rewards of owning a robust repertoire
may not be sufficient in some species. Recombina-
tion, gene conversion, and mutation processes neces-
sary for generating a diverse repertoire of lymphocytes
expressing unique antigen receptors takes several
months to develop and are a major cost to the chicken
in terms of both time and energy. Presumably, some
species forgo this expenditure and have a narrow and
incomplete repertoire of lymphocytes that would re-
sult in lower probabilities of recognizing some
pathogens as foreign. At the other end of the contin-
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uum are species that invest resources to develop a ro-
bust repertoire of lymphocytes that can recognize
nearly all potential pathogens and provide maximal
protection.

Current knowledge predicts that species with
long life spans will invest more time and nutrients in-
to developing a robust repertoire of lymphocytes
(Ricklefs and Wikelski> 2003; Klasing and Leshchin-
sky, 1999). Species with a long life span and slow
reproductive turnover will be disproportionally affect-
ed by mortality from the rare pathogens that cannot
be recognized by their innate immune system. Addi-
tionally, the longer an animal lives, the less likely
that a pathogen challenge will be novel and the
greater the benefit of memory for specific, lympho-
cyte-mediated immunity. Thus long-lived species re-
ceive more benefit from specific immunity and are
more likely to invest more in this component of the
immune system.

Once developmental processes are complete;
species may invest differing amounts of nutritional re-
sources into maintaining pools of leukocytes ready to
respond to challenges by pathogens. For example,
levels of some immunoglobulins are maintained at suf-
ficiently high levels to provide immediate protection
(Cohn and Langman, 1990). These so-called “natu-
ral antibodies” are only a subset of the total repertoire
but are very important in determining resistance (Fla-
jnik and Rumfelt, 2000: Boes, 2000; Cotter, 1998)
and represent one of the largest components of the
maintenance costs of immunity. There appears to be
considerable species variability in the number of
clonotypes represented in basal levels of circulating
Ig> and this may represent differing levels of invest-
ment in maintaining specific immunity. Given the
importance of constitutive Ig production in managing
commensal microflora populations, it might be ex-
pected that species with large caeca may invest more
in maintenance function.

An immune response to a pathogen requires clon-
al proliferation of lymphocytes, formation of germinal
centers, recruitment of new phagocytes from bone
marrow, and synthesis of effector molecules Ce. g. »
lysozyme, complement). Most immune responses are
also accompanied by a systemic acute phase responses
which has an exceptionally high cost. Though block-
ing the acute phase response impairs resistance to
some types of pathogens, the protective value of the
acute phase response is thought to be relatively low
and non-specific compared to leukocyte-mediated ef-
fector functions. Consequently, the acute phase re-
sponse might be considered to have a low benefit to
cost ratio» and be de-emphasized in some life-history
strategies. Among chickens bred for differing rates of
growth, we have detected differing investments in

the acute phase response, with faster growing strains
having a blunted response ( Leshchinsky and Klasing,
2001). The balance between investment in adaptive
immunity during development and reliance on “pay as
you go” innate immunity will presumably follow pre-
dictable patterns related to life-histories. So uncover-
ing their relationships to life-span, mode of develop-
ment, dietary preferences, habitat preferences and
reproductive strategy should be instructive.

References

Adler KL, Peng P> Peng RK, Klasing KC; 1998. The time course of
the chicken acute phase protein (APP) response. FASEB J. 12:
A487.

Barnes DM, Song Z, Klasing KC, Bottje W, 2002. Protein metabolism
during an acute phase response in chickens. Amino Acids ( Vienna)
22: 15-26.

Benson BN, Calvert CC, Roura E, Klasing KC, 1993. Dietary energy
source and density modulate the expression of immunologic stress in
chicks. J. Nutr. 123: 1 714 -1 723.

Betti F» Sesso A; 1989. An allometric study of the development of the
cloacal bursa in the domestic fowl. Anat. Anz. 168: 255 —260.

Boes M» 2000. Role of natural and immune IgM antibodies in immune
responses. Mol. Immunol. 37: 1 141 —1 149.

Coates ME, 1973. Gnotobiotic animals in nutrition research. Proc. Nu-
tr. Soc. 32: 53—358.

Cohn M, 2000. The biology of recognitive repertoires. Immunology
Today 21: 433 —435.

Cohn M, Langman R, 1996. The immune system: a look from a dis-
tance. Front. Biosci. 1: 318 —323.

Cohn M, Langman RE, 1990. The protection: the unit of humoral im-
munity selected by evolution. Immunol. Rev. 115: 11 —147.
Cook ME, Miller CC, Park Y, Pariza M, 1993. Immune modulation
by altered nutrient metabolism: nutritional control of immune-in-

duced growth depression. Poult. Sci. 72: 1 301 —1 305.

Cotter PF, 1998. Naturally occurring rabbit erythrocyte agglutinins in
fowl sera. Poult. Sci. 77: 100.

Elgert KD, 1996. Immunology. New York: Wiley-Liss.

Flajnik MF, Rumfelt LL, 2000. Early and natural antibodies in non-
mammalian vertebrates. Curr. Top. Microbiol. Immunol. 252:
233-240.

Golemboski KA, Bloom SE, Dietert RR, 1992. Assessment of neonatal
avian inflammatory macrophage function following embryonic cy-
clophosphamide exposure. Int. Immunopharm. 14: 19 —26.

Higgins DA, 1996. Comparative Immunology of Avian Species. In:
Davison TF ed. Avian Immunology Abingdon: Carfax Publishing
Co., 149 —208.

Humphrey BD, Calvert CC, Klasing K, 2001. Naturally occurring
truncated IgY is a poor opsonin for phagocytosis by duck monocytes
relative to full-length IgY. In: Schat KA ed. Current Progress on
Avian Immunology Research. Ames, IA: American Association of
Avian Pathologists, 341 —346.

Humphrey BD, Huang N, Klasing KC, 2002. Rice expressing lactofer-
rin and lysozyme has antibiotic-like properties when fed to chicks.
J. Nutr. 132: 12141 218.

Jeurissen SH; Claassen E; Janse EM, 1992. Histological and functional
differentiation of non-lymphoid cells in the chicken spleen. Im-
munology 77: 75— 80.

Jeurissen SHM, Verveld L, Janse EM, 1994. Structure and function of
lymphoid tissues of the chicken. Poul. Sci. Rev. 5: 183 —207.

Johnson RW, 1997. Inhibition of growth by pro-inflammatory cy-
tokines: an integrated view. J. Animal Sci. 75: 1244 —1 255.

Johnson RW, Curtis SE; Dantzer R, Bahr JM, Kelley KW, 1993.
Sickness behavior in birds caused by peripheral or central injection
of endotoxin. Physiol. Behavior 53: 343 —348.

Kent R, 1961. The development of the phagocytic activity of the reticu-
lo-endothelial system in the chick. J. Embryol. Exp. Morph. 9:



6 4 Kirk C. KLASING:

The costs of immunity 969

128 —136.

Klasing KCs 1998a. Avian macrophages: regulators of local and sys-
temic immune responses. Poult. Sci. 77: 983 —989.

Klasing KC; 1998b. Comparative Avian Nutrition. New York: CAB
International.

Klasing, KC, Austic RE, 1984. Changes in protein synthesis due to an
inflammatory challenge. PSEBM. 176: 285 —291.

Klasing KC, Calvert CC, 1999. The care and feeding of an immune
system: an analysis of lysine needs. In: Lobley GE, White A,
MacRae ed. Protein Metabolism and Nutrition. Wageningen
Press, 253 —264.

Klasing KC, Laurin DE, Peng RK, Fry DM, 1987. Immunologically
mediated growth depression in chicks: influence of feed intake,
corticosterone and interleukin-1. J. Nutr. 117: 1 6291 637.

Klasing KCs Leshchinsky TV, 1999. Functions, costss and benefits of
the immune system during development and growth. In: Adams
NJS, Slotow RH ed. Proceedings of the 22nd International Or-
nithological Congress. Johannesburg: Birdlife South Africa, pp.
2 817 -2 832 (CD ROM disk).

Korver DR; Wakenell P, Klasing KC, 1997. Dietary fish oil or Lofrin,
a 5-lipoxygenase inhibitor, decrease the growth-suppressing effects
of coccidiosis in broiler chicks. Poult. Sci. 76: 1 355—1 363.

Kowalczyk K, Daiss J» Halpern J» Roth TF, 1985. Quantitation of
maternal-fetal IgG transport in the chicken. Immunol. 54: 755 —
762.

Langman RE; Cohn M, 1993. A theory of the ontogeny of the chicken
humoral immune system: the consequences of diversification by
gene hyperconversion and its extension to rabbit. Res. Immunol.
144: 422 — 446.

Lassila O, 1989. Emigration of B cells from chicken bursa of Fabricius.
Eur. J. Immunology 19: 955 —958.

Leshchinsky TV, Klasing KC, 2001. Divergence of the inflammatory
response in two types of chickens. Develop. Compar. Immunology
25: 629 —638.

Leslie GA, Clem LW, 1970. Chicken immunoglobulins: biological half-
lives and normal adult serum concentrations of IgM and IgY.
PSEBM 134: 195 —198.

Lochmiller RL, Deerenberg C, 2000. Trade-offs in evolutionary im-
munology: just what is the cost of immunity? Oikos 88: 87 —98.

Martin A>» Dunnington EA, Gross WB, Briles WE, Briles RW, Siegel
PB, 1990. Production traits and alloantigen systems in lines of
chickens selected for high or low antibody responses to sheep ery-
throcytes. Poult. Sci. 69: 871 —878.

Martin LB2nd, Scheuerlein A, Wikelski M, 2003. Immune activity el-
evates energy expenditure of house sparrows: a link between direct
and indirect costs? Proc. R. Soc. Lond. B Biol. Sci. 270: 153 —
158.

Mast J» Goddeeris BM, 1998. Immunohistochemical analysis of the de-
velopment of the structural organisation of chicken spleen. Vlaams
Diergeneeskundig Tijdschrift 67: 36 —44.

Mercer-Oltjen SL, Woodard AE, 1987. Development of the bursa of
fabricius in the partridge and pheasant. Poult. Sci. 66: 418 —421.

Moller AP, Erritzoe J» Saino N, 2003. Seasonal changes in immune re-
sponse and parasite impact on hosts. Am. Nat. 161: 657 —671.

National Research Council, 1994. Nutrient Requirements of Poultry.
Washington, D. C.: National Academy Press.

Paramithiotis E, Ratcliffe MJ, 1994. Survivors of bursal B cell produc-
tion and emigration. Poult. Sci. 73: 991 —997.

Parmentier HK, Bronkhorst S, Nieuwland MG, de Reilingh GV, van
der Linden JM, Heetkamp MJ, Kemp B; Schrama JW, Verstegen
MW, van den Brand H, 2002. Increased fat deposition after re-
peated immunization in growing chickens. Poult. Sci. 81: 1 308 —
1 316.

Parmentier HK, Kreukniet MB, Goeree B, Davison TF, Jeurissen
SHM, Harmsen EGM, Nieuwland MGB, 1995. Differences in
distribution of lymphocyte antigens in chicken lines divergently se-
lected for antibody responses to sheep red blood cells. Vet. Im-
munology Immunopath. 48: 155 —168.

Parmentier HK, Nieuwland MG, Rijke E; De Vries Reilingh G, Schra-
ma JW, 1996. Divergent antibody responses to vaccines and diver-
gent body weights of chicken lines selected for high and low hu-
moral responsiveness to sheep red blood cells. Avian Diseases 40:
634 —644.

Parmentier HK, Zigterman G, Meijer F, Van der Wart L., Nieuwland
MGB, 1993. Elicitation of an Acute Phase of Delayed-Type Hy-
persensitivity in Chickens. Vet. Immunol. Immunopath. 35: 165
—166.

Plasterk RH, 2002. RNA silencing: the genome’s immune system. Sci-
ence 296: 1263 —1 265.

Qureshi MA, Havenstein GB, 1994. A comparison of the immune per-
formance of a 1991 commercial broiler with a 1957 randombred
strain when fed “typical” 1957 and 1991 broiler diets. Poult. Sci.
73: 18051 812.

Read AF, Allen JE, 2000. Evolution and immunology. The economics
of immunity. Science 290: 1 104 —1 105.

Reynaud CA, Weill JC, 1996. Postrearrangement diversification pro-
cesses in gut-associated lymphoid tissues. Cur. Topics Immunnolo-
gy 212: 7—16.

Ricklefs RE, Wikelski M, 2003. The physiology/life-history nexus.
Trends Ecol. Evol. 17: 462 — 468.

Romanoff AL, Romanoff AJ, 1949. The Avian Egg. New York: John
Wiley & Sons.

Roura E; Homedes J, Klasing KC, 1992. Prevention of immunologic
stress contributes to the growth-permitting ability of dietary antibi-
otics in chicks. J. Nutrition 122: 2 383 —2 390.

Sabet T, Wen-Cheng H, Stanisz M, El-Domeiri A, Van Alten P,
1977. A simple method for obtaining peritoneal macrophages from
chickens. J. Immunol. Meth. 14: 103 —110.

Schmid-Hempel P, Ebert D, 2003. On the evolutionary ecology of spe-
cific immune defence. Trends Ecol. Evol. 18: 27 —32.

Sheldon BC, Verhulst S; 1996. Ecological immunology: costly parasite
defenses and trade-offs in evolutionary ecology. Trends Ecol. Evol.
11: 317 -321.

Shudo E, Iwasa Y, 2002. Optimal defense strategy: storage vs. new
production. J. Theor. Biol. 219: 309 — 323.

Siegel HS; Henken AM, Verstegen MWA, van Der Hel W, 1982a.
Heat production during the induction of an immune response to
sheep red blood cells in growing pullets. Poul. Sci. 61: 2 296 —
2 300.

Siegel PB, Gross WB, Cherry JA, 1982b. Correlated responses of
chickens to selection for production of antibodies to sheep erythro-
cytes. Biochem. Gen. 13: 291 —297.

Tella JL., Scheuerlein A, Ricklefs RE, 2002. Is cell-mediated immunity
related to the evolution of life-history strategies in birds? Proc. R.

Soc. Lond. B. Biol. Sci. 269: 1 059 —1 066.





