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Abstract Long-term calorie restriction (CR) causes nu-
merous physiological changes that ultimately increase
mean and maximum lifespan of most species examined
to date. One physiological change that occurs with CR is
enhanced immune function, as tested using antigens
and mitogens to stimulate an immune response. Fewer
studies have used intact pathogen exposure to test
whether the enhanced capacity of the immune re-
sponse during CR actually decreases susceptibility of
hosts to their pathogens. So far, studies using intact
bacteria, virus, and helminth worm exposure indicate
that, despite similar or enhanced immune system
function, CR hosts are more susceptible to infection
by intact pathogens than their fully fed counterparts.
Long-term CR studies that examine susceptibility to a
variety of parasite taxa will help determine if direct CR
or CR mimetics will be beneficial to people living in
pathogen-rich environments.
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Introduction

Long-term calorie restriction (CR) causes many phys-
iological changes that alter life-history traits such as
growth, reproduction, and lifespan. Increased lifespan as
a result of CR is of special interest to biogerontologists
(see e.g., Weindruch and Walford 1988; Weindruch 1996;
Masoro 2005; Masoro 2006), and the numerous con-
firmations of increased lifespan due to long-term CR
have shaped new fields of research, such as the develop-
ment of CR mimetics (Ingram et al. 2006; Chen and
Guarente 2007; Lane et al. 2007) and the direct use of
CR by people (Heilbronn et al. 2006; Das et al. 2007,
Holloszy and Fontana 2007). Although the usefulness of
CR or CR mimetics in humans remains controversial
(Everitt and Le Couteur 2007; Speakman and Hambly
2007), if their effects on people are similar to those
observed on laboratory animals, CR could increase
human lifespan to a degree not seen since the advent of
modem medicine and antibiotics in the early to mid-
1900s. An essential caveat to bear in mind, however, is
that the laboratory environment used in most CR research
is quite different from the typical human environment.
This paper is focused on one environmental dif-
ference, namely the occurrence of pathogens. CR studies
are typically conducted in specific-pathogen-free envi-
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ronments or in clean conventional vivariums. These
controlled conditions have been extremely beneficial for
isolating the effects of CR on animal physiology and
subsequent aging without the confounding effects of
infectious disease. As a result, researchers have made
tremendous progress toward understanding the proxi-
mate effects of CR on laboratory rodents, including
changes in the immune system.

There is a long tradition among parasitologists to
investigate the relationship between host diet and
pathogen susceptibility (reviewed by Koski and Scott
2001; Field et al. 2002; Ritz and Gardner 2006). Diet
composition is frequently manipulated to understand
effects of particular nutrients, especially protein.
Trace minerals, elements and vitamins also can affect
parasite establishment and survival (Koski and Scott
2003; Rivera et al. 2003; Bourgeois et al. 2007), both
when they are limited, and when they exceed normal
levels. Few parasitological studies have separated the
effects of CR from those of deficiency of micro- or
macro-nutrients that are often imposed by using food
restriction protocols (but see Shi et al. 1998; Koski et
al. 1999). Because long-term CR studies ensure against
macro- or micronutrient deficiency, these negative
effects of nutrient deficiency on pathogen susceptibility
are removed and the beneficial effects of CR on
immune function in the presence of parasites can be
examined.

It is well established that the typical decline in
immune function with age is ameliorated by CR in
laboratory rodents (Spaulding et al. 1997; Jolly et al.
1999; Pahlavani 2000, 2004), and more recently in
longer-lived species, including dogs (Greeley et al.
2006) and non-human primates (Nikolich-Zugich and
Messaoudi 2005; Messaoudi et al. 2006). These
observations support the idea that CR may increase
lifespan, at least partially, because age-associated
disease is delayed or prevented altogether (e.g.,
Weindruch and Walford 1982). It follows that
enhanced capacity for immune response during CR
should not only prevent age-associated diseases, it
should prevent or decrease the incidence of infectious
disease at any age. A nontraditional, yet essential,
experimental approach to test this idea is to measure
the effects of CR on susceptibility to intact pathogens.
This review will (1) briefly discuss the effects of CR
duration on the dynamic physiological changes that
occur between the initiation of CR and the long-term
consequences of CR; (2) compare traditional and non-
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traditional approaches to the study of CR and immune
function; (3) summarize current knowledge regarding
the relationship between long-term CR and immune
responses of mice when tested with intact pathogens;
(4) present some general methodological considerations
for the use of intact pathogens in CR studies; (5) dis-
cuss benefits and drawbacks of using intact pathogens
in long-term CR experiments; and (6) note how studies
that use intact pathogens can contribute to understand-
ing the possible benefits of CR and CR mimetics to
human populations.

Duration of calorie restriction

The effects of CR on the immune response, and on
many other physiological factors, will depend on the
duration of CR. “Long-term CR” is a relative term, and
its designation in chronological time necessarily varies
with the lifespan of the organism being studied. While
it may be tempting to set “long-term” to some per-
centage of maximum lifespan of the species, a
designation of long-term CR should, if possible, also
consider the time required to reach the new levels of
physiological homeostasis that result from chronic CR.
This review will focus on laboratory rodents, primarily
mice (Mus musculus), because they are commonly used
in CR studies that examine immune function. For labo-
ratory mice subjected to CR, body mass has generally
stabilized after 3-4 weeks and, although it initially
differs, by 6-8 weeks mass-specific metabolic rate is
similar for CR and ad libitum-fed (AL) animals
(Masoro 1998); at 24 weeks (but not at 12 weeks) there
is increased production of the antioxidants catalase,
superoxide dismutase, and glutathione peroxidase (Wu
et al. 2003b). Based on such physiological changes,
20 weeks was the minimum duration of CR I con-
sidered as “long-term” for the purposes of evaluating
literature for this review. Acute CR was defined to
be up to 2 weeks and moderate CR was defined as
3-19 weeks. While these duration designations are
somewhat arbitrary, they serve as a starting point to
investigate variation in physiological and morpholog-
ical changes that occur along the way to the final goal
of long-term CR.

In order to realize the benefits of long-term CR,
individuals must first survive the physiological changes
caused by acute- and moderate-duration CR. In
controlled laboratory environments, this may not be
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an issue for most individuals, but in natural and more
variable environments any detrimental effects of shorter
duration CR may become important. For example, as
discussed in more detail below, the effects of CR on
susceptibility of mice to pathogens will depend on
whether CR duration is acute, moderate, or long-term.
Therefore, in addition to measuring intact pathogen
susceptibility after long-term CR, we also need to
document the costs and benefits of shorter CR duration
on immune function and pathogen susceptibility.

CR and immune response: traditional approaches

In many studies, changes in immune function with long-
term CR are measured near the end of an experiment,
typically after as long a period of CR as is feasible. A
number of excellent reviews describe in detail the
numerous changes in the immune system that occur with
aging (e.g., Effros 2001; Gomez et al. 2005; Aw et al.
2007; Gruver et al. 2007), and how these age-associated
changes are influenced by long-term CR (Pahlavani
2000, 2004). This information will not be reviewed
here, except to note general methods used to study the
relationship between CR and immune function.

Traditionally, the vast majority of tests of immune
system function after long-term CR have been done
using antigens or mitogens (reviewed in Pahlavani
2000). After in vivo exposure to an antigen (e.g.,
lipopolysaccharide, keyhole limpet hemocyanin,
sheep red blood cells), circulating indicators of
immune function in the blood, such as cytokine or
antibody activity, can be measured. In addition, cells
can be isolated for ex vivo studies to assess the
capacity for the immune system to respond to
stimulation. Often splenocyte or lymph-node prolifer-
ation is assessed by stimulation with mitogens (e.g.,
concanavalin A). Published studies nearly all show
that CR attenuates the age-associated decline in the
capacity of the immune system to respond to
challenge (Pahlavani 2000). Effros et al. (1991) used
similar immune function measures but examined mice
that were immunized with intact virus via intraperito-
neal injection. This study was unique because cells
used in subsequent in vitro experiments were chal-
lenged with intact virus. Their results confirmed pre-
vious research using exclusively antigens or mitogens
and showed that long-term CR was beneficial to the
immune system.

Studies of immune system function in response to
antigen and mitogen stimulation have yielded a wealth
of information detailing changes in immune function
with normal aging and after long-term CR. These data
are especially valuable because individual components
of the immune response can be isolated and thus well
characterized. However, it is important not only to
know the capacity for immune system function when
stimulated with antigens and mitogens, but also how
the immune system responds when the entire animal is
exposed to whole, fully functioning pathogens acquired
through an infectious route.

CR and immune response: nontraditional
approaches

The effects of CR on host susceptibility may vary
depending on the type or taxon of parasite. Parasites can
be broadly classified as either micro- or macro-parasites.
Microparasites are typically single-celled organisms that
include viruses, bacteria and protozoans, but also can
include multicellular species such as myxozoans
(Anderson and May 1979; Morand et al. 2006).
Macroparasites are typically large, multicellular meta-
zoan parasites that include helminth worms and
ectoparasitic arthropods (Anderson and May 1979;
Morand et al. 2006). Within these broad categories of
pathogens, different parasite species typically stimulate
different components of the immune system. Micro-
parasites tend to elicit a T-helper cell type 1 (Thl)
immune response, whereas macroparasites tend to
elicit a Th2 immune response, demonstrating that
different types of helper T cells become active in
response to different pathogens. Because CR also may
affect T lymphocyte subsets differently (Miller 1997),
it is important to test for CR effects on infections using
pathogens that elicit Th1 responses and other patho-
gens that elicit Th2 responses. These two broad
categories of pathogens also may respond differently
to changes in host diet quality and quantity, hence
investigations of relationships between CR and infec-
tions by numerous parasite taxa would be beneficial.
Thus far, most studies that have used intact
pathogen inoculations to examine the effects of CR
have used moderate CR durations ranging from 3 to
11 weeks (Table 1). Studies using bacteria have
shown that moderate-duration CR protected against
infection, whereas mice subjected to long-term CR
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died from infection, on average, before mice fed AL.
Studies of viruses have shown either a beneficial or
no effect of CR of moderate duration, but a
detrimental effect after long-term CR. For nematode
worms, acute and moderate infection durations
revealed either no effect of CR or a detrimental effect
of CR, and long-term CR increased susceptibility of
mice to nematodes. The different conclusions among
these studies indicates that it would be useful to study
changes in immune function using CR of varying
durations for each type of pathogen to determine the
point at which susceptibility to infection may change.

Current knowledge of long-term CR and pathogen
susceptibility

CR and susceptibility to microparasites

To the best of my knowledge, there are only two
published reports of the effects of long-term CR on
susceptibility to microparasites (Sun et al. 2001;
Gardner 2005). In one experiment, Sun et al. (2001)
ligated then punctured the intestinal ceca of mice to
induce a bacterial infection that resulted in polymi-
crobial sepsis; in a second experiment, they measured
the response of CR mice to lipopolysaccharide (LPS),
a cell-wall component of Gram-negative bacteria.
After LPS stimulation, macrophages from CR mice
had a decreased capacity for phagocytosis and
moderate levels of some Thl cytokines [interleukin
(IL)-6, IL-12]. Interestingly, after cecal ligation and
puncture, CR mice showed extensive Thl cytokine
production (IL-6, tumor necrosis factor-alpha), which
can contribute to pathology, and these CR mice died
sooner from sepsis than AL mice (Sun et al. 2001).
The different intensities of cytokine responses to LPS
versus intact bacteria following cecal puncture em-
phasize the necessity of using intact pathogens to
assess functional immune responses of CR animals.
The effects of long-term CR on susceptibility to
viral exposure was tested with a primary intranasal
inoculation of influenza virus into a mouse host
(Gardner 2005). Gardner (2005) found that, although
CR enhanced concanavalin-A-induced splenocyte
proliferation in vitro, it did not increase natural killer
cell activity in lungs compared to that in AL mice.
Ultimately, old CR mice had higher virus titers and died
sooner of influenza infection compared to young or old

@ Springer

AL mice. This raises an essential question about the
apparently beneficial effects of CR: why should CR
mice die sooner from viral infections than AL mice if
their immune systems have a greater capacity to respond
to viral challenge as measured by splenocyte prolifera-
tion? One possible explanation relevant to influenza
virus may relate to energy needed to recover body mass
that is typically lost during infection. Influenza infection
caused weight loss for all mice during the first 4 days
post-inoculation (Gardner 2005), after which both
young and old AL animals either maintained or
increased body mass, while CR animals continued to
lose body mass after 4 days (Gardner 2005). Ritz and
Gardner (2006) postulate that CR mice may not have
the necessary reserves to meet the energetic demand
associated with the immune response to a primary
influenza infection. Mounting an immune response is
energetically costly for small rodents, especially com-
pared to the relatively low cost of maintaining but not
using the immune system (Derting and Compton 2003).
Energetic costs of immunity will likely vary among
host-pathogen associations, but may be especially
pertinent for studies of CR where energy reserves are
diminished or significantly depleted. Moreover, patho-
gens that reside in the intestine can directly alter
nutrient absorption and subsequent availability which
may result in unique interactions with CR compared to
other pathogens residing outside of the intestinal tract.
Taken together, results from microparasites question
whether CR will promote fitness in natural environ-
ments where infectious pathogens are present.

CR and susceptibility to macroparasites

To date, I am aware of only one study that has
examined the effects of long-term CR on susceptibil-
ity of mice to a macroparasite infection. Work in my
lab showed that after 6.7 months of CR, mice were
more susceptible than AL mice to a primary exposure
of Heligmosomoides bakeri, a nematode worm that
resides in the mouse small intestine (Kristan 2007).
The greater number of adult worms found in CR
compared to AL mice was likely due to enhanced
adult worm survival, since larval establishment was
similar in another experiment comparing AL and CR
mice (D.M. Kristan and W. Acosta, unpublished
data).

Further research indicated that CR likely does not
protect against establishment of larvae in a secondary
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exposure with H. bakeri. During secondary infections,
CR mice had similar numbers of adult worms to those
found in AL mice at 16 days after secondary
inoculation, but retained more worms than AL mice
at 24 days post-secondary inoculation (W. Acosta and
D.M. Kiristan, unpublished data), indicating that CR
slows parasite clearance by the host and thereby may
increase the long-term cost of infection to the host.

Many parasitic worms do not kill their hosts, but
rather establish chronic, sometimes lifelong, infections.
For pathogens that establish long-term infections in
hosts also subjected to lifelong CR, several measures of
the host—parasite relationship deserve systematic eval-
uation, including effects of host CR on (1) clearance
rate and duration of infection; (2) adaptive immune
response and susceptibility to subsequent infections;
and (3) pathogen reproduction and effects on transmis-
sion to conspecifics of the same population. Parasitic
worms also often increase host morbidity (Stephenson
et al. 2000; Hayes et al. 2004) and alter host sus-
ceptibility to other infectious pathogens (Page et al.
2006). The effect of CR on heterologous infection has
yet to be investigated but is a topic that would provide
valuable data directly relevant to human populations
exposed to a diverse range of pathogen types.

General considerations when using intact
pathogens

As noted above, only a few studies have exposed
rodents to intact pathogens following long-term CR
(Table 1). As more experiments like these are under-
taken, there are several factors to consider, such as the
choice of host and pathogen and several aspects of how
the pathogen will be administered. Because so much is
known about the effects of CR on laboratory rodents,
they would initially be a useful host to use for research
with intact pathogens. Of course, there is variation in
response to CR even among inbred mouse strains
(Turturro et al. 1999; Brochmann et al. 2003; Rikke et
al. 2003, 20006), as well as between males and females
(Wu et al. 2003a; Shi et al. 2007). Mouse strain and sex
also influence susceptibility to pathogens (Zuk and
McKean 1996; Morales-Montor et al. 2004; Behnke et
al. 2006), and these effects are pathogen-specific.
Therefore, if a laboratory mouse is selected as an exper-
imental host, mouse strain and sex must be considered
from both a CR and pathogen susceptibility perspective.
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Once the host has been selected, there are a number
of broad considerations to address regarding pathogen
exposure. A first and fundamental consideration is which
type of pathogen to use. Microparasites typically
multiply within the host, induce immunity to reinfection,
and have short lifespans relative to the host. Macro-
parasites, in contrast, typically do not multiply within the
host, have hosts that are frequently susceptible to
repeated infections, and produce persistent infections
that can last for a long portion of the host’s lifespan
(Anderson and May 1979). Species within these broad
categories can be chosen based on characteristics that
elicit the desired immune system responses.

For both microparasites and macroparasites, there
may be laboratory strains of pathogens as well as wild
pathogens available. The use of wild pathogens is ap-
pealing because their genetic heterogeneity will mimic
that of human pathogens, which contribute to uneven
virulence among individuals. However, as we begin this
new avenue of research it may be initially advantageous
to use laboratory pathogen strains because many
laboratory strains are well characterized regarding their
genetics, life cycle, pathogenicity, and host immune
responses. The availability of this baseline information
provides a solid experimental background to examine
the combined effects of long-term CR and parasite
infection.

A second consideration is the route of inoculation.
For example, when intact influenza virus is adminis-
tered with an intraperitoneal injection, it acts as a
vaccine (Effros et al. 1991), whereas when the same
virus is given intranasally, it produces a primary
infection in the lung (Gardner 2005). For some other
pathogens, it is possible for parasites to become
established in the host even if they are administered
experimentally in ways that differ from the natural
exposure route. For example, Toxoplasma gondii is a
protozoan parasite that is acquired orally by definitive
and intermediate hosts in nature, but it will readily
establish in mice via intraperitoneal or subcutaneous
injections in the laboratory (depending on Toxoplas-
ma strain, Dubey et al. 1999), and, in people, via
contaminated organs during transplant (Hill and
Dubey 2002). Even though Toxoplasma will success-
fully establish through many routes, hosts show
differences in their responses to the pathogen depend-
ing on the route of exposure (Tedesco et al. 2005).
For experiments designed to examine the role of long-
term CR on pathogen susceptibility, natural routes of
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inoculation may best elucidate how people using CR
or CR mimetics may respond to the pathogens they
will encounter.

A third consideration is pathogen dose. Depending on
the pathogen taxa used, the suitable number of eggs or
larvae for macroparasites, or hemagglutinin assay units
(HAU) or plaque-forming units (PFU) for viruses, for
example, would need to be determined. Whether the
researcher wished to induce clinical symptoms of
disease or produce a subclinical infection would dictate
appropriate pathogen dose. These doses would neces-
sarily be chosen initially based on responses of AL hosts
for which data are currently available. It is possible,
however, that pathogen doses that elicit one type of
response by an AL host may elicit a different response
when given to a CR host, so that doses would need to be
adjusted accordingly.

A fourth consideration is the frequency of expo-
sure. So far, published studies have used only primary
infections to examine the effects of long-term CR on
host susceptibility. To investigate all aspects of the
host immune response, studies using secondary and
repeated exposures of the same pathogen—and,
eventually, combinations of different types of patho-
gens—are needed. These kinds of more realistic
experiments will be important, since people routinely
experience primary, secondary and repeated expo-
sures to multiple pathogens simultaneously.

Benefits of using intact pathogens

The use of intact pathogens to test CR effects on
immune responses has several benefits. First, if CR or
CR mimetics are to be used by people, it will be
important to understand CR effects on host immune
response in an experimental setting that most closely
approximates the human environment. People en-
counter all types of pathogens, ranging from micro-
parasites to macroparasites, and must respond to the
entire, intact pathogen. An understanding of
responses to intact pathogens during CR, therefore,
will enhance our ability to predict the effects of CR
on people.

Second, the published studies that examined long-
term CR and susceptibility to intact pathogens show
that increased susceptibility at the whole-animal level
was not predicted by molecular and cellular responses as
traditionally measured. Therefore, it appears that under-

standing molecular and cellular responses to antigens
and mitogens are not sufficient to predict whole-animal
responses to intact pathogens, at least in the context of
long-term CR. Using intact pathogens should strengthen
our ability to make robust predictions about CR effects
on host susceptibility.

Third, experimental exposure to intact pathogens
would allow researchers to expand the range of
variables that can be measured or manipulated in the
host, and open new avenues of research. For example,
some parasites produce immunomodulatory factors to
promote chronic infection (Dzik 2006; Rzepecka et al.
2006). If host CR allows for enhanced production or
function of these parasite-derived factors, parasites
may be able to survive better in CR hosts. It is also
well known that host hormones influence parasite
establishment and reproduction (Escobedo 2005). If
CR-induced changes in host hormone production alter
parasite establishment or survival, they also could
affect host susceptibility. Another possibility is mea-
suring reactive oxygen species (ROS) that hosts use in
an oxidative burst to kill micro- (Miller and Britigan
1997) and macro-parasites (Bender et al. 2005). It is
well known that CR decreases production of ROS
during normal metabolism (Lopez-Torres et al. 2002;
Ward et al. 2005); this is considered to be beneficial
because CR animals incur less oxidative damage than
AL animals (Merry 2002). However, if CR also
decreases the ability to produce ROS needed to kill
pathogens, CR could become a liability. An examina-
tion of these variables and other phenomena associated
with intact pathogen infection would provide a broader
understanding of the interaction between CR and
pathogen susceptibility.

Fourth, when a host encounters a pathogen, not only
does the immune system respond to the protein coat or
other isolated components of the pathogen, the host
also can incur physical damage from the pathogen. For
example, parasitic worms often migrate through the
host, sometimes through many organs and layers of
tissue, causing mechanical damage before reaching the
final destination. Some pathogens (e.g., Toxoplasma
gondii) enclose themselves in cysts that occupy space
in a variety of organs, where they can persist for the
lifetime of the host. Other pathogens actively consume
host tissue as food (Bansemir and Sukhdeo 1994).
Recognizing that the pathogen is an active participant in
the host—pathogen relationship will broaden our under-
standing of whether CR actually enhances pathogen
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resistance. Including a second living organism adds
complexity to experimental models, however, and with
this complexity may come drawbacks.

Drawbacks of using intact pathogens

Parasites may directly or indirectly influence hosts in
ways completely unrelated to immune function. For
example, parasite infection can alter host resting metab-
olism and body composition (Kristan and Hammond
2001), pain tolerance (Kavaliers and Colwell 1993),
learning (Kavaliers and Colwell 1995), and function of
the tissue where the worms reside (Kristan and
Hammond 2001). CR alone also may alter some of the
same parameters in the absence of intact pathogen
infection (Kristan and Hammond 2006). It would be
informative to determine if CR and pathogens produce
additive, synergistic, or opposing effects in these various
aspects of host biology when both occur simultaneously,
and if any of these effects influence effectiveness of
immune responses.

Another drawback—perhaps most notably for intes-
tinal pathogens—is the potential of pathogens to both
directly and indirectly influence energy availability, the
very currency being altered during CR. Changes in
nutrient absorption or passage rate of ingesta through
the intestine (e.g., via alterations in mucosal tissue or
the enteric nervous system) can influence the number of
calories available to the animal. In our laboratory, long-
term CR mice had slightly but significantly lower
digestive efficiency than AL mice (W. Acosta and D.M.
Kristan, unpublished data). If digestive efficiency
changes with pathogen infection and CR, then CR
individuals may have fewer or more calories available
than intended by the experimental design.

Last, depending on the pathogen, it may be difficult
to maintain and control infection intensity within a host.
Some pathogens, especially microparasites, readily
replicate within their host; therefore, the initial experi-
mental dose can increase to uncontrolled infection
levels. Directly replicating parasites would be more
difficult to study compared to parasites that have a free-
living stage or indirect life cycle, where infection of the
final mammalian host can be readily experimentally
controlled. Such potential drawbacks of using intact
pathogens will vary depending on the pathogen taxa
used; therefore, unique challenges will occur each time
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we try to examine the role of intact pathogen exposure
after long-term host CR.

Relevance of intact pathogens to CR and CR
mimetics in human populations

There are numerous differences between the laboratories
where we conduct research and the environments where
people live. If we hope ultimately to make CR research
clinically applicable, it will be useful to mimic the
human environment whenever possible. One way to
accomplish this is to use intact pathogen exposure during
tests of immune function in CR studies. Even if research
concludes that CR increases susceptibility to some
pathogens, CR or CR mimetics may still be useful to
people. Such a finding could indicate that additional
therapeutic support may be necessary for people who
choose to use CR as a way to promote healthy living
with the hope of extending lifespan. Based on the limited
empirical evidence to date, the predictions that research-
ers make regarding the effects of CR on pathogen
susceptibility may differ dramatically depending on
whether traditional measures of immune response are
exclusively used (e.g., antigen and mitogen stimulation
followed by in vitro assays), or if these measures are
supplemented by experiments that include exposure with
intact pathogens.
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