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I would like to dedicate this book to Carol, Alex and Tom and my Mum and Dad.
‘The cycle of life is a journey of microbiological intrigue’



Preface

The world’s population is estimated to reach 8.9 billion by 2050 with 370 million
people of 80 years of age or older. Ageing is an incurable disease and defined as the
‘deregulation of biochemical processes important for life’, but for the purpose of
this book, ageing is better defined as the biological process of growing older.
Ageing is part of natural human development.

As you will see throughout this book, the microbiological burden on the host is
enormous and clinically significant, and will undoubtedly have a role to play in the
ageing process. As humans are living longer, there is a greater propensity to
infection. This risk is substantially heightened in elderly individuals who are
predisposed to infection. While the process of ageing and its effects on the host’s
microbiology are poorly documented and researched, data obtained from gut
studies have shown that microbiological changes take place over time suggesting
significance to the host. Do the microbiological changes that occur within and upon
the host influence the process of ageing or is it the biological changes of the host
that affects the microbiology? Does this therefore affect our propensity to disease?
As the host’s microbiology changes with ageing, is this significantly beneficial or
severely detrimental to the host? Are there ways of enhancing life expectancy by
reducing certain bacteria from proliferating or conversely by enhancing the survival
of beneficial bacteria?

This book considers the microbiology of the host in different regions of the body
and how these vary in the different age groups. Chapter 1 of the book focuses on
ageing theories with Chap. 2 considering the human indigenous flora and how this
is affected during ageing. Chapter 3 highlights the main infections associated with
an elderly population, while Chap. 4 reviews the process of skin ageing and its
associated microbiology. Chapter 5 reviews the ageing lung and Chap. 6 reviews
influenza in the elderly. Chapter 7 highlights the changes that occur in the oral
microflora and host defences with advanced age with Chap. 8 reviewing the
influence of the gut microbiota with ageing. Chapter 8 focuses on the gut and its
associated immunity. The remaining four chapters of the book consider clostridium
and the ageing gut, Helicobacter pylori and the hygiene hypothesis and the benefits
of probiotics. The microbiology theory of autism in children is reviewed in

vii
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Chap. 13. The final chapter of the book examines how the beneficial microbiology
of the host leads to human decomposition.

This book encompasses a collection of reviews that highlight the significance of
and the crucial role that microorganisms play in the human life cycle.

Flintshire, UK Steven L. Percival
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Chapter 1
Ageing Theories, Diseases and Microorganisms

Steven L. Percival

Biology of Ageing

Ageing is a ‘progressive decline or a gradual deterioration of physiological function
including a decrease in fecundity or irreversible process of loss of viability and
increase in vulnerability’." It is often referred to as the deregulation of biochemi-
cal processes important for life.'** However, for the purpose of this book and
chapter, ageing is best described as the biological process of growing older. The
ageing process is associated with physiological changes, an increased susceptibility
to certain diseases, an increase in mortality, a decrease in metabolic rate, a reduc-
tion in height and reaction times, a fluctuation in weight, menopause in woman,
reduction in olfaction and vision, and, in particular, a decrease in the immune
response.sf7

Factors known to cause and influence ageing in humans remain diverse, and
scientifically problems reside in distinguishing causes from effects.® However,
there are strong evolutionary and genetic influences known to effect the ageing
process and life expectancy.””'! The physiological changes that do occur during
human ageing increase an individual’s susceptibility to various diseases and there-
fore increase the likelihood of death.

Mechanistic Theories on Ageing

Many ageing theories have been proposed, and scientifically scrutinized. To date,
the reasons why humans age are still extensively being researched, but still no
overall general consensus regarding the cause of the ageing exists. Nevertheless,
what can be agreed upon is the fact that ageing is an ‘inescapable biological
reality’.'> However, many scientists hypothesize that ageing is ‘a disease that can
be cured, or at least postponed’.'?
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2 S.L. Percival

The first ageing theory, founded on genetic principles, can be traced back to the
work of Weismann at the end of the nineteenth century.'* Weismann postulated that
evolution introduced ageing to avoid parents, and their more adapted offspring,
competing for the same resources. This theory of ‘programmed death’ was severely
criticized, as it seemed very unlikely that such a programme could ever be imple-
mented in natural conditions where practically no individual dies of old age. An
alternative theory of ageing, proposed by Peter Medawar, stated that ageing
resulted from an accumulation of mutations. Such mutations, known to be detri-
mental to the host, were considered free to accumulate resulting in death. More
recently, in 1957, George Williams proposed a complementary ageing theory
known as the ‘antagonistic pleiotropy theory’. Agonistic pleiotropy means that a
single gene may have an effect on several traits (pleiotropy), and that these effects
may affect fitness in opposite ways (antagonistic). This theory states that evolution
favours mutations that improve fitness at an earlier age, even at the expense of a
reduced fitness later on in life. According to this ageing theory, senescence is a by-
product of good adaptation early in life. Even today, this remains a well-respected
ageing theory. Evolutionary ageing theories are constantly being challenged by the
generation of new findings as a result of long-lived mutant animal models. Data
obtained from these studies have resulted in suggestions that Weismann’s pro-
grammed death theory'” should be reconsidered specifically, as all evolutionary
theories still need experimental confirmation and should not be considered mutually
exclusive.'®

Within the animal kingdom clear differences in the rates of ageing are evident.
Many theories exist to suggest reasons for this.'” " Such theories, however, lie
outside the nature of this book. While many theories have been proposed to help
explain human ageing, there still remains a lack of adequate ‘ageing’ models.
Consequently, this makes hypothesis-testing difficult. Testing the many ageing
theories is difficult, expensive and time consuming, and discriminating between
causes and effects is presently impossible.

To date, the two most respected human ageing theories include the ‘programmed
theories of ageing’ and the ‘damage-based theories of ageing’. Programmed ageing
theories suggest that ageing is not a random process but driven by genetically
regulated processes, as opposed to the damage-based ageing theories which suggest
that ageing is a result of damage accumulation products produced by the normal
cellular processes of the body as a result of poor repair systems in the body. The
damage-based theories imply that ageing is predominately a result of interactions
with the environment,”' as opposed to the programmed theories which are pre-
determined. However, there does seem to be a large amount of overlap between
these theories. Each of the two theories will be considered in turn.

Programmed Theories of Ageing

The programmed theories of ageing defend the idea that ageing is genetically
determined: i.e. a programmed and predetermined process. This suggests that the
process of ageing is ‘genetically regulated’. The significance of this is apparent
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when we consider certain hormones,22 such as growth hormone, which are known
to decline with age and whose target is the insulin-like growth factor 1 (IGF-1).%2
However, it has been found that by restoring or altering hormonal levels in the
younger generation, ageing has not been deterred. In fact, hormone replacement has
been shown to prematurely accelerate ageing. Nevertheless, there have been nu-
merous research findings that have shown that the endocrine system is able to
influence the ageing process.

Only one single gene has been shown to have a possible direct effect on human
longevity. This gene is the apoE gene. The apoE gene codes for a protein in the body
that is involved in fat transport. Centenarians have been found to have a high preva-
lence of the apoE e2 variant (or allele) compared to the e4 variant.”> The e4 variant is
known to cause susceptibility to elevated blood cholesterol, coronary artery disease,
and Alzheimer disease (the function of this protein in the brain is not yet known).**

In animal studies, several genes have been isolated that have been shown to
influence ageing and life span. For example, in the nematode worm, Caenorhabditis
elegans, the inactivation or loss of a few genes increases its life span fivefold,
generally (but not always) at the expense of a reduced fertility.*** Life extension in
worms has been linked with the worms’ ability to enter a phase called Dauer larva,
during which the animal seals its mouth and does not feed. Some mutant worms
(with non-functional or missing DAF-2 gene) show an extended life span, and enter
this phase whatever the environmental conditions.”® Similar life extension by
genetic means has been observed in other animal models. Examples include the
fruit fly, Drosophila melanogaster, and the mouse, where longevity is often
connected with dwarfism.?®

The pattern of genes involved in longevity suggests that a common biochemical
pathway may be involved in the regulation of ageing of some organisms. It appears that
in humans some genes associated with ageing are involved in molecular pathways
homologous to that responding to insulin and (IGF-I) in mammals, a pathway regulat-
ing glucose intake and its conversion into fat. It is no surprise then that life span is
considered to be affected by dietary restriction. It is possible that genes regulating food
consumption, and food intake itself, may affect life span.

Most recently, De Magalhaes® has suggested a number of genes thought to
directly influence mammalian ageing and known to alter the rate of both ageing
and age-related debilitation. These genes have been grouped into three broad
pathways: namely, the genes involved with DNA metabolism (CKNI1, lamin A,
WRN, XPD, Terc, PASG, ATM, and p53), and the genes involved with energy
metabolism and the growth hormone/IGF-1 axis and oxidative stress (p66shc,
MSRA, and Thdx1).® The significance of all these genes having a role in human
ageing is currently being investigated further.

Damage-Based Theories

The damage-based theories of ageing suggest that aging results from a continuous
process of damage accumulation, originating from by-products produced by normal
metabolic processes of the body. The damage-based theories are predominantly a
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result of interactions with the environment,”' whereas programmed ageing, as
mentioned previously, seems to be predetermined and occurs on a fixed schedule.
Despite this, ageing could be a result of extrinsic or intrinsic factors that cause an
accumulation of damage?’ or a result of changes in gene expression that are either
programmed or derived from DNA structural changes.*®

Ageing in animals has been quoted to be multi-factorial, with the changes of
ageing considered to be under the guidance of biological clocks.”® As humans
exhibit a gradual ageing process compared to animals, this suggests that the
mechanisms of ageing, in particular the existence of biological clocks, may be
different in humans when compared to animals.

Energy Consumption Hypothesis

In 1908 Max Rubner’ suggested a relationship between body size, metabolic rate,
and longevity/ageing. Essentially, this theory suggested that bigger animals live
longer than smaller animals because they spent fewer calories per gram of body
mass. The energy consumption theory suggested that animals are born with a
limited amount of potential energy and the faster they use this stored energy the
quicker they die. However, the rate of living theory evolved as a continuation of
the energy consumption hypothesis, which essentially hypothesized that the faster
the metabolic rate, the faster the biochemical activity and, therefore, the faster an
animal would age.

In 1935 McCay®' first recognized that dietary restriction extended longevity.
The theory suggested that a decrease in calories possibly has an effect on the
metabolic rate. This theory was investigated and shown to extend the life of rodents.
In addition, dietary restrictions have been shown to result in a significant retardation
and decline in immunological competence and decline in tumour development in
rodents. Irrespective of these and other findings, the dietary restriction theory is at
present flawed with many unanswered questions still remaining.

Free Radical Theory

In 1954 Rebeca Gerschman and collegues™ first proposed the concept that free
radicals were toxic. Such free radicals are referred to as reactive oxygen species
(ROS), which originate from exogenous sources such as ionizing and ultraviolet
radiation, and from endogenous processes caused by cellular activity, i.e. waste
products of metabolism. In 1956 Harman proposed the ‘free radicals theory’ which
described that ROS were the source of damage which accumulates in cells.*® This
theory simply argues that ageing results from the damage generated by ROS.
Because there are numerous enzymes to restrict the damage inflicted by the
ROS, this suggests a strong reason why these ROS must be of some biological
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significance.®* However, much of the evidence for this theory has come from
research in transgenic fruit flies and not humans.

ROS encompass many chemical species, mostly superoxide anions, hydroxyl
radicals, and hydrogen peroxide (H,0O,) These small molecules (compared to
proteins and nucleic acids) are chemically very active, and can therefore cause a
great deal of damage and disruption to cells.*® Reactive radicals of nitrogen (nitric
oxide and derivatives) and of oxygen (superoxide anion, hydrogen peroxide, hy-
droxyl radical) can inflict considerable damage on macromolecules (protein,
nucleic acids, complex lipids), which give rise to carcinogens (e.g. nitrosamines)
and trigger (or sometimes prevent) apoptoic death of cells, i.e. macrophages and
vascular epithelial cells. Unless mechanisms for scavenging these reactive species
are effective, the damage inflicted by free radicals is known to substantially
increase cell death.

ROS are by-products produced in the mitochondria (the main source of ROS).
The efficiency of the mitochondrial electron transport and energy-generating pro-
cesses deteriorate with age, resulting in increased levels of oxidizing free radicals
and ultimately leading to cell death or deterioration. The control of ROS levels and
production is fundamentally important in the human body, but it is interesting to
note that ROS may not just be causing random damage but may also be used as
signalling molecules in various cellular processes of the body.>” The significance of
this warrants further investigation. To further complicate the picture, it has been
shown that the pathways that control ROS levels are ageing themselves.>> These
pathways have been found to be less efficient at an older age. In addition to this,
Weindruch®® has found that some animals are known to age more slowly because
they produce less ROS.

The human body has evolved mechanisms to control the detrimental effects of
harmful chemicals and ROS. One mechanism involves the use of superoxide
dismutase (SOD), which has no function other than disposing of superoxide anions.
Another enzyme known to be very beneficial in suppressing the effects caused by
ROS is methionine sulphoxide reductase A (MSRA). This enzyme is able to
catalyse the repair of protein-bound methionine residues known to be oxidized by
ROS. Presence of this enzyme suggests that ROS are biologically significant.
Interestingly, overexpression of MSRA in Drosophila has been shown to increase
longevity.>’

It is universally accepted that ROS have a role to play in pathologies of the body
but the exact influence ROS have on mammalian ageing is as yet undetermined and
inconclusive.

DNA-Damage Theory

The DNA-damage theory was first proposed by Leo Szilard in 1959,® and suggests
that damage to DNA causes ageing. However, it is doubtful whether DNA damage
accumulation alone is able to drive the ageing process. Nevertheless, as with a
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number of the ageing theories proposed, any changes that do occur in DNA may
have a role to play in ageing. To date, the essence of these changes and the
mechanisms that are involved are as yet undetermined.

Interestingly, accelerated ageing has been noted in humans because of certain
genetic mutations. Two rare diseases, namely, Werner’s syndrome (WS) and
Hutchinson—Gilford’s syndrome, produce conditions which are similar to an accel-
erated ageing process due to DNA damage.* In addition to this, ROS have also
been shown to damage DNA.*

Microorganisms and Ageing

Ageing/senescence has been documented in a number of microorganisms. For
example, by measuring ageing by reproductive output, ageing has been shown to
exist in Caulobacter crescentus.*' In addition to this, ageing has been reported in
Escherichia coli cells, following nutrient depletion. In this example, E. coli has
been shown to lose its ability to reproduce and recover from injury. Furthermore, it
has been shown that when E. coli divides, one of the newly formed colonies inherits
the oldest end, or pole, of the ‘mother’. This newly formed cell has been shown to
have a diminished growth rate, decreased offspring production, and an increased
incidence of death,** which are all characteristics of ageing.

Ageing and Disease/Infection

The world’s population by the year 2050 is estimated to become 8.9 billion
(as published by the Department of Economic and Social Affairs). With this
increase comes an increase in the number of ageing and aged individuals. For
example, in 1998, 66 million people in the world were 80 years of age or older. This
figure is projected to become 370 million by the year 2050.

By the year 2030, in the US alone, it is estimated that one in five people will be
expected to be 65 years and older.**** Changes within the immune functions are
known to occur during the ageing process which pre-disposes the elderly popula-
tion, when compared to the younger population, to many types of infectious
agents.** " As well as a change in the types of microorganisms associated with
infections comes a greater diversity of pathogens associated with an elderly popu-
lation compared to that of a younger one.***’ This will have effects on recovery
and clinical outcome.

A number of pathologies associated with human ageing are highlighted in
Fig. 1.1,*® and the leading causes of death in humans can been seen in Table 1.1.
Specific conditions highlighted in the table include diabetes, heart disease, cancer,
arthritis, and kidney disease, with heart disease the number one cause of death in
people aged 85 (Fig. 1.2**) followed then by cancer, cerebrovascular diseases,
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Fig. 1.1 Prevalence of selected chronic conditions, expressed in percentages, as a function of age
for the US population (2002—-2003 dataset). (Source: National Center for Health Statistics Data
Warehouse on Trends in Health and Aging. Courtesy and permission from Dr Jodo Pedro de
Magalhaes. http://www.senescence.info/deﬁnitions.html)48 (See Color Plates)

Table 1.1 Death by underlying or multiple causes, expressed in rates per 100,000 people or in
percentage of the total deaths, for the 2001 US population in two age groups: 45-54 years and 85
years of age and older. (Source: National Center for Health Statistics Data Warehouse on Trends in
Health and Aging. Courtesy and permission from Dr Jodo Pedro de Magalhaes. http://www.
senescence.info/definitions.html)**

Cause of death 45-54 years Over 85 years
Incidence % of deaths  Incidence % of deaths
Diseases of the heart 92.8 21.66 5,607.5 37.48
Malignant neoplasm 126.3 29.48 1,747 11.68
Cerebrovascular diseases 15.1 3.52 1,485.2 9.93
Parkinson’s disease 0.1 0.02 1,312.8 8.77
Alzheimer’s disease 0.2 0.05 703.2 4.70
Pneumonia 4.6 1.07 676.5 4.52
Chronic lower respiratory diseases 8.5 1.98 638.2 4.27
Diabetes melittus 13.6 3.17 318.6 2.13
Certain infectious and parasitic diseases 22.9 5.35 243.8 1.63
Atherosclerosis 0.5 0.12 177.3 1.19
Others 143.8 33.57 2,050.9 13.71

Parkinson’s and Alzheimer’s diseases, pneumonia, and chronic lower respiratory
diseases. Infections in the elderly population are commonly due to pyogenic
bacteria. Conditions that are highly prevalent in this age group include pneumonia,
urinary tract infections, endocarditis, bacteraemia, and skin and soft tissue infec-
tions.** Certain conditions such as meningitis are rare in the very old but are more
significant in a younger population. In addition to this, viral infections in the older
population, when compared to the younger population, are infrequent occurrences.
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Fig. 1.2 Death by underlying or multiple cause, expressed in rates per 100,000 people, as a function
of age for the 2001 US population aged 85 and older (Source: http://www.cdc.gov/nchs/nhcs.htm.
National Center for Health Statistics Data Warehouse on Trends in Health and Aging. Courtesy and
permission from Dr Jodo Pedro de Magalhdes. http://www.senescence.info/definitions.html)*®
(See Color Plates)

Exceptions to this, however, include herpes zoster reactivation (shingles),49
influenza,*® and gastroenteritis.”’

If we work from present figures, within the next 50 years there will be 20 million
elderly persons hospitalized with pneumonia, septicaemia, and urinary tract infec-
tions. Also, because of the increased usage of prosthetic devices by the ageing
population, infections associated with these devices are increasing exponentially.””
The statistics quoted for diseases and infections in the US are approximately the
same within most developed countries. In developing countries, statistics are
significantly different, with most infections and deaths attributed to tuberculosis,
leishmamiasis, malaria, and the effects of enteric bacteria. In addition to this, the
prevalence of nosocomial infections has been shown to increase substantially with
age because of the increased risk of infection per day of hospitalization.”* Most
infections in the elderly have a poorer outcome when compared to younger adults.>*
This is due to a number of factors including late diagnosis of therapy, increased
frequency of co-morbidities, and poor tolerance to drugs, to name but a few. To
help improve this situation, vaccinations are necessary, i.e. an annual influenza
vaccination and a pneumococcal vaccination.”> However, vaccinations are much
less effective in the sick and also institutionalized elderly people.
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Increased Sensitivity of Infection in the Elderly

The elderly population is much more sensitive to infection when compared to the
younger population for a number of reasons. One reason is due to immunosenescence,
another is due to malnutrition, and others are a result of anatomic and also physiologi-
cal changes. As mentioned previously, the immune system becomes less effective in
the elderly, which enhances an individual’s susceptibility to infection. Malnutrition in
the elderly is known to be major cause in decreasing immune function,’®>’

Both anatomical and physiological changes in humans are characteristics of the
ageing process. For example, the body has many non-immune host defensive
mechanisms that prevent infections. As we age, these defence mechanisms, e.g.
mucociliary clearance or rapid urine flow, are affected, which leads to efficient
removal of bacteria from the human body. Within the lungs, for example, frequent
infections, particularly in the elderly, are highly prevalent when compared to the
younger population. Colitis and gastroenteritis are also common conditions of the
elderly. This is principally due to the fact that ageing is associated with a decrease
in gastric acidity and changes in the intestinal flora and intestinal mucus,’® together
with increase in the usage of antibiotics, which in turn increase problems associated
with Clostridium difficle.

Does Infection Contribute to Ageing?

Ageing, as mentioned previously, is a risk factor for infection but it would seem, on
the basis of the evidence to date, that infection, due to exogenous or indigenous
microorganisms, may contribute to the ageing phenomenon. This hypothesis is
considered conceivable, as pathogens are known to cause tissue and cellular
destruction. In addition, the immune response of the body clearly has an effect on
invading pathogens but at the same time does cause damage to the host itself.>”
Furthermore, latent or chronic infections contribute to the ageing process. For
example, latent infections may periodically be reactivated, and those microorgan-
isms known to avoid the immune system may contribute to the ageing process.

Inflammation, due to bacteria, is documented in many diseases and associated
with the ageing process. Chlamydia pneumoniae, Helicobacter pylori, cytomegalo-
virus, herpes simplex virus, and also those responsible for periodontitis®®** are
considered significant to atherosclerosis, but it is probable that viruses and bacteria
have an6 saggravating influence on an individual with a genetic susceptibility to
disease.™

Conclusion

Ageing is part of natural human development. This suggests that both ageing and
human development are regulated by the same genetic processes.®**® In many
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animal species it has been suggested that ageing is a product of evolution and that
ageing may be an unintended result of evolution. This theory does seem unlikely in
humans, however. Evolution does not favour the concept of a long life but favours
and optimizes reproductive mechanisms. Many ageing theories do overlap, and
how the microbiology of the host affects the ageing process has not been reported.
As you will see throughout this book, the microbiological burden on the host is
enormous and clinically significant and undoubtedly will have a role to play in the
ageing process.

As humans are living longer, there is a greater propensity to infection. This risk
is substantially higher in elderly individuals who are predisposed to infection.
While the process of ageing and the effects ageing has on the hosts’ microbiology,
and vice versa, are poorly documented and researched, data obtained from gut
studies suggest that microbiological changes take place in the human host over time
suggesting significance to the host. Do the microbiological changes that occur
within and upon the host influence the process of ageing, or are they the biological
changes of the host that affect the microbiology? Does this therefore affect our
propensity to disease? As the host’s microbiology changes with ageing, is this
significantly beneficial or severely detrimental to the host? Are there ways of
enhancing life expectancy by reducing certain bacteria from proliferating or,
conversely, by enhancing the survival and proliferation of beneficial bacteria
delay ageing? As you will see throughout this book, the whole area of ageing is
complex and to date ageing remains an incurable disease.

The role microorganisms may play in influencing ageing is unquestionably
significant to human life, longevity, and disease. Microbiological changes that do
occur, specifically in the gut during ageing, may provide some useful research
findings that may shed some light on the effects microorganisms have on human
development and ageing.
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Chapter 2
Indigenous Microbiota and Association
with the Host

John G. Thomas and Steven L. Percival

Human Development, Microorganisms, and ‘Normal Flora’

The association between man and microorganism started during the early stages of
human evolution. It is therefore of no surprise that the concept of bacteria influencing
human development is of significance. In spite of this, evidence that bacteria may
influence a specific host’s development has largely been derived from research findings
obtained from invertebrate models. Nevertheless, the initial findings generated from
these invertebrate models may have some relevance to both animal and human
development. For example, research has shown that bacteria, such as Vibrio fischeri,
are capable of affecting morphological changes in the marine squid Euprymna
scolopes. The ‘commensal’ relationship between V. fischeri and E. scolopes occurs
when the squid hatches from its eggs. As the eggs hatch, within a few hours, V.
fischeri, located in the sea water, colonize the newly formed squid. V. fischeri are
then thought to induce morphological changes in the developing light organ of the
squid, brought about by diffusible communication signals released by the bacteria.
Although the communication between bacteria and the mammalian cells was first
studied in the ‘vibrio—squid model’, the theory and science behind this is thought to
have direct relevance to infections and diseases in humans. This would therefore
indicate some degree of organization and co-ordination at the molecular level
which may be applicable to human development. As bacteria do play a role in
human development, it is probable that bacteria contribute significantly to human
ageing. In fact, evidence for this has been documented in germ-free mice, wherein
the mice had been infected with Bacteroides thetaiotaomicron. Bacteroides were
found to affect the expression of various host genes known to have an influence on
things such as nutrient uptake, metabolism, angiogenesis, mucosal barrier function,
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and the development of the enteric nervous system.' In addition to this study, it has
been found that the commensal bacteria associated with the host may be able to
influence the normal development and function of the mucosal and gut immune
system.”™ Consequently, on the basis of these and other similar studies, it is
plausible to hypothesize that bacteria—host interactions have a role to play in the
morphogenesis of mammals and therefore a link to the ageing phenomena.

Indigenous Microbiota (Normal Flora)

During early development (in the mother’s womb), ‘man’ is generally not exposed to
microbes. It is not until entry into the outside world that microorganisms become
significant. These significant microorganisms, which are able to colonize the host,
often become companions for life. Such ‘companion’ micoorganisms have been
referred to as the ‘normal’ microflora which are considered to exist in a symbiotic
relationship with ‘man’. However, when we consider any form of symbiotic relation-
ship, the microorganisms found on and within the body are in a mutualistic relation-
ship with the host. This mutualistic relationship occurs when both human and bacteria
benefit. However, in some instances this mutualistic relationship becomes one of
paratism, when the microbe or human suffers at the expense of the other, or
commensalism, where either the human or microbe benefits and the other remains
unaffected. Historically the human—microbe relationship is considered to be one of
commensalism. Nevertheless, it would appear that the microflora and animal/human
relationship is not one of commensalism. This is because each partner has the ability
to influence the other. Therefore, the commensal flora of the body is often better
described as the ‘indigenous microbiota’, as suggested by Dubos.”

The healthy human contains approximately 10 times more bacteria than normal
human cells.'® The bacterial load on or within the host constitutes more than 2,000
different phylotypes. Despite this number, only 8 of 55 main divisions of bacteria
have been shown to be present on or in the human host, suggesting some degree of
host selection. The selected group of microbes associated with the host has been
referred to as the ‘microbiome’.!" These ‘selected microbes’ are considered to use
the human host merely as ‘an advanced fermentor to maximise the productivity of
the microbiome’."? The capacity of the indigenous microbiota to cause harm and
disease to the host is severely limited by the host’s immune system which helps to
maintain a microbe—host homeostasis, which in turn helps to prevent the generation
of significant microbial disturbances. However, if disturbances to the indigenous
microbiota do occur, such as after surgical procedures or with chronic wounds, a
person’s host defences are often compromised, predisposing them to changes in
their microflora and initiation of infections and diseases.

A number of indigenous bacteria are considered to be pathogenic, particularly
those which have inherent multi-drug resistance. Such indigenous bacteria reside in
the gut, the skin, and oropharynx but generally do not cause disease.
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In the human mouth, some 500700 different microbial taxa, considered to be
part of the indigenous microbiota, have been identified compared to 500-1,000 in
the colon. Despite these numbers, it is very difficult to define the true community of
microbes in different regions of the body. This is principally due to the complexities
of the communities in the human body and the variations in the indigenous micro-
biota that exist between age, sex, and hygiene. In addition, the different sampling
methods that are often used in studies, combined with the changes that take place
with microbial nomenclature, affect the correct interpretation of the findings."?

Microbiota Differences in Children and Adults

The indigenous microbiota of children and adults at different anatomical sites is
considered significant. Initially this is due to the fact that young children have
immature immune systems, no teeth, and different diets and are not exposed to the
same environmental microbes as adults. For example, the initial microbiota colo-
nising the gut of small children are predominately Bifidobacterium spp. compared
to adults guts which are predominantly colonized by Bacteroides. In the elderly
population, a decline in the effectiveness of the immune system in conjunction with
poor health, diet, and hygiene leads to changes in the ‘normal’ microbiota. Specific
microbiological changes that have been observed in the elderly population in-
clude'? a decrease in Veillonella and Bifidobacteria species in the gut; increased
levels of Clostridia, enterobacteria, and lactobacilli; an increase in urinary tract
infections (UTI); an increase colonization in the oropharynx by Candida albicans
and Klebsiella; increased levels of enetrobacteria and streptococci on the skin; and
increased levels of Gram-negative bacteria in the eye and oral cavity.

The Development of the Indigenous Microbiota

The development of the indigenous microbiota begins soon after birth. Upon and
within the neonate, colonization of pioneering bacteria occurs within 24 h. In many
regions of the body, the microbes generally begin to proliferate in a heterogeneous
manner. Autogenic and allogenic factors then prevail, leading to the adhesion and
removal of certain microbial populations. Such changes are referred to as microbial
succession, and are known to occur in areas where microbial communities exist. '
Over time, the microbiology diversity and density in certain regions of the body
become more stable (see Table 2.1) and less dynamic, eventually culminating in the
formation of ‘climax communities’. Consequently, regions of the body begin to
develop a defined microflora. Such a defined microflora will be found on the skin or
cutaneous regions of the body, the upper respiratory tract, oral cavity, gastrointesti-
nal tract, and genital tract. This microflora, however, is subject to change specifi-
cally when modifications in the diet and the host immune system occur. The lack of
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Table 2.1 Numbers of bacteria documented to inhabit locations of the adult body

Location Population size
Skin 10'-10% cm™'
Saliva 10% ml1™!
Dental plaque 102 g

Ileal contents 108 m1~!
Colon (faeces) 10" f,f1
Vagina 108 m1~!

research into the microbiological changes that occur with advancing age prevents
us from gaining a better understanding of the benefits of the microflora and
therefore the therapeutic procedures that could be implemented. In fact, there is
mounting evidence that probiotics (discussed further in the book), and their signifi-
cance to human health, is growing in acceptance for human well-being.

To date, the microbiology of the human microbiota is as yet incomplete despite
more than a century of culture-based investigations. Many species of microbes have
yet to be recovered from the host, and molecular techniques have been used only
occasionally in a number of these environments.

Each anatomical site known to have its own microbiota will be considered in turn.

Skin

In the mother’s uterus the unborn baby’s skin is sterile. Following birth, coloniza-
tion of the baby’s skin occurs. As the skin is a barrier to many pathogenic bacteria, it
restricts microorganisms attaching. While the skin is a highly effective organ in
preventing the growth and invasion of pathogens, it is well documented that skin
infections do occur — a frequent occurrence during the later years of life.

The outermost layer of the epidermis of the skin provides a very good barrier to
the effects of environmental pressures. In fact, the keratinocytes, which are dead in
the outermost layer of the skin, are continually being sloughed off and as such this
prevents exogenous bacteria from colonizing. As the moisture content of the skin is
very low, the bacterial growth on the skin is limited. The acidic pH of the skin also
helps to suppress bacterial growth.

Indigenous bacteria that are known to colonize the skin are able to produce
antimicrobials such as bacteriocin and toxins that inhibit pathogens from attaching.
For example, bacteria such as Staphylococcus epidermidis are able to bind to
keratinocyte receptors on the skin and once attached are known to prevent S. aureus
from attaching.

The microbes that make up the largest proportion of normal skin flora include the
Gram-positive bacteria such as Staphylococcus, Coryneform bacteria, and Micro-
cocci (see Table 2.2). Gram-negative bacteria occur rarely as part of the normal skin
flora. However, Acinetobacter spp. have been found routinely on the perineum and
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Table 2.2 Commonly isolated microorganisms identified on a normal healthy skin

Genus Species

Staphylococcus S. aureus, S. capitis, S. capitis, S. auricularis, S. cohnii, S. epidermidis,
S. haemolyticus, S. hominis, S. saccharolyticus, S. saprophyticus,
S. simulans, S. warneri, S. xylosus

Acinebacter A. johnsonii, A. baumannii

Malassazia M. furfur

Micrococcus M. luteus, M. lylae, M. kristinae, M. sedentarius, M. roseus, M. varian
Corynebacterium C. jeikeium, C. urealyticum, C. minutissimum

Propionibacterium P. acnes, P. avidum, P. granulosum

axilla. Staphylococci found on the skin are generally coagulase-negative and have
included S. epidermidis, S. haemolyticus, and S. hominis. In the main, these coagu-
lase negative staphylococcus (CNS) constitute a non-pathogenic group of bacteria
that colonize the skin. However, CNS have been known to cause nosocomial
infections, particularly in patients with intravascular catheters.

Micrococci, predominately Micrococcus luteus, are found in abundance on
the skin surface. Most species of micrococcus are non-pathogenic; however,
M. sedentarius has been known to cause pitted keratolysis. Coryneformes are also
found on the skin.

The number of bacteria detected on the skin surface is about 1012, which is
equivalent to 10* cm ™2, which equates to about one bacterium per 100 pm?. This
indicates therefore that the bacteria are not evenly distributed but exist in micro-
colonies on the skin surface often growing as biofilms.

Mouth

In 1683, Antonie van Leeuwenhoek first observed the presence of microorganisms
in the mouth, but it was not until 1890 that oral bacteria were considered to have a
role to play in disease.'” Today we know that the oral microbiota is beneficial to the
host, as indicated by their ability to suppress the effects of exogenous microorgan-
isms. However, imbalances and certain bacteria associated with the normal micro-
biota in the mouth can lead to oral diseases and cause soft-tissue infections and
abscesses. Microorganisms in the mouth and throat are present in high numbers,
with levels present in saliva at 10® or 10° m1™".

Colonization of the human mouth by bacteria occurs within the first 6-10 h after
birth.'® After 8—10 h, the bacteria, often only transient, that have been identified in a
baby’s mouth have included staphylococcus, streptococcus, coliforms, and enter-
ococci, to name but a few. From 0 to 2 months, the most common bacteria isolated
from the oral microbiota of the infant have included mainly the viridans strepto-
cocci such as Streptococcus salivarius, S. oralis, S. mitis biovar 1 together with
Neisseria spp., Staphylococcus spp., and Prevotella spp. As the infant gets older
(612 months), other microorganisms begin to appear in the mouth. These have
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included the ones mentioned above and S. sanguis, Actinomyces spp., Fusobacter-
ium spp. (specifically F. nucleatum), and Capnocytophaga. At 12 months, in
addition to the microbes mentioned above, other microbes such as S. mutans,
Clostridium spp., Peptostreptococcus spp., Prevotella intermedia and pallens to-
gether with Porphyromonas gingivalis begin to colonize the oral microbiota of the
infant’s mouth. Many transient microorgansims appear in the newborn’s mouth,
which eventually become part of the resident microbiota or go on to colonize other
regions of the body. It is during the teething and the weaning processes that
newborns become more significantly exposed to bacteria.

S. salivarius has been isolated frequently on the first day of a baby’s life,'’
whereas during the teething process S. sanguis is documented to be the first
colonizer of teeth.'® S. mutans are also early colonizers of the teeth but these
bacteria have been shown to take a longer time to colonize the teeth surface.'®!?
Over time, as biofilms (plaque) begin to form on the tooth surface, the microbiota
becomes more complex and heterogeneous. The microbiota found in plaque
isolated from children (4-7 years old) seems to be similar to that of adults.”*%2
Major microbiota changes in the mouth occur up to age of 19 as a result of the
ageing process, possibly brought about by changes in hormones.>'** Bacteroides
and Spirochaetes have been documented in the mouth of children. Levels have been
shown to increase around puberty. Contrary to this, levels of Capnocytophaga spp.
and A. naeslundii have been shown to decrease with advancing age. At adolescence,
black pigmented anaerobes and Spirochaetes begin to increase in numbers in the
mouth and form a significant component of the oral microbiota.

Over 45 years ago, the number of bacteria that had been identified to be present
in the adult mouth was as low as 30. Today, because of the advancement in
microbial identification procedures, this number is documented to be much higher,
with some 700 different species of bacteria now having been recognized.”® In
Table 2.3 the commonly encountered and cultured bacteria can be seen, but this
is no definitive and complete list of oral bacterial genera, as this table constitutes
only a select list of frequently isolated microbes. While the microbiota in the mouth
is very heterogenous, principally due to the fact that the oral microbiota is under a
constant flux from the shedding of epithelial cells, saliva flow, diet, and the effects
of the innate immune response, the dental plaque does show a very high degree of
homeostasis.

A large number of microorganisms have been detected in the adult mouth that do
not reside there for long periods. These are transient oral microbiota bacteria
derived from food or from the other regions of the body. These bacteria are
considered insignificant but are capable of causing opportunistic infections in
debilitated individuals. The bacteria known to cause diseases such as dental caries
and peridonotal diseases are caused by the resident microflora found colonizing the
teeth. Oral pathogens such as S. mutans have been linked to caries,>* as have
Actinobacillus actinomycetemcomitans. Treponema has been linked with periodon-
tal disease. These bacteria, however, are considered to constitute part of the
indigenous microbiota of the mouth.
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Table 2.3 Commonly occurring cultured bacteria isolated from the oral cavity

Microorganism Species

Actinomyces A. israelli, A. viscosus, A. naeslundii

Prevotella P. melaninigenica, P. intermedia, P. loescheii, P. denticola

Porphyromonas P. gingivalis, P. assacharolytica, P. endodontalis

Lactobacillus L. casei, L. brevis, L. plantarum, L. salivarius

Fusobacterium F. nucleatum, F. naviforme, F. russii, F. peridonticum, F. alocis, F. sulci

Bifidiobacterium B. dentium

Streptococcus S. anginosus, S. gordonii, S. mitis, S. mutans, S. oralis, S. rattus,
S. salivarius, S. sanguis

Campylobacter C. rectus, C. sputorum, C. curvus

Rothia R. dentocariosa

Capnocytophaga C. ochracea, C. sputagena, C. gingivalis
Propionibacterium  P. acnes

Eubacterium E. alactolyticum, E. brachy, E. nodarum
Veillonella V. parvula, V. atypical, V. dispar
Peptostreptococcus ~ P. anaerobius, P. micros
Neisseria N. flavescens, N. mucosa, N. sicca, N. subflava
Haemophilus H. parainfluenzae
Selenomonas S. sputigena, S. flueggei

Corynebacterium matruchotii
Actinobacillus Actinobacillus
Capnocytophaga Capnocytophaga
Bacteroides B. buccae, B. buccalis, B. denticola, B. oralis
Wolinella W. curva, W. recta

On the palate, lips, cheeks, and floor of the mouth, the microbiota is considered
sparse.

The tongue generally harbours a polymicrobial microbiota. A study conducted in
1966> has shown that the predominant bacteria found on the human tongue are
Streptococci (35%), Gram-positive rods (16%), Veillonella (16%), Gram-negative
rods (6%), non-pigmenting Bacteroides (5%), and Peptostreptococcus spp. (4%),
and the rest were Gram-positive cocci. Recent studies using 16s rRNA have shown
that the tongue contains a very diverse microbiota and these may act as a reservoir
for bacteria associated with periodontal diseases.

Upper Gastrointestinal Tract

The dominant population of bacteria residing in the upper gastrointestinal (GI) tract
of a healthy adult human has included Pseudomonas spp., Micrococcus spp.,
Bacillus spp. as well as lactobacilli, bifidiobacteria, and streptococci.”® However,
the microbial composition of the indigenous microbiota of the GI tract is affected
by sex, age, and diet, which significantly alter the microflora. However, depending
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on the individual, it is generally appreciated that a well-balanced, healthy gut has a
microbiota which generally remains stable throughout adulthood. The host and
bacterial association is a mutually beneficial relationship important for providing
nutritional benefits, angiogenesis, and immunity.

Oseophagus

The normal microbiota of the oesophagus is an area that has been poorly
researched. As it is the route by which food is passed from the mouth to the
stomach, it is likely to be composed of its own microflora. From a 16S rRNA
study of the oesophagus, 95 species of bacteria have been identified.>’

Stomach

The acidity of the stomach kills many ingested microbes® and as such is considered
to be sterile. The resting pH of the stomach is about 2, but as the gastric mucosa
ages it becomes less efficient in secreting acid. At this point the stomach is not a
great bacteriocidal agent, allowing for the development of a stomach microflora.
The development of a stomach microflora is acknowledged to occur in 10% of the
population at the age of 50 and 50% at the age of 70. However, this does vary in
regions of the world particularly where poor diets are common. In individuals who
have a resting gastric pH of below 5, the microbiota is dominated by Streptococcus,
Lactobacillus, Veillonella, and Micrococci. Above a pH of 5, more acid-tolerant
bacteria reside; e.g. Bacteroides spp. Helicobacter pylori has been isolated from the
gastric mucosa of a high percentage of individuals and as such is considered to be
part of the ‘normal’ microbiota of the adult stomach. Helicobacter pylori will be
discussed further in the book. Common bacteria that have been cultured from a
healthy adult’s stomach can be seen in Table 2.4.

Table 2.4 Common bacteria (genera) isolated from the stomach in healthy individuals

Bacteria

Streptococcus, Lactobacillus, Staphylococcus, Micrococcus, Neisseria,
Pseudomonas, Haemophilus, Veillonella, Bacteroides, Enterobacteria,
Bifidiobacterium
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Table 2.5 Common bacteria (genera) isolated from the upper small intestine (adapted from>*-)

(ND - Not detected)

Bacteria Frequency of isolation
range of numbers
Streptococcus 6/10, ND-10*
Lactobacillus 3/10, ND-10*
Staphylococcus 1/10, ND-10?
Micrococcus 1/10, ND-10?
Veillonella 1/10, ND-10?
Fungi/yeasts 2/10, ND-10*
Bacteroides 6/10, ND-10*
Enterobacteria 4/10, ND-10*
Bifidiobacterium 1/10, ND-10°

Small Intestine

From the stomach to the colon the bacterial population increases from 10* to
10" ml~'. Within the small intestine the bacteria that predominate are mainly
Gram-positive strains. These constitute about 10°-10” cfu ml~" of fluid. Such
bacteria found here include the lactobacilli and enterococci. At the lower end of
the small intestine, the flora begins to change and anaerobic bacteria and coliforms
begin to dominate the microbiota. The major organisms that are found in the upper
regions of the small intestine are mainly Gram-positive bacteria. However, low
numbers of E. coli and Bacteroides have been isolated. The upper small intestine is
considered to be sterile, as bacteria are exposed to proteolytic enzymes, bile salts,
and the innate immune response together with a rapid flow through of fluid that
restricts bacterial colonization and proliferation.

The lower small intestine, which is composed of the distal and terminal ileum, is
a region where peristalsis is slower and bile salts are present. This favours the
formation of a resident microbial flora. Commonly isolated bacteria that have been
cultured from the upper intestine can be found in Table 2.5.

Colon

The microbiological development of the human gut can be divided into a number
of stages:’!

Stage 1: The microflora of the infant. This is the first stage of bacterial attach-
ment and the development of a ‘sub-climax’ microflora.

Stage 2: Transitional flora. It is here that growth and inactivation of the micro-
flora begins. The diet and environmental conditions are important factors affect-
ing this community. The role the transient flora has in determining the climax
community in the gut is presently unknown.
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Stage 3: Adult climax community: Decline in microbiota. This is the stage that is
associated with ageing possibly leading to the decline in the human host’s ability
to sustain and control the equilibrium of its microflora.*>

Microflora of the Infant’s Gut

At birth the neonate intestines are sterile but within 24 h become quickly colonized
with microbes acquired from both the mother and the external environment.*?
Within the first 17 days of life, a microbiota would have developed in the GI tract
of infants. This microbiota has been shown to be significant to disease, particularly
atopic infections.** The microbiota of the infant gut was studied sometime ago,*>*
but today only a small number of studies are being undertaken to advance this area
further.

Following the birth of a baby, the initial inoculum of bacteria entering the GI
tract originates from the region by which it is delivered, i.e. cervical or vaginal
microflora. Ultimately, the baby can be colonized only by those microorganism to
which it is exposed and by organisms that are capable of forming a permanent
community on the gut mucosa. The early colonizers of new born babies have
include E. coli and streptococci, which are able to utilize the many nutrients in
the large intestine. As these bacteria grow, they produce short-chain fatty acids that
remove oxygen, making the environment anaerobic. With breast-fed babies, these
bacteria will be replaced by Bifidobacterium. Host factors will also have a role to
play in controlling the colonization of many strains of bacteria in the developing
gut.

Immunoglobulin A is a very important antibody found in mucosal secretions of
the gut. Levels in children, up to the age of 2 years, are considered to be very low in
comparison to those in an adult.?” In breast-fed infants, owing to the high levels of
immunoglobulin A in breast milk, many bacteria are prevented from gaining access
to the mucosal cells. Breast milk is also known to stimulate the growth of bifido-
bacterium, which is very important in preventing colonization by pathogenic
bacteria. A dominance of Bifidobacteria has been reported in the guts of breast-
fed babies.*®*° Conversely, formula-fed babies have guts that are predominantly
colonized with bacteria such as Bacteriodes and contain only low levels of Bifido-
bacterium. Bacteria such as the coliforms, micrococci, and streptococci appear very
early in the faecal flora of breast-fed babies. As the diet changes, Gram-negative
enterobacteria become more prominent, and bacteria such as bacteriodes, entero-
cocci, and clostridia begin to increase in numbers in the baby’s gut. In comparison,
in adults the bacteria found in the faeces are predominately bacteriodes and
bifidobacteria. These are obligate anaerobes and outnumber E. coli (10’-10°% g™ )
by 1,000:1 to 10,000:1. The indigenous microbiota of infants does not ‘climax’
until solid food begins,”**® and once weaning begins the gut microbiota
soon develops a microbiology similar to that of an adult.*' During the weaning
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Table 2.6 Commonly occurring bacteria isolated from human faeces

Bacteria

Acidaminococcus, Bacteroides, Bifidiobacterium, Clostridium,
Coprococcus, Enterobacter, Enterococcus, Escherichia, Eubacterium,
Fusobacterium, Klebsiella, Lactobacillus, Megamonas, Megasphaera,
Methanobrevibacter, Methanosphaera, Peptostreptococcus, Proteus,
Ruminococcus, Veillonella

process, facultative anaerobes such as Streptococci and coliforms start to decline.
These bacteria are soon superseded by Bacteriodes, which become established as
the dominant bacteria in the intestine. Pioneering bacteria of the GI tract are
reported to be enterobacteria, principally E. coli and enterococcus, staphy-
lococcus, and streptococci, followed then by obligate anaerobes, bifidobacteria,
and Bacteriodes.*?

Andrieux et al.*’ studied the inter-individual variation and the influence of age
on metabolic characteristics of the faecal microflora from persons of three age
groups. The results form their study showed significant differences between elderly
persons and younger adults and children, but the major metabolic characteristics of
the faecal microflora were not found to be greatly altered by the ageing process.
Probiotics are considered significant for a healthy gut, but it has been found that
probiotics administered in the first months of life did not significantly interfere with
long-term composition or quantity of gut microbiota.**

Adult Indigenous Microbiota in the Colon

The human GI microbiota, specifically in the adult colon, is composed of a very
complex community of microorganisms (see Table 2.6). Viruses, for example,
constitute a large component of this ecosystem, and well over 1,200 different
viral genotypes have been identified in human faeces isolated from a healthy
adult gut equating to 10° virions per gram of dry faeces.*

The dominant bacterial phyla known to inhabit the adult gut include the Acti-
nobacteria, Bacteroidetes, Firmicutes,46 and Proteobacteria. While there are numer-
ous studies that have documented the diversity of the microbiota of the GI tract,*” in
terms of species composition, differences in healthy individuals’ microbiota have
complexed the true composition and ‘climax community’ of the adult gut. Subse-
quently, this has been, and still remains, a very challenging area of research.

A large number of authors estimate that the gut contains between 400 and 500
different species of culturable bacteria.*® However, modern molecular techniques,
prior to 2006, have shown that these numbers are much higher, more than 1,000
species,'>**"? indicating that a large number of the bacteria living in the GI tract
are in fact non-culturable at present.’!
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The defensive mechanisms of the body have a role to play in helping to control
the microbial composition of the gut and maintain it as a ‘climax community’.
Changes in the bacteriology of the colonic microflora occur during the ageing
process. This has been shown to be significant for bacteria such as Bacteroides
and Bifidiobacteria, which are thought to provide both beneficial and protective
functions to the host. These shifts in dominant species in the adult colon may help
us to understand the decreased functionality of the human microbiota during ageing
and its significance. To date, this has not been explored in great detail.

It is probable that the gut is a self-regulating system that functions to control,
among other things, the gut ‘climax community’. As this community is highly
resistant to invading bacteria and well adapted to this niche, it is probable that any
invading bacteria would require time to adapt to this way of life. But, to date,
despite intensive studies in gut microbiology, the exact mechanisms by which the
body controls the composition and distribution of certain microflora are largely
unknown. Diet has been researched, and there is evidence that this may affect the
microbiota in the gut of animals but this remains controversial in humans. Even
changing diets to a vegetarian one has produced no real effect on the predominant
microflora in the gut.’?

Age-related changes to the bacterial genera and species have been identified in
the adult gut.”® A number of studies, as mentioned previously, have shown that
bacteriodes decline in numbers with advancement of age.”*> These bacteria are
very important in the gut and are involved in polysaccharide digestion. If metabolic
activities therefore change in the gut with advancing age, other bacteria within the
ecosystem will be affected. In fact, within elderly populations there is evidence of a
rise in proteolytic bacteria. These include clostridium, propionibacteria, and fuso-
bacteria.”®”>® Increases in levels of clostridium have been observed in healthy
individuals when compared to younger adults.”® The consequence of this could be
an increase in bile acid transformations, resulting in the development of harmful
metabolites in the colon. Also the cell material released from some bacteria is
known to increase in the elderly population. These are thought to contribute to
arthritis.”’

Bifidobacteria occur in excess of 10'® g~! dry weight of faeces.”® During the
ageing process, and most notably within an elderly population, there is a marked
change in the levels of Bifidobacteria,””>*? indicating a decline in colonic micro-
bial stability. While a wide range of Bifidobacteria exist both in the adult and infant
gut, in the elderly population Bifidobacterium adolescentis, B. angulatum, and
B. longum seem to be the most dominant species.’>>*%"

Respiratory Tract

The respiratory system is responsible for transporting air to the lungs where both
oxygen and carbon dioxide exchange can take place. Initially air is conducted from
the nose, which then passes through the pharynx, larynx, trachea, bronchi, and then
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through the bronchioles to the alveoli. It is the areas found above the bronchi that
are known to be heavily colonized by microorganisms. The distal airways, i.e.
bronchi and bronchioles, and the lungs are generally sterile.

During breathing, air, which contains many fine particles including micoorgan-
isms, is inhaled through the nose. The bacteria that are inhaled become trapped in
the mucus found on top of the nasal mucosa. The mucociliary escalator then
transports the mucus containing the bacteria into the pharynx. Mucus is then
swallowed and the microorganisms will then be killed by the acid in the stomach.
Within the nasal fluid many different antimicrobials can be found. These include
lysozyme, lactoferrin, IgA, and IgG, among others. These agents are important in
helping to reduce infection and disease. They are also important in determining the
composition of the indigenous microbiota of the respiratory system.

At birth, as with most sites in the human body, the respiratory tract is sterile.
However, a number of studies have shown that some neonates do harbour bacteria.
These have included Bacillus subtilis, E. coli, and Staphylococcus epidermidis,
which are generally acquired from the mother during birth. Following birth, the
primary bacteria found colonizing the oropharynx are alpha haemolytic strepto-
cocci. However, there are very few studies available that have characterized the
microbiology of the respiratory tract of infants, which prevents a comprehensive
analysis of the microbiology in this area. The majority of studies that are available
for analysis have concentrated on studying the nasopharynx and the effects of
specific pathogens colonizing this site. In most of these studies staphylococci
have been the most frequently isolated bacteria. Levels of staphylococci in the
nasopharynx have been shown to decrease with age. During the first 6 months of
life, the main bacteria found colonizing the nasopharyngeal have included
S. aureus, S. epidermidis, Streptococcus mitis and pneumoniae, Moraxella catar-
rhalis, Neisseria sp., Enterobacteriaceae, and H. influenzae. After 6 months, the
levels of certain bacteria in the nasopharyngeal region begin to decrease. These
have included Staphylococcus aureus, but other bacteria such as Streptococcus
pneumoniae, Moraxella catarrhalis, and H. influenzae have been shown to increase
in numbers during the ageing process. Also, bacteria such as N. meningitides
are generally not isolated from children within the first 2 years of life. However,
it is well documented that the carriage of N. meningitides increases during the
ageing process.

Microorganisms that are considered to be part of the indigenous microbiota of
the adult respiratory tract are many. Such ones have included Streptococcus pyo-
genes, Neisseria spp., Haemophilus spp., Staphylococcus aureus, CNS, Propioni-
bacterium spp., Prevotella spp., Corynebacterium spp., Moraxella spp., and
Streptococcus pneumoniae, to name but a few. In the nasal cavity of adults a vast
array of bacteria have been found, which include, in order of proportions, Coryne-
bacterium spp., Staphylococcus spp., Streptococcus spp., Aureobacterium spp.,
Rhodococcus spp., and Heamophilus spp. Within the nasopharynx region, because
of high levels of available nutrients, many different bacteria have been isolated.
A selection of these bacteria that have been isolated from the respiratory tract of a
healthy adult is shown in Table 2.7.
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Table 2.7 Common bacteria found in the upper respiratory tract

Region and Infants (1-18 months) Children/adults
bacterial
numbers
Anterior Staphylococcus aureus, S. epidermidis, Staphylococcus aureus,
Nares Corynebacterium sp. S. saprophyticus, S. epidermidis,
S. hominis, haemolyticus, cohnii,
Corynebacterium jeikeum,
C. minutissimum, C. xerosis,
Propionibacterium acnes,
P. avidum, Neisseria sp.,
Corynebacterium sp.
Nasopharynx  Staphylococcus aureus, S. epidermidis,  All the above plus: CNS, alpha
Stretococcus pneumonia, haemolytic streptococci,
Streptococcus mitis, Moraxella Stretococcus pneumonia,
catarrhalis, Neisseria spp., Moraxella catarrhalis,
Haemophilus influenzae, Haemophilus influenzae,
Enterobacteriaceae, alpha H. parainfluenzae, Neisseria
haemolytic streptococci meningitides, N. mucosa, N. sicca,
N. subflava, Fusobacterium sp.,
Prevotella spp., Porphyromonas
spp., Peptostreptococcus spp.
Oropharynx  All the above (nasopharynx) plus: All the above (nasopharynx) plus:

Streptococcus anginosus,

S. constellatus, S. intermedius,

. sanguis, S. oralis, S. mitis,

. acidominimus, S. morbillorum,

. salivarius, S. uberis, S. gordonii,
. mutans, S. cricetus, S. rattus,

. sobrinus, S. crista, S.
pneumoniae, S. pyogenes,
Haemophilus parainfluenzae,
Mycoplasma salivarius, M. orale
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Streptococcus anginosus,

. constellatus, S. intermedius,

. sanguis, S. oralis, S. mitis,

. acidominimus, S. morbillorum,

. salivarius, S. uberis, S. gordonii,
. mutans, S. cricetus, S. rattus,

. sobrinus, S. crista, S.
pneumoniae, S. pyogenes,
Haemophilus parainfluenzae,
Mycoplasma salivarius, M. orale
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In general, age has an effect on the carriage of certain indigenous bacteria. Age
has been shown to affect the prevalence of Streprococcus pneumoniae, H. influen-
zae, and M. catarrhalis.

In the respiratory tract an infection occurs when the immune system is compro-
mised, a pathogen is virulent, and a high inoculum is available. It is probable that
oral microbes infect the respiratory tract. This suggests a significant role the oral
flora plays in respiratory tract infections.

N. meningitidis, Streptococcus pneumoniae, and H. influenzae are the main
causative agents of meningitis.®! N. meningitidis is the main cause of meningitis,
and worldwide it is responsible for over 500,000 cases — its attack and fatality ratio
is higher in children (highest incidence is in children 6-24 months) than adults.

Pneumonia is a major cause of both morbidity and mortality worldwide. Many
bacteria including anaerobic Gram-negative rod-shaped bacteria are considered
significant to pneumonia. Streptococcus pneumoniae is a major cause of lobar
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pneumonia, which is known to affect infants less than 2 years old and the elderly.®!
It is estimated that over a million children are affected and die from this disease.
Sinusitis is another indigenous related infection that affects infants more than
adults. The major organism responsible for acute sinusitis is Streptococcus
pneumoniae together with Haemophilus influenzae, and Moraxella catarrhalis.
Porphyromonas spp. and Fusobacterium spp. are responsible for chronic sinusitis.

Children, particularly, below the age of 15 years, are also affected by bacteria
that cause otitis media. The bacteria responsible for this include S. pneumoniae,
Haemophilus influenzae, and Moraxella catarrhalis.

Other infections caused by the indigenous microbiota include epiglottitis and
bronchitis.

UTI (Including Vagina)

The urinary system is composed of the kidneys (generally two), two ureters, a
bladder, and a urethra. Anatomically, the systems in males and females do differ
significantly. The microorganisms that are found first in the urethra are determined
by age. In general though, the more predominant bacteria found colonizing the
urethra include Lactobacillus sp., Streptococcus sp., Fusobacterium sp., Staphylo-
coccus sp., Corynebacterium sp., CNS, Bacteroides sp., and an array of Gram-
positive anaerobic bacteria. There are very few studies that have focussed on the
indigenous flora of the urethra in both females and males. The main bacteria found
colonizing the urethra of males are very similar to those in females and are
generally members of the cutaneous microbiota.

The main microorganisms found colonizing the reproductive system of females
include Lactobacillus spp., Staphylococcus spp., Corynebacterium spp., Entero-
coccus spp., Fusobacterium spp., Bacteroides spp., Porphyromonas spp., Clostrid-
ium spp., Candida albicans, and Propionibacterium spp. The genital tract,
specifically of woman, can be a potential reservoir of infection. Early studies
have shown that a ‘healthy’ vagina is colonized only with Lactobacilli. During
puberty, production of oestrogen occurs, the vaginal wall thickens, and glycogen is
deposited. Lactobacilli are then able to metabolize the glycogen in the vagina and
produce large amounts of lactic acid. This results in the development of an acid pH
that reduces the probability of other pathogenic bacteria attaching. Today we know
that a homogenous population, of just Lactobacillus, is not evident in the normal
vagina. In fact, the vagina can be colonized with a vast array of aerobic and
anaerobic bacteria in the presence or absence of lactobacillus. Interestingly, the
flora of the vagina does not overlap with the indigenous flora found in the GI tract,
despite its close proximity. However, the dominant bacteria found in the healthy
vagina includes lactobacillus and diphtheroids,®*®* with the prevalence of lactoba-
cillus reported to be between 45 and 96%.

Within premenopausal women, anaerobic Gram-positive cocci have been
reported to occur in abundance together with Bacteroides.
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Oestrogen seems to have a major effect on the microflora of the vagina, and
during the menstrual cycle bacterial adherence and colonization seem to be affect-
ed. However, to date, research that has looked into this area remains inconsistent.
For example, the microbiology of the vagina between pre- and post-menopausal
women has shown no relationship with changes in hormonal levels. There are only
relatively few reports that have studied the microflora of women at the post-
menopausal stage of life, but reports in the 1930s have shown that lactobacilli is
substantially reduced.®* During the post-menopausal stage, the flora remains the
same but there is a greater incidence of Gram-negative bacilli reported when
compared to pre-menopausal women.

In addition, there have been no significant differences documented in the
microflora of the vagina between pregnant and non-pregnant women. However,
there are reports that in pregnant women Lactobacillus levels may be significantly
higher than in non-pregnant women.

Overall, to date, research seems to suggest that within the vagina, soon after birth,
lactobacilli infect. During the child-bearing years, lactobacilli, S. epidermidis, and
corynebacteria predominate. Other bacteria that have been documented to occur
here include viridans streptococci, enterococci, Group B streptococci, non-patho-
genic neisseriae and enteric bacilli, Acinetobacter spp., Haemophilus vaginalis, and
Mycoplasma.

Eyes

It is still debatable whether microorganisms that can be detected in the eye
constitute a transient flora or a resident microflora. Most studies that have been
undertaken have shown that in healthy adults most do not yield any bacteria that can
be cultured. Any bacteria that have been identified have been common bacteria that
constitute the normal microbiota of the skin.®>® Principally, most studies com-
pleted to date have been conducted using culturable and not molecular techniques.
The microbiota of the ocular in infants is often determined by the birth route. For
example, with a normal vaginal delivery, the conjunctiva of the eye is colonized by the
vaginal microbiota of the mother. Fewer bacteria have been isolated from babies that
have been delivered by caesarean section, and bacteria commonly found are those
which constitute part of the normal skin microbiota. The common bacteria identified on
the conjunctivae of vaginally delivered babies include lactobacillus and bifidobacteria
compared to propionibacteria and corynebacterium which are found on the conjuncti-
vae of caesarean-delivered babies. After 5 days following birth, the microbiota of the
conjunctivae is dominated by coagulase-negative staphylococci, coryneforms, strep-
tococci, and propionibacteria. As the baby grows, the microbiota remains the same for
a long time but levels of Streptococcus pneumoniae have been shown to decrease.
In healthy adults, the conjunctivae have some bacteria evident.®”*® However,
this population is considered small. The usual bacteria isolated have included
S. epidermidis and Propionibacterium acnes (anaerobic diptheroids); however,
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non-haemolytic streptococci, S. pneumoniae, S. aureus, anaerobic streptococci,
lactobacilli, corynebacteria, and enteric bacteria have also been documented to
occur but less frequently.

The eye does seems to select for the survival only certain species of bacteria, as
certain bacteria are found consistently in samples that are taken from the conjunc-
tivae. Studies that have been done on the eye have shown that the right- and left-eye
microbiota are very similar.

Central Nervous System

Many pathogens including bacteria, virus and fungi, and, now, prion proteins are
known to cause inflammatory processes and neuronal degeneration specifically of
the central nervous system (CNSys). The CNSys is considered sterile but very
vulnerable to infectious agents. This is because during ageing the blood—brain
barrier and also the immune responses become compromised. As we start to age,
infectious agents are able to avoid the normal responses of the body.® Viruses such
as herpes can be transferred trans-cellularly into the CNSys from infected nerves.
Also, with an increase in oxidative stress located at or within neurons, this makes
them more vulnerable to many viruses and prions infection. In addition to this, a
decline in the immune function during ageing makes neurons more vulnerable so
that both the brain and the spinal cord become ‘hot spots’ for infections. This has
been shown to be the case with diseases such as tuberculosis’® and other agents such
as the West Nile virus and Lyme disease.

Prions have been shown to be transmittable between humans, and there is a high
probability of transmission from animals and animal products to humans. Prions are
known to affect the CNSys, and disorders such as scrapie in sheep, bovine spongiform
encephalopathy in cattle, Kuru, Creutzfeldt—Jakob disease, Gerstmann—Straussler—
Scheinker disease, and fatal familial insomnia in humans are a result of a prion disease.
These diseases are caused by the accumulation of insoluble aggregates of prion protein,
and abnormal (scrapie) forms (PrPsc) of a normal protein called the cellular prion
protein (PrPc). Prion diseases are well known to have a long incubation period, and it is
well documented that these prion diseases are more common in the elderly. Prions
cause death of neurons by inducing oxidative stress, triggering apoptosis, and disrupt-
ing calcium homeostasis.”' Inflammatory processes may also contribute to the
pathogenesis of prion disorders.”* Therefore, changes of brain cells and neurons
during normal ageing make neurons more susceptible to the toxicity of prions.

It has been hypothesized that infections that occur during childhood could
increase the risk of age-related neurodegenerative disorders, but evidence for this
remains controversial at present.”

A number of viruses are known to infect cells in the nervous system and are able
to remain in the neurons for a very long time, often a lifetime. Such viruses include
herpes simplex-1, Sindbis virus, rabies, and also measles.”*”” Transient infections
are thought to trigger neurodegenerative cascades when infections occur in aged
individuals, which increase the risk of certain diseases.
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Certain viruses are also known to damage and also kill myelinating cells of the
central and peripheral nervous system. The most common demyelinating disorder
found in humans is multiple sclerosis. There is growing evidence that infectious
agents may have a role to play in multiple sclerosis. In fact, a review by Steiner
et al.”® has shown associations with canine distemper, human hepes virus-6, para-
influenza virus, measles virus, and C. pneumoniae. Synapses have also been shown
to be vulnerable to infectious agents.”®

Adverse Effects of the ‘Normal’ Microbiota of the Host

The ‘normal’ microbiota of the host does not always have a beneficial role to play.80
This essentially is due to the fact that closely related organisms can be both
commensal and pathogenic. The indigenous microbiota is capable of causing
disease but their pathogenicity is limited principally by the actions of the immune
response and competition from other bacteria that occupy the same niche. Within
the host, commensals greatly outnumber disease-producing bacteria so that patho-
genicity is a rare occurrence. In some instances, however, the indigenous micro-
biota of the host may become pathogenic. Such examples include S. mitis and S.
salivarius, known to inhabit the oropharynx but which are known to be associated
with bacteraemia following dental extraction. Ultimately, the microbiota of the host
may be trying to obtain a stable climax community within all the human-specific
niche environments. Changes in this community will therefore have possible
detrimental effects on the host. Mechanisms used to control these changes to the
‘normal’ microbiota need to be effectively applied by the host. For that reason, the
need for a state of microbiological homeostasis or balance in each microbiological
niche of the host is warranted.

As the human body is composed of a wide variety of microorganisms present
within a stable (‘quasi’ steady state) community, changes such as ageing and the
physiological and metabolic changes that are associated with it would significantly
alter this ‘homeostasis’.

Many conditions are known to affect the human host and lower the resistance of
the host either generally or at specific sites in the body. Such factors can include
malnutrition, debilitation from other diseases, radiation damage, shock, sub-clinical
or asymptomatic infections, and also disturbances with the bacterial antagonism
resulting from things such as the use of antimicrobial therapy and localized
obstructions to the excretory organs, to name but a few.

With endogenous disease, their origins have no definable incubation period, they
are not communicable, and they do not result in clinically recognizable immunity
and tend to occur and recur slowly over years and involve bacterial agents that are
found as part of the indigenous microbiota. These agents have low intrinsic
pathogenicity and cause disease when they appear either in unusual body sites or
in enormously increased concentrations in or near their usual sites.
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Conclusion

Microbes have inhabited this planet approximately 4 billion years before the
existence of man, which suggests a significant role for them in human life. Howev-
er, despite decades of microbiological research, very little is known as to how many
microbes affect the health of humans and how the microbiology of the human host
changes as humans age.

It is appreciated that the occurrence of specific bacteria at specific niche sites in
the body may be a predetermined phenomena rather than a random association. The
first encounter between microbes and the human host occurs at birth, and the
pioneering bacteria, as well as age of acquisition, is thought to have effects on
human development, ageing, and disease. This has been shown to be the case in pre-
term babies. A recent publication has shown that colonization of the gut by
bifidobacteria and lactobacillus is delayed in pre-term infants®' and that coloniza-
tion with potentially pathogenic bacteria (especially E. coli) is significantly
increased. This delayed colonization by beneficial bacteria does seem to have
significant effects on infection rates and disease. In addition to this, the route by
which a baby enters the world may well influence the initial pioneering bacteria of
the human host. In the United States alone, one-quarter of all babies are born by
caesarean. These newborn babies will not inherit microbes from the maternal
vagina but acquire bacteria from the external environment. Does this have signifi-
cant long-term implications to the host? This question is at present being investi-
gated with no clear-cut answers. Pockets of research have shown that with a vaginal
birth the microorganisms that are passed from mother to baby are dominated by
Gram-positive cocci. This principally will depend on whether the baby is breast fed
or formula fed. Contrary to this, it is now being documented, specifically in oral
cavity studies, that the host may actually select the microorganisms that colonize
and then become indigenous to them. With this in mind, the route by which a baby
is delivered will have little effect on which microorganisms will eventually become
the microbiota. If it is true that the body may select certain bacteria, it would be
logical to suggest that the indigenous microbiota will have positive effects on
human development and therefore this would have an effect on human ageing.***
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Chapter 3
Infections in the Elderly

Knut Ohlsen, Svitlana Kozytska, and Udo Lorenz

Introduction

Infections continue to be a major cause of morbidity and mortality in elderly
patients. According to a recent study, hospitalizations for infectious diseases
represent the second highest proportion of all discharges among older adults.'
The problem is of increasing importance because of the demographic changes
anticipated for the future decades. These changes will lead to a substantial increase
in the number of older persons in the world. While in the industrialized countries
the average life expectancy will rise moderately by 6-8 years in the next five
decades, the increase in the developing world will be 20 years, resulting in an
average life expectancy in these regions of 70 years. It is expected that the
percentage of people aged 65 and older will increase in the more developed regions,
rising from 15.3% in the year 2005 to 25.9% in 2050 (http://www.un.org/esa/
population/publications/WPP2004/WPP2004_Vol3_Final/Chapter2.pdfUN-report
and  http://www.un.org/esa/population/publications/WPP2004/WPP2004_Vol3_
Final/Chapter2.pdfUN-report).

In 2050, almost every second person in the industrialized world will be older than
55 years, and especially very old persons will have a substantial impact on the
population structure. Likewise, population dynamics in the rapidly developing
countries such as China, India, and Brazil shows similar characteristics. These
dramatic changes in age structure of the population have major implications for all
national health care systems. In the United States, elderly people aged 65 and older
constituted 12% of the population in 2005, but they comprised 34% of the hospita-
lizations (http://www.hcup-us.ahrq.gov/reports/factsandfigures/HAR_2005.pdf). It is
well known that the rates of hospitalization and length of hospital stays increase with
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age. There are several reasons why especially older persons are jeopardized by
pathogenic agents. Older adults more often have chronic diseases such as diabetes
mellitus, atherosclerosis, rheumatism, and vascular diseases and therefore are
more susceptible to common infections. In addition to multiple, chronic, comorbid
diseases, an impaired immune system, a decreased protection by vaccines, pro-
longed stay in hospitals, permanent catheterization, invasive procedures, malab-
sorption, or polypharmacy are further reasons why older patients have a higher risk
to contract an infection. On the other hand, infections in the elderly pose specific
problems due to the lack of signs and symptoms that are common in younger adults,
such as fever and leukocytosis.

In this review the most important types of infections in the elderly are introduced.

Urinary Tract Infections

Urinary tract infections (UTIs) are the second most common infections in
the elderly (Fig. 3.1). Many of these infections occur in the setting of urethral
catheterization and neurogenic bladders with increased residual urine. In addition,
gender-specific factors contribute to an increased risk for developing UTI, such as
prostatic hypertrophy in man, an increase in vaginal pH, vaginal atrophy due to
postmenopausal estrogen depletion, and incomplete emptying of the bladder in
women. These factors favor the colonization of the urinary tract by bacteria.

UTIs due to catheterization are especially common in nursing homes. The
diagnosis of asymptomatic bacteriuria or chronic UTIs is often problematic because
classical clinical manifestations such as dysuria, fever, and urinary frequency may
be absent or masked in older patients. Usually the intestinal flora serves as source of
infection. Several pathogens have been recognized to be responsible for causing
UTIs including Escherichia coli, Klebsiella sp., Proteus sp., Pseudomonas aerugi-
nosa, enterococci, coagulase-negative staphylococci and Candida sp. Mostly, UTI
start as bladder infections and often evolve to encompass the kidneys. Importantly,
up to 25% of patients requiring a urinary catheter for >7 days develop catheter-
associated UTI, which account for 40% of all nosocomial infections.> However,
short-term catheterization also presents a considerable risk factor. The main indica-
tions for catheterization are incontinence, obstruction, and perioperative monitor-
ing. The number of patients developing UTIs due to catheterization could be
lowered by an improved catheter management. In a European study, the indication
for bladder catheterization was inadequate or unnecessary in up to 31% of the
cases.* Importantly, catheter-associated UTIs are often asymptomatic, and there-
fore are unrecognized by healthcare workers. In many cases, these infections
become chronic owing to a high rate of recurrence. Secondary bloodstream infec-
tions are uncommon, and in those cases where sepsis developed, in only 3% of all
patients the microorganism recovered from the urine was also isolated by blood
culture. Escherichia coli is the cause of the majority (>35-70%) of UTIs in all ages.
The group of E. coli bacteria that causes UTI is specifically called uropathogenic E.
coli (UPEC).” It is currently not known whether the virulence potential of a
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Fig. 3.1 Proportion of infectious disease hospitalizations (a) and infectious disease-related deaths
(b) according to infectious disease group among patients 65 years or older in the United States
from 2000 through 2002 (adapted from Ref. 1) (See Color Plates)

pathogen causing UTIs differs between young and older patients. Many virulence
properties of UPEC enable the pathogen to colonize the urinary tract such as
adhesins, e.g., type 1 and P fimbriae, Ag43 and toxins, e.g., hemolysin. Adherence
to the urinary tract epithelium is often the first step in establishment of UTI, as
adherent bacteria are able to resist the hydrodynamic forces of urine flow. In
addition, the bacteria interact with functions of the host including cell signaling
pathways. Among the adhesins, P fimbriae show the strongest disease association in
clinical studies. P fimbriae contribute to the establishment of bacteriuria by binding
to the o-p-galactopyranosyl-(1-4)-B-p-galactopyranoside receptor epitope in the
globoseries of glycolipids®’ and activate innate immune responses in animal
models and in the human urinary tract.” Type 1 fimbriae also enhance colonization
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and induce immune responses in the mouse UTI model.*” Type 1 fimbriae confer
binding to p-mannosylated proteins, such as uroplakins, which are abundant in the
bladder."

Symptomatic UTIs should be treated with antimicrobials. Although resistance rates
are increasing, fluoroquinolones and trimethoprim/sulfamethoxazole have remained
the antibiotic treatments of choice for therapy of uncomplicated UTIs. Fluoroquino-
lones such as ciprofloxacin have been recommended in acute pyelonephritis in older
patients because of increased bacterial eradication, tolerability, and fewer adverse side
effects.!! In every case, treatment should be directed to the microorganism identi-
fied in the urine considering resistance profiles. Importantly, polymicrobial infec-
tions occur in about 30% of patients, especially, if the UTI is related to
catheterization. These patients should be treated with broad spectrum antibiotics
targeting also Gram-positive bacteria such as enterococci and staphylococci.

Pneumonia

Pneumonia is a leading cause of death in the elderly and a complex relationship
exists between age and the incidence and mortality of pneumonia'? (Fig. 3.1). For
example, the incidence rate was increased by age groups from 2 of 1,000 hospital
discharges in individuals younger than 60 years to 17 of 1,000 hospital discharges
in patients older than 70 years.'* Hospital mortality doubled with age from 7.8% in
those aged 65—69 years to 15.4% in those aged 90 years and older."* Hospitalization
rates for pneumonia have increased among U.S. adults aged 64—74 years and aged
7584 years during the past 15 years. Among those aged 85 years or older, at least 1
in 20 patients was hospitalized each year because of pneumonia. Concomitantly,
the proportion of comorbid chronic diseases has increased.

The development of pneumonia in elderly patients differs from that in younger
individuals because of a complex array of factors. First, the major risk factor
for developing pneumonia in the elderly is the presence of other serious illnesses
(e.g., cardiopulmonary disease, renal insufficiency, diabetes mellitus, neurologic
disorders, endocrine disease, and, especially, neoplastic disease) and those affect
also the outcome of pneumonia. Pneumonia is often the terminal event after
prolonged serious illness. The mortality rate from pneumonia in patients older
than 65 years ranged from 9 per 100,000 in the absence of health-risk conditions,
to 979 per 100,000 when two or more health-risk conditions exist.'” In this regard,
depression of the immune system in elderly appears to be less important than the
presence of concomitant diseases, since defense mechanisms (e.g., humoral and
complement systems, macrophage, and neutrophil function) are relatively intact in
elderly patients. Second, the presenting symptoms of pneumonia in the elderly can
be subtle with confusion or tachypnea rather than classic symptoms such as fever,
chills, and rigors. Patients aged 65—74 years and 75 years had mean numbers 2.9
and 3.3 fewer symptoms, respectively, than those aged 18—44 years.16 Another
presentation is that of an acute decompensation of a more obvious underlying
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disease (e.g., congestive heart failure, chronic obstructive pulmonary disease, or
diabetes mellitus).'” Third, colonization and adherence of the respiratory tract with
potentially pathogenic Gram-negative and Gram-positive bacteria occur more often
in the elderly than in younger persons, owing in part to such factors as repeated
antibiotic therapy, endotracheal intubation and other mechanical devices, smoking,
malnutrition, surgery, and pharmacologic alterations of the oral and/or gastric
pH. Other predisposing factors for developing pneumonia are aerosolization of
pathogens with inhalation of microparticles (e.g., Mycobacterium tuberculosis,
Legionella spp., influenza virus, and the invasive, multidrug-resistant Streptococ-
cus pneumoniae) and silent aspiration of gastric contents with Gram-negative
bacilli, sometimes in association with anaerobes or anaerobic bacteria that normally
reside in the gingival crevices (e.g., peptostreptococci, fusobacteria, black-pigmen-
ted anaerobes). Notable, gastric and jejunostomy feeding tubes do not necessarily
prevent aspiration.'® Furthermore, the aging lung impairs the elasticity and muco-
ciliary clearance within the lung.'” Elderly patients also may have a less effective
cough due to underlying illness, weakness, and coexisting pulmonary disease. As
already stated, the characteristic clinical features of fever, cough, and sputum
production are often subtle and incompletely expressed in elderly patients. The
classical constellation of pneumonia in the elderly of cough, fever, and dyspnea
might be absent in 56% of patients.”® Instead, elderly patients with pneumonia
commonly present with acute confusion or delirium and deterioration of the
baseline function. Tachypnea and tachycardia may be presenting signs.

Chest X-ray is usually diagnostic, and multilobe involvement is seen more often
in elderly patients. The diagnosis should not be exclusively made on the basis of
expectorated sputum, because expectorated sputum does not distinguish coloniza-
tion from true pulmonary infection. Transtracheal aspiration, transthoracic aspira-
tion, and bronchoscopy using a protected brush may produce reliable results but are
rarely used in elderly patients for routine diagnostic evaluation. Treatment of
pneumonia includes antimicrobial drug therapy, respiratory supportive care, and,
if needed, drainage of empyemas or significant pleural effusions. Recommenda-
tions for antimicrobial drug use depend on the specific organism. In the case of
negative cultures, the therapy should be empiric and it is therefore important to
anticipate the types of pathogens that might be expected in different settings
(Table 3.1). In community-acquired pneumonia (nonhospitalized elderly persons),
a limited number of pathogens is responsible for disease. S. pneumoniae infections
are diagnosed most often, and are believed to cause most of the infections that lack
a definitive diagnosis. An increasing incidence of drug-resistant pneumococci up to
25% is recognized.21 Other causes include Haemophilus influenzae, influenza virus
and other viruses, mixed bacterial or mixed viral and bacterial infections, Gram-
negative bacilli, Staphylococcus aureus, and atypical pneumonia organisms (e.g.,
Mycoplasma species, Legionella species, Coxiella species, or Chlamydia (C. pneu-
moniae or C. psittaci). In nursing home-acquired pneumonia (institutionalized
elderly persons), bacterial pneumonia is due to H. influenzae, Gram-negative rods
(including Klebsiella and Pseudomonas), streptococci other than the pneumococ-
cus, and S. aureus. In hospital-acquired pneumonia (hospitalized elderly persons),
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Table 3.1 Major etiologies of pneumonia in elderly persons (%)

Organism Community  Nursing home  Hospital
Streptococcus pneumoniae 30-60 1224 6-15
Staphylococcus aureus 5 5-26 3-15
Haemophilus influenzae 7-15 5-20 -
Gram-negative bacilli (including Klebsiella, 5-15 12-35 40-75
Pseudomonas, Acinetobacter, Enterobacter)
Gram-negative cocci (Moraxella catarrhalis) 5-10 N -
Viral infection a4 a -
Mycobacterium tuberculosis a4 4 -
Polymicrobial 20-25 40-50 30-40
“Atypical” organisms (Mycoplasma pneumoniae, 5 5 -

Legionella species, Chlamydia pneumoniae,
Coxiella burnetii)

“Recognized as important etiology, but frequency in elderly is unclear

Gram-negative bacilli including P. aeruginosa, Klebsiella, Acinetobacter spp., and
Enterobacter spp. as well as Gram-positive cocci such as S. aureus are the
major causes.””

Currently, vaccination is available only for prevention of influenza as well as
pneumococcal pneumonia and Haemophilus influenzae type b (HiBb). Vaccination
against influenza and Streptococcus pneumoniae is recommended for all persons
older than 65 years or for persons with significant underlying immunodeficiency,
renal disease, diabetes, or malignancy. There is some controversy regarding the use
of pneumococcal vaccines. In a recent meta-analysis examining the effectiveness of
pneumococcal vaccination, no evidence was found that the vaccine was less
efficacious for the elderly, institutionalized people, or those with chronic disease.*?

With increasing rates of institutionalization and hospitalization of the elderly,
they are necessarily exposed to more virulent pathogens and increasing antimicro-
bial resistance. Although the understanding of its pathogenesis is constantly im-
proving, an accurate diagnosis of pneumonia remains a difficult clinical problem.
The subtle nature of clinical signs, symptoms, and X-ray findings can present a
misleading picture. Thus, the vigilance for recognizing pneumonia and initiating
treatment in elderly patients should be higher than in younger adults. By recogniz-
ing pathogens associated with the clinical setting in which pneumonia develop
(community, nursing home, or hospital) and appreciating the risk factors associated
with these settings, a rational basis for initial therapy can be derived. Many
effective antibiotics are available, and considering the high risks of pneumonia,
treating elderly patients requires increased efforts in disease prevention.

Sepsis and Bacteremia

The incidence of sepsis is disproportionately increased in older patients, and age is
an independent predictor of mortality.?* Sepsis and septic shock are associated
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commonly with bacterial infection, but bacteremia may not be present. Bacteremia
is the presence of viable bacteria within the liquid component of blood. Bacteremia
may be transient, as is seen commonly after injury to a mucosal surface, primary
(without an identifiable focus of infection), or more commonly secondary to an
intravascular or extravascular focus of infection. Because of comorbidities, immu-
nosupression, use of foreign body devices, and increased use of invasive methods,
elderly persons are at high risk for sepsis. There is a trend that the average age of
patients with sepsis increases consistently over time.”> The relative frequency of
specific causative organisms has shifted over time, as indicated by the emergence of
fungal pathogens and the recent pre-eminence of Gram-positive organisms.?>-*
The most important pathogens causing sepsis are the Gram-positive species Staphy-
lococcus aureus, S. epidermidis, Enterococcus faecalis and E. faecium, and Gram-
negatives such as E. coli, Klebsiella spp., Proteus mirabilis, Pseudomonas aerugi-
niosa, Acinetobacter spp. as well as fungi such as Candida albicans and Aspergillus
spp.”’ The dramatic augmentation that has been noted in the bacteremic cases due
to Gram-positive cocci and fungi is attributable to several reasons including
increasing occurrence of antimicrobial resistance, widespread use of invasive
procedures and immunosuppressive drugs, chemotherapy, and transplantation.
Many of these pathogens are normal inhabitants of the human body colonizing
the skin (S. epidermidis) or gastro-intestinal tract (enterococci, E. coli) and have
been historically regarded as apathogenic or with low pathopotency. However,
these pathogens are now being recognized to infect especially immunocompro-
mised persons in intensive care units, carrier of foreign bodies, and older patients.
Importantly, all these opportunistic pathogens have the capacity to acquire multiple
antibiotic resistance traits.?®

For example, Staphylococcus epidermidis is primarily a normal inhabitant of the
healthy human skin and mucosal microflora. In recent decades, however, the
bacterium emerges as a common cause of nosocomial infections.’ Mostly, these
infections occur in association with the use of medical devices and they preferen-
tially affect immunocompromised and critically ill patients causing acute bacter-
emia and septicemia. The ability of S. epidermidis to form biofilms on medical
devices is regarded as a major virulence mechanism (Fig. 3.2). It is interesting to
note that some S. epidermidis clones are especially successful in establishing
nosocomial infections. Molecular analysis has revealed that these clones are biofilm
positive, express multiple resistance traits, and often harbor a specific insertion
element 1S256. Moreover, multilocus sequence typing (MLST) identified ST27
(now reclassified as ST2) as the predominant clonal type.>* Obviously, there is a
strong selection towards specific virulence properties in hospitals that enable S.
epidermidis bacteria to survive and to cause infections under these conditions.
Interestingly, the capacity to form thick multilayered biofilms on polymer and
metal surfaces’! is associated mostly with the synthesis of an extracellular polysac-
charide, the so-called polysaccharide intercellular adhesin (PIA). The enzymes
involved in PIA production are encoded by the icaADBC operon.> Numerous
studies have shown that the icaADBC genes are more prevalent in S. epidermidis
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Fig. 3.2 Scanning electron microscopic image of S. epidermidis RP 62A biofilm

strains from device-associated infections than in commensal isolates.**** There-
fore, this genetic information has been regarded as a discriminating factor between
pathogenic and nonpathogenic S. epidermidis strains. Biofilm-positive bacteria are
less susceptible to the action of antibiotics and are shielded from the host immune
system through the slimy polysaccharide matrix.

Symptoms of sepsis are usually nonspecific and include fever, chills, and
constitutional symptoms of fatigue, malaise, anxiety, or confusion. These symp-
toms are not pathognomonic for infection and may be seen in a wide variety of
noninfectious inflammatory conditions.>> They may be absent in serious infections,
especially in elderly individuals. The therapy of sepsis and bacteremia has some
priorities. The blood must be cleared rapidly of bacteria by adequate antibiotic
therapy. Certain antimicrobial agents may cause the patients to get worse. It is
believed that certain antimicrobials trigger more LPS to be released, causing more
problems for the patient. Antimicrobials that do NOT cause the patient to get worse
are carbapenems, ceftriaxone, cefepime, glycopeptides, aminoglycosides, and qui-
nolones. Prompt institution of empiric treatment with antimicrobials is essential
(see Annane et al. for review35). The early institution of antimicrobials has been
shown to decrease the development of shock and to lower the mortality rate. After
the appropriate samples are obtained from the patient, a regimen of antimicrobials
with a broad spectrum of activity is needed. This is because antimicrobial therapy is
almost always instituted before the organisms causing the sepsis are identified.
Furthermore, the original focus of infection must be treated by removal of foreign
bodies, drainage of purulent exudate, particularly for anaerobic infections, and
removal of infected organs: debride or amputate gangrenous tissues. Despite
aggressive treatment, mortality ranges from 15% in patients with bacteremia and
sepsis to 40-60% in patients with septic shock.**®
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Skin and Soft-Tissue Infections

Skin and soft-tissue infections (SSTIs) are a common cause of morbidity in older
patients primarily due to Streptococcus and Staphylococcus species. Dry, atrophied,
pruritic skin with a reduced capacity for immunologic defense and mechanical
repair predisposes the elderly patient to a variety of skin infections. Risk factors
such as diabetes and conditions that worsen the skin circulation, such as heart
failure, trauma, chronic skin conditions (e.g., eczema) and obesity, facilitate the
entry of pathogens into the skin.

Cellulitis

Cellulitis is an infection of the dermis and subcutaneous tissue. Symptoms include
local erythema, edema, pain, and tenderness. More complicated infections are
marked by systemic symptoms, such as fever and leukocytosis, and can develop
into a life-threatening emergency. Erysipelas is a form of cellulitis that affects only
the top layers of the skin and is characterized by particularly sharp demarcations
and lymphatic inflammation. Superficial cutaneous edema surrounding hair folli-
cles anchored to the dermis sometimes produces a classic dimpled appearance of
the skin resembling an orange peel (“peau d’orange”).*® Bullous erysipelas occurs
in more or less 5% of the patients and is prevalent in elderly persons and in patients
with diabetes mellitus.*” Potential complications of cellulitis and erysipelas include
spread of the infection with septicemia, thrombophlebitis, septic arthritis, osteomy-
elitis, and endocarditis. Erysipelas is preferentially found on the extremities and
within the face. S. pyogenes (beta-hemolytic streptococci belonging to Lancefield
group A), and S. aureus are the most common causes of cellulitis and erysipelas, but
erysipelas and bacteremia with a non-haemolytic, streptolysin S-deficient S. pyo-
genes have also been reported.*'** With the sequencing of several S. pyogenes
genomes have come major advances in understanding the pathogenesis of group A
Streptococcus-associated diseases. Group A Streptococcus shows enormous and
evolving molecular diversity driven by horizontal transmission between group A
Streptococcus strains and other streptococci. Acquisition of prophages accounts for
much of the diversity, conferring both virulence through phage-associated viru-
lence factors and increased bacterial survival against host defenses.***** One of the
key bacteriophage-encoded virulence factors is a putative “hyaluronidase”, HylP1,
a phage tail-fiber protein responsible for the digestion of the S. pyogenes hyalur-
onan capsule during phage infection.*> Among the many factors involved in the
virulence of the pathogen, the M protein and a group of exotoxins known as
streptococcal superantigens (SAgs) have received considerable attention. The M
protein is exposed from the group A Streptococcus (GAS) cell surface as a helical
coiled-coil molecule that is antiphagocytic, thereby promoting bacterial survival.
Soluble M1 protein likely contributes to the excessive T-cell activation and hyper-
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inflammatory response seen in severe invasive streptococcal infections and is a
potent inducer of T-cell proliferation and release of Th1-type cytokines.*® Sequence
analysis of the emm gene (encoding the M protein) has become an important
surveillance tool for investigating the dynamics of GAS infection, and more than
150 emm gene sequence types and several emm subtypes have been documented.*’

Cellulitis and erysipelas require antibiotic treatment. In most cases, they
should be treated with intravenous antibiotics if the infection is complicated or of
significant extent, or present with a coincident disease. The most common anti-
biotics used to treat cellulitis and erysipelas are penicillins and cephalosporins. For
patients allergic to penicillin or suspected of being infected with an antibiotic-
resistant organism, vancomycin or clindamycin is recommended.***°

Necrotizing Fasciitis

Necrotizing SSTIs are infrequent but rapidly progressing and life threatening
involving the superficial fascial layers of the extremities, abdomen, or perineum.
They require immediate medical attention and emergency surgery to prevent
morbidity and death. Early diagnosis and prompt treatment are of prior importance
in the treatment of this infection. Necrotizing fasciitis occur frequently as a
consequence of trauma or surgery but also after innocuous events such as an insect
bite. Only one-third of cases are correctly diagnosed as necrotizing fasciitis and
more than two-thirds admitted for instances as “cellulitis”.’*>' The three important
forms of necrotizing fasciitis are type I, or polymicrobial (e.g., aerobic Gram-
negative bacteria (Escherichia coli, Enterobacter spp., Klebsiella spp., Proteus
mirabilis); anaerobic Gram-negative bacteria (Bacteroides spp., Fusobacterium
spp.); anaerobic Gram-positive bacteria (Peptoccocus spp., Clostridium spp.),
type II, or group A streptococcal (may be in combination with Staphylococcus
aureus), and type III gas gangrene, or clostridial myonecrosis. In rare cases,
Aspergillus species, unencapsulated Haemophilus influenzae infection may cause
necrotizing fasciitis.”*”> Differentiating necrotizing infections from common soft-
tissue infections is critically important. The laboratory risk indicator for necrotizing
fasciitis score can be helpful in distinguishing between cases of cellulitis that should
respond to medical management alone and necrotizing soft tissue infections that
require operative debridement in addition to antimicrobial therapy.”* Minor skin
infections such as furuncles were found to be present in about 20% of patients
before developing necrotizing fasciitis. Treatment for necrotizing fasciitis necessi-
tates therapy involving several antibiotics such as gentamicin and clindamycin.
Consideration should be given to cover both aerobes and anaerobes.>

One of the problems of nursing home and long-term-care facilities (LTCFs) is
infections complicated by antimicrobial-resistant pathogens. The residents in
LTCFs have a high frequency of colonization with antimicrobial-resistant organ-
isms, including methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-
resistant enterococci (VRE), penicillin-resistant pneumococci, extended spectrum
B-lactamase-producing and fluoroquinolone-resistant Gram-negative organisms.>®
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Importantly, MRSA has emerged as the major nosocomial pathogen during the past
two decades, and is now deeply entrenched in both healthcare facilities and the
community at large.”’ All MRSA strains have acquired the so-called mecA gene
that encodes an additional penicillin-binding protein, PBP2a, which confers cross-
resistance to all beta-lactams, including penicillins, carbapenems, and cephalospor-
ins. The pathogen is increasingly recognized in infections among persons in the
community and also nursing homes without established risk factors for MRSA, and
there is ongoing rise in the incidence of community-acquired MRSA in patients
with SSTIs.”®>” MRSA strains associated with furunculosis, cutaneous abscess,
cellulitis, and necrotizing fasciitis usually possess genes for Panton—Valentine
leukocidin (PVL)60‘61 and sometimes other virulence genes such as those for
toxic shock syndrome or exfoliative toxins.®>

The antibiotic therapy used in SSTIs in the elderly should include MRSA
coverage as indicated. In addition, new treatment options for invasive MRSA
infections have been developed for anti-MRSA therapy such as linezolid, dapto-
mycin, tigecycline, and quinupristin/dalfopristin. Moreover, a number of new anti-
staphylococcal compounds are in development, including novel glycopeptides
(dalbavancin, telavancin, and oritavancin), ceftobiprole, and iclaprim.63

Onychomycosis

Onychomycosis or tinea unguium is a skin disease of the elderly, most commonly
caused by the dermatophyte Trichophyton rubrum but can also be caused by
Candida and nondermatophyte molds. The prevalence of onychomycosis is nearly
20% in patients aged >60 years and more often in males than females. Elderly
patients have specific risk factors for poor response to therapy for onychomycosis,
including frequent nail dystrophy, slow growth of nails, and increased prevalence of
peripheral vascular disease and diabetes mellitus. There are four types of onycho-
mycosis: distal subungual onychomycosis, proximal subungual onychomycosis,
white superficial onychomycosis, and candidal onychomycosis. Distal subungual
onychomycosis, which manifests as thickened and friable nails with associated
discoloration and subungual hyperkeratosis, is the most prevalent type and accounts
for 75-85% of cases. Onychomycosis can provide a portal of entry for other
pathogens and can be related to secondary bacterial infections in diabetic patients
leading to foot ulcers and gangrene, recurrent cellulitis, and erysipelas.®*%> The
treatment options for the management of onychomycosis are oral therapies, topical
nail lacquer, mechanical or chemical treatments, or a combination of one or more of
these modalities.®® Terbinafine is the drug of choice for dermatophyte onychomy-
cosis, with greater mycological cure rates, less serious and fewer drug interactions,
and a lower cost than continuous itraconazole therapy. Adjunct debridement may
improve the clinical and complete cure rates compared with terbinafine alone.
Unlike other oral antifungal agents, its action against dermatophytes is fungicidal
as opposed to fungistatic but it is only effective against dermatophytes while other
agents are also effective against nondermatophytes.®’
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Herpes Zoster

Herpes zoster, known as shingles, is caused by reactivation from previous varicella
zoster virus (VZV) infection and affects millions of people worldwide. It primarily
affects older adults and those with immune system dysfunction, most likely as a
result of reduced or lost VZV-specific cell-mediated immunity. Varicella zoster
virus infection is the pathogenic etiology of chickenpox, also referred to as varicel-
la, an infection that usually happens in prepubescent children. After a chickenpox
infection, VZV remains latent in an individual’s dorsal root and cranial nerve
ganglia even for decades. Herpes zoster is a transient disease characterized by a
dermatomal rash that is usually associated with significant pain. Post-herpetic
neuralgia (PHN) is the term used for the condition that exists if the pain persists
after the rash has resolved.® Postherpetic neuralgia is particularly frequent and
severe in the elderly, occurring in 25-40% of patients over the age 60 with herpes
zoster. The overall incidence of herpes zoster in Europe is approximately 3 per
1,000 people per year and more than 10 per 1,000 people per year in those aged >80
years.®” A patient with zoster usually first notices unilateral dysesthesia and pain on
one side of the body almost in line (dermatomal) before any rash occurs. Within 1-3
days after the initial pain, clusters of grouped vesicles on an erythematous base or
urticarial-like plaques develop.

The optimal treatment of herpes zoster and post-herpetic neuralgia requires early
antiviral therapy and pain management. Acyclovir, valacyclovir, and famcyclovir
can be used to treat zoster and are used for 7 days. Both the vaccine against VZV
(Varivax) and the newly released vaccine against herpes zoster (Zostavax) may lead
to substantial reductions in morbidity from herpes zoster and PHN in people over 60
years of age. Durability of vaccine response and possible booster vaccination will
still need to be determined. In addition, current evidence suggests that multiple
medications are effective in reducing the pain associated with PHN. These include
tricyclic antidepressants, antiepileptics, opioids, NMDA receptor antagonists as
well as topical lidocaine (lignocaine) and capsaicin.’®

What is the Consequence of an Older Society for Infectious
Disease Research?

The management of infections in the elderly as well as research on the impact of
microbes on health of elderly persons is very important in the future. Importantly,
the demographic transition to an “older society” requires new concepts to manage
infections of the elderly in its whole including the investigation of virulence
properties of microbes, epidemiology, ecology, immunology, vaccines, and treat-
ment. However, the education of physicians and healthcare workers also needs to be
improved. The investigation of such complex areas demands the close collaboration
between basic research scientists and physicians and all other professionals
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involved in geriatric medicine. The major aim of the combined efforts should be to
decrease morbidity and mortality of infections in the elderly. This could be
achieved by improvement of medical care and implementation of new therapies
based on novel research findings. For example, a significant proportion of UTIs
could be prevented if catheterization procedures could be optimized. Moreover, a
better understanding of the complex interplay of viral and bacterial pathogens of the
upper respiratory tract and their impact on the outcome of an infection would
improve the therapy of pneumonia. Importantly, effective vaccines against the
most prevalent pathogens of respiratory diseases especially against S. pneumoniae
could substantially lower the number of deaths due to pneumonia. Likewise, the
number of nosocomial infections caused by antibiotic-resistant bacteria such as
multiresistant staphylococci and enterococci, E. coli, Klebsiella spp., and Pseudo-
monas aeruginosa could be decreased by improvement of hygiene standards,
optimization of antibiotic treatment, and novel therapies such as immunotherapy.
As it is well recognized that the success of opportunistic pathogens depends on the
status of the immune system, it should be discovered how an impaired immune
reactivity impact the occurrence, incidence, course, and prognosis of an infection.
These issues are of special importance since the success of preventative measures
directly depend on immunological properties of older patients. Finally, it is essen-
tial to investigate how the colonization of humans by microbes is changing during
the course of life. New molecular typing methods allow specifically the characteri-
zation of individual colonization patterns. Another important topic of future re-
search is the exploration of the impact of infections and chronic diseases. It is
tempting to speculate that bacterial and viral pathogens may be involved in several
chronic diseases in addition to the well-characterized role of Helicobacter pylori in
stomach cancer and lymphoma or the proposed role of chlamydia in coronary heart
disease.

Concluding Remarks

The shift of the population structure towards older age groups will impact all
segments of a society. This trend will pose new challenges for geriatric medicine,
and, especially, infectious disease research has to meet these challenges to explore
the specific role of pathogenic agents and infectious diseases in the elderly. There is
a strong need to develop new concepts for prevention, diagnosis, and therapy of
infections in the largest group of the future population.
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Chapter 4
Skin Aging and Microbiology

Leslie Baumann, Edmund Weisberg, and Steven L. Percival

Introduction

There are two primary skin aging processes, intrinsic and extrinsic. Intrinsic aging
refers to the natural course of genetically programmed cellular aging. Extrinsic
aging, or premature cutaneous aging, occurs as the result of exogenous forces,
including smoking, excessive alcohol consumption, poor nutrition, pollution, and
particularly solar exposure, and is, by definition, preventable. The effects of solar
exposure, most notably wrinkling and undesired pigmentation, are so prevalent that
a subcategory of extrinsic aging, called photoaging, is studied quite extensively.
While the sun is the primary exogenous causative agent in skin aging, it is not the
only etiologic factor. This chapter will focus on the microbiology of skin aging, on
various internal and environmental elements involved in the aging process, on
extrinsic cutaneous aging due to the influence of the sun, and on the role of the
sun in potentially altering the normal course of intrinsic, or natural, aging.

Factors and Theories Pertaining to Cutaneous Aging

Intrinsically aging skin is smooth and unblemished, and manifests normal geomet-
ric patterns, with some exaggerated expression lines. Such skin is characterized
histologically by epidermal and dermal atrophy, evening or flattening of the epider-
mal rete ridges, as well as decreased numbers of fibroblasts and mast cells.'?
Further, increases occur in the number of collagen fibrils and in the ratio of collagen
III to collagen I.* Nevertheless, the etiologic pathways of intrinsic skin aging are
less understood and have been studied far less than the mechanisms of extrinsic skin
aging. Chronological aging is understood, though, to be a dynamic, multifactorial
cascade of events mediated by genetic, hormonal, and metabolic processes.
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Exposure to the sun is easily considered the most significant factor in the
exogenous aging of the skin. In fact, chronic sun exposure is cited as the primary
cause of 80% of facial aging.* The extrinsic aging of the skin, seen most often in
consistently exposed areas including the face, chest, and extensor surfaces of the
arms, results from the cumulative effects of lifelong ultraviolet radiation (UVR)
exposure. The clinical presentation is characterized by rhytides, pigmented lesions
(e.g., ephelides, lentigines, and patchy hyperpigmentation), and depigmented
lesions (e.g., guttate hypomelanosis). In addition, skin tone and elasticity is dimin-
ished in photoaged skin. Such skin is increasingly fragile and manifests areas of
purpura due to blood vessel weakness, and benign lesions (e.g., acrochordons,
keratoses, and telangiectases). On the Glogau scale, which measures the level of
clinical photodamage, patients with a significant history of sun exposure typically
score higher than expected for their age, while patients with a history of minimal
sun exposure usually score lower than expected for their age.

The sine qua non elastosis renders an easy histopathologic identification of
photoaged skin. Other important alterations are notable, however. Epidermal atro-
phy and discrete changes in collagen and elastic fibers help distinguish photoaged
skin. Specifically, fragmented, thickened, and more soluble collagen fibers are
exhibited in severely photoaged skin.” Elastic fibers also become fragmented and
undergo progressive cross-linkage and calcification.® Continued UVR exposure has
been shown to exacerbate these distinct signs of deterioration in collagen and
elastic fibers already induced by prior photoaging. In general, aging skin is char-
acterized by increased inelasticity, fragmentation, and collagen bundle fragility.”

Chemistry of Intrinsic Aging: Telomeres

At a cellular level, telomeres, the specialized structures at the ends of eukaryotic
chromosomes, are thought to play an integral role in the intrinsic aging process.
Intact telomeres are essential for the extension of a cell’s life span.” Interestingly,
telomere length shortens with age. This process of erosion of telomeres is now
thought of as a veritable internal aging clock, as it serves as one method to measure
aging and as the basis for a currently favored theory on aging.® One fascinating
implication of this theory figuratively places aging and cancer on opposite sides of
the same coin. The cellular reverse transcriptase enzyme that stabilizes or lengthens
telomeres, known as telomerase, is expressed in approximately 85-90% of all
human tumors; however, it is absent in many somatic tissues.”'” Consequently,
most cancer cells, as opposed to healthy cells, are not programmed for apoptosis, or
cell death. In other words, telomerase presence is correlated with telomere stability
and tumorigenesis, whereas the absence of telomerase is associated with telomere
shortening, somatic tissue aging, and a limit to cellular replicative capacity. Signif-
icantly, the epidermis is one of the few regenerative tissues known to express the
ribonucleoprotein telomerase.'' Further, an investigation of progressive telomere
shortening in 52 specimens of normal human epidermis and 48 specimens of lingual
epithelium collected at autopsy from subjects who died between 0 and 101 years of
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age revealed that the telomere shortening associated with aging is characterized by
tissue-specific loss rates.'> A fascinating recent study on nevus counts helps to
illustrate this dichotomy. Melanoma risk has been traditionally linked to a high
nevus count as well as the proclivity to form nevi. Researchers conducting a 10-year
study of 1,897 Caucasian women between 18 and 79 years old examined whether
telomere length measurements in white cells are associated with nevi count and
size. Interestingly, investigators found, after adjusting for age, that subjects with the
highest nevus counts exhibited greater average telomere length and that subjects
with more than 100 nevi had a biological age averaging 67 years younger than
subjects manifesting fewer than 25 nevi. These findings suggest that individuals
with several moles may age slower than those with few moles.'? In other words, on
one side of the coin is the greater risk of melanoma among those with numerous
nevi; on the other side, these same individuals may have a reduced rate of
senescence.

Although there are several prominent theories that contribute to our understand-
ing of aging, the natural, progressive shortening of telomeres may be the primary
mechanism of cellular aging in skin.” In addition, telomeres and other cellular
components are subject to low-grade oxidative damage due to aerobic cellular
metabolism, a process that contributes to intrinsic aging.'* Much remains to be
learned about telomeres and telomerase and their relationship to aging, as well as
cancer. Current data provide no indication that medical intervention can safely
extend the lengths of telomeres. Therefore, no topical skin care products, systemic
drugs, or other treatment options are yet available that can target telomerase. It is
thought that telomerase-based therapies may eventually be developed to inhibit
telomerase with the intention of also imparting anti-proliferative and apoptosis-
inducing effects unrelated to the role the enzyme plays in shortening telomeres
during mitosis."’

Werner Syndrome (WS), an autosomal recessive disorder in which the causative
gene, WRN, encodes a member of the RecQ-like subfamily of DNA helicases,
appears to have the potential to play a didactic role regarding our understanding of
the aging process.'> The Werner protein (WRN), a multifunctional nuclear protein
exhibiting 3'-5" exonuclease and ATP-dependent helicase activities, is involved in
several DNA metabolic pathways, but is available at reduced levels to WS
patients.'® WS is characterized by signs of accelerated aging and the premature
onset of various age-related disorders. In particular, WS patients experience a
higher incidence of sarcomas and other tumors of mesenchymal origin than the
population at large.'” In a decade-old study, mouse embryo fibroblasts derived from
homozygous WS embryos were demonstrated to have premature loss of prolifera-
tive capacity.'> More recently, researchers observed that telomere reserve exhaus-
tion and telomere dysfunction induced several Werner-like symptoms, including
hair graying, alopecia, cataracts, osteoporosis, type II diabetes, and premature death
in a mouse model.'® Further, telomere shortening was cited as the main cause in this
model of other observations, such as accelerated replicative senescence and chro-
mosomal instability, particularly nonepithelial tumors often linked to WS. Further
elucidation of the aging process is expected from the study of WS, given the
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relationship of WS to telomere shortening and the association of cellular aging with
the status of telomeres and activity of telomerase.

Free Radicals

The free radical theory of aging, considered an important element in our under-
standing of intrinsic and extrinsic aging, was proposed in 1956."° It is one of the
most widely accepted theories that accounts for the aging phenomenon.” Free
radicals, also known as reactive oxygen species (ROS), arise when oxygen mole-
cules combine with other molecules resulting in an odd number of electrons. An
oxygen molecule with paired electrons is stable; oxygen with an unpaired electron
is “reactive” because it scavenges electrons from surrounding molecules, rendering
them impaired.”' According to the theory, ROS engendered by oxidative metabo-
lism cause cellular damage, which accumulates and accounts for overall aging.*>*
Significantly, ROS are also thought to be involved cutaneously in causing photoag-
ing, carcinogenesis, and inflammation. UV-induced skin damage is known to be, at
least in part, mediated by reactive oxygen intermediates.**

Estrogens

Estrogens are not etiological factors in aging, per se, but this key group of hormones
significantly impacts the skin, particularly in raising collagen and glycosaminogly-
cans content and contributing to skin thickness and moisturization. In addition,
estrogens influence hair growth, water retention, wrinkling, vascularity, and pig-
mentation.”’ Indeed, it is the reduction of estrogen levels that is associated with
cutaneous signs of aging. Skin, which is known to respond to estrogen via particular
receptors (estrogen receptors alpha and beta), has been shown to age because of the
influence of various internal and external processes. Hormone levels change
through time and can also be affected by extrinsic factors, including, of course,
hormone replacement therapy. Significant improvement in the fine facial wrinkles
of postmenopausal women was observed in a double-blind, placebo-controlled
study following topical application of a conjugated estrogen cream.” In addition,
in a large cohort study, postmenopausal women using estrogen were shown, a
decade ago, to be less prone to develop wrinkles.?” It can be said that hormonal
treatment represented one of the few promising avenues of countering or slowing
the cutaneous effects of aging. The relatively recent cessation of part of the
Women’s Health Initiative (WHI), which implied elevated risk of coronary artery
disease and breast cancer from using hormone replacement therapy (HRT), has
eliminated HRT from the recommended armamentarium of treatments for aging
skin, however, at least until a safe minimum concentration of estrogen for topical
delivery, conferring local effects but no systemic side effects, can be ascertained.”’
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While other hormonally based skin aging treatments appear on the horizon, e.g.,
phytoestrogens and selective estrogen receptor modulators (SERMs), more remains
to be understood regarding the hormonal role in skin aging. Nevertheless, it is clear
that hormonal influences are a factor in the dynamic aging process.

Chemistry of Extrinsic Aging

Extrinsic or exogenous aging, by definition, can be prevented, and is thus subject to
the volitional control of the individual. Exogenous behaviors or factors such as
smoking, poor nutrition, and solar exposure are the primary causes of extrinsic,
premature cutaneous aging. Sun exposure, by far the most significant etiologic
factor in cutaneous aging so much so that it warrants its own designation —
photoaging, is thought to account for 80% of facial aging.* While discrete signs
and symptoms have been directly linked to solar exposure, photoaging is not an
independent process. That is to say, photoaging is thought of as the superposition of
UV irradiation onto the already occurring endogenous aging process,~%* and
therefore an accelerating or exacerbating phenomenon. The readily apparent results
of chronic sun exposure can be observed simply through comparing skin not
typically exposed to the sun, which obviously varies by culture, climate, and
individual, with skin routinely exposed to the sun (which, of course, also varies,
but the hands, neck, and face are safe bets). Using a Wood’s lamp or an ultraviolet
camera system renders an even more discernible depiction of the symptoms of
photodamage, particularly the epidermal pigment component.

UVR exposure results in skin damage through various mechanisms, such as the
development of sunburn cells, as well as thymine and pyrimidine dimers; the
production of collagenase, the enzyme primarily involved in the breakdown of
collagen; and the induction of an inflammatory response. Sunburn cells, or UV-
induced apoptotic cells, have long been employed as markers for the assessment of
photodamage. Levels of the enzyme caspase-3, which mediates UV-induced apo-
ptosis, are believed to be reliable indicators of the presence of cellular apotosis.™
Similar to caspase-3, caspase-7 is a key component in the activation of apoptosis.>'
The etiologic mechanism of photoaging is also believed to involve mast cells and
macrophages, which are found in greater abundance in such skin.*

Signaling through the tumor-suppressor protein p53 after telomere disruption is
also associated with aging as well as photodamage, more directly from UVB than
UVA wavelengths."** More infiltrating mononuclear cells have been shown
through histologic examination to be present in skin chronically exposed to the
sun as compared to protected skin.**> Furthermore, photoaging, photocarcinogen-
esis, and photo-immunosuppression are well known to be consequences of UV
exposure, especially the UVA range (320-400 nm).** Gaining currency is the
theory that as UVR exposure impairs DNA and accelerates the rate of telomere
shortening, this chief causal component of extrinsic aging can be considered to be
an etiologic factor in cellular aging. Indeed, recent reports suggest that photoaging
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and chronological aging exhibit overlapping or intersecting features. Telomeres,
however, do not appear to be important in the primary mechanisms of extrinsic
aging. In fact, in a recent study measuring telomere lengths in 76 specimens of
epidermis from sun-protected sites, 24 epidermal specimens from sun-exposed
sites, and 60 dermal specimens, telomere length was found to be shorter in the
epidermis. Intrinsic aging was revealed by diminished telomere length in the
epidermis and dermis with age. However, reduced telomere length was not linked
to photoaging in this study, as telomere length was demonstrated to be similar in
sun-exposed and sun-protected sites.>> Theoretically, the lower the number of
sunburn cells present, the less significant the level of photodamage. The only
known ways to prevent the formation of sunburn cells are sun avoidance and the
consistent use of broad-spectrum sunscreens. Both practices can also protect against
the formation of thymine dimers.

Characteristics of Aging Skin

Although there are separate but overlapping etiologic pathways related to the
processes of intrinsic and extrinsic skin aging, aged skin manifests certain identifi-
able characteristics regardless of its causal pathway. As skin ages, alterations
emerge throughout the epidermis, dermis, and subcutaneous tissue, presenting
distinct and vast changes in cutaneous structure and function.

Epidermis

Although it may seem counterintuitive, age-related changes can be more pro-
nounced beneath the surface. That is, alterations in the dermis are more quantifiable
and histologically verifiable than changes in the epidermis. In fact, some studies
imply that the epidermis thins with age,” some even suggesting a 10-50% thinning
between 30 and 80 years of age,36_38 but others offer no such conclusions.>” Indeed,
a recent study of biopsies from three different body areas of 71 human subjects
ranging from 20 to 68 years of age found no correlation between epidermal
thickness and age or skin type.*” There is general agreement, though, that the
stratum corneum (SC) does not become thinner through the aging process. Histo-
pathologic examination of 83 biopsies from sun-exposed and protected skin in
healthy volunteers (ranging from 6 to 84 years old) demonstrated that epidermal
thickness was constant across decades in both intrinsically and extrinsically aged
skin, with the thickness found to be greater in sun-exposed skin.*' A different study
showed that the spinous layer of a wrinkle was thinner at the base than at its
flanks.** According to this study, fewer keratohyaline granules are found in the
wrinkle base as compared to its flanks.
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While debate continues regarding the extent to which changes occur in the
epidermal layer with age, alterations are known to emerge in aged skin at the
intersection of the epidermis and dermis, known as the dermal—epidermal junction
(DEJ). Aged epidermis is characterized by a flattened DEJ with a correspondingly
reduced connecting surface area and loss of dermal papillae.*' In a study of
abdominal skin across generations, DEJ surface area averaged 2.64 mm? in subjects
21-40 years old, but only 1.90 mm? in subjects aged 61-80 years.** Such apparent
diminution in DEJ surface area is believed to contribute to the greater skin fragility
associated with age; it may also hinder nutrient transfer between the dermal and
epidermal layers. It is worth noting that in the study by El-Domyati et al., facial and
abdominal skin thickness remained virtually unchanged through the decades in
their sample of 83 biopsies from sun-exposed and protected skin culled from 38
healthy volunteers ranging from 6 to 84 years old, with the epidermis of facial skin
found to be consistently and significantly thicker than abdominal skin.*'

Decreased Cell Turnover

Although epidermal thickness may remain more or less static through time, and
wrinkles appear thinner at their base, age-related changes occur in the epidermal
layer above the DEJ. The epidermal turnover rate slows markedly, from 30 to 50%,
between the third and eighth decades of life.** SC transit time has been demon-
strated to last 20 days in young adults and 30 or more days in older adults.*’
A prolonged SC replacement rate, epidermal atrophy, slower wound healing, and
less effective desquamation are all associated with such cell cycle lengthening in
aged skin. In fact, it has been shown that double the time to re-epithelialize was
required for older patients after dermabrasion resurfacing procedures as compared
to younger patients.*® Decelerated cell turnover and its concomitant cascade of
alterations in older skin result in heaps of corneocytes that render the skin surface
rough and dull in appearance. Many cosmetic dermatologists use hydroxy acids and
retinoids to speed up the cell cycle in such skin with the expectation that an
accelerated turnover rate will ameliorate skin appearance and speed wound healing
after cosmetic procedures.

The number of Langerhans cells also markedly declines with age. Significantly,
many such cells experience a functional decline, which has been suggested as an
explanation for the reduced immune function of the skin seen in the elderly.*®*’

Dermis

Dermal thickness decreases by approximately 20% with age.*® Histologic exami-
nation has revealed that aged dermis is relatively acellular and avascular.' Normal
aged skin is also characterized by reduced collagen production and the development
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of fragmented elastic fibers. Photoaged skin, in addition to such properties, also
manifests disorganized collagen fibrils and the accumulation of abnormal elastin-
containing material.*'** Collagen, elastin, and glycosaminoglycans, the three pri-
mary structural constituents of the dermis, clearly undergo significant change with
age; these dermal components have been the focus of the preponderance of anti-
aging research directed at the skin.

Collagen

The most abundant protein present in humans as well as the primary structural
component of the dermis, collagen imparts strength and support to human skin. As
suggested above, over time the structural proteins and primary constituents of the
skin decline, manifesting in visible signs of cutaneous aging. Epidermal and dermal
atrophy as well as flattening of the rete ridges characterize endogenously aged
skin.! Rhytides, or wrinkles, present in the epidermal and dermal layers of the skin.
However, little is known about the pathogenesis of wrinkles.*” Alterations in
collagen are known to play an integral role in the cutaneous aging process, of
which wrinkles are the primary manifestation (along with changes in elasticity and
pigmentation). Consequently, collagen-containing topical products intended
for “anti-aging” purposes have achieved great, though unwarranted, popularity.
There are no products yet available to permanently replace the collagen lost with
aging.

Collagen, which comprises 70% of dry skin mass, is actually a dynamic family
of proteins.” In older skin, collagen exhibits thickened fibrils organized in rope-
like bundles that appear to be in disarray, as compared to the patterns identified in
younger skin." Further, aged fibroblasts have been shown, in vivo and in vitro, to
synthesize lower levels of collagen. With age, the ratio of collagen types in human
skin changes, serving as an important histologic marker of cutaneous aging. Colla-
gen I comprises 80% of young skin, with collagen III composing about 15% of total
skin collagen; in older skin, the ratio of type III to type I collagen has been
demonstrated to increase as a result of a substantial loss of collagen I.°! The overall
collagen content per unit area of skin surface is also known to diminish approxi-
mately 1% per year.”* Significantly, collagen I levels have been demonstrated to
decrease by 59% in irradiated skin,> a decline ascribed to the extent of photo-
damage.>* Collagen I is the most important and copious form of collagen in human
skin, but other collagen types are influenced by the aging process and these
alterations also occur in the human dermal layer.

Collagen IV, an integral element of the DEJ, confers structural framework for
other molecules and contributes significantly to the maintenance of mechanical
stability. There have been no significant differences reported in collagen IV levels
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in sun-exposed skin compared to unexposed skin, but significantly lower collagen
IV levels have been noted at the base of wrinkles as compared to the flanks of the
same wrinkles. Consequently, it is thought that the loss of collagen IV may
adversely affect the mechanical stability of the DEJ, thereby promoting the forma-
tion of wrinkles.*?

Collagen VII is the dominant component in anchoring fibrils, which attach the
basement membrane zone to the underlying papillary dermis. In a decade-old study,
a significantly lower number of anchoring fibrils were found in patients with
chronically sun-exposed skin as compared to normal controls. The investigators
speculated that wrinkles may develop as a result of anchoring fibril degradation
weakening the bond between the dermis and epidermis.” A different study
revealed the loss of collagen VII to be more pronounced in the base of the wrinkle
(as observed with collagen IV in the same study).*?

The loss of collagen, while a natural endogenous process, has been demonstrated
to be accelerated as a consequence of chronic sun exposure. The cascade of events
begins with UVR exposure significantly upregulating the production of several
types of collagen-degrading enzymes known as matrix metalloproteinases (MMPs).
Initially, UV exposure induces an increase in the level of the transcription factor c-
jun. The other transcription factor involved in this chain, c-fos, is abundantly
present prior to UV exposure. The combination of c-jun and c-fos then contributes
to the development of activator protein-1 (AP-1), which, in turn, activates the MMP
genes that stimulate collagenase (MMP-1), gelatinase (MMP-9), and stromelysin
(MMP-3) synthesis. Subsequently, collagen degradation is mediated by AP-1
activation and the inhibitory activity of transforming growth factor (TGF)-beta
signaling.’® Ultimately, then, UV irradiation dynamically interferes with collagen
by inducing the degradation of existing collagen and hindering the production of
type I and type III procollagen, by downregulating gene expression of types I and I1I
procollagen.28 This occurs immediately following UV irradiation, but chronic
effects are seen in diminished procollagen I production in skin that is severely
photodamaged, even without recent UV exposure.”®>*>7 Studies in humans have
revealed that MMPs, particularly collagenase and gelatinase, are synthesized within
hours of UVB exposure.”® Sustained production of MMPs results from frequent or
multiple UVB exposures.48 It is thought that protracted and chronic long-term
elevations in the levels of collagenase and other MMPs likely yield the disorganized
and clumped collagen that typifies photoaged skin. The production and activity of
these MMPs may represent the mechanism through which collagen I levels decline
as a consequence of UV exposure. By characterizing the broad influences of UV in
activating cell surface growth factor and cytokine receptors, investigators have
determined that extrinsic and intrinsic skin aging are distinguished by increased
AP-1 activity and MMP expression, inhibited TGF-beta signaling, decreased colla-
gen production, and elevated collagen degradation.”® It is thought that any such
collagen changes due to endogenous aging are likely to be exacerbated by chronic
sun exposure.
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Elastin

“Elastosis,” an accumulation of amorphous elastin material, results from chronic
exposure to the sun. Therefore, such alterations identified in elastic fibers are consid-
ered pathognomonic of photoaged skin. As elastotic substances amass, the surrounding
collagen meshwork erodes.*® These changes induced by UV exposure can also be
described as a thickening and coiling of elastic fibers in the papillary, or superficial,
dermis. Chronic UV exposure can also engender such alterations in the reticular, or
deeper, dermis.”” Investigators conducting electron microscopy examination of
elastic fibers in UV-exposed skin have observed decreased numbers of microfibrils,
as well as increases in interfibrillar space, the complexity of the shape and arrange-
ment of the fibers, and the number of electron-dense inclusions.®® It is also worth
noting that elastin extracted from the skin of elderly patients has been found to
contain small amounts of sugar and lipids and an abnormally high level of polar
amino acids." Much less is known about elastin than collagen, in general. Accord-
ingly, the etiologic pathway(s) of elastin alteration due to aging are not as well
understood as age-related changes in collagen. Nevertheless, MMPs are believed to
be involved in the process because MMP-2 has been shown to degrade elastin.®'

Despite the lacunae in knowledge regarding the pathogenesis of age-related
elastin degradation, the initial response of elastic fibers to photodamage has been
established as hyperplastic, yielding an increase in elastic tissue. The magnitude of
the hyperplastic response is dependent upon the level of sun exposure. A secondary
response to photodamage occurs in aged elastic fibers, but it is degenerative, with
skin elasticity and resiliency diminishing.>%* In such skin, alterations are observed
in the normal pattern of immature elastic fibers, called oxytalan, which are found in
the papillary dermis. In young skin, these fibers develop into a network that ascends
perpendicularly from the outermost papillary dermis to just below the basement
membrane of the skin. With age, this network incrementally dissolves.”® As a
result, skin elasticity gradually diminishes with age.®* Tt is likely that sagging
skin, which is commonly seen in the elderly, may be due, primarily, to such a
loss of elasticity.

Glycosaminoglycans

In addition to collagen and elastin, glycosaminoglycans (GAGs), mucopolysaccha-
ride chains with repeating disaccharide units attached to a core protein, are respon-
sible for imparting viscosity and structural integrity that contribute to the outward
appearance of the skin. GAGs are also significant molecules because they possess
the capacity to bind water up to 1,000 times their volume. The GAG family of
carbohydrates, integral components of connective tissue, is quite large, but the most
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physiologically significant members include hyaluronic acid (HA), dermatan sul-
fate (both of which are two of the most prevalent GAGs), chondroitin sulfate,
heparin, heparin sulfate, and keratan sulfate. Maintenance of hydration in normal
skin is ascribed to these compounds, which are also thought to contribute to the
maintenance of salt and water equilibrium. GAG levels, especially HA levels, have
been found to be decreased in photoaged skin, according to several studies,®
although some earlier studies suggested no reduction in the level of GAGs in
aged skin.®® This discrepancy in findings is likely due to the fact that HA is
produced in the epidermis as well as the dermis. The total HA level in the dermis
remains stable in endogenously aging skin, but epidermal HA almost completely
dissolves.®” Despite the previously mentioned discrepancy in results, there is
evidence that reduced levels of HA and elevated levels of chondroitin sulfate
proteoglycans have been associated with photoaging.®® Interestingly, these patterns
are also observed in scars.

HA, as one of the most important GAGs, can bind 1,000 times its weight in
water, and is thought to play a significant role in retaining and maintaining water in
the skin. HA, which is found in all connective tissue, is synthesized primarily by
fibroblasts and keratinocytes in the skin.®” Besides the dermis, HA is extant in the
epidermal intercellular spaces, particularly the middle spinous layer, but not in
the SC or stratum granulosum.”® In young skin, HA is present at the periphery of
collagen and elastin fibers and at their intersection. In aged skin, these connections
with HA have been found to have eroded.® Indeed, decreased levels of HA are
associated with aged skin, which is less plump than youthful skin. The reduction in
HA connections and levels, which contribute to its disassociation with collagen and
elastin as well as diminished water binding, may be a factor in the characteristic
changes associated with aged skin, including wrinkling, altered elasticity, reduced
turgidity, and decreased capacity to support the microvasculature of the skin. The
role of HA in skin hydration has not been completely elucidated as yet, though. It is
known, however, that HA does not penetrate the skin upon topical application.”!
HA has been successfully used as a temporary dermal filling agent in soft-tissue
augmentation procedures; no permanent replacements have been yet devised, nor
have there yet been any suitable HA-containing topical products that can replace
this important GAG.

Melanocytes

The number of melanocytes, the epidermal cells responsible for producing the
pigment melanin, declines from 8 to 20% per decade through the aging process.
This reduction is observed clinically in older patients as a decline in the number of
melanocytic nevi.' Aged skin exhibits a diminished capacity to protect itself from
the sun because melanin, which declines in the elderly, absorbs carcinogenic UV
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radiation. Consequently, older people are more susceptible to the development of
UV-induced cancers. Accordingly, sun protection remains important for elderly
patients even though the majority of an individual’s deleterious sun exposure
occurs during the first two decades of life. Healthy elderly people should be
advised that it is not “too late” to incorporate a sunscreen into their skin care
regimens. Inactive melanocytes, which are present in greater abundance with
age, arezalso especially copious in hair follicles, which accounts for the graying
of hair.’

Vasculature

Several studies have demonstrated that aged skin is comparatively avascular. In one
study, investigators noted a 35% decrease in the venous cross-sectional area in aged
skin as opposed to young skin.”® This kind of a decline in the vascular network is
particularly salient in the papillary dermis with the disappearance of the vertical
capillary loops. Significantly, reduction in vascularity is also associated with
diminished blood flow, depleted nutrient exchange, inhibited thermoregulation,
lower skin surface temperature, and skin pallor.

Subcutaneous Tissue

The appearance of aged skin is known to be influenced by site-specific gains and
losses that occur in subcutaneous tissues. With aging, subcutaneous fat dwindles in
the face, dorsal aspects of the hands, and the shins. In other regions, particularly the
waist in women and the abdomen in men, fat accumulates with age.1

The Role of Free Radicals in Photoaging

As suggested above, the formation and activity of free radicals, also known as ROS,
are thought to contribute to the aging process. ROS are composed of oxygen
molecules with an unpaired electron and are created by normal metabolic processes
as well as various exogenous factors, including UV exposure, pollution, stress, and
smoking. In addition, there is evidence that free radicals provoke changes in gene
expression pathways, which in turn influences the degradation of collagen and the
accumulation of elastin observed in photoaged skin.®' Significantly, antioxidants
act to neutralize free radicals by providing another electron, supplying an electron
pair to an oxygen molecule, thereby stabilizing it.



4 Skin Aging and Microbiology 69

Changes in Skin Appearance
Dry Skin

Aged skin is often characterized by xerosis. Dry, scaly skin can be at least partially
attributed to the degradation or loss of skin barrier function with increasing age. In
fact, the recovery of hindered barrier function has been shown to be slower in aged
skin, yielding an increased susceptibility to developing xerosis. The emergence of
dry skin is actually the result of a multifactorial process that includes lower lipid
levels in lamellar bodies’* and a decrease in epidermal filaggrin.”> Older skin also
manifests elevated transepidermal water loss (TEWL), rendering the SC more
susceptible to developing dryness in low-humidity environments. Besides xerosis,
aged skin also often exhibits roughness, wrinkling, pallor, hyper- or hypopigmenta-
tion, laxity, fragility, and benign neoplasms, and is predisposed to easier bruising.

Benign Neoplasms in Aging Skin

The surface texture and appearance of the skin can change dramatically with age.
For instance, acrochordons (skin tags), cherry angiomas, seborrheic keratoses,
lentigos (sun spots), and sebaceous hyperplasias, among other lesions and cutane-
ous alterations, are not atypical developments. Removal of these benign neoplasms
is a common request among patients of dermatologists and plastic surgeons.
Destructive treatment options are varied and plentiful, including hyfrecation and
several laser methods.

Treatment of Photoaged Skin

Several in-office procedures and topical agents, most of which are intended to
“resurface” the epidermis, are employed for the treatment of photoaged skin.
This amounts to removing the damaged epidermis and, in some cases, dermis,
and replacing the tissue with remodeled skin layers. Resurfacing techniques have
been demonstrated to stimulate the synthesis of new collagen with a normal staining
pattern, as compared with the basophilic elastotic masses of collagen emblematic of
photoaged skin.”® Technological advancement and innovation in the expanding
fields of tissue engineering and gene therapy may eventually result in the incorpora-
tion of growth factors, cytokines, and telomerase into the treatment armamentari-
um.”’ Several antioxidants, such as vitamins C and E, coenzyme Q10, ferulic acid,
green tea, idebenone, pycnogenol, tea tree oil, resveratrol, licochalcone, and sily-
marin are included in topical skin care products to combat photoaging.
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Despite the availability of several treatment options for aged skin, prevention of
exogenous aging remains the best approach and should be encouraged to all
patients. Such measures refer to patterns of behavior and avoidance, such as
avoiding exposure to the sun when reasonable, using sunscreen when sun avoidance
is impossible, avoiding cigarette smoke and pollution, again, when feasible, eating
a diet high in fruits and vegetables, and also taking oral antioxidant supplements or
topical antioxidant formulations.

Regularly using prescription retinoids can also contribute to the prevention or
treatment of rhytides, the most salient and frequent sign of cutaneous aging. At the
very least, the topical application of all-frans retinoic acid (0.025-0.1%), also
known as tretinoin, was shown a decade ago to ameliorate the appearance of
photoaged skin.”®” Interestingly, all-frans retinoic acid had previously been
demonstrated in photoaged skin to promote the gene expression of types I and III
procollagen.™ It is also believed that tretinoin can inhibit the cascade of cellular
events induced by acute UV irradiation that result in the breakdown of colla-
gen. 2880

Prevention

Rhytides emerge as a result of alterations in the lower, dermal layers of the skin.
This is noteworthy because few skin care product ingredients have the capacity to
penetrate deeply enough into the dermis to affect or ameliorate deep wrinkles,
despite the advertising for topical formulations intended to combat aging. Conse-
quently, prevention of wrinkle development is promoted as a fundamental approach
to anti-aging skin care.®' It is now well understood that to prevent the formation of
wrinkles, it is necessary to halt the degradation of collagen, elastin, and HA, all of
which decline with age. Therefore, the preponderance of anti-aging procedures and
products are designed or formulated with the goal of salvaging, or even enhancing,
at least one of these primary dermal constituents. However, the technology neces-
sary to adequately deliver these compounds into the skin does not yet exist. Indeed,
the topical products that contain collagen, elastin, or HA cannot suitably replace the
main elements of the skin that subside through aging. Nevertheless, some products
do foster the natural synthesis of these substances. For example, by the use of
retinoids,”’ vitamin C®* and copper peptide have been demonstrated to stimulate
the synthesis of collagen. Oral vitamin C intake may also promote collagen
production.®* In addition, retinoids have been demonstrated to increase HA®* and
elastin synthesis in animal studies.® Glucosamine supplementation has also been
reported to increase HA levels.*® No products have yet been established or
approved for enhancing elastin or increasing its production.

Reducing inflammation is another key aspect of wrinkle prevention since in-
flammation is known to accelerate the degradation of collagen, elastin, and HA. The
myriad antioxidants already on the market or under investigation are the focus here,
as all display distinguishing characteristics, activity, and bioavailability in scav-
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enging ROS, thereby protecting the skin via various mechanisms that are only
beginning to be elucidated. Skin inflammation results from ROS acting directly on
cytokine and growth factor receptors in dermal cells and keratinocytes. Although
much remains to be learned about the impact of cytokines and growth factors on
skin aging, these compounds are known to function synergistically in a complex
cascade of events.®” This mechanism is believed to be induced by UV exposure,
which provokes growth factor and cytokine receptors in keratinocytes and dermal
cells, contributing to downstream signal transduction by stimulating mitogen-
activated protein (MAP) kinase pathways (specifically, extracellular signal-regulated
kinase, c-jun N-terminal protein kinase, and p38), which amass in cell nuclei
and form cFos/cJun complexes of transcription factor activator protein 1, triggering
the activation of the MMPs collagenase, 92-kDa gelatinase, and stromelysin to
breakdown collagen and other connective skin.%**®

While the roles of cytokines and growth factors in aging skin remain to be fully
ascertained, the direct effects of free radicals on the aging process and cutaneous
aging are well understood. For example, the MAP kinase pathways, which have
been demonstrated to activate collagenase production and therefore the degradation
of collagen, are mobilized by free radicals.®® Tn fact, in one study, human skin
pretreated with the antioxidants genistein and N-acetyl cysteine were shown by
Kang et al. to inhibit the UV induction of the cJun-driven enzyme collagenase.
Using antioxidants in this context is thought to inhibit photoaging by preventing
collagenase production, thereby preserving collagen. It is worth noting that while
genistein and N-acetyl cysteine exhibit antioxidant properties, these compounds
exerted no effect on UV-induced erythema in this study. Nevertheless, combining
antioxidants is considered a viable approach to enhancing the effects of each
ingredient, as several antioxidants have evinced a propensity to work synergistical-
ly with others. In a randomized, double-blind, parallel-group, placebo-controlled
investigation of the effects of combining oral formulations of vitamins C and E,
carotenoids, selenium, and proanthocyanidins, participants who took the antioxi-
dant combination before UVB exposure exhibited a difference in MMP-1 produc-
tion as compared with the placebo group (p < 0.05).*° Like the study by Kang et al.,
no significant differences were observed between the oral antioxidant group and the
placebo group regarding minimal erythema dose of the skin.

One group of subjects received daily administration of a base cream containing
0.05% ubiquinone (better known as coenzyme Q10), 0.1% vitamin E, and 1%
squalene, along with an orally administered cocktail of 50 mg of coenzyme Q10 +
50 mg of d-RRR-alpha-tocopheryl acetate + 50 pgrams of selenium, while the
second group was treated with base cream only.”® The patients receiving topical
and oral administration of the combined antioxidants exhibited higher levels of
coenzyme Q10 and vitamin E in the SC. Significant increases in the concentration
of coenzyme Q10, d-RRR-alpha-tocopherol, and squalene were measured in the
sebum, though not in the SC or plasma, of the patients treated only with topical
antioxidant cream.

Despite the plethora of research and media attention regarding the prevention of
the effects of photoaging, it is not yet known which antioxidants may be the most
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suitable for use in the treatment realm. Combining topical and oral antioxidants, or
using formulations that are themselves combinations of antioxidants, will likely be
the recommended approach to these compounds in the near future. It is also
suggested that antioxidants be combined with sunscreens and retinoids to enhance
the protective effects of each type of compound because not all sunscreens have an
antioxidant effect and not all antioxidants have a sunscreen effect. However, a
recent study has shown that a formulation combining vitamins C and E along with
ferulic acid confers both a sunscreen effect and an antioxidant effect.”!

Some Notable Antioxidants

In recent years, several natural compounds have been found to exhibit antioxidant
activity. In light of the previously discussed free radical theory of aging, these
compounds are especially compelling insofar as they represent the potential to, in
some ways, counteract or decelerate the pace of aging. While an exhaustive survey
of natural antioxidants (which include such highly touted botanicals as green tea,
feverfew, rosemary, grape seed extract, vitamins C and E, ferulic acid, resveratrol,
caffeine, mushrooms, curcumin, etc.) would far exceed the scope of this chapter, a
few antioxidant ingredients that have recently gained favor and attention are briefly
discussed here, particularly in relation to cutaneous effects and/or photoaging.

Caffeine, consumed in popular beverages such as coffee and tea, as well as in
certain foods, is believed to confer significant anti-carcinogenic and antioxidant
activity. In a recent study, caffeine applied topically 5 days a week for 18 weeks
inhibited carcinogenesis and promoted apoptosis in sunburn cells of hairless SKH-1
high-risk (UVB-pretreated) mice.”” In another influential study, SKH-1 hairless,
tumor-free mice were pretreated with UVB twice weekly for 20 weeks and then
topically treated with caffeine or (—)-epigallocatechin gallate (EGCG), once a day
5 days a week for 18 weeks. Investigators noted a reduction in the number of
nonmalignant and malignant skin tumors per mouse of 44 and 72%, respectively, in
the caffeine group and 55 and 66%, respectively, in the EGCG group.”® In addition
to its effects on such UV-mediated processes, caffeine applied topically after UV
exposure has been demonstrated to reduce skin roughness and transverse rhytides in
mice.”*

Coenzyme Q10, a fat-soluble antioxidant present in all cells as an element in the
electron transportation chain responsible for energy production, has been demon-
strated to confer antiapoptotic activity.”® This compound, which also occurs natu-
rally in fish, shellfish, spinach, and nuts, has been shown to diminish with age in
animals and humans, like the key constituents of the skin.”® Tt is also worth noting
that while UV light is known to deplete vitamins C and E, glutathione, and
coenzyme Q10 from the epidermis and dermis, coenzyme Q10 is consistently the
first antioxidant to be eliminated in the skin.

Ferulic acid (4-hydroxy-3-methoxycinnamic acid) is prevalent in the plant
world, and present in the cell walls of numerous plants, including grains, fruits,
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and vegf:tabl<3s.97’98 This potent antioxidant, when included in cosmetic lotions, is
also known to confer photoprotection to skin.”® In addition, it is a member of the
family of polyphenolic compounds known as hydroxycinnamic acids, which deliver
cutaneous benefits,'% particularly in sunscreens. As a strong UV absorber, ferulic
acid is also incorporated into such products.'®! In fact, it might be most useful when
combined with other antioxidants. Investigators found that the inclusion of ferulic
acid into a solution including vitamins C and E led to a twofold increase in the skin-
protective capacity of the already protective formulation.”’ It is thought that such a
combination of topical antioxidants in a broad-spectrum sunscreen has the potential
to impart optimal UV protection to the skin.'%?

Feverfew (Tanacetum parthenium), a perennial herb with a long history of use in
folk medicine,' has been demonstrated to exhibit anti-inflammatory properties.'**
Its major sesquiterpene lactone, parthenolide, is known to inhibit nuclear factor-
kappaB (NF-kB) and exhibit antiproliferative activity.'” Parthenolide has been
shown in vitro to consistently evince antitumor activity,'%® especially against skin
cancer induced by UV irradiation.'® The broad activity of parthenolide against
UVB-induced damage has led to the consideration of this feverfew ingredient for its
potential as an agent to prevent cutaneous photoaging.'®’

Green tea (Cammelia sinensis) is a popular beverage consumed worldwide and a
popular ingredient in personal care products, such as moisturizers, cleansers,
shower gels, toothpastes, depilatories, shampoos, and perfumes. Products that
include green tea as main ingredients are designed to harness the reportedly potent
antioxidant capacity of the polyphenols that occur naturally in the green tea leaf.
These polyphenols are known to affect the biochemical pathways involved in cell
proliferation, inflammatory responses, and responses of tumor promoters.'”® The
active ingredients in the polyphenols of the leaves, known as catechins, include
epicatechin, epicatechin-3-gallate, epigallocatechin, and the most prevalent one,
epigallocatechin-3-gallate (EGCG), which is the most studied constituent and
comprises 30-40% of the dry weight of green tea leaves.'” Green tea polyphenols,
particularly EGCG, are considered especially adept at inhibiting the carcinogenic
activity of UV radiation and providing broad protection against UV-mediated
responses such as sunburn, immunosuppression, and photoaging, and are therefore
believed to exhibit skin-protective potential too when included or combined with
traditional sunscreens.''”

Polypodium leucotomos (PL) extract, which is derived from tropical fern, has
been shown to possess potent antioxidant properties. In one study, phototoxicity
incidence was reduced after oral PL administration in participants receiving PUVA
treatment,''" as well as in normal healthy subjects.''? In a different study, substan-
tially enhanced membrane integrity, reduced lipid peroxidation, increased elastin
expression, and inhibited MMP-1 expression characterized PL-treated keratino-
cytes and fibroblasts exposed to UV.'"?

Pycnogenol, a plant extract derived from pine bark, grapes, apples and other
botanicals, is laden with procyanidins, or condensed tannins (also called proantho-
cyanidins), a group of potent free-radical scavenging compounds. Procyanidins are
also found in other parts of these plants and in various other plants known to impart
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antioxidant activity, such as bilberry, cranberry, black currant, green tea, black tea,
blueberry, blackberry, strawberry, black cherry, red wine, red cabbage, as well as in
grape seed and grape skin. In one study, pycnogenol concentrations of 0.05-0.2%
were used to pretreat Skh:hr hairless mice, resulting in a dose-dependent reduction
of the inflammatory sunburn reaction (edema) after minimally inflammatory daily
exposures to solar-simulated UV radiation.''* In a study with 21 human volunteers,
oral supplementation with pycnogenol was deemed responsible for mitigating the
cutaneous effects of UV radiation, specifically reducing erythema.''> During sup-
plementation, the UV radiation level necessary to achieve one minimal erythema
dose (MED) was significantly elevated. Pycnogenol is also known to confer anti-
inflammatory effects, which are thought to occur, at least partly, due to its inhibition
of IFN-y-induced expression of ICAM-1."'® Notably, procyanidins, which are also
rife in grape seed extract, are believed to be capable of stabilizing collagen and
elastin, thereby enhancing the elasticity, flexibility, and appearance of the skin.

Resveratrol, a polyphenolic phytoalexin compound also present in the skin and
seeds of grapes, as well as in berries, peanuts, and other foods,"'”~"'? is thought to
exhibit potent antioxidant, anti-inflammatory, and anti-proliferative activity.'?%'!
In particular, resveratrol is believed to act as a chemopreventive agent against skin
cancer as well as an anti-proliferative agent against oral squamous, breast, colon,
and prostate cancer cells,'?* inducing apoptosis in such tumor cells.'** Resveratrol
may also have a role to play in treating the cutaneous signs of aging. A recent report
demonstrates that resveratrol protects against UVB-mediated cutaneous damages in
SKH-1 hairless mice.'**!?> Data on resveratrol are sufficiently convincing that this
antioxidant is considered suitable for incorporating into various skin care products
(e.g., emollients, patches, sunscreens) designed to prevent skin cancer and other
UV-induced conditions.'*’

Rosemary (Rosmarinus officinalis), long used as a food spice and in traditional
medicine, has been recently shown to possess potent antioxidant capacity, which is
ascribed to its component phenolic diterpenes.'**~'%® In addition, rosemary extracts
have been demonstrated to exhibit anticarcinogenic properties, including reduction
of skin tumorigenicity.'*® Specifically, rosemary has been shown to suppress
tumorigenesis in the two-stage skin cancer model in mice,"**'"*! and exhibit
photoprotective properties.'** A study of human surface lipids in which skin treated
with rosemary extract protected against free radical damage engendered by #-butyl
hydroperoxide has also supported the growing antioxidant reputation of rose-
mary."**'3* Finally, investigators studying the role of oxidative stress and sulfdryl
(SH) groups in heat shock protein 70 (HSP70) induction in human skin fibroblasts
and the effect of antioxidants concluded that the antioxidant activity of hydrophilic
rosemary extract exhibits the potential to reduce ROS-induced skin damage while
delivering cosmetic benefits.'*

Silymarin, a naturally occurring polyphenolic flavonoid or flavonolignans con-
stituent of the seeds of the milk thistle plant Silybum marianu, has been demon-
strated to exhibit antioxidant, anti-inflammatory, and immunomodulatory activity
in several animal models and is thought to have the potential to prevent skin cancer
as well as photoaging.'*® Silybin, the primary component of silymarin that is
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thought to account for its salubrious effects, has been shown following systemic
administration to be bioavailable in skin and other tissues.'*” Topical application
of silybin prior to or immediately after UV exposure has also been noted for
strongly protecting against UV-induced epidermal insult by depleting thymine
dimer-positive cells.'*®

Sun Avoidance

Sun avoidance remains the obvious and most effective approach to prevent the
numerous deleterious effects of UV radiation, but this can often be challenging to
achieve. The use of sunscreen is also considered a primary component in anti-aging
and skin-protective regimens, particularly products that protect against UVA as
well as UVB radiation. In a study on the utility of sunscreens, children that tend to
freckle developed 30-40% fewer freckles when treated daily with an SPF 30
sunscreen as compared to children who were not treated with a sunscreen.'* This
study reinforces the long-standing recommendations of dermatologists for patients
to protect against sun exposure in order to prevent the formation of such pigmented
lesions that not only render an older appearance, but are associated with an elevated
risk of melanoma. While avoidance is often impractical as well as an unpopular
suggestion among many patients, it is incumbent upon physicians to assess the
receptivity of their patients and recommend as stringent a sun-avoidance regimen as
they deem their patients will accept. At a minimum, patients should be encouraged
to avoid sun exposure between 10 a.M. and 4 p.M. and to avoid tanning beds at any
hour. The use of a Wood’s light to demonstrate to patients the skin damage that they
have already experienced from sun exposure can be a sobering but persuasive
method to get patients to implement any or several sun-protective behaviors,
including measures such as the use of sunscreens, antioxidants, and retinoids.
Daily application of sunscreen is recommended, even when patients intend to
stay inside. Because UVA radiation can penetrate glass, patients should also be
advised that they can reduce their risk at home and at work by not lingering near
sun-splashed windows and by placing UVA shields on windows. The use of sun-
protective clothing, such as a broad-brimmed hat and SPF 45 clothing, also serves
as a practical complement to a healthy sun-protective regimen when prolonged
exposure is anticipated and unavoidable or as a substitute when sun avoidance is not
feasible.

Microbiology of the Skin

Human skin is considered an organ and is composed of different tissue types —
namely, epidermal, nervous, muscular, and connective. The total surface area of
human skin is 1.75 m? and it weighs approximately 5 kg. Certain regions of the
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body such as the axillae, groin, and areas between the toes are well known to
support the growth of relatively high densities of bacterial cells. At other sites of the
body the density of bacterial populations are considered, in comparison, much
lower. Consequently, both the density and composition of the normal flora of the
skin will vary between anatomical locales.

The skin, as mentioned previously, is composed of an outer epidermis and an
inner dermis. The outermost epidermal layer is 0.5-3 mm thick and this is the layer
that is important in microbial adhesion and proliferation of intact skin. The epider-
mis consists of approximately 90% dead keratinocytes. Other cells found in the
epidermis include melanocytes (important for reducing skin damage as they absorb
UV light), Langerhans cells (immune response cells), and Merkel cells (cells that
have adapted for sensory signals association). The layer below the epidermis is the
dermis. It is here that the skin becomes more complex. Found here are collagen and
elastin fibers forming connective tissue, hair follicles, sebaceous glands, sudoriferous
glands, adipose tissue, nerves veins, and capillaries.

Essentially, the skin provides the first line of defense to microorganisms that
wish to adhere.'**"'*3 Such defenses include a low moisture content, antimicrobial
peptides, a slightly acidic (5.5) pH, a high salt content, the presence of lipids and
fatty acids, immunoglobulins, and a continual shedding of squames and lysozymes.
In addition, airborne pathogens generally have a reduced ability to settle and adhere
on skin because of the airflow that occurs continually across the body surface. If
microorganisms do reach the skin surface, they are exposed to dead keratinized
cells together with a lipid-rich surface coating composed of esters, sterols, alkanes,
ceramides, and phospholipids, among others, found between these cells which
reduce irreversible adhesion and proliferation. Owing to the very low availability
of nutrients and high levels of keratin, which cannot be biodegraded by most
bacteria, microbial proliferation is therefore substantially reduced. Skin has its
own lymphoid tissue providing both a humoral and cell-mediated response. How-
ever, certain regions of the body have skin with a higher moisture content than
normal and a neutral or slightly alkaline pH and as such these areas are more
effectively colonized by certain groups of bacteria. It is interesting to note that
females generally have a lower skin surface pH than men.'** The significance of
this has not yet been determined.

Microflora of the Skin

Despite the vast array of microorganisms found in nature there are only a few that
are found colonizing the human skin.'*>'*® Bacteria that colonize the skin are
referred to as the resident microorganisms or “normal microbiota of the skin.”
Price in 1938'% first classified the term resident flora as constituting those bacteria
that were relatively stable in both composition and numbers on the human skin.
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He also proposed the term transient flora to represent those microorganisms
(exogenous) that “lie free” on the skin surface.'*’

To date, both quantitative and qualitative data obtained from skin microbiology
studies, over the past 50 years, have generated only small amounts of comparable
data. This is because many studies have used different sampling techniques to both
quantify and culture microorganisms that are retrieved from the skin at different
anatomical sites. Most of the research embarked upon in skin microbiology was
accomplished between 1960 and 1980 and based on culturable techniques only to
identify bacteria.'**'>! Consequently, this has resulted in a gross underestimation
of the true diversity and richness of skin microbiota in different regions of the body.
Also, the different microbial recovery methods applied to the various research
studies have yielded different quantities of bacteria from the same regions of the
body, 148:152.133

Both ecological and host factors can influence strongly the normal microflora of
the skin. Such factors include age, sex,'>*'>* body location, hygiene, climate,
soaps, occlusion, race, occupation, as well as status as an in- or outpatient in
hospitals,'”” to name but a few. For example, an increase in temperature and
humidity will increase the colonization rate of bacteria. In one study it was found
that bacteria survived longer on wet skin compared to skin that was dry.'*®

Skin Flora from Birth

The fetus is considered microbiologically sterile until soon after birth. Following
birth, the skin of a newborn baby is coated with vernix caseosa, which helps to
maintain the pH of the skin at 7.4. Over time, the vernix disappears and the pH of
the skin becomes more acidic (pH 3.0-5.9).">” This change in pH aids in the
selective colonization of skin by microorganisms.

The pioneering bacteria of the skin are often determined by the mode of delivery
of a newborn. For example, following a caesarean section delivery the newborn is
colonized with microorganisms from the external environment, including the
baby’s mother.'*® However, babies born by vaginal delivery are colonized by
microorganisms that are found associated with the birth canal.

Early studies that have looked at the microbiology of skin in infants have
involved the use of scrub techniques to recover bacteria from the skin surface.'
The scrub techniques involve the application of detergents to the groin, forehead,
axillae, and antecubital fossae of newborns. One study using this technique
involved sampling the skin of 25 newborns 2 h following birth. In addition,
newborns were also sampled at days 1, 2, and 5 and 6 weeks after birth. Between
76 and 80% of the sampling sites, 2 h following birth, were colonized with aerobic
bacteria at a level of 36=51 cfu cm?. Within 24 h, the levels of bacteria in the groin,
and also around the axilla regions of the newborn, had increased to 10? c¢fu cm?>.
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Slightly lower numbers of bacteria were detected on the scalp (5.4 x 10* cfu cm?).
After 48 h, bacterial counts had reduced to 5.3 x 10% cfu cmz, with level of bacteria
in the axilla and groin regions reducing to 1.0 x 107 cfu cm?. At day 5 the number
of bacteria on the scalp had increased to 2.7 x 10° cfu cm®. After 6 weeks of
sampling, the numbers of bacteria counted on the newborn’s skin were equivalent
to that of an adult, i.e., 9.8 x 10* cfu cm? at the axilla and 3.2 x10° c¢fu cm? at the
groin. The most commonly isolated bacteria in all instances, on all skin areas
sampled, was S. epidermidis. After 6 weeks, Gram-negative bacteria became
quite common on the skin of children, which is considered to be an uncommon
situation on adult human skin. Additional studies carried out on neonates have
shown that within 2.5 h following birth no microbes could be cultured in 6-13%
of babies.

The microflora of infants seem to vary widely between children. Infants are not
colonized early on with a dense microbiota and consequently become very suscep-
tible to colonization by pathogenic microorganisms. Infants are therefore known to
carry many pathogenic and potentially pathogenic bacteria on their skin along with
normal skin flora, when a comparison is made between older children and adults.
The normal flora of the neonate’s skin seems to be very stable, and even bathing of
babies has been shown not to have a significant effect on the skin flora.'®®

Microorganisms such as Propionibacterium and Malassezia folliculitis are
found in higher numbers during and following puberty. However, colonization of
infants with cutaneous Malassezia commensal flora by the age of 3—6 months has
been documented.'®' Malassezia spp. are significant to neonates as potential patho-
gens, as they have been found to cause neonatal sepsis in immunologically imma-
ture infants.'®?

Most cases of skin infections observed in babies are associated with bacteria
such as Staphylococcus aureus and less predominant organisms such as S. epider-
midis, coliforms, Pseudomonas, and yeast.163 Aly et al.’” studied the adherence of
S. aureus to the nasal mucosal cells in newborns. It was found that the binding of S.
aureus is lower during the first 4 days of life but increases after 5 days.

On the skin of the face of babies a characteristic age-related effect has been
found for levels of resident aerobic and anaerobic bacteria.'® A study by Leyden
et al. found that the density of anaerobic diphtheroids and surface aerobic micro-
cocci were higher in infancy when compared to early childhood.'®* In addition,
they concluded that at puberty the quantity of organisms on the skin of the face
increases and that this increase is more significant during late adolescence. The
quantities of anaerobic and aerobic bacteria evident in early adulthood are consid-
ered to remain constant until old age. However, at old age the number of bacteria
decreases. This seems to be related to the production of sebum on the skin
surface,'¢%1%3

The skin of neonates becomes a significant infection problem particularly during
hospital stays.'®® Transfer of pathogens from the mother’s skin is also a significant
source of infection in neonates.'®’
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Normal Adult Skin Flora

The microflora of the adult human skin is variable with regard to bacterial strains
and species,'®® with quantities of bacteria varying from 6 x 10%to 2 x 10° bacterial
cells per square centimeter. These numbers do, however, vary, as they are often
dependent on sex, age, and colonization site.'® The adult skin also provides a very
inhospitable environment for microbes to proliferate, which seriously restricts the
microbial diversity.

The most frequently isolated and cultured bacteria found on the adult skin
surface include Staphylococcus, Micrococcus, Corynebacterium, Propionibacter-
ium, Malassezia, Brevibacterium, Acinetobacter, and Dermabacter. However, the
ecology of the skin has been shown to vary as do the methods that have been
employed for microbial identification. For instance, molecular techniques recover a
wider diversity of microorganisms from skin than can be recovered by culturable
techniques.'’%'7?

Coagulase-negative staphylococci (CNS) constitute the majority of bacteria
found as part of the skin ecosystem. CNS are located on the epidermis and the
upper parts of the hair follicles.'”® Eighteen different species of CNS have been
isolated from the skin of adult humans'’* and approximately 50% of the staphylo-
cocci found colonizing the skin are Staphylococcus epidermidis. S. saprophyticus is
also regularly cultured from the microbiota of the skin but more specifically from
areas such as the vagina and rectum. Other CNS isolated from skin have included S.
hominis, S. warneri, S. haemolyticus, and S. capitis.

Coagulase-positive staphylococci, i.e., S. aureus, have also been isolated
frequently from adult skin. S. aureus is widespread in nature and found principally
on human skin, skin glands, and mucous membranes, but more specifically in the
anterior nares of humans.'”>'’® §. aureus is found predominantly in high concen-
trations on hands and the perineum.'”” But it is not isolated very regularly in certain
regions of the body and is therefore considered a transient bacterium.'”®

Kloos and Musselwhite'”® studied the distribution of Staphylococcus and Mi-
crococcus species and associated coryneform bacteria, Acinetobacter, Klebsiella,
Enterobacter, Bacillus, and Streptomyces on adult skin. Staphylococci and coryne-
forms were found to be the most predominant and persistent bacteria isolated from
the nares and axillae. On the head, legs, and arms, staphylococci, coryneforms,
micrococci, and bacilli were the most predominant bacteria. Gram-negative isolates
such as Acinetobacter were most frequently isolated during the warmer months of
the years. S. aureus and S. epidermidis were the most predominant and persistent
staphylococci isolated from the nares. S. epidermidis and S. hominis were the most
predominant and persistent staphylococci isolated from the axillae, head, legs, and
arms. S. capitis was often isolated from the head and arms and S. haemolyticus was
often isolated from the head, legs, and arms. S. simulans, S. xylosus, S. cohnii, S.
saprophyticus, S. warneri, and an unclassified coagulase-positive species were only
occasionally isolated from skin. In addition to this study, Nagase et al.'’® in 2002
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conducted a survey that studied the distribution of Staphylococcus species on the
skin of animals and humans. In this study, staphylococci were isolated from 12
(100%) of 12 pigs, 17 (89.5%) of 19 horses, 30 (100%) of 30 cows, 73 (90.1%) of
81 chickens, 10 (40%) of 25 dogs, 23 (76.7%) of 30 laboratory mice, 20 (52.6%) of
38 pigeons, and 80 (88.9%) of 90 human beings. The predominant staphylococci
isolated from a variety of animal species were novobiocin-resistant species, S.
xylosus and S. sciuri, regardless of the animal host species. The novobiocin-
resistant species including S. xylosus and S. sciuri were only occasionally isolated
from human skin. The predominant staphylococci found on human skin were
novobiocin-sensitive species, S. epidermidis (63.8%), followed by S. warneri
(28.8%) and S. hominis (13.8%).

Micrococci luteus is the most predominant and persistent micrococcus isolated
from skin and is found at high densities in regions of the head, legs, and arms. 80
Other micrococci that have been isolated have included M. varians, M. lylae, M.
sedentarius, M. roseus, M. kristinae, and M. nishinomiyaensis. M. lylae is frequently
isolated during the colder months of the year.'””

Propionibacteria are common inhabitants of hair follicles and sebaceous glands
and are prevalent anaerobes of the normal flora of skin. The most predominant
species found on the skin of the back, forehead, and scalp is P. acnes, which is
particularly relevant at puberty, when densities start to peak.

Gram-negative bacteria are not a common occurrence on normal healthy adult
skin and as such are often considered transient organisms. Common Gram-negative
bacteria frequently found on healthy adult skin include Acinetobacter spp. and
Pseudomonas spp. Acinetobacter spp. are considered to constitute 25% of the adult
skin microflora, being found in high numbers in the perineum, toe webs, and
axillae."”*'#1182 Also as part of the skin, microbiota fungi and yeasts are found,
particularly Malassezia. These are known to inhabit the hair follicles.'®*'** Seven
different species of Malassezia have been isolated from skin and include Mal.
furfur, Mal. sympodialis, Mal. globosa, Mal. slooffiae, Mal. restricta, Mal. obusta
and Mal. pachydermatis. Age has been shown to have an effect on its prevalence on
skin, 185-186

From an anatomical point of view, the skin is divided into three distinctive
regions. These regions include the moist areas that provide a great breeding ground
for bacteria to proliferate, i.e., the groin, toe web areas, and the armpits. The oily
areas include the forehead, and the dry areas the forearm.'®” Work by Leyden
et al.'"®” has shown that coryneforms and bacteria belonging to the micrococcacea
group are evident in the toe webs and axillae. In the perineum there were large
proportions of micrococcacea, but much lower than in the axilla area, and, as would
be expected, in this area there were a large number of Gram-negative rods, possibly
fecal in origin.'®” Where oily areas are present on the human body, such as the
forehead, the relative levels of micrococcacea and coryneform bacteria were low
while the levels of Propionibacterium spp. were significantly higher. On the scalp,
Malassezia spp. occurred in high concentrations. '8

The microbial communities found on adult skin differ in composition, being
dictated by the colonizing site, i.e., anatomical site,190 and also the host.
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The diversity and density of bacteria are also governed by environmental perturba-
tions."”! A large number of sebaceous glands are located on the scalp, together with
hair coverage enhancing the moisture content. The major bacteria located here
include the propionibacteria, specifically P. acnes and staphylococci, specifically
S. capitis. The forehead has a high acidic pH, variations in temperature, and a
very high density of sebaceous and eccrine glands. The main bacteria dominating
the forehead, as with the scalp, include propionibacteria, specifically P. acnes,
staphylococci (specifically S. capitis, S. hominis, S. epidermidis), Micrococci,
Malassezia, and coryneforms.'®® The hands are composed of regions with varia-
tions in microbial densities and diversity. Also, variations in temperature between
different regions of the body have an effect on microbial composition. The region
beneath the fingernail is very densely colonized specifically, as this region is
occluded and therefore conducive to the proliferation of many anaerobic bacteria,
fungi, and Gram-negative bacteria.

Yeasts are recovered in higher numbers from the elderly population. This is
possibly due to a decrease in sweat production that occurs in the elderly.'** Within
the dry skin areas of the adult, staphylococci represent over 90% of the total
population.'®”'”* There have been numerous reports on the significant difference
between hospitalized patients and healthy people. In hospitalized patients the skin
has been shown to shift from a more Gram-positive to a more Gram-negative
microflora,'8!-194-196

Bacterial Interactions, Skin Physiology, and Flora on the Skin

As mentioned previously, the presence of a normal skin flora is important to human
health owing to their resistance to colonization from invading pathogens and also
by their ability to have effects on reactions derived from the body as well as from
xenobiotic agents.'””'*® In adults, the skin microflora is generally considered
“relatively stable.” However, within this relatively stable ecosystem, interactions
between bacteria and skin cells are known to occur. Nevertheless, chemical and
physical interactions between bacteria on the skin are, to date, very poorly under-
stood. Initial research has shown that major forms of antagonism between bacteria
on the skin surface occur.'®® This is very important as a defensive mechanism on
adult skin helping to prevent skin infections.

As well as the resident microflora, the skin is composed of a dead layer of
keratinized cells, referred to as the stratum corneum, which aids in preventing
bacterial attachment. As a food source, keratin can be utilized only by a small
number of bacteria and as such does not constitute a good food source for coloniz-
ing bacteria. Found between these cells are fatty acids, waxes, sterols, and phos-
pholipids, among others, which in combination with dead cells makes the skin
surface very dry and virtually uninhabitable by many bacteria. Combined also with
a low pH, bacterial growth is inhibited. However, certain regions of the body have a
relatively high moisture content and a neutral pH, aiding bacterial adhesion. Other
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problems for bacteria reside on the skin, namely, the ever-shedding squames that
are disseminated together with any adhering bacteria. There is also skin-associated
lymphoid tissue that is involved with humoral and cell-mediated responses of the
immune system and sweat production and contains lysozymes that are known to
cleave beta 1,4 glycosidic bonds found in many Gram-positive (N-acetylglucosa-
mine and N-acetylmuramic acid) and Gram-negative bacteria (peptidoglycan).
Consequently, this armory of defensive mechanisms evident in the human body
does help to substantially reduce microbial proliferation of the intact skin.?*2%!

The temperature of the human body is regulated at 37°C, but that of the skin is
lower, ranging from approximately 31°C in the big toe region to 36.1°C in the
groin. Ultimately, certain regions of the body that are more accessible and represent
a more favorable environment will enhance the survival and colonization of certain
genera of bacteria.

Skin Flora and Infection

The balance between the skin barrier and innate immunity helps to maintain
healthy skin. Disturbances in this balance may predispose the host to a number of
infections.?’>2% Skin infections have been shown to be more significant as humans
age.”’® The “normal” skin flora is considered a significant source of serious
infections.?’” For example, micrococci, specifically the species M. luteus, have
been associated with cases of pneumonia, septic arthritis, and meningitis.
S. epidermidis is a major inhabitant of the skin and generally comprises greater
than 90% of the aerobic resident flora. They are often classified as contaminants of
the skin when isolated during infections, and are therefore thought of as mutual
bacteria aiding the human innate immune system. Antimicrobial peptides on the
surface of the skin have recently been identified as originating from S. epidermi-
dis.**® However, in certain situations S. epidermidis can be the cause of a number of
life-threatening infections, e.g., biofilm formation on artificial heart values and
intravascular catheters. This is principally due to these bacteria being avid biofilm
formers resulting in enhanced virulence and resistant to antimicrobial chemotherapy.
A “transient” bacterium associated with skin infections is S. aureus. S. aureus is
considered a normal component of the nasal microflora.”*~2!! Nearly 86.9 million
people (32.4% of the population) are considered to be colonized with S. aureus,*'?
20% of the population are considered to be persistently colonized, 60% of the
population intermittently carry the bacteria, and 20% are never colonized. S. aureus
found on healthy human skin generally acts as a commensal and rarely as a
pathogen, but it is known to cause minor and self-limiting skin infections. Skin
infections due to S. aureus include impetigo, folliculitis, furuncles and subcutane-
ous abscesses, and the scalded skin syndrome.*'*'*

Many diphtheroids are found on the human skin. Corynebacterium jeikeium is
the most frequently recovered and medically relevant member of the group,
particularly in hospitalized patients.”’> In the last few years, Corynebacterium
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diphtheroids have gained interest because of the increasing number of nosocomial
infections with which they are associated.?'*!”

Propionibacteria are prevalent in skin-colonizing bacteria. The most well-known
ailment associated with P. acnes is acne vulgaris, which affects up to 80% of
adolescents in the US.?'® In fact, P. acnes is able to initiate and also contribute to
inflammation during acne episodes. Reports of P. acnes being associated with
foreign device infections have also been highlighted. Gram-negative rods such as
Acinetobacter are known to be a cause of skin infections, particularly in patients
with wound infections and burns. Acinetobacter has been associated with many
infections such as endocarditis and respiratory tract infections, among others.
Pseudomonas aeruginosa is another Gram-negative bacterium that lives innocu-
ously on human skin. However, they are able to infect practically any tissue with
which they come into contact. Infections due to P. aeruginosa occur primarily in
compromised patients.

Skin bacteria are generally very avid biofilm formers. Evidence of biofilms on
skin has been documented, and the actual architecture has been observed in
dermatitis and eczema. The first reported incidence of biofilms on skin was by
S. epidermidis.*"® Tt has been suggested that the severity of eczema is proportional
to colonization resistance.?*"

Conclusion

Aging of the skin is a dynamic, multifactorial process governed by intrinsic genetic
factors and mediated by extrinsic influences.**' Intrinsic or natural aging is deter-
mined cellularly as a function of heredity and is therefore inevitable through the
passage of time. Extrinsic aging, which, like intrinsic aging, manifests in cutaneous
alterations, is caused by exogenous sources and is therefore avoidable insofar as the
behaviors or exposures that promote such changes can be reasonably avoided. In
particular, prolonged, chronic exposure to the sun is best avoided to significantly
reduce one’s risk of inducing extrinsic skin aging. Addressing and showing exam-
ples of the attendant wrinkling and pigmentary changes associated with photoaging
and the potentially more serious consequences of chronic sun exposure can be
effective approaches for physicians in an attempt to encourage sun-protective
behavior, as this method appeals to an individual’s strong concern about appear-
ance. The clinical appearance of photoaging is characterized by rough and xerotic
skin, mottled pigmentation, and wrinkling. Such cutaneous manifestations, partic-
ularly when extensive or severe, may be precursors to actinic keratoses and skin
cancer. It is important for physicians to inform patients that photodamage repre-
sents the cutaneous signs of premature aging and that “sun tans,” which remain
popular, qualify as photodamage. Summarizing the role of telomeres in cellular
aging and cancer and/or briefly discussing the differences between intrinsic and
extrinsic aging might prove useful in convincing patients to reduce or eliminate
behaviors that facilitate extrinsic aging and, ideally, reduce the prevalence and
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incidence of photodamage, photoaging, and photo-induced skin cancers. Apart
from sun avoidance, which includes limiting sun exposure to the hours prior to
10 a.M. or after 4 p.m., the only known defenses against photoaging are using
sunscreens to block or reduce the amount of UV reaching the skin, using retinoids
to inhibit collagenase synthesis and to promote collagen production, and using
antioxidants, particularly in combination, to attack and neutralize free radicals.

The skin microflora is a complex ecosystem but to date the ecological studies
that have been undertaken to examine this ecosystem in different regions of both the
infant and adult have been solely culture-based methods that underestimate the true
numbers and diversity of bacteria inhabiting this ecosystem. It is widely accepted
that the resident microbial community on infants and adults alike has a significant
role to play in human health, and that it is generally positive. However, when
imbalances occur, the microbial flora can have a negative effect on human skin.???
We require a deeper understanding of skin microbiology and the aging process,
together with a better understanding of the host factors that are known to affect the
biofilm and its overall community and architecture on skin. The role of personal
hygiene becomes significant with an aging population. In conclusion, the skin
microbiota play a very important role in preventing many pathogens from coloniz-
ing the skin and causing disease, in a manner similar to the “barrier effect”
produced by intestinal microbes.
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Chapter 5
Lung Infections and Aging

Sameer K. Mathur and Keith C. Meyer

Introduction

On the basis of US Census data and projections, the fastest growing segment of the
US population is >65 years old. As the demographics in the United States change,
there are projections for a doubling of the elderly population (>65 years old) within
the next 20-30 years. It is recognized that respiratory infections comprise a
significant cause of morbidity and mortality in this population, and many factors
have been identified that contribute to increased incidence as well as increased
severity of respiratory infections in the elderly (Table 5.1).

Age-Associated Changes in Lung Structure and Function

It is well recognized that the normal aging process results in changes in the
structural properties of the lung as well as airway protective mechanisms. These
changes alter lung physiology and function and may contribute to the increased
propensity of elderly individuals to develop respiratory infections.

Lung Tissue

As a consequence of aging, the diameter of bronchioles decreases owing to dimin-
ished tethering that would normally maintain patency at a given lung volume,
alveolar ducts increase in diameter, and the elastic recoil of the lung declines.
Airways tend to close prematurely and lead to ventilation—perfusion mismatching,
air-trapping, and an increase in the alveolar-to-arterial gradient for oxygen.
In addition, the total gas-exchange surface area declines.
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Table 5.1 Factors predisposing the elderly to lung infections

® Changes in airway structure and physiology
— Diminished airway tethering and early closure in expiration
— Diminished mucociliary clearance
o Chest wall changes
— Altered contour and composition
— Decreased compliance
e Declining airway protective reflexes
e Immune dysfunction
— Innate immunity
— Adaptive immunity

Studies have demonstrated an age-related decrease in the static elastic recoil
pressures, which is most evident at higher lung volumes."* This increase in lung
compliance with aging is thought to be, in part, due to structural changes in the lung
tissue, particularly the expression or modification of extracellular matrix proteins
responsible for supporting the airway, such as elastin and collagen. In the presence
of comorbid conditions, such as chronic obstructive pulmonary disease ( COPD), a
net increase in collagen mass was reported, while the collagen content of lungs from
nonsmokers did not significantly decline with advancing age.® Individuals with
glucose intolerance or diabetes may be particularly prone to altered collagen
modification due to increased cross-linking by glucose adducts.* It has been
observed that airspaces do become dilated in healthy older lungs, a feature that
has been referred to as “senile lung.””® Nonetheless, although extracellular matrix
changes have been noted for age-related comorbid conditions, it remains somewhat
unclear as to whether the aging of the normal healthy lung in humans is associated
with clear-cut changes in extracellular matrix composition. Moreover, some inves-
tigators have quantitated extracellular components, such as elastin levels, and
reported an increase rather than decline with aging.”® Thus, it is likely that the
age-related changes in extracellular matrix composition are quite complex and
involve changes in both the levels of matrix proteins and age-associated modifica-
tions of matrix constituents.

Chest Wall

In addition to changes in lung matrix, the chest wall becomes less compliant because of
altered costovertebral articulations and calcification of rib cartilage, narrowing of
intervertebral disc spaces, and changes in the contour of the chest, which can be greatly
exacerbated by the presence of kyphoscoliosis or vertebral compression fractures.” A
decrease in diaphragmatic muscle strength has also been observed in elderly
individuals,'®'" which may be due to a general decline in muscle mass associated
with aging.'? Furthermore, several comorbidities such as poor nutritional status,
cardiac dysfunction (e.g., congestive heart failure), and neurological dysfunction (e.
g., cerebral vascular disease) can also affect respiratory muscle strength.'*"7
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Ventilatory responses to hypoxic or hypercapneic stimuli also become blunted as
part of the aging process in clinically healthy individuals who have no evidence of
pulmonary disease. Although often mild, the age-associated structural and func-
tional changes that affect both the chest wall and the lung itself may significantly
limit an elderly individual’s ability to cope with a severe stress such as pneumonia,
especially in patients who already have entered an age-associated “frail” state.'®

Airway Protection

Intact and well-functioning protective reflexes to prevent the aspiration of upper
airway contents are essential for preventing lower respiratory tract infections. It has
been shown that larger volumes of liquid are required to stimulate the pharyngo-
glottal closure reflex in elderly individuals without neurologic dysfunction, as
compared to younger subjects.' Furthermore, there are data to suggest that small
amounts of aspirated gastric secretions with moderate acid exposure of human
tracheal epithelial cells (pH 3.0-5.0) can inhibit the production of bactericidal
molecules such as human beta-defensin-2 and are associated with reduced bacteri-
cidal activity in epithelial surface liquid.”® Therefore, the reduced airway protection
in the elderly can increase the risk of potential pathogens gaining access to the
lower respiratory tract. Furthermore, innate antibacterial defenses may be blunted if
aspiration of upper airway contents is accompanied by refluxed acidic gastric
secretions, increasing the risk of lower-tract bacterial infection occurring. A pre-
disposition to aspirate is especially problematic for individuals with neurologic
dysfunction. Pneumonia is a major cause of morbidity and mortality in patients with
Alzheimer disease or other forms of central nervous system disorders such as
stroke, and the majority of these episodes of pneumonia are initiated by aspiration
of contaminated material from the upper airway into the lung.*'**

Mucociliary Clearance

If aspirated secretions with associated pathogens gain access to the lower respira-
tory tract because of insufficient glottic protective mechanisms and cough reflex,
the mucociliary clearance mechanism can reduce the likelihood of establishing an
infection by transporting the infectious organisms proximally to the glottis. Muco-
ciliary clearance is accomplished through a rhythmic movement of ciliary struc-
tures on the apical surface of epithelial cells, and the function of these ciliary
structures appears to decline with advancing age.23 Ho and colleagues reported
that the cilia of nasal epithelial cells in elderly individuals had a lower ciliary beat
frequency, and increased microtubular abnormalities in cilia were found and asso-
ciated with depressed nasal mucociliary clearance times.** Because nasal ciliary
beat frequency correlates with that of tracheal epithelium, this study suggests that
ciliary abnormalities appear with advancing age and may play a role in increased
susceptibility to respiratory infection by depressing the mucociliary clearance rate.
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However, this may not provide the entire explanation for deficient mucociliary
clearance, as it has also been noted that ciliary beat frequency and clearance time
did not necessarily correlate with each other.>

Immunological Changes Associated with Advancing Age

It is recognized that immune function changes with aging, often but not always,
resulting in a decline in function. The change in immune function with aging is
often referred to as “immunosenescence” and has also been termed “immune
remodeling.” Studies of the effects of aging on the various components of the
immune system have defined features of immunosenescence as detailed below,
although there is considerable interindividual difference in these findings among
the elderly, and centenarians can have fairly robust, preserved immune responses.

Systemic Immunity

The immune system is generally described as having two interacting major com-
ponents, innate and adaptive immunity. Innate immunity has been highly conserved
among organisms that range from invertebrates to primates and is composed of
several different cell types, including immune cells (e.g., macrophage and neutro-
phils) and nonimmune cells (e.g., epithelial cells).”® These innate immune cells
employ numerous receptors, cytokines, and chemokines, some of which are com-
mon to the adaptive immune system. However, innate immune cells respond in a
nonspecific manner to broad classes of foreign stimuli. In contrast, adaptive immu-
nity is antigen specific and coordinated by lymphocytes derived from fetal liver and
bone marrow precursors in the developing embryo, and the thymus gland and other
collections of lymphoid tissue (spleen, lymph nodes, and mucosa-associated lym-
phoid tissue) play key roles in generating adaptive responses.?’*® Adaptive immu-
nity can be considered a more sophisticated form of defense that also has a
component of memory such that responses to a repeat offender occur more quickly
and more effectively.

Other important modulators of immune function that can have a significant
effect on the elderly include neuroendocrine system responses to stress.”’ Elderly
individuals display a gradual increase in endogenous glucocorticoids with age, and
a dysfunctional hypothalamus—pituitary—adrenal axis can impair immune function
yet cause an exaggerated response to stressors such as infection.

Innate Immunity

The innate immune system can respond immediately to a microbial challenge via
pattern-recognition receptors (PRR), now recognized to be part of a group of receptors
referred to as the Toll-like receptor (TLR) family, that bind determinants (e.g.,
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lipopolysaccharide, lipoteichoic acids, mannans, peptidoglycans, glucans, or bacte-
rial DNA) borne by infectious agents. Stimulation of these receptors triggers the
production and release of cytokines and costimulatory molecules. The pathogen-
associated molecular patterns (PAMPs) recognized by TLRs are shared by large
classes of microorganisms, and these PAMPs are highly conserved and absent from
mammalian tissues.’**! Although innate immune responses alone may be adequate
to deal with a microbial challenge, a significant innate response can trigger and
augment adaptive immune responses (e.g., via costimulatory molecules) as needed
to meet an immediate infectious challenge and to prepare for future challenges.

Other important components of the innate immune response include dendritic
cells, phagocytic cells, the alternate complement pathway, and antimicrobial mole-
cules such as nitric oxide, defensins, and collectins. Indeed, dendritic cells, and to a
lesser extent macrophages, play a major immunoregulatory role and provide a key
link between innate and adaptive immune responses. As antigen-presenting cells,
they can stimulate primary T-cell responses and T-cell differentiation via produc-
tion of costimulatory molecules and cytokine production.

Interestingly, the Leiden 85-plus study demonstrated that impaired production of
both proinflammatory and anti-inflammatory cytokines by ex vivo whole blood
samples from 85-year-old subjects predicted a greater than twofold increase in
overall mortality risk that was independent of the presence of chronic illnesses.
These authors speculated that impaired innate immunity, as reflected by impaired
production of cytokines produced by cellular components of the innate immune
system, is predictive of frailty and increased risk of mortality in the elderly.

Neutrophils

This phagocytic cell is often recruited very early into areas of inflammation. Many
neutrophil functions are unchanged with aging, including adhesion, migration into
inflammatory tissue, and phagocytosis. However, the ability of neutrophils to kill
phagocytosed organisms is diminished in the elderly compared to younger indivi-
duals,™ a defect that is attributed to a decrease in the production of reactive oxygen
species (ROS).***3 In addition, it has been observed that neutrophils in the elderly
are more prone to undergoing apoptosis, because the cytokine-mediated signaling
pathways to protect the neutrophils are deficient.*®*” Therefore, neutrophils may be
less abundant because of greater apoptosis, and those that remain have diminished
antibacterial activity. Both of these changes with aging may contribute to more
frequent and more severe respiratory infections.

Dendritic Cells

The primary function of dendritic cells is to serve as “professional” antigen-
presenting cells. Because they are able to interact with both T cells and B cells to
facilitate their activation, enhancement of cytolytic T-cell activity, and production
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of antibodies, dendritic cells represent an important link between the innate and
adaptive arms of the immune system.

Dendritic cells that are localized to lymphoid tissue are termed follicular den-
dritic cells, and these cells are particularly important for the production of anti-
bodies. The ability of follicular dendritic cells to accumulate antigen and organize
into germinal centers within lymphoid tissue diminishes with age in mice.*®

There is some evidence that dendritic cells localized to non-lymphoid tissues
display diminished antigen-presenting activity, which may be related to decreased
major histocompatibility complex (MHC) II expression.* Interestingly, there have
been other studies with opposing results, showing no age-related changes in MHC
IT and no deficiency in antigen presentation to T cells.***! These conflicting results
have been attributed to variations arising from the use of different mouse strains and
differences in the in vitro stimuli used in the respective protocols. A recently
published study in human subjects showed that circulating levels of a specific
subtype of dendritic cells, the plasmacytoid dendritic cells, were 50% less in the
elderly vs. younger subjects.*”

Macrophage

Macrophages can act as antigen-presenting cells and can also efficiently phagocytose
microbes and foreign particles. There are multiple mechanisms by which the macro-
phage can perform intracellular killing of bacteria, including the production of super-
oxide anion with its downstream reactive oxygen intermediates as well as the
production of reactive nitrogen intermediates. Analyses of macrophage effector func-
tions in aged mice and rats have demonstrated a decrease in the production of superox-
ide anion.*** However, there were conflicting findings of both increases and
decreases in the production of reactive nitrogen intermediates.*®*” The conflicting
findings were most likely due to differences in the experimental protocols and may
reflect the possibility that only specific signaling pathways for the generation of
reactive nitrogen species are affected under these experimental conditions.

The production of cytokines by macrophages stimulated in vitro has been shown
to diminish with age.***® Additionally, in vivo assays of macrophage function have
assessed recruitment to sites of injury and participation in wound healing. Although an
age-associated increased infiltration of macrophages to sites of injury was observed in
mice,”® decreased macrophage infiltration occurred in humans in association with
advanced age.”' Collectively, these age-related changes in macrophage function
suggest that a diminished capacity to eradicate infection may appear with advanc-
ing age and contribute to more frequent and more severe respiratory infections.

NK Cells

Natural killer (NK) cells are important for the destruction of tumor cells and cells
with intracellular pathogens, such as virus-infected cells. Interestingly, the numbers
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of NK cells increase with aging.”* However, the functional activities of these cells
appear to diminish in association with a tendency for NK cells to become more
agranular in appearance and less capable of cytolytic activity towards tumor cells.>

There has also been recent interest in NKT cells, which, like NK cells, exhibit an
increase in circulating levels with aging.>* Furthermore, NKT cells exhibit de-
creased Thl cytokine production with aging, although changes in Th2 cytokine
production by NKT cells with aging remain controversial >3

Adaptive Immunity

The adaptive immune system exhibits specificity for molecular moieties of target
pathogens and is able to generate a memory of previous responses. The T and B
lymphocytes are the cells that mediate the adaptive arm of immune function. T-cell
antigen specificity is localized to the T-cell receptor (TCR), and T cells undergo
selective expansion of appropriate T-cell clones with the requisite antigen specific-
ity upon stimulation. B-cell antigen specificity is localized to surface antibody
receptors and secreted antibody, and B cells contribute to antigen specificity by
selective activation of B-cell clones that have antibody specificity for the target
pathogen and display “editing” of the antibody upon repeat exposures to enhance
future specificity.

T Cells

With regard to the effects of aging on the adaptive immune system, the T-cell
population has been most extensively studied. It is clear that the thymus gland
begins to gradually involute shortly after birth and undergoes replacement by fatty
tissue that is nearly complete by the age of 60 years. As a result, the numbers of
CD3+, CD4+, and CD8+ T cells decrease with advancing age. A decline in naive T-
cell populations gradually occurs, and memory T cells (CD45RO+) eventually
predominate, although memory cell responses also gradually wane with aging.”’
T-cell receptor repertoire diversity appears to diminish, and T helper cell activity
declines.”® Reduced proliferative responses,” a shift of Thl to Th2 cytokine
profiles,®® a decline in Fas-mediated T-cell apoptosis,®' and increased DR expres-
sion on T-cells®” have also been observed.

Interestingly, some observations suggest that as many components of immunity
decline with advanced age owing to sustained antigenic stress over an individual’s
lifespan, there is a shift to a chronic, proinflammatory state as effector/memory
cells gradually replace naive cells, and expanded effector/memory T cells secrete
increased amounts of proinflammatory cytokines such as IL-6.°* Also, prolonged
survival appears to correlate with fairly well-preserved immune responses in the
very old,®* while decreased survival in a longitudinal study in a Swedish population
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was associated with the “immune cluster parameter” of impaired T-cell prolifera-
tive response to mitogenic stimulation, increased numbers of CD8+ cytotoxic/
suppressor cells, and low numbers of CD4+ T cells and CD19+ B cells.®®

B Cells

A decreased production of B cells with aging is well established in mice and likely to be
true for humans.®®%” This supports the notion that the distribution of B-cell subsets
present in the elderly differs from that of younger individuals. More specifically,
there is a transition from the presence of naive B cells to “antigen-experienced” B
cells.®® In mice, it appears that the functional ability to produce antibody remains
intact with aging.®® However, the quality of antibody produced with aging is lower;
i.e., the antibodies exhibit lower affinity and avidity for antigen.”® This observation
is likely explained by deficient somatic hypermutation, which is the typical mecha-
nism for enhancement of antibody specificity for antigen.”’

Pulmonary

Although there is considerable information concerning systemic immune responses
and how these change with aging, relatively little is known about compartmenta-
lized immune surveillance and innate immune responses in the lung. Studies in
normal human volunteers have shown a modestly increased number of lymphocytes
and neutrophils in bronchoalveolar lavage (BAL) fluid for healthy, never-smoking
elderly subjects vs. younger individuals.”>’* This was accompanied by a shift in
T-cell subsets and activation markers, increased immunoglobulin and IL-6 concen-
trations, increased alveolar macrophage oxyradical production, and a decline in
vascular endothelial growth factor concentrations.”*’® These changes may be
beneficial for immune surveillance and resisting infection, but they may also reflect
dysfunctional immunoregulation. Furthermore, these immunoregulatory changes
may contribute to age-associated changes in matrix components and the decrease in
elastic recoil and structural changes observed in the aging human lung.

Because the alveolar macrophage (AM) figures prominently in inflammatory
responses and pulmonary host defense, various aspects of AM function have been
evaluated in elderly populations and animal models. Examination of macrophage
populations in aged animals and in humans have suggested that aging is associated
with a decline in numerous macrophage functions that include the expression of
certain pattern recognition receptors such as TLRs, a reduced capacity for phago-
cytosis, decreased generation of nitric oxide, and impaired secretion of certain
cytokines and chemokines.”” Because TLRs are key receptors for macrophage
responses to pathogens and for the initiation of both innate and adaptive immune
responses, impaired TLR expression and function by the AM may play a key role in
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susceptibility to respiratory infections in the elderly. In addition to the demonstra-
tion that macrophages from aged mice have reduced TLR expression,** AM from
aged rats have been shown to have impaired NO production in response to conca-
navalin A as well as impaired TNF-a release upon stimulation by LPS that appeared
to be linked to altered protein kinase C activation and translocation.”®”® Although
little is known about the effects of advanced age on AM function in humans, Zissel
et al. have shown a decrease in human AM accessory cell function that correlated
with advanced age but could not demonstrate an effect of age on spontaneous
release of TNF-o,, TGE-B, or IL-6.%° Anti-inflammatory cytokine production by AM
in response to proinflammatory stimuli may also be impaired and may have
important consequences for resolution of inflammation induced by infection or
noninfectious injurious agents. Corsini et al. recently demonstrated that AM from
aged rats that were exposed to carrageenan displayed impaired production of IL-10,
which correlated with an accentuated inflammatory response in the lungs of aged
rats following carrageenan challenge when compared to young rats.®!

Lung Infections in the Elderly

The above-mentioned changes in the structural properties of the lung plus altera-
tions in immune function with aging are thought to contribute to the increased
susceptibility and increased severity of respiratory infections caused by bacteria
and/or viruses in the elderly (Table 5.2).

Community-Acquired Pneumonia

Pneumonia is a leading cause of morbidity and mortality in the elderly population.
Bacteria, especially Streptococcus pneumoniae, remain the pathogens that most
commonly cause pneumonia in the elderly; and community-acquired pneumonia
(CAP) caused by S. pneumoniae, H. influenzae, S. aureus, and enteric Gram-
negative bacilli occur more frequently in the elderly than in younger age groups.®
Aspiration pneumonia is often associated with S. pneumoniae, H. influenzae, or S.
aureus unless poor dentition is present, which increases the possibility of pneumo-
nia caused by anaerobic bacteria. Additionally, the elderly are more likely to have
colonization with Gram-negative bacilli, particularly if they reside in long-term
care facilities, and develop pneumonia associated with these organisms. The pres-
ence of diseases that alter lung structure such as COPD or bronchiectasis also
increase the likelihood of Gram-negative rods as a cause of bacterial pneumonia.
Viral pneumonias, although comprising a smaller proportion of lower respiratory
tract infections in the elderly, can have significant morbidity and mortality and
predispose the elderly individual to subsequent serious bacterial pneumonia.™
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Table 5.2 Pathogens associated with lung infections in the elderly

® Bacterial
— Streptococcus pneumoniae
— Hemophilus influenzae
— Staphylococcus aureus
— Pseudomonas aeruginosa
— Legionella spp.
— Enteric gram negative spp.
— Mycobacterium tuberculosis
e Viral
— Influenza
— Respiratory syncytial virus (RSV)
— Rhinovirus

Making the diagnosis of pneumonia may prove particularly difficult in the
elderly patient. Prominent respiratory symptoms and fever are frequently absent,
although mental status changes are relatively common.®* A chest radiograph, which
can be unremarkable in earlier phases of pneumonia, is nonetheless the most helpful
diagnostic test and may yield clues that suggest the more likely causative patho-
gens. Other tests such as blood cultures or sputum Gram stain and culture may
prove useful in patients who are ill enough to require hospital admission, but an
empiric approach to antibiotic therapy without extensive diagnostic testing is
currently advocated.®> Two key actions that can optimize outcome when treating
pneumonia in the elderly are recognizing which patients should be hospitalized and
expeditiously giving adequate antibiotic therapy with minimal time elapsing be-
tween diagnosis and the administration of an effective antibiotic.*®®” Extensive
diagnostic testing fails to reveal a specific etiology for CAP in approximately half
or more of patients, and delays in the initiation of appropriate therapy for diagnostic
studies may have an adverse effect on outcome. Diagnostic testing should be done
rapidly and not delay the initiation of empiric antibiotic therapy, and treating
physicians should always keep in mind the possibility of an atypical agent, such
as Mycobacterium tuberculosis or endemic fungi, as a cause of CAP.

Viral Infection

It is increasingly recognized that viral lower respiratory infections represent a
source of significant morbidity and mortality in the elderly, and estimates range
from 1 to 23% that CAP cases have a viral etiology.®® Furthermore, several viruses
have been identified as frequent or severe respiratory pathogens, including influen-
za, respiratory syncytial virus (RSV), and rhinovirus.

Influenza has a typical seasonal peak in early winter and a milder peak in early
spring. Influenza infection has a much greater impact on the elderly relative to other
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age groups, and estimates indicate that 85% of influenza-related deaths and 63% of
influenza-related hospitalizations in the US involve the elderly.89 Furthermore, it
has also been documented that influenza virus has been the cause of multiple severe
infectious outbreaks in long-term care facilities.”®

RSV has traditionally been considered a pathogen for children. However, it is
now recognized as an important pathogen in the elderly as well, and surveillance
data indicate that RSV infection occurs in 3-7% of healthy elderly individuals
which can progress to a pneumonia in 2-7% of infected individuals.”" It has been
shown in vitro that RSV infection of cells derived from elderly subjects is asso-
ciated with diminished Thl cytokine production, suggesting an impaired ability to
eradicate an RSV infection in the elderly.”?

Rhinovirus is the most common cause for the common cold in all age groups,
and rhinoviruses account for 25-50% of respiratory illnesses in the elderly. Inter-
estingly, there have been documented outbreaks of rhinovirus infections in long-
term care facilities resulting in significant morbidity.”>* Although rhinovirus is
typically considered an upper-airway pathogen, there are studies documenting the
migration of rhinovirus into the lung.””> However, lower respiratory tract rhinovirus
infection has not been systematically evaluated, and the prevalence of pneumonia
in the elderly caused by rhinovirus remains unclear.

Approach to Treatment and Prevention

Pneumonia

Antibacterial therapy for CAP is generally similar to that for younger individuals
and should be administered empirically on the basis of the presence of cardiopul-
monary disease (COPD, congestive heart failure), the presence of modifying factors
(nursing home residence, risk factors for drug-resistant S. pneumoniae, risk factors
for P. aeruginosa), and place of therapy (outpatient vs. hospital ward vs. intensive
care unit), which generally reflects pneumonia severity.*> Antibiotics should cover
S. pneumoniae, H. influenzae, S. aureus, and Gram-negative bacilli, and coverage
of atypical organisms such as Legionella must be seriously considered, especially in
patients with COPD and during summer. Additionally, the elderly are at increased
risk for drug-resistant S. pneumoniae as an etiology of CAP, especially if other risk
factors are present such as alcoholism, multiple medical comorbidities, treatment
with a B-lactam antibiotic within the previous 3 months, or immunosuppression.
The most common agent causing CAP remains S. pneumoniae, and isolates of
this bacterium have become increasingly resistant to various antibiotics on in vitro
testing.”® Drug-resistant S. pneumoniae (DRSP) are identified on the basis of
resistance to penicillin in vitro and can display in vitro resistance to many anti-
biotics including doxycycline, trimethoprim/sulfmethoxizole, macrolides, and
cephalosporins.”” However, antipneumococcal fluoroquinolones, vancomycin,
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ketolides, and linezolid are all active, although quinolone resistance may be in-
creasing.”””® Although high-dose B-lactam therapy is unlikely to result in clinical
failure in individuals with CAP without meningitis, CAP caused by DRSP
been associated with an increased incidence of suppurative complications such as
empyema.”

The emergence of resistance in other CAP bacterial pathogens is a major
concern.'®°! Nearly all isolates of Moraxella catarrhalis are now ampicillin
resistant, and up to half of Hemophilus influenzae isolates have become ampicillin
resistant. Infections with other agents such as Gram-negative bacilli or S. aureus
tend not to occur in community-dwelling elderly individuals who lack significant
comorbid diseases, but these organisms frequently cause severe infection in insti-
tutionalized or hospitalized elderly, who typically have significant comorbid illness
and are increasingly resistant to various antibiotics.

Antivirals

When infection with influenza A or B is considered as a cause of infection,
antineuraminidase drugs can be given such as amantadine and rimantidine, which
are effective for both chemoprophylaxis and treatment if such therapy can be
started within 3648 h of the onset of symptoms.g‘g’102 More recent data, however,
suggest that alternative antiviral therapy with oseltamavir or zanamivir, which only
have efficacy for influenza A and are more effective for treatment of influenza A but
must be initiated within 48 h of the onset of symptoms. Since influenza A is the
predominant component of the fall peak of influenza, and generally accounts for a
majority of influenza infections, the use of oseltamavir or zanamivir may be
appropriate at any time during “influenza season.”

Vaccinations

Interventions that prevent pneumonia are without doubt preferable to treatment of
pneumonia once established. Immune stimulation with vaccines to prevent respira-
tory infections caused by common pathogens can be safe, protective, and cost
effective. However, vaccine responses unfortunately tend to be attenuated in the
elderly because of waning humoral and cell-mediated immune responses.'®> None-
theless, vaccination of patients at risk for CAP with both influenza and pneumo-
coccal vaccines has been demonstrated to be both safe and effective,'®*!% and
other interventions such as cessation of cigarette smoking are also important.
Pneumococcal vaccine has been shown to diminish the risk of bacteremia in elderly
patients,'® and efficacy has been demonstrated in immunocompetent individuals
over age 65 years as well as in populations with increased risk (COPD, diabetes,
congestive heart failure, anatomic asplenia) for pneumococcal pneumonia.'®’-'%8
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However, vaccine-induced antibodies to pneumococcal capsular polysaccharides
tend to wane with time, particularly in the elderly,'® and revaccination with
polysaccharide pneumococcal vaccine, which appears to be safe, has been advo-
cated 5 years after the first dose for elderly individuals.'” Although guidelines
issued by various societies advocate for the administration of pneumococcal vac-
cine, the efficacy of currently used pneumococcal vaccines for the prevention of
CAP remains controversial.''

The influenza vaccine has been demonstrated to be effective in attenuating or
preventing illness in both elderly and younger populations and can prevent illness in
up to 90% of individuals under 65 years of age when the vaccine and circulating
influenza virus strain are matched.'® """ Although somewhat less effective in the
elderly, particularly in those with chronic illness, the influenza vaccine can still
attenuate influenza infection and prevent severe illness and death or subsequent
bacterial lower respiratory tract infections. Interestingly, there are data from multi-
ple studies to suggest that wide-scale influenza vaccination, particularly if children
in a given community are immunized, can have measurable benefit for the elderly in
preventing illness due to influenza.''*'"?

Conclusion

Elderly individuals are at increased risk for developing respiratory infections, and
this susceptibility has been linked to changes in lung structure and function that
occur with normal aging as well as changes in immune function. The presence of
comorbid conditions, such as congestive heart failure or neurologic dysfunction that
predisposes to aspiration, can greatly increase this risk. Empiric therapies to treat
suspected CAP in elderly patients should be instituted rapidly and cover potentially
resistant organisms. Vaccination, especially the administration of the influenza
vaccine, should be given to all elderly patients to protect against CAP.
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Chapter 6
Influenza in the Elderly

Caterina Hatzifoti and Andrew William Heath

Introduction

Influenza is a highly contagious upper respiratory tract disease caused by the
influenza (flu) viruses types A, B, and C. Worldwide, 20% of children and 5% of
adults develop symptomatic infections due to influenza A or B viruses each year.'
The virus causes asymptomatic disease as well as lung, brain, heart, kidney, and
muscle disorders and predisposes patients of all age groups to bacterial pneumonia.
Illness development depends on the patient’s age, pre-existing immunity, immune
competence, virus properties, smoking, and pregnancy. Rates of serious infection
and death are highest among people aged >65 years and people with serious
medical conditions. The virus is most commonly spread among humans by respira-
tory droplets containing virus via coughing and sneezing but can sometimes also be
transmitted directly to humans by avian or swine species.

Virology and Epidemiology

Flu virus is a member of the family Orthomyxoviridae and there are three types of the
virus A, B, and C, but only the first two cause widespread outbreaks. All types of
influenza viruses have segmented genomes (eight single-stranded segments of RNA)
enclosed within a lipid envelope derived from the host cell membrane (Fig. 6.1) and
show great antigenic diversity, mainly resulting from single but accumulating
nucleotide changes, known as antigenic drift. Mutation rates in RNA viruses such
as influenza viruses and HIV are much higher than in eukaryotes or DNA viruses
owing to the lack of repair mechanisms for RNA that exist for DNA replication.
Changes that replace entire genes through reassortment of RNA fragments in a
cell infected with two or more virus strains, a process called antigenic shift, are less
common, but can have a dramatic effect in enabling complete viral evasion of the
immune system (Fig. 6.2). Antigenic shift often results in worldwide epidemics, or
pandemics such as those that occurred in 1957 and 1968. Detailed molecular
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Fig. 6.1 Schematic structure presentation of an Influenza virus particle. (Courtesy of Dr. Paul
Digard, Pathology Department, University of Cambridge.) The outer surface consists of a lipid
envelope consisting of glycoprotein spikes of two types, hemagglutinin (HA) and neuraminidase
(NA). The inner side of the envelope is lined by the matrix protein and the genome segments are
packaged into the ribonucleoprotein (RNP) core (See Color Plates)

analysis of different flu strains is important for comprehending the evolution of
influenza pandemic viruses.

The two surface glycoprotein antigens, hemagglutinin and neuraminidase
(Fig. 6.1), are involved in flu virus attachment and pathogenesis, and it is largely
changes in these surface antigens through antigenic drift or shift that allow a new viral
strain to evade pre-existing immunity. Influenza B viruses have only 1 subtype of
hemagglutinin and 1 type of neuraminidase and therefore do not undergo antigenic
shift, whereas influenza A viruses have 15 different possible subtypes of hemagglutinin
(H1-H15) and 9 potential neuraminidase subtypes (N1-N9). Birds can be infected by
influenza A viruses with any combination of the 15 HA and 9 NA genes forming a
global reservoir of virus. While human and swine pandemic influenza viruses have so
far been largely restricted to a few surface antigens (H1, H2, H3, N1, N2; at least as far
as can be ascertained, which is going back only a century or so!), there are potentially a
large number of possible new surface antigen combinations that could arise and infect
humans. Itis thought that close association of birds, such as ducks, with mammals, such
as pigs, in agriculture allows coinfection with avian and mammalian influenza virus
strains, which occasionally leads to the production of a virus with different surface
glycopoteins which is still able to infect humans® (Fig. 6.2).

In recent years, there have been a number of outbreaks of variously shifted
strains that have so far, luckily, failed to transmit from human to human. For
instance, between May 1997 and early 1998, there were 18 confirmed human
cases of an H5N1 virus (similar to an avian strain that killed many thousands of
chickens) and 6 of those 18 cases were fatal.’ Overall, H5N1 virus has since this
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Fig. 6.2 Cartoon illustrating reassortment of influenza genes to produce a novel virus. Coinfec-
tion with a mammalian strain and an avian virus strain with different genes, including HA and NA,
results in a virus with many internal proteins encoded by the original mammalian genes, but with
new HA and NA derived from the avian strain. The new virus is able to replicate well in
mammalian cells and is able to evade immune responses generated against earlier circulating
strains. The rectangular blocks represent viral genes

chapter was prepared caused 79 human infections in Vietnam, Cambodia, and
Thailand, of which 46 were fatal.* The danger posed to the world should these
strains become capable of human to human transmission is obvious. During the
production of the final draft of this manuscript, news has emerged from WHO
indicating that the pattern of avian flu infections in northern Vietnam is now
consistent with human-to-human spread.

In nonpandemic years (that is, most of the time), epidemics of influenza mainly
occur during the winter months in temperate regions and are caused by drifted strains
of virus related to those that had circulated in previous years. These epidemics are, on
average, responsible for approximately 36,000 excess deaths annually in the United
States alone. An estimated 90% of these deaths occur in persons aged >65 years.’

The timing and magnitude of influenza virus activity is unpredictable, but using
efficient surveillance data, and assessing levels of activity in a timely manner using
defined ““threshold values,” epidemiologists can indicate when sufficient flu activi-
ty is occurring in a population to warrant the use of interventions such as the
prophylactic use of antiviral drugs.® Antiviral chemotherapy is discussed in the
section ““Antiviral Treatment.”

Symptoms and Related Illnesses

The incubation period for influenza is 1-4 days with an average of 2 days,’ although
cough and malaise can persist for more than 2 weeks. Adults typically are infectious
from the day before symptoms occur through approximately 5 days after illness.
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Uncomplicated influenza illness is characterized by the abrupt onset of constitu-
tional and respiratory signs and symptoms such as fever, myalgia, headache,
nonproductive cough, sore throat, and rhinitis.® These symptoms are of course
common to many viral infections, and respiratory viruses other than influenza are
known to contribute to lower respiratory tract complications and deaths in elderly
people during the winter months while producing symptoms very similar to those of
influenza virus infection. In 1997, Nicholson and colleagues9 studied the causes of
respiratory infections in elderly people living at home in Leicestershire, UK, and
concluded that 52% of the diseases were caused by rhinoviruses, 26% by corona-
viruses, 9.5% by influenza, and 7% by respiratory syncytial virus (RSV).

Complications in the lower respiratory tract can occur following influenza virus
infection in the elderly. The most common serious complication of influenza is
pneumonia, which may occur at the same time as the influenza-like illness or up to
2 weeks afterwards. Viral pneumonia accompanied by toxemia can develop within
24 h following the onset of influenza, usually influenza Type A infection. The
pneumonia is an interstitial pneumonitis with severe hyperemia and broadening of
the alveolar walls together with a mononuclear cell infiltration, capillary dilatation,
and thrombosis.'” The symptoms include tachypneoa, tachycardia, high fever, and
hypotension. Hypoxemia and death may follow between 1 and 4 days later. Initial
improvement in those who survive occurs 5—-16 days after onset of the pneumonia.
Generally, there are no lasting complications after severe influenza infection,
although a few patients develop a diffuse interstitial fibrosis accompanied by
impaired lung function.'”

Pneumonia and secondary infections, which commence after apparent recovery
from the influenza infection, are usually caused by a bacterial superinfection with
organisms such as Streptococcus pneumoniae, Staphylococcus aureus or Hemophi-
lus influenzae. Infection with S. aureus affects the lung by causing oedema,
hyperemia, hemorrhaging, consolidation, and formation of pus. When secondary
bacterial infections are associated with type A influenza viruses they can be
particularly harmful. During influenza A infections, there is apoptosis of leukocytes
recruited into the airways, resulting in reduced efficiency of bacterial phagocytosis
and destruction."' Many other immune functions may be compromised during
influenza virus infection, and influenza virus infection of epithelial cells has been
shown to directly enhance bacterial adherence to the cells.'

Antivirals and Influenza Vaccines for the Elderly

Flu hemagglutinin is the major component of current influenza vaccines and
neuraminidase is the primary target for antiviral drug activity. The receptor for
hemagglutinin is the terminal sialic acid residue on host cell surface sialyloligo-
saccharides, while the viral enzyme neuraminidase (sialidase) catalyzes the hydro-
lysis of sialic acid residues from sialyloligosaccharides. Most of the recently
developed anti-influenza drugs inhibit sialidase of influenza viruses A and B.



6 Influenza in the Elderly 117

Antiviral Treatment

Well-defined and validated antiviral drugs have proven to be curative in many
cases and have a critical advantage over vaccine therapy. Flu vaccines need to
be redesigned annually to immunize against particular strains or group of
strains, a process that can take several months. Chemoprophylaxis should be
considered for people at high risk during the time from vaccination until
immunity has developed, since antibody responses in adults develop approxi-
mately 2-weeks post vaccination.'? Prophylactic use of antiviral agents is also an
option for preventing influenza among persons with anaphylactic hypersensitivity
to eggs or other components of the influenza vaccine, or in “at-risk” individuals
(including those aged over 65) recently exposed to a person with an influenza like
illness, or for those same individuals during an epidemic. Indeed, the U.K. National
Institute for Clinical and Health Excellence (NICE) recently published guidelines
indicating that prophylactic postexposure use of ostelamivir (see below) is recom-
mended for use in at-risk groups in residential care during periods when the virus is
known to be circulating, or in unprotected at-risk people exposed to someone with
an influenza-like illness. Unprotected people in the cases above means people not
vaccinated since the previous flu season, or when the vaccine strain does not closely
match the circulating strains of virus, or during the period before the vaccination
takes effect.

Many experts consider that the best way of preparing for a flu pandemic (which
would likely occur in the absence of any appropriate vaccine) is to prepare a stock of
sufficient of doses of antiviral drugs, in order reduce the symptoms and possibly to
slow transmission of the pandemic strain for long enough to allow the development
and production of strain-specific vaccines. This policy has been adopted by a number
of countries; however, only a fraction of the approximately 30 million doses needed
in the UK are so far available. The most practical influenza medication is considered
to be Tamiflu (ostelamivir-phosphate) produced by Roche. Although Tamiflu is
available on the National Health Service (NHS) for treating high-risk groups, supply
may be limited.

Zanamivir and ostelamivir belong to the neuraminidase inhibitor group of antiviral
compounds and they are up to 84% (zanamavir) and 87% (ostelamivir) effective in
preventing laboratory confirmed influenza illness.'*'> Ostelamivir prophylaxis in
particular led to a 92% reduction in influenza illness among nursing home residents
during a 6-week study.'® Zanamavir is not recommended for treatment for patients
with underlying airway disease, since cases of respiratory dysfunction have been
reported after inhalation together with allergic reactions such as oropharyngeal or
facial edema.'” Administration of ostelamivir has presented with fewer side effects
such as nausea and/or vomiting'®'? and these can be controlled if the drug is taken
with food."?

Amantadine and rimantadine belong to another group of antiviral agents, which
prevent the symptoms of influenza A illness by blocking of the M2 ion channel and
altering optimal pH conditions to inhibit virus uncoating and replication. They are
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not effective against influenza B infection, since influenza B viruses lack the M2
protein. When used as prophylactic agent, amantadine can prevent illness while
permitting subclinical infection and development of a protective antibody response,
which does not interfere with the antibody response to the vaccine.””

Side effects related to amantadine and rimantadine are usually mild and stop
immediately after treatment, but serious side effects have been reported such as
central nervous system (CNS) symptoms, behavioral changes, hallucinations, agi-
tation, and seizures.?'** These more severe side effects have been observed among
older persons who have been taking amantadine as prophylaxis at a dosage of 200
mg per day>® and can be reduced by lowering the dosage of the drug.

A novel antiviral agent, NA cyclopentane inhibitor RWJ-270201 was shown to
have potent inhibitory activity against NAs of influenza A and B viruses and a
unique pattern of activity against resistant variants. It proved to be approximately
threefold more potent than zanamavir in inhibiting NA activity of A/HINI1 clinical
isolates, approximately fourfold more potent than zanamavir in inhibiting NA
activity of A/H3N2 clinical isolates, and approximately sixfold more potent than
ostelamivir carboxylate in inhibiting NA activity of influenza B virus clinical
isolates.?* To test the commercial prospects of the drug, phase III trials commenced
in North America and Europe in February 2000. RWJ-270201 significantly reduced
viral titers in infected patients during phase II studies, without causing any side
effects. Under a worldwide influenza collaboration formed in September 1998,
Johnson & Johnson has received exclusive worldwide rights to RWJ-270201.%

Antiviral chemotherapy (choice of drug, dosage, and duration of therapy) depends
on patient’s age, weight, renal function, health problems, and related medication and
should be taken only during the period of peak influenza activity in a community, in
order to be more cost effective and reduce the risk of the appearance of resistant viral
strains.”® In a laboratory (ferret) model of infection, resistance of influenza virus A/
LosAngeles/1/87 (H3N2) to amantadine was generated within 6 days, during a
single course of treatment, similar to the situation in humans.?’

Influenza surveillance information and diagnostic testing can guide treatment
decisions. Early diagnosis of influenza could theoretically reduce the inappropriate
use of antibiotics and exclude possible bacterial infections, which can produce
symptoms similar to influenza as mentioned in the previous section. Diagnostic
tests available for influenza include viral culture, serology, rapid antigen testing,
polymerase chain reaction (PCR), and immunofluorescence-based assays.*®

Current Influenza Vaccines

Flu vaccination has been a valuable means in protecting vulnerable groups such as
children, the elderly, and people with chronic respiratory, heart, renal diseases,
diabetes, and immunosuppression.

Current flu vaccines are generally produced from virus grown in fertile hens’
eggs and then inactivated by formaldehyde or B-propiolactone (whole-killed vac-
cine). Other variations consist of detergent split virus, in which the viral envelope
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has been disrupted using detergents (split vaccine), and purified hemagglutin and
neuraminidase antigens (subunit vaccine).??30

The Trivalent Inactivated Influenza (TIV) vaccine currently consists of two
influenza A strains (one H3N2, one HIN1) and an influenza B strain. It provides
some protection against influenza complications in the elderly including pneumonia
and death when given shortly before the beginning of flu season. Each year, the
vaccine is reformulated, based on assessment of which viruses have been circulat-
ing globally. Not surprisingly, protection appears to vary depending upon how
closely the challenge viruses are matched with the vaccine strains. A reduction of
61% in influenza-related deaths was seen when the vaccine and circulatory strains
were well matched and only 35% when they were not well matched.”’

Inactivated influenza vaccine administered to the elderly and other high-risk
groups for the year 2004-2005 contained the formaldehyde inactivated strains: A/
New Caledonia/20/99 (H3N2), A/Wyoming/3/2003 (H1N1), and B/Jiangsu/10/2003
(0.5 ml intramuscular dose). Common side effects of the vaccine found in less than
one in ten persons are redness, bruising around the injection site, sweating, fever,
headache, tiredness, or joint and muscular pain, but these symptoms usually disap-
pear within 1-2 days without treatment. In general, healthy people in the age group of
65—74 years present minimal systemic side effects and only a low incidence of local
side effects after influenza vaccination.”® Subvirion and purified surface antigen
preparations of the inactivated vaccine, as described above, are also available.

The vaccine can prevent hospitalizations, which constitute the principal direct
cost of influenza, and studies from a number of countries with differing healthcare
systems have shown vaccination of older and high-risk populations to be cost
effective.’® Vaccination of healthcare workers in nursing homes and hospitals is
also associated with a substantial decline in mortality among patients.”* The
Institute of Medicine recently produced a report on future vaccines,” which ranked
potential vaccines and vaccination strategies into four groups depending upon the
projected cost of the program per quality adjusted life year (QALY) saved. Influen-
za vaccination for one-fifth of the population per year (or once every 5 years per
individual) was put into the top group with the most favorable vaccines, those for
which a vaccination strategy would save money as well as QALYs.

While the trivalent influenza vaccine is approximately 70-90% effective in prevent-
ing illness in healthy younger people, in older populations protection can be as low as
30%,® with the average from a number of studies being around 50%.7~*° This low
efficacy of influenza vaccination in the elderly is of great importance, as this group
is among the most susceptible to the serious consequences of the infection.

Immune Responses in the Elderly

The reduced efficacy of influenza vaccines in the elderly mentioned in the section
“Current Influenza Vaccines” is attributed to immunosenescence, the deterioration of
immune responses to immunization, or infection associated with aging. Some ways in
which immune responses are impaired in the elderly are summarized in Table 6.1.
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Table 6.1 Summary of impaired immune responses in the elderly

Immunity Impact of aging Reference
component

Macrophages Decreased number, inefficient presentation of Ags to T cells, 4l

reduced phagocytosis, reduced generation of nitrous oxide and
superoxide, delayed wound healing, decline in TLRs, cytokine
and chemokine expression
NK cells Decreased proliferation, cytokine secretion, and CD69 expression  *2
Neutrophils Impaired chemotaxis, degranulation, and phagocytosis
Ag-specific T Altered clonal expansion, diminished ability to generate high
and B cells antibody titer

Naive, mature  Decreased number, reduced expression of MHC 11

43, 44
41

45

T cells

APC function  Poor hypersensitivity to allergens 46
(DCs, LCs)

TLRs Decline in the secretion of antimicrobial peptides and 47

pro-inflammatory cytokines

Abbreviations: Ag antigen; TLR Toll-like receptor; NK natural killer; MHC II major histocompati-
bility complex class II; APC antigen presenting cell; DCs dendritic cells; LC Langerhans’ cells

Innate Immune Responses

The initial site of influenza virus replication is thought to be the tracheobronchial
ciliated epithelium, but the whole respiratory tract may be involved. Pulmonary
infection is strongly related with mortality associated with influenza virus infection
either because of viral pneumonia or because of bacterial superinfection. Aging is
associated with a progressive decline in lung performance due to alterations in lung
parenchyma and elastic recoil*® and a decrease in tracheal mucus development*’
important for pathogen clearance. Lower sensitivity of the respiratory system to
acute disease and infection delays important clinical symptoms such as dyspnoea
and tachypnoea, which are important for diagnosis of influenza-associated diseases.

The first line of defense against pathogens, the innate immune functions of
macrophages, natural killer (NK) cells, and neutrophils, are impaired with aging
leading to lack of early protective immunity to influenza and bacterial infection,
thus making the elderly susceptible to viral and bacterial pneumonia and skin and
gastrointestinal tract infections.

Macrophages are present in the lungs as well as in other parts of the body and
function as pathogen scavengers by initiating inflammatory responses and phago-
cytosis to eliminate pathogens. Their adherence, opsonization, and phagocytic
ability have shown an age-related decline in several murine models.’>>' Expression
of the adhesion molecules VCAM-1 and ICAM-1 was delayed in the elderly® and
the wound healing process was found to be delayed in older humans and rodents™>
because of delayed re-epithelialization, angiogenesis, collagen deposition, wound
strength, and delayed infiltration of macrophages.
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Table 6.2 Mammalian Toll-like receptor activity

Receptor Ligand PAMP Known activation
cascades
TLR 1 Triacetylated lipoproteins Unknown

TLR 2 Lipoproteins, peptidoglycan (Gram-positive bacteria), MyD88-dependent TIRAP
lipoteichoid acids, fungal structures

TLR 3 Double-stranded RNA MyD88-independent
TRIF
TLR 4 Lipopolysaccharide membrane (Gram-negative MyD88-dependent TIRAP
bacteria), HSP60, mBD2, fungal structures MyD88 independent
TRIF/TICAM/TRAM
TLR 5 Flagellin MyD88-dependent IRAK
TLR 6 Diacetylated lipoproteins Unknown
TLR 7 Small synthetic compounds, immiquinod, MyD88-dependent IRAK
imidazoquinoline, ss RNA
TLR 8 ssSRNA MyD88-dependent IRAK
TLR 9 Unmethylated CpG DNA MyD88-dependent IRAK
TLR 10  None defined Unknown
TLR 11  Uropathogenic bacteria MyD88-dependent IRAK

Abbreviations: PAMP pathogen associated molecular patterns; TLR Toll-like receptor; MyD88
adaptor protein in the Toll IL-1 receptor family signaling; TIRAP Toll-IL-1 receptor domain-
containing adaptor protein; TRIF TIR domain containing adaptor inducing IFN-B; HSP 60 60-kDa
heat shock chaperonin protein; mBD2 mouse  defensin 2; TRAM thyroid hormone receptor
activator molecule; /RAK IL-1 receptor-associated kinase; CpG cytosine preceding a guanosine
pattern

Innate immune responses are frequently initiated via Toll-like-receptors (TLRs),
a set of conserved molecules that recognize pathogen-associated molecular patterns
(PAMPs) and endogenous proteins associated with danger and stress signals. Upon
TLR stimulation, a variety of antimicrobial peptides and proinflammatory cyto-
kines (IL-6, TNF-a, etc.) are synthesized to assist in the clearance of the invading
pathogen. The 11 TLRs recognized to date and their ligands, as well as their
signaling activation pathways that may be altered during aging, are summarized
in Table 6.2. Clearly, responses to viral infection are influenced by TLRs, such as
TLR-3. This receptor is constitutively expressed in human alveolar and bronchial
epithelial cells. Its ligand is double-stranded RNA, which is produced during
influenza and other viral infections, and its expression was found to be positively
regulated by the influenza A virus via the secretion of the cytokines IL-8, IL-6,
RANTES, and interferon-beta, and the upregulation of the major adhesion molecule
ICAM-1.>* In a recent study, Renshaw and colleagues*’ assessed TLR expression
on splenic and peritoneal macrophages of aged mice and concluded that decreased
expression and function of TLRs resulting from aging may partially contribute to
the increased susceptibility of the elderly population to bacterial, viral, and yeast
infections.

The secretion of cytokines such as IL-6, TNF-o, and chemokines such as MIP-
la, CCLS5 is also dysregulated in the aged population*’ (Table 6.1). Increased levels
of prostaglandin E(2) have been linked to suppression of IL-12 and class Il MHC
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expression on antigen presenting cells (APCs), an effect that can be reversed by
vitamin E supplementation.>® Both cytokine and chemokine molecules are involved
in immune responses to inflammation such as fever. Thus the poor inflammatory
response and the lack of presentation of clinical signs in the elderly may delay
diagnosis and may contribute to the higher mortality rates seen in older people.

Adaptive Immunity

In relation to the impaired innate immune functions mentioned above, humoral and
mainly cellular immune responses decline with age because of the limited genera-
tion of high-affinity, protective antibodies against pathogens and of thymus atro-
phy, respectively. The latter limits the quantity of naive T cells against infectious
agents and new antigens. Inefficient aged T-cell cooperation and limited production
of cytokines may lead to the decline in specific antibody responses. Frail, elderly
subjects exhibit a blunted and somewhat delayed type 1 T-cell response to influenza
vaccination, which is correlated positively with the reduced IgG 1 subclass and the
total antibody response.>® On the other hand, an imbalance in the production of pro-
and anti-inflammatory cytokines and the accumulation of CD8" CD28~ IFN-y
producing T cells in the aging immune system could diminish the likelihood of
elderly persons producing specific Abs of sufficient titer following influenza vacci-
nation.”” Also, an increase in self-reactive antibodies has been observed in older
vaccinated patients.>®

Influenza Vaccine Research and Future Prospects

Newer Methods of Inactivated Vaccine Production

The components of inactivated influenza virus vaccines are produced in embryo-
nated hen’s eggs and this presents some practical difficulties. First, the egg supply is
often limited, and eggs must be ordered a long time in advance. Secondly, many
people are allergic to egg proteins and therefore cannot receive the vaccine, and
thirdly, not all strains grow well in eggs, and therefore sometimes the virus strain
chosen for use in the vaccine is a compromise based upon antigenic similarity to
circulating strains and ability to grow in eggs. Because of these problems with egg
growth of the virus, there is interest in producing vaccine virus in tissue culture
cells.

Madin Darby Canine Kidney (MDCK) cells are widely used for the isolation of
the virus, and Vero cells derived from African green monkey kidney have been
recently authorized by the WHO for vaccine production.”® The safety and immu-
nogenicity of an MDCK-cell-grown influenza vaccine was confirmed in a phase 11
clinical trial %
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Another potential means of avoiding production in eggs would be to use a
recombinant subunit vaccine wherein components such as hemagglutinin and neur-
aminidase are produced in a heterologous system from cDNA introduced into the
expression vector. To this end, Baculovirus-based production of intact hemaggluti-
nin in insect cells has been demonstrated, and its immunogenicity has been proven.®’

Generating Broadly Cross-Reactive Responses

The selection of stable antigenic targets is critical in the design of an influenza
vaccine. To date, this area is somewhat under-researched, with the majority of
studies focusing on the HA and NA antigens. A universal influenza virus vaccine
that does not require frequent updates and/or annual immunizations would offer
significant advantages over current seasonal flu vaccines, including, of course,
protection against pandemic strains.

Influenza matrix protein, which lines the inside of the lipoprotein envelope
enclosing the virus RNA (Fig. 6.1), is a promising antigenic target. It is a multi-
functional protein that plays an important role in virus replication by regulating the
bidirectional transport of ribonucleoprotein (RNP) into and out of the nucleus,
inhibiting viral RNA polymerase activity by binding to RNP and mediating the
association of RNP with viral envelope glycoproteins on the inner surface of the
cytoplasmic membrane for virion formation and budding. Influenza-matrix-protein-
derived peptide GILGFVFTL was found to be 100—1,000 times more effective than
commonly used peptides in sensitizing HLA-A2" target cells to lysis by influenza-
virus-specific cytotoxic T lymphocytes.®*

The highly conserved M2 integral membrane protein encoded by influenza A
viruses has also been suggested as a potential antigen for a universal vaccine. M2
protein possesses an ion channel activity that is required for efficient virus entry
into host cells. The M2 cytoplasmic tail, in particular, plays a role in infectious virus
production by coordinating the efficient packaging of genome segments into influ-
enza virus particles.®?

Synthetic peptides of M2 extracellular domain conjugated to keyhole limpet
hemocyanin or Neisseria meningitidis outer membrane protein complex were found
to be highly immunogenic in mice, ferrets, and rhesus monkeys and were able to
confer protection against lethal challenge with either HIN1 or H3N2 virus in
mice.*% Disappointingly, antibody induced by the M2 vaccine did not cross-
react with the HSN1 virus, which could be related to the next pandemic strain.®’

Another conserved influenza protein, the nucleoprotein (NP), may be a poten-
tially valuable vaccine because of its cross-reactivity against even distantly related
virus subtypes. This antigen in combination with small amounts of IL-2 was shown
to induce strong proliferation of resting CD4* and CD8" T cells from young and
elderly donors.®®

Antigen delivery systems can influence the immune response quantitatively as
well as qualitatively and the route of administration might drastically affect the
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success of a vaccine. In the case of influenza, antigen delivery can be critically
important, as it might be necessary to stimulate substantial levels of mucosal
immunity, which is considered helpful in protection against mucosal infections,
in the absence of side effects. New improved intervention strategies through
immunization and/or vaccine delivery are therefore needed to reduce morbidity
and mortality in the elderly due to influenza and related complications and provide
adequate protection during influenza virus epidemics.”

Live Attenuated Vaccines

The intranasal vaccine FluMist, a cold-adapted, live-attenuated, trivalent influenza
virus vaccine (LAIV) developed by Medlmmune was approved by the U.S. Food
and Drug Administration on June 17, 2003 only for administration to healthy
persons aged 5-49 years.>> The “cold adaptation” process encourages replication
in the nasal passages to induce immunity but restricts replication in the increased
temperatures of the lower respiratory tract and lungs.®’ Live attenuated virus
vaccine has perceived advantages over killed vaccines in that administration is by
the intranasal route. This may be considered preferable to injection by vaccines, and
these vaccines may generate stronger mucosal-cell-mediated immune responses
than conventional killed vaccines. FluMist’s role in the general prevention of
influenza is yet to become clear, and there have been some problems associated
with distribution, as the vaccine had to remain frozen. In order to circumvent this
problem, a next-generation live vaccine was recently produced by MedImmune
named CAIV-T, assessed in clinical trials and shown to be immunogenic and safe in
healthy and at-risk populations.®’

Preclinical Vaccine Research and Development

Other methods of mucosal vaccine delivery have been investigated including the
use of heterologous viral systems. In a recent report, Abe and colleagues® demon-
strated protection against lethal influenza virus infection in mice immunized intra-
nasally with a recombinant baculovirus expressing the hemagglutinin gene of the
A/PR/8/34 (HIN1) flu virus. Protection was later linked to activation of immune
cells by bAcNPV via the Toll-like receptor 9 (TLR9)/MyD88-dependent signaling
pathway.®® Similar to these findings, vaccination with influenza virosomes has
shown to elicit high titer of influenza-specific antibodies and T-helper cell and
cytotoxic T-cell responses against encapsulated antigens due to the intrinsic adju-
vant activity of virosomal formulations.”®

Improved cell-mediated immune responses have long been considered a
desirable attribute of influenza vaccines. Novel pH-triggered microparticles
encapsulating a model MHC class I-restricted peptide Ag from the influenza A
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matrix protein were efficiently phagocytosed by human monocytes and dendritic
cells, and led to increased antigen presentation and primed CTL responses with
minimal cellular toxicity and no functional impairment.”’

As described above, TLR stimulation may be important in immune responses to
vaccines and is certainly important in the action of adjuvants designed to enhance
vaccine responses. TLR expression and function may also decline in older people.*’
Binding of the cell surface protein CD154 on activated T cells to CD40 on B cells,
dendritic cells, macrophages, and other cell types leads to B-cell activation, prolif-
eration, and antibody production independently of Toll receptor recognition and
signaling. We have described work showing that conjugates of anti-CD40 mAbs
with antigens are very potent immunogens’>’> and we have recently observed that
CD40 adjuvant conjugates with influenza virus antigens were successful in induc-
ing specific anti-influenza antibody and cellular responses.”*

Similar approaches have been employed with anti-CD40 mAb and liposomally
encapsulated nuclear protein peptide NP366-374, corresponding to a CTL epitope
on NP. Intranasal immunization of this formulation effectively induced mucosal
immunity to reduce virus replication in the lung, suggesting that anti-CD40 mAb
also functioned as a mucosal adjuvant through MHC class I- and class II-dependent
pathways.”

Another interesting approach compared the immunogenicity and safety of a novel,
interleukin-2 (IL-2)-supplemented trivalent liposomal influenza vaccine (INFLU-
SOME-VAC) with that of a commercial trivalent split virion vaccine in community-
residing elderly volunteers of a mean age 81 years. At 1-month post vaccination,
hemagglutination inhibition for the A/New Caledonia (HIN1) and A/Moscow (H3N2)
strains was significantly higher in the INFLUSOME-VAC group. INFLUSOME-VAC
also induced a greater anti-neuraminidase (NA—N2) response without the detection of
IL-2 antibodies and no increase in anti-phospholipid IgG antibodies, while the adverse
reactions were similar in both the liposomal and split virion vaccine.’

Similar delivery systems developed for mucosal immunization include immune-
stimulating complexes (ISCOM), cage-like structures about 30—40 nm in diameter
composed of glycosides, cholesterol, immunizing protein antigen, and phospholi-
pids. ISCOM influenza vaccines have been shown to be more immunogenic than
conventional vaccines in humans’® but failed to protect monkeys against distant
drift variants of influenza A (H3N2) viruses.”’

Conclusion

The combination of vaccination with new antiviral agents in high-risk groups can be
powerful tools in the fight against influenza. However, emphasis must be given to
improvement in the efficiency of use of these tools. Influenza vaccination levels
should hopefully continue to increase owing to greater acceptance of preventive
medicine by physicians, increased administration of the vaccine by healthcare pro-
viders other than practitioners, and new information regarding vaccine effectiveness,
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cost effectiveness, and safety.”® The Advisory Committee on Immunization Prac-
tices (ACIP) in the US recommends using strategies to improve vaccination levels
in the elderly, including using reminder/recall systems and standing order pro-
grams.”® They recommend that inpatient influenza immunization programs are
practiced to target high-risk, hospitalized individuals >65 years who might other-
wise have not received influenza vaccination.®® Additional strategies are also
needed to achieve the Healthy People 2010 objectives among all racial and ethnic
groups, since vaccination levels among blacks and Hispanics lag behind those
among whites.®'
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Chapter 7
Changes in Oral Microflora and Host Defences
with Advanced Age

Rimondia S. Percival

Introduction

It is now well established that the demographic structure of the ageing population in
industrialized countries is changing with increasing numbers and proportions of elderly
people aged 60 years and over. For example, in Europe 20% of the population is aged
more than 60 years and this is predicted to increase to 25% by 2020.! In China, the most
populous country on earth, numbers of individuals of 60 years of age and over will
increase from 17 million estimated in 1982 to nearly 300 million by the year 2025.>

Infectious diseases are an increasingly important problem as the elderly population
increases. Understanding their aetiology should assist in reducing prevalence of these
diseases in the elderly and contribute to better treatment. Research efforts must
therefore be focused on the effects of ageing on the relationship between infection
and physiological changes in the host and on natural resistance to infection. This also
includes determining the effect of the ageing process on the oral environment.

In addition to the increased number of elderly, it is evident that the proportion of
dentate elderly individuals is increasing. The adult dental health survey of 1998°
showed that 44% of English adults over 75 years retained some of their natural
dentition and around 10% of this age group had more than 20 natural teeth. With
increased retention of teeth into old age, the risk of diseases of the mouth and teeth
is also enhanced. The association of poor oral health and systemic disease requires
better understanding, and a more concerted research effort is required into the
ageing process in relation to oral biology in order to identify risk factors that
are associated with various disease states. Potentially, such research could reduce
the number of aged individuals acquiring such diseases.

However, there are various problems associated with studies attempting to
correlate the effect of the ageing process on the stability of the oral microflora.
Many characteristics of the ageing population have to be taken into consideration,
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for instance, it is known that chronological age does not necessarily correlate with
physiological age.* Furthermore, genuine age-related changes may be obscured by
complicating factors such as disease and the use of medication, which increase in
the elderly.” Other factors such as dental status, e.g. denture wearing, dietary habit,
and salivation, can also influence age-related changes.

The aim of this chapter is to describe age-related effects on the oral environment
and the consequent impact on the resident oral microflora along with a brief
discussion of associated salivary host defence factors.

Overview of the Oral Environment

The oral cavity comprises a series of different environments such as the teeth,
mucosal surfaces, and gingival crevice. The presence of soft shedding (mucosa) and
hard non-shedding (tooth) surfaces is a distinctive feature of the mouth. Micro-
organisms flourish in the oral cavity and display remarkable tropism for different
environments. The hard tooth surface provides sites colonized by microorganisms
below (sub-gingival) and above (supra-gingival) the gingival margin whereas the
mucosal surface is an environment characterized by continual desquamation of
epithelial cells with rapid turnover of microorganisms.

The oral surfaces are also constantly bathed by two important physiological
fluids, saliva and gingival crevicular fluid, both essential for the maintenance of oral
ecosystems by providing water, nutrients, adherence, and antimicrobial factors.®
The epithelial surfaces of the lips, cheeks, palate, and tongue are bathed in saliva,
are intermittently exposed to dietary nutrients, and provide relatively aerobic
environments.” Streptococcus spp. (S. salivarius and S. mitis) and Veillonella spp.
are the predominant species of the tongue; other major members of the tongue also
include the Gram-positive filamentous bacteria Actinomyces spp.>® Obligately,
anaerobic bacteria can also be recovered, including periodontal pathogens species
such as Porphyromonas gingivalis, Treponema denticola, Actinobacillus actino-
mycetemcomitans, and Prevotella intermedia.'®™" Similarities between the micro-
flora composition of the saliva and the dorsum and the lateral surfaces of the tongue
have been reported. 14

The supragingival and subgingival environments on teeth differ in that the
former is bathed in saliva, is essentially aerobic, and predominantly colonized by
Gram-positive facultative anaerobic bacteria, for example, Actinomyces spp. and
streptococci,'” whereas the latter is bathed in crevicular fluid, is essentially anaero-
bic, and is mainly inhabited by Gram-negative bacteria including Fusobacterium
spp., Treponema spp., small numbers of A. actinomycetumcomitans and black-
pigmented rods.'¢™'®

The teeth in the oral cavity provide several different surfaces which enable
colonization by distinct microbial communities and the development of hard-tissue
biofilms. In the fissures and at the margins of fillings, where mechanical entrapment
of bacteria and food remnants occur, colonization by aciduric (acid-tolerating)
bacteria is favoured and mutans streptococci are prevalent.'”?® The areas between
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adjacent teeth (approximal) and the gingival crevice afford protection from adverse
conditions in the mouth and support anaerobic microbial populations. Smooth
surfaces of the teeth are more exposed to environmental factors and are only
colonized by a limited number of bacterial species that are more adapted to such
extreme conditions.*

Changes in Oral Microflora with Age

Microflora in the Young

At birth, the human mouth is predominantly edentulous and sterile, but about 8 h
after birth there is a rapid increase in the number of detectable organisms.?'~?
Microorganisms from the infant’s surroundings, which establish a more or less
permanent residence in the oral cavity, are known as the normal or indigenous
flora.? The composition of the microflora varies considerably for the first few days
of life. However, certain species can be detected during this period such as
streptococci, lactobacilli, and staphylococci, but in lower numbers than in adults.
The most commonly detected species present from 8 h after birth is S. salivarius,
which is normally resident on the tongue and constitutes about 25% of the
total cultivable streptococci.”’** These studies have also reported the absence
of Candida and some anaerobic species, such as Veillonella, Prevotella, and
spirochaetes, from edentulous infants.

A longitudinal study”* has shown the increased prevalence of Veillonella species
and Prevotella melaninogenica within the first 2 months of life, whereas Fusobac-
terium nucleatum, Porphyromonas catoniae, non-pigmented Prevotella species,
and Leptotrichia spp. were more frequently detected after 1 year. Veillonella and
A. odontolyticus were also more frequently detected in the oral cavity of 1- and 3-
month-old neonates.”

With the application of advanced methods, such as Checkerboard DNA-DNA
hybridization,”® polymerase chain reaction (PCR), and PCR-based denaturing
gradient gel electrophoresis (PCR-DGGE techniques),”’° microorganisms
present in low numbers or those difficult to culture have been detected. As a result,
it has been possible to detect periodontal pathogens and other species, including
Streptococcus mutans, S. sobrinus, Actinomyces species, Campylobacter rectus,
Fusobacterium nucleatum, P. intermedia and P. gingivalis, at a very early age in
both pre-dentate and dentate children aged 6-36 months.***!' Tannerella forsythen-
sis (formerly Bacteroides forsythus) was also detected in children aged 18-48
months.*?

One of the major changes in the oral environment that occurs around the age of 6
months is the eruption of teeth. The presence of teeth provides hard surfaces for
attachment and colonization by microorganisms adapted to this niche, such as S.
sanguinis, S. mutans, and Actinomyces naeslundii genospecies 2 (formerly A.
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viscosus), which become regular inhabitants of the dentate mouth.®2'?2 As the
infant grows, continual exposure to microorganisms normally indigenous to the
adult oral cavity and the presence of erupting teeth facilitate the accumulation of
dental plaque with increasingly complex oral microflora. The increased frequency
of isolation of species such as Fusobacterium and Actinomyces has also been
reported after tooth eruption.”®** Throughout childhood, the bacterial population
continues to increase, and further development is dependent on the frequency of
introduction of organisms and the conditions present in the oral cavity.

The isolation frequency of strictly anaerobic bacteria such as Prevotella species
increases with age from between 18 and 40% at the age of 5 to over 90% by 13-16
years of age.”! An increased isolation frequency with age was also observed for
spirochaetes. Similar studies have also reported an increased isolation of Prevotella
and spirochaetes in children between the ages of 11 and 14 years®* and in children
aged 14 and 15 years.”

The increased prevalence of Prevotella species may be associated with elevated
hormone levels, as was observed in puberty*®>’ and in pregnant women®** A
direct relationship between increased prevalence of P. intermedia in pregnant
women and increased levels of oestrogens and progesterone in plasma has been
demonstrated and attributed to hormones supplementing the menadione require-
ment of the bacteria.*® Other studies, however, were unable to detect any relation-
ship between hormone levels during puberty and pregnancy and the prevalence of
black pigmented anaerobes.*'**

Microflora in the Elderly

The established resident microflora of the oral cavity remains relatively stable over
time (microbial homeostasis) and lives in harmony with the host throughout life by
means of the influences of specific and innate host defences.*® The resident
microflora supports the immune system in providing resistance to colonization by
exogenous pathogenic microorganisms. However, the microflora can also act as a
reservoir of potentially pathogenic bacteria, which may then express their pathoge-
nicity when there is a perturbation of this stable relationship. The disruption of the
stable relationship between the adult and its indigenous microflora can be due to
changes in the host resulting in the breakdown of homeostasis,*’ and as the adult
ages several physiological changes take place that can cause variability in the oral
microflora.

Various studies have attempted to correlate changes in the composition of the
oral microflora with age; however, there are several difficulties associated with the
design of such studies. There is difficulty in distinguishing sub-groups: for example,
the definition of elderly, the healthy, the sick, the housebound, or institutionalized.
Ideally, for assessment of genuine age-related effects, individuals in a population
group have to satisfy certain minimum requirements, such as number of teeth,
absence of dentures and active disease, and no recent history of medication. Such
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requirements can be easily satisfied in a young study population, but are dispropor-
tionately represented in elderly individuals.

Age-Related Direct and Indirect Effects on the Oral Microflora

As the individual ages, a variety of related changes occur in the oral cavity. In the
following sections, some of these changes, with direct or indirect impact on the
composition of the resident oral microflora, will be discussed and reviewed in
detail. Discrepancies reported often reflect differences in status and characteristics
of the elderly population included in the study.

Tooth Loss and Denture Wearing

With increased age, increased loss of teeth can dramatically change the oral ecology
and lead to the elimination of some types of oral bacteria due to the lack of a
suitable habitat, such as tooth surfaces and subgingival sites.”’ The loss of teeth
results in a marked reduction, or total elimination, of spirochaetes, as well as in a
reduction of lactobacilli, S. mutans and S. sanguinis, due to lack of surfaces for
colonization.?” The importance of tooth surfaces for colonization by mutans strep-
tococci has been reported, and it has been shown that their levels in saliva were
significantly related to the numbers of teeth.** In an early study,?' complete loss of
teeth resulted in a reduction of black-pigmented obligate anaerobes (of the genera
Porphyromonas and Prevotella) that are generally found in periodontal pockets.
More recent studies have detected the presence of obligate anaerobes in saliva of
geriatric edentulous subjects in the age ranges 61-71, 44-91, and 5275 years.*~**
However, in some of these studies the enhanced prevalence of black-pigmented
obligate anaerobes in the elderly may have been primarily due to either the presence
of dentures or oral implants,*>*®* or elderly subjects with periodontitis.*’

In industrialized countries with improved oral health, there are increasing
numbers of elderly individuals retaining some of their natural teeth. Consequently,
one of the major dental problems facing this population is root caries. Various
studies have indicated the increased prevalence of root caries among the elder-
ly.>%5! The increased incidence of root caries was directly related to either high
salivary mutans streptococci and yeast counts™ or S. sobrinus counts,’* while in an
elderly Chinese population Actinomyces spp., Lactobacillus spp., Streptococcus
spp., and Candida dubliniensis counts®>>* were related to the increased incidence
of root caries.

The prevalence of denture wearing also increases significantly with age.”
Placement of dentures will not only influence the total numbers of oral microorgan-
isms but also influence the prevalence of particular species.”> The presence of
dentures restores the solid retention surfaces required for colonization and growth
of microorganisms, and bacteria such as S. mutans and lactobacilli can re-establish
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growth in the oral cavity up to the levels found in dentate mouths.*** Insertion of
dentures also increased the regular recovery of Staphylococcus aureus both in
healthy subjects®’ and in institutionalized elderly subjects.’® Gram-negative bacte-
ria, for example, enterobacteria, were also more frequently isolated from the mouth
when dentures were present.”’ "

Denture plaque can also act as a reservoir of potential respiratory pathogens and
facilitate colonization of the oropharynx and subsequent aspiration pneumonia in
dependent elderly subjects. An approximate 68% similarity between microbial flora
colonizing dentures and the pharyngeal mucosa has been reported,’®®' which
suggests that the elderly may have a high level risk of contracting an opportunistic
infection. However, the insertion of dentures has a more noticeable effect on the
prevalence of some species than others; for example, the presence of dentures in the
elderly significantly enhanced the growth of yeasts, with Candida albicans being
the most prevalent species.”’%*?"°® This increased prevalence was attributed to the
tendency of Candida to adhere to denture material.®” In a recent study, the first
isolation of other Candida species such as Candida pararugosa from the oral cavity
of systemically healthy denture wearers was reported.®® In contrast to these studies,
very low numbers of Candida were detected in a limited study group consisting of
five geriatric (age range 66—71 years) denture wearers.*®

The increased prevalence of Candida in the mouth of elderly people may be due
to changes in local environmental conditions, such as the restriction of salivary flow
underneath dentures. In particular, full upper dentures reduce the mechanical
washing action of saliva and diminish the inhibitory effect of salivary antimicrobial
factors on yeast colonization under dentures.®> The increased presence of higher
numbers of mutans streptococci and lactobacilli in elderly denture wearers has also
been reported.**"-°>% The presence of dentures may result in a decreased pH®
and slow down oral sugar clearance’” in the elderly, both of which will generate a
more cariogenic environment. Prolonged conditions of low pH in plaque favour
selection of aciduric microorganisms.”' Overall, there is some agreement that in
healthy, independent elderly individuals, irrespective of tooth loss or denture
wearing, the carriage of aciduric microorganisms and yeast may indeed be a
function of a genuine ageing process.’>

Salivary Flow Rates

Numerous findings on the properties and secretion of saliva and histological studies of
salivary glands have revealed age-related changes in the structure of these glands and a
diminished secretory reserve capacity.”>~’’ The effect of ageing on saliva flow still
remains unclear since conflicting observations exist in the literature (Table 7.1).
Age-related reductions in secretion of both resting”®®! and stimulated>”*** whole
saliva have been reported. A decrease in salivary secretion rates with age has also
been observed in stimulated parotid,”® resting and stimulated submandibular®® and
resting®®> and stimulated®®*” minor glands. On the other hand, an age-related
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Table 7.1 Summary of reported age-related changes in human salivary flow rates

Saliva secretion type Effect of increased Age range (years)
age on flow rate and reference

Whole

Resting Decrease 20-83,7 18-83,77 20 to
>80,% 18-90*'

Stimulated Decrease 18-83,7° 18-90 only women,*?
55 to >85°

Resting No effect 21-93%7

Stimulated No effect 35-74%8

Parotid

Stimulated Decrease 20-837%

Resting No effect 23-81%°

Stimulated No effect 23-81,% 20 to >80,% 27-97,%
26-90"°

Submandibular

Resting and stimulated Decrease 27-97%

Resting and stimulated No effect 26-90"°

Minor glands

Resting Decrease 17-81,34 18-74%

Stimulated Decrease 17-76,%0 21-93%7

Resting and stimulated No effect 20-55,%!

decline was not observed in other studies of resting®’ and stimulated®® whole
salivary flow rate. Age effects were also not observed in other studies on resting®’
and stimulated®***8%% parotid salivary flow and in resting and stimulated subman-
dibular saliva flow” and from minor salivary glands flow.”" The controversy
regarding the effect of ageing on salivary flow rates may have resulted partly
from differences in experimental design, for example, selection of institutionalized
or non-institutionalized population, or even inclusion in some studies subjects on
systemic medication.

Sometimes, functional disturbances of the salivary glands can cause a reduction
in salivary flow rate, such as the prevalence of xerostomia, which increasingly
occurs (up to 30%) in aged populations of 65 years and over.’” Insertion of dentures
also may have an effect on whole and palatal salivary flow rates.”? Hormonal levels
in women of post-menopausal age”*°> and gender differences (females generally
have smaller salivary glands than males) can all cause variations in salivary flow
rates.”® Moreover, there is wide variation in salivary flow between individuals,97
and the ageing process may also have variable effects on different glands; for
example, it has been suggested that the parotid gland is less sensitive to ageing
compared to submandibular glands.®!

Nevertheless, it may be concluded that, although many factors can influence
salivary flow in the elderly, increased age generally correlates with reduced flow
from most salivary glands. This will inevitably have an effect on the resident oral
microflora. A number of studies have reported that diminished salivary flow rates
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result in reduction of buffering capacity and access of antimicrobial substances.
This creates an oral environment favouring the increased colonization of oppor-
tunistic pathogens, such as yeasts, and a microflora associated with the progression
of caries, e.g. mutans streptococci and lactobacilli.”®*%%71%1 Such effects are
therefore likely to increase in an ageing population.

Oral Hygiene, Medication, and Systemic Disease

Oral hygiene habits in elderly populations are regarded as important for the
maintenance of oral health and of a microflora that is compatible with a healthy
mouth. Since the mouth is a major entrance to internal organs, this will consequent-
ly also contribute to overall health and well-being, particularly in the elderly.'%* In
an elderly population oral hygiene standards are low and regarded as a major caries
predisposing factor that can lead to higher ratios of decayed tooth surfaces and the
development of low-pH niches that favour the growth of yeasts and higher numbers
of mutans streptococci.®”'*1% Poor denture cleanliness has also been reported to
correlate with high levels of yeasts and denture stomatitis.'**'?” Increased carriage
of Gram-negative bacilli in the hospitalized elderly has also been demonstrated.'*®
Elderly hospitalized patients with dentures and reliant on nursing assistance often
have poor oral hygiene,'” and increased isolation of methicillin-resistant S. aureus
(MRSA) and coagulase-negative S. aureus, Pseudomonas aeruginosa, E. coli, and
Veillonella spp. has been reported from those patients compared with independent-
ly living individuals.''%!"!

There is increased use of medication by elderly people; for example, mean
numbers of drugs taken per day were shown to increase from 0.9 to 2.4 in 85-
year-old subjects.” Dry mouth is often a side-effect of many of the estimated 430
pharmaceutical products used by the elderly population. Some of these drugs will
decrease salivary flow rates and/or alter salivary composition.®>'°""!'> Combined
medication and psychological effects resulting in hyposalivation and subjective
oral dryness have also been reported.''* Lower salivary secretion rates of major and
minor salivary glands in the elderly resulting from the use of medication has been
shown to affect the oral microflora, with increased counts of yeasts, lactobacilli, and
mutans streptococci.” %> 1147116 [t has also been reported that medication contain-
ing sucrose can increase numbers of mutans streptococci, lactobacilli, and yeasts in
elderly subjects.'"”

Systemic disease can influence the composition of oral microflora in elderly
subjects; for example, primary Sjogren’s syndrome, which affects both salivary and
lachrymal gland functions,''® results in a marked reduction in both unstimulated
and stimulated parotid and submandibular salivary flow rates. With increased age,
the risk of cancer rises and the combined effect of irradiation and cytotoxic therapy
and xerostomia induced by cytotoxic treatment have all been found to affect the
composition of oral microflora. A reduction (66%) in salivary flow rate has been
reported in a bone-marrow-transplant patient leading to increased prevalence of
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cariogenic bacteria.''® Cytotoxic therapy has also resulted in increased carriage of
yeasts.'?* Hyposalivation due to partial or total destruction of major and minor
salivary glands'®*'?! (caused by radiotherapy of head and neck regions of cancer
patients) resulted in a marked increase in the prevalence of S. mutans, Lactobacillus
spp., and C. albicans.'"**'** Various studies have also reported the increased
isolation of yeasts, enterobacteria (e.g. Klebsiella spp., Escherichia coli, Pseudo-
monas aeruginosa), coagulase-positive staphylococci, Prevotella, Porphyromonas,
Veillonella, and Fusobacterium spp. from debilitated and hospitalized elderly
patients with oral carcinomas, advanced cancer, and bone marrow trans-
plant, 108124127

Overall, the data suggest that in the elderly oral health, disease, hospitalization,
and medication can all have a profound influence on the oral environment and
lead to changes in the oral microflora, particularly with increased isolation of
Gram-negative bacilli. However, these effects were generally not apparent in
un-medicated healthy ageing populations.”’”>

Dietary Habits and Malnutrition

The maintenance of microbial homeostasis in the oral cavity is dependent upon diet,
which can be modified with advancing age. While masticatory performance is
usually not affected by the ageing process,'?® other changes such as loss of teeth,
presence of dentures, reduced salivary flow rates, chewing ability, and medication
will all lead to difficulty of eating various types of food. Consequently, this will lead
to adaptation of dietary intake. It has been shown that the intake of some nutrient-
rich foods declined in edentulous and denture-wearing elderly subjects and the ease
of eating various types of food was dependent on the number of teeth present.'?'°

This dietary adaptation will mean avoidance of hard and coarse foods, such as
fruits, vegetables and meats, which are good sources of vitamins and miner-
als,”*""'3? and will lead to a preference for softer and easy-to-swallow foo
Such a restricted diet will result in increased prevalence of nutrient and mineral
deficiencies among the elderly and also a reduction in serum albumin levels,
regarded as an indicator of good health."*""'3* It has been reported that the lack of
minerals such as selenium and zinc can contribute to immunodeficiency in the
elderly.'* Poor nutrient intake and malnutrition have been shown to impair the
immune responses and make the elderly more vulnerable to common and opportu-
nistic infectious diseases.'*®!’

Dry mouth-associated eating and swallowing problems among elderly indivi-
duals can inhibit intake of fibre-rich foods, restricting the elderly to a soft and
carbohydrate-rich diet.'*® Sugary drinks and sweets used to ease the discomfort of a
dry mouth are another source of carbohydrate substrate which will also sustain the
growth of yeasts.'*” In the elderly, the frequency of daily carbohydrate intake
increased with age, from five events in those aged 55 years to six or more times a
day in those aged 85 years.””

133
d.
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Table 7.2 Summary of age-related effects on oral microflora

Factors Effect on oral microflora Reference

Y MS LB ST G-AB ANs
Loss of teeth [ | _ _ vV 21,22, 44-48
Denture wearing T 1 1 1 1 _ 44, 56-59, 62-66
Salivary flow rates T 1 - _ _ 5, 63, 69, 98-101
Oral hygiene T 1 7 i 1 _ 69, 103-106, 110, 111
Medication T 1 _ 1 1 5,59, 95, 114-116
Systemic disease T 1 1 1 1 1 108, 119, 120, 122-127
Dietary habits and malnutrition T T T — 1 _ 5. 16, 52, 59, 69. 73, 103,

117, 139, 140

Y yeasts; MS mutans streptococci; LB lactobacilli; ST staphylococci; G-AB Gram-negative aerobic
bacilli; ANs anaerobes; T increase observed; V variable effect observed; | decrease observed; — no
effect observed

As discussed earlier, numerous studies have demonstrated that the frequent
consumption of high-sucrose diet enhances the development of more
cariogenic microorganisms, including mutans streptococci and lactoba-
cillj, > 16326973103 117.190° A positive correlation between salivary levels of mutans
streptococci, lactobacilli, and yeasts and the number of snacks per day in dental
patients of 55 years and over has also been reported.*' In contrast, an increased
prevalence of aerobic and facultatively anaerobic Gram-negative rods and yeasts
was recorded in ageing vegetarian Buddhist monks 27-96 years old.”

These studies highlight the influence of the ageing process on the relationship
between dental status, diet, and nutritional status in the elderly and emphasize the
need to implement a well-balanced diet to reduce the risk of diet-related oral problems.
A summary of all age-related effects on oral microflora is presented in Table 7.2.

Host Defences in the Oral Cavity

The mucosal surfaces constitute an enormous surface area; they include the entire
gastrointestinal and respiratory tracts, salivary and lachrymal glands, and portions
of the genito-urinary system. It is at mucosa that microbial pathogens and toxic
agents frequently make their first contact with the host and potentially cause
systemic or local disease.'*? The oral cavity, being a part of the gastrointestinal
tract, with increased time becomes progressively infected with microorganisms via
ingested food or inspired air. Gradually, these microorganisms establish themselves
as indigenous microflora. The oral microfiora, like the indigenous flora of other
sites in the body, has the potential to be pathogenic. This potential can be mani-
fested when, for example, physical injury or nutritional change upsets the balance in
the host—microbial relationship or causes these microorganisms to reach sites in the
body not normally accessible to them.*?

Since the oral cavity is exposed to the external environment, internal defence
mechanisms are required for the protection of oral tissues and maintenance of oral
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health. Salivary gland secretions have the most important influence on the aqueous
portion of the oral milieu. The mixed oral fluids are usually referred to as whole
saliva, which consists of the secretions from the major salivary glands, namely,
parotid, submandibular, and sublingual glands, as well as from numerous minor
salivary glands that are found in the lower lip, tongue, cheeks, and palate.*

Whole saliva also contains a number of constituents of non-salivary origin and among
these is gingival crevicular fluid (GCF) which continually flows from blood across the
gingival epithelium and eventually reaches saliva via the gingival crevice around the
roots of teeth.'*® This fluid can contain all the elements of a functioning immune
system, including high levels of IgG (the principal immunoglobulin of GCF and
serum) and also lower levels of IgA and IgM."'®!” Antibody activity in GCF to both
supragingival and subgingival bacteria has also been detected in both IgG and IgA
isotypes.'** GCF also contains neutrophils and complement, and defects in neu-
trophils can predispose to disease, such as increased risk of periodontitis. Analysis
of salivary components is also frequently used for the diagnosis and assessment of
systemic diseases, since saliva is easy to collect and it contains serum constituents.
Diseases of salivary glands can often be diagnosed from secretions obtained
directly from the glands.'"*> However, whole saliva is not the best liquid for
assessment of salivary gland performance; for this purpose collection of saliva
from various individual glands is more useful.'*® Both salivary flow and salivary
constituents also play a role in the maintenance of oral and general health. It has
been suggested that a low flow rate can contribute to either dental caries or
periodontal disease and consequently to subsequent tooth loss.'*"'*® Reduced
flow rates may also lead to increased risk of mucosal infections not only in the
mouth but also in the gastrointestinal tract.'*’

Saliva contains a variety of specific and non-specific factors with antimicrobial
activity, which often work together synergistically to either limit the growth of
bacteria or kill them directly. The principal specific defence factor in the oral cavity
is secretory IgA (S-IgA). Most S-IgA is locally produced and the cells responsible
are plasma cells that predominate the area (lamina propria) just below the mucous
membranes.'>® Most (60%) of IgA secreted into the oral cavity from major and
minor salivary glands belongs to the S-IgAl subclass and the remaining to S-
IgA2."°! S-IgA is the major immunoglobulin isotype of external secretions in
humans and many mammalian species, and plays a role in protection against
microbial invasion and is considered to be the first line of defence of the host
against invading pathogens. Several protective mechanisms have been proposed for
S-IgA including neutralization of viruses, inhibition of adherence, and modulation
of enzyme activity. The major functions of S-IgA are summarized in Table 7.3.

Although S-IgA is the predominant immunoglobulin in salivary secretions, other
immunoglobulin classes, primarily IgG and IgM, are also present but at lower
levels. Most salivary IgG reaches the oral cavity through the gingival crevice and
is mainly derived from serum, whereas monomeric serum IgA and IgM make a
lesser contribution.'” The second most abundant immunoglobulin in secretions is
S-IgM, which is locally produced at mucosal sites and can compensate when there
is a deficiency of S-IgA.'>?
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Table 7.3 Functions of secretory IgA at mucosal surfaces

Neutralization of

Viruses

Exotoxin

Bacterial enzymes important in virulence
Prevention of

Antigen penetration across the mucosa
Adherence

Colonization

Motility (antiflagellar antibodies)
Interaction with

Lysozyme, lactoferrin, peroxidase, mucin
6. 150, 154

Summarized from Refs.

Table 7.4 Salivary functions in relation to oral health

Function Salivary components involved Reference
43, 147

Mechanical cleansing Physical flow of saliva enabling removal
of food and bacterial cells for
elimination via the alimentary tract

Buffering action Bicarbonate, phosphate 143, 145, 155
Anti-bacterial, antifungal, S-IgA, lysozyme, lactoferrin, 150, 153, 155-158
antiviral activity lactoperoxidase, histatins, cystatins,

SLPI, micelles, B-defensins
Lubrication and protection Basic proline-rich glycoproteins, mucins 145, 150, 155, 159

of mucous membrane

Other non-specific salivary components with antimicrobial activities include
lysozyme, which can hydrolyse the bacterial cell wall of Gram-positive bacteria;
lactoferrin, which has a high affinity for iron (consequently depriving microorgan-
isms of this essential mineral); and lactoperoxidase, which protects host proteins
and cells from hydrogen peroxide. Other protective agents include hisatins, cysta-
tins, SLPI (secretory leukocyte protease inhibitors), and B-defensins, and recently
many of these protective components, along with IgA, have been detected asso-
ciated with micelles (macromolecular complexes) in saliva.'”® A summary of
salivary protective mechanisms and antimicrobial agents are listed in Table 7.4.

Changes in Oral Host Defences with Age

Infectious diseases are major causes of morbidity and mortality in the elderly
population,'® and a variety of factors contribute to the increased susceptibility to
infection in the elderly. For example, prevalence of infections may result from an
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underlying dysfunction of an aged immune system'®' or may be due to physiologi-
cal and biological changes that normally occur with ageing, which result in
structural and functional changes of many organs. In the oral cavity, various
changes also take place with the ageing process, as was discussed in previous
sections, and all these changes will have an impact on saliva and its protective
components (S-IgA immunoglobulin and antimicrobial factors) that continuously
bathe all the mucosal surfaces of the mouth and inhibit colonization. With advanced
age, there is a reduction in salivary flow rates, sometimes resulting from disease of
salivary glands, medication, or treatment (e.g. cytotoxic and radiation therapy).
These will have an impact on the levels of salivary immunoglobulins and antimi-
crobial factors secreted into the oral cavity, leading to reduced protection of the oral
surfaces. With increased microbial colonization, risk of oral diseases, such as caries
and periodontitis, is enhanced.

Studies on age-related effects on oral host defence factors and the subsequent
impact on the resident oral microflora have reported variable findings. Some
indicated an increase in host defence components, while others reported a decrease
or no change with respect to age. In an early study, an age-related decline in IgA
levels in nasal secretions of hospitalized patients with respiratory disease was
described.'®> However, many subsequent investigations, which included healthier
and older subjects, reported that total salivary IgA concentrations did not decline®
or, more commonly, increased with age.®""'®*'%* Other studies have demonstrated
that salivary IgA secretion rates, regarded as a more accurate measurement
of mucosal function,165 declined with increased age in whole saliva of healthy
individuals.'®*'%’

Age-related differences in salivary IgA subclasses (IgA1l and IgA2) have also
been investigated; studies generally report no changes in IgA subclass levels when
elderly and young subjects are compared.'®*!'%*1% However, the ability to produce
secretory antibodies to various antigens has been shown by some investigators to be
affected by the ageing process. For instance, parotid saliva IgA antibody levels to
glucosyltransferase (GTF) from S. mutans and killed polio virus were shown to
decline in old subjects compared with the young.'”® Others have reported that both
levels and secretion rates of S-IgA antibodies to S. mutans and A. naeslundii
genospecies 2'”' and S-IgA antibodies to influenza virus'’® were not impaired
with increased age.

Although variable total immunoglobulin and specific antibody levels are ob-
served in the elderly, it has been suggested that antibody activity and responses may
have physiological significance and hence could be regarded as more important
parameters to consider when relating secretory antibody levels to protection of
mucosal surfaces.'”> For example, it has been demonstrated that the opsonic
activity of saliva towards C. albicans was markedly diminished in individuals of
about 70 years of age compared to young adults, despite both groups having similar
IgA levels."” It was also reported that aberrations in immunoglobulin synthesis and
appearance of ineffective fragments of S-IgA can also occur with increased age.'”

Variable observations regarding the ageing effects on salivary antimicrobial
factors have also been reported. Both lysozyme and lactoferrin levels have been
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shown to increase with advanced age.”6 However, diminished levels of SLPI and
lysozyme have also been seen in healthy, elderly individuals.'”” Loss of teeth and
insertion of complete dentures in elderly subjects also affect the levels of salivary
antimicrobial factors,'”® and denture wearers had significantly lower concentrations
of lactoferrin and myeloperoxidase compared with dentate subjects. In subjects
with radiation-induced hyposalivation, increased levels of lactoferrin were also
detected, which negatively correlated with the numbers of F. nucleatum and P.
intermedialP. nigrescens."”

The concentration and secretion rate of histatin have been reported to decrease
with increased age in healthy unmedicated elderly subjects.'®® Both histatin and
human B-defensin have antifungal activity against C. albicans and inhibit adher-
ence to mucosal surfaces.””'%!8! Hence, any reduction in their levels may
contribute to the increased susceptibility of the elderly to Candida infection.
Salivary mucins MUCS5B (formally MG1) and MUC7 (formally MGZ)179 have
also been reported to decrease with age.”” Mucins are salivary-protective compo-
nents that prevent overgrowth of the oral microflora and assist in the maintenance of
a stable oral environment. Thus a decrease in mucin level may enhance the
colonization of oral surfaces with harmful species.

Although much of the evidence in the literature suggests that age-related
changes do occur in the secretory immune system, data on the nature and specificity
of age-related changes in the oral defence system is limited, variable, and some-
times contradictory. Variable findings may be due to a number of factors, such as
differences in study populations, disease status, and methodology employed, e.g.
type of saliva and assays used. However, there would appear to be some consensus
in that there is an age-related negative correlation between salivary flow rates and
levels of S-IgA and antimicrobial factors.

Conclusion

From all the factors discussed in this chapter, it is evident that genuine age-related
changes in healthy elderly are different to those seen in people who are on
medication and hospitalized. Studies investigating genuine age-related changes in
oral biology, such as composition of oral microflora, are essential to identify and
confirm consistent changes with age. Such studies are valuable to determine the
treatment needs for this increasing proportion of elderly population and may
identify individuals at risk of certain infections.

Studies attempting to correlate changes in oral microflora with age are faced
with various problems, such as the lack of universally accepted definition of any age
group, and it is known that chronological age does not necessarily correlate with
physiological age. Genuine age-related effects in the elderly may also be obscured
by other factors that also change with increased age, such as dental status, e. g.
presence of dentures, impaired salivary flow, changes in dietary habits, disease, and
the use of medication. Overall, it is evident that in the healthy elderly population
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genuine age-related changes in the oral microflora have resulted in the increased
carriage of aciduric microorganisms and yeasts, whereas in medicated and hospi-
talized elderly subjects Gram-negative bacilli increase in prevalence. With respect
to salivary flow rates, most studies are in agreement that secretory ability does not
diminish with age for the parotid gland. A negative correlation also exists between
salivary flow rates and levels of both S-IgA and antimicrobial factors, which
consequently will have an impact on the resident oral microflora and maintenance
of oral health in elderly. Further research is required to fully elucidate the effect of
age on such responses.
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Chapter 8
Influence of the Gut Microbiota with Ageing

Eileen Murphy, Caroline Murphy, and Liam O’Mahony

Introduction

The mucosal surface of the human gastrointestinal tract is approximately 200-300
m? in area and is colonized by 10(13—14) bacteria of greater than 1,000 different
species and subspecies. The number of bacterial cells within the gastrointestinal
tract outnumbers the host cell populations by 10:1, highlighting the relative impor-
tance of microbiota composition and metabolic activity on host homeostasis.' This
review will discuss some of the better described microbiota-related activities that
influence host function and the relationship with host ageing. However, most of the
bacterial species present within the gastrointestinal tract still remain to be char-
acterized, and many of the mechanisms underpinning their activities remain
unexplored.

Bacterial populations are not distributed evenly throughout the gastrointestinal
tract. Bacterial numbers in different parts of the gastrointestinal tract appears to be
influenced by multiple factors, including pH, peristalsis, redox potential, bacterial
adhesion sites, bacterial cooperation/quorum signalling, mucin secretion, nutrient
availability, diet, and bacterial antagonism. Because of the low pH of the stomach
and the relatively swift peristalsis through the stomach and the small bowel, the
stomach and the upper two-thirds of the small intestine (duodenum and jejunum)
contain only low numbers of microorganisms, which range from 10° to 10* bacteria
per millilitre of the gastric or intestinal contents. These are primarily acid-tolerant
lactobacilli and streptococci. In the distal small intestine (ileum), the microbiota
begins to resemble those of the colon, with numbers approaching 10’~10® bacteria
per millilitre of the intestinal contents. With decreased peristalsis, acidity, and
lower oxidation—reduction potentials, the ileum maintains a more diverse micro-
biota and a higher bacterial population. The colon is the primary site of microbial
colonization in humans, probably because of slow intestinal motility and the low
oxidation—reduction potential. The colon harbours tremendous numbers and species
of bacteria, most of which are obligate anaerobes.
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The gastrointestinal microbiota has been broadly classified into two types,
autochthonous flora (indigenous flora) and allochthonous flora (transient flora).
Autochthonous microorganisms colonize particular habitats, i.e. physical spaces
in the gastrointestinal tract, whereas allochthonous microorganisms cannot colo-
nize particular habitats except under abnormal conditions. Most pathogens are
allochthonous microorganisms; nevertheless, some pathogens can be autochtho-
nous to the ecosystem and normally live in harmony with the host, except when the
system is disturbed. Historically, microbial research focused on the mechanisms by
which enteric pathogens mediate tissue damage and disease. More recently, a
circumstantial role of intestinal bacteria in the pathogenesis of various intestinal
disorders has been recognized. For example, in genetically susceptible individuals,
some components of commensal organisms can trigger aberrant immune responses
that contribute to the pathogenesis of inflammatory bowel disease (IBD).>

Under normal circumstances, commensal bacteria are an essential health asset
that exert a conditioning and protective influence on intestinal structure and ho-
meostasis. Intestinal bacteria protect against infection, and actively exchange
developmental and regulatory signals with the host that prime and instruct mucosal
immunity." Colonization of germ-free mice with a single species, Bacteroides
thetaiotaomicron, has been shown to affect the expression of a variety of host
genes. These include genes associated with nutrient uptake, metabolism, angiogen-
esis, mucosal barrier function, and the development of the enteric nervous system.’
Interactions between gut-associated lymphoid tissues and colonizing bacteria early
in life are crucial for appropriate development of functioning mucosal and systemic
immunoregulatory systems.*”> Thus, individual variations in immunity may be
influenced by the composition of the colonizing microbiota. Bacterial metabolism
confers many benefits to gut physiology, and commensal bacteria represent a rich
repository of metabolites that can be mined for therapeutic benefit.! Intestinal
bacteria are not uniform in their ability to drive mucosal inflammatory responses.
Some commensal species such as B. vulgatus are pro-inflammatory.® Conversely,
other species lack inflammatory capacity, and certain bacteria including strains of
bifidobacteria and lactobacilli can even attenuate inflammatory responses.”” The
composition of the gut microbiota is dramatically different between infants and the
elderly and this relationship will be discussed in more detail below.

Activities of the Gut Microbiota

Nutrition

There is a longstanding belief that human health is linked to the activities of the
resident microbial population. In particular, the gut microbiota plays a significant
role in nutrition through the conversion of many dietary substances into nutrients
that can be absorbed and utilized by the host and by altering the intrinsic metabolic
machinery of host cells, leading to more efficient nutrient uptake and utilization.
Most notably, the gut microbiota plays a significant role in the breakdown of non-
digestible carbohydrates.



8 Influence of the Gut Microbiota with Ageing 155

The gut microbiome, which may contain >100 times the number of genes in our
genome, endows us with functional features that we have not had to evolve
ourselves.'® One such attribute is the ability to extract energy from non-digestible
polysaccharides. The diet not only provides substrates for host metabolism but also
supports the growth and metabolism of the bacteria in our gut. Mammals can
readily absorb simple sugars, such as glucose and galactose, via active transport
in the proximal regions of their small intestine which contains only a relatively
small number of bacteria.'' Mammals can, in addition, hydrolyse disaccharides
such as sucrose, maltose, and lactose to their constituent monosaccharides and can
degrade starch to glucose. However, they are limited in their intrinsic capacity to
digest other dietary polysaccharides. As a consequence, a significant amount of
undigested dietary carbohydrate reaches the distal portion of the gastrointestinal
tract. This undigested carbohydrate includes polysaccharides such as cellulose,
xylan, and pectin (mostly from plant cell walls) and undigested starch. Together
with host-derived glycans (mucins and glycosphingolipids), they pass into the distal
regions of the small intestine (ileum) and colon where they are degraded by resident
microbes. The resulting monosaccharides are fermented by bacteria to yield short-
chain fatty acids (SCFAs) which are absorbed and utilized by the host. The three
major SCFAs produced in the gut are acetate, propionate, and butyrate, and these
(not glucose) are the preferred energy substrate of the colonic epithelial cells.'* It
has been estimated that in humans 50-60 g of carbohydrate is typically fermented
per day, yielding 0.5-0.6 mol of SCFA, with a total energy value of 140—180 kcal."’
However, the amount and type of SCFA produced varies according to the dietary
factors such as the fibre content. In addition to their nutritional value, SCFAs have
important effects on gut physiology, with butyrate, in particular, affecting epithelial
proliferation and differentiation.'?

The ability to degrade and ferment a wide variety of polysaccharides is particu-
larly evident among members of the genus Bacteroides which are very common in
the human gut."* Molecular analysis of the polysaccharide utilizing machinery of
these bacteria has provided useful insight into how microbes in the intestine sense
and exploit nutrients in their environment. The best understood example of poly-
saccharide utilization is the starch utilization system (sus) of Bacteroides thetaio-
taomicron." This bacterium is a prominent member of the normal intestinal flora of
both mice and humans and lends itself to genetic manipulation. Its proteome
contains 172 glycosylhyrolases that are predicted to cleave most glycosidic lin-
kages encountered in human diets.'® The use of germ-free (GF) inbred strains of
mice has proven valuable in the study of microorganisms in the gastrointestinal
tract. These mice are raised without any resident microorganisms and they, there-
fore, represent a genetically defined, simplified in vivo assay system aimed at
defining the impact of colonizing the gut with specific species. Interestingly,
colonization of GF mice with B. thetaiotamicron has shown that its polysaccharide
processing activity is associated with changes in the expression of a number of
genes involved in the processing and absorption of carbohydrates (such as NA+/—
glucose co-transporter, the principal mediator of glucose uptake in epithelial cells),
as well as the breakdown and absorption of complex dietary lipids (e.g. pancreatic
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lipase-related protein 2, fasting-induced adipocyte factor (FIAF), apolipoprotein
IV, and the liver-derived fatty acid binding protein).'” B. thetaiotamicron has an
extraordinary capacity for acquiring and degrading polysaccharides and also affects
the metabolic machinery of host cells, leading to more efficient nutrient uptake and
utilization.

The gut microbiota represents a key source of nutrients other than SCFAs. Unlike
humans, many species of bacteria can synthesize folate'®!” and their contribution to
the folate content of the large intestine in human infants is sufficiently great to
potentially affect the folate status of the host.>® The gut bacteria are also a signifi-
cant source of a range of vitamins, particularly those of the B group and vitamin K.
It has been shown that germ-free mice require vitamin K and higher amounts of B
vitamins (B », biotin, folic acid, and pantothetane) in their diets, in contrast to those
that are colonized with a conventional microbiota.?! In addition, the gut bacteria aid
in the absorption of minerals such as calcium, magnesium, and iron.'

The use of GF mice or rats has provided additional insights into the mutually
beneficial interactions that are manifest between the host and the intestinal micro-
biota. A key observation, from studies using adult male GF Wistar rats, was that
conventionally reared rats required 30% less caloric intake to maintain their body
weight compared to germ-free animals. This indicates the importance of the
microbiota in assisting the host to obtain the maximum nutritional value (i.e.
energy) from the diet. Additional comparative studies involving GF and colonized
animals have confirmed that the intestinal microbiota affects the host machinery
and plays an important role in the control of energy storage in the host. Gordon and
colleagues showed that GF mice have 40% less total body fat compared to conven-
tionally raised animals even though the latter consume less per day.?* One proposed
mechanism for this phenomenon is that the microbiota promotes storage of calories
harvested from the diet into fat, acting through the intestinally derived protein
FIAF, which is involved in coordinating increased hepatic lipogenesis with increas-
ing lipoprotein lipase (LPL) activity in adipocytes. Conventionalization of adult GF
mice with the caecal contents harvested from conventional donors results in an
increase in body fat to levels equivalent to those of conventionally raised animals.
Therefore, the gut microbiota not only affects energy harvest from the diet but also
influences energy storage in the host.

While the symbiotic relationship between the gut microbiota and the host is
clearly crucial in salvaging energy from the diet, recent evidence from animal and
human studies suggests that obesity alters the composition of the microbiota and
this may be a factor involved in the development of obesity. The distal gut and
faecal microbiota are numerically dominated by two bacteria divisions, the Bacter-
oides and the Firmicutes. A comparative survey of 16S-rRNA-gene sequences of
the distal gut microbiota of leptin-deficient obese mice and their lean littermates
revealed a 50% reduction in the number of Bacteroides in the obese animals with a
corresponding increase in the Firmicutes.”> These differences are important be-
cause Firmicutes seem to have biochemical pathways that can extract more energy
from non-digestible carbohydrates and may explain the finding that the obese mice
had more fermentation products and fewer calories remaining in their faeces than
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the lean mice. These observations have also been made in obese humans. An
increased ratio of Firmicutes to Bacteroides was observed in the gut of obese
compared to lean individuals, which suggests that the obese ‘microbiome’ is
more efficient at extracting energy from the diet.>* Interestingly, calorie restriction
over a l-year period resulted in the restoration of the balance between the Firmi-
cutes and the Bacteroides in these obese individuals. A further study in obese mice
showed that the altered ratio of Firmicutes to Bacteroides leads to an alteration of in
body fat gain when the microbiota from obese mice was transferred to lean mice.?
Over a 2-week period, the microbiota from mice give the obese microbiota gained
more fat and extracted more calories from their food compared to the GF mice who
received microbiota from lean mice. These studies suggest that obesity is associated
with alterations in the composition of the gut microbiota and that these differences
in the efficiency of caloric extraction from food may contribute to differential body
weights.

These studies provide insights into the relatively recent and somewhat surprising
revelations with regard to the role of the gut microbiota in relation of the energy
balance of the host, fat deposition, and the risk of obesity. They provide further
evidence that the human microbiota contributes positively towards nutrition and
health and suggest that appropriate manipulation of the microbiota may represent a
useful tool in strategies aimed at optimizing the health status of individuals.

Metabolism

The metabolic activities of the intestinal microbiota are very important to host
health and well-being. Microbial metabolism can have a variety of effects, with the
potential to influence areas outside of the colon. These can include lactose toler-
ance, decreased serum cholesterol levels and risk for cardiovascular disease, and
detoxification of harmful substances.

Individuals with low levels of the enzyme lactase have limited ability to digest
lactose, which can result in intestinal distress, or lactose intolerance. People with
lactose intolerance suffer from bloating, flatulence, abdominal pain, and diarrhoea.
Typically, they will restrict their intake of dairy products, which puts them at risk of
deficiencies in several nutrients, most notably calcium.?® Streprococcus thermo-
philus, a species belonging to the S. salivarius group of microorganisms, has been
used as a probiotic because of its ability to ferment lactose. The contribution of
lactase by bacterial cultures is thought to improve the digestion of lactose in
lactose-intolerant individuals.?” The inability of adults to digest lactose is wide-
spread, although generally these patients tolerate lactose better from yogurt than
from milk.”® The yogurt starter cultures (S. thermophilus and Lactobacillus del-
brueckii subspecies bulgaricus), present at levels normally seen in yogurt (>10%/g),
effectively improve the digestion of lactose in lactose maldigesters.

Elevated levels of certain blood lipids are a risk factor for cardiovascular
disease. The effect of bacterial cultures containing dairy products or probiotic
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bacteria on cholesterol levels has yielded equivocal results.” A proposed mecha-
nism is based on the ability of certain probiotic lactobacilli and bifidobacteria to
deconjugate bile acids enzymatically, increasing their rates of excretion.’® Choles-
terol is a precursor of bile acids, and the loss of bile acids through excretion is
replaced by the conversion of cholesterol molecules to bile acids. Probiotic bacteria
also ferment food-derived indigestible carbohydrates to produce short-chain fatty
acids in the gut. This can cause a decrease in the systemic levels of blood lipids by
inhibiting hepatic cholesterol synthesis and/or redistributing cholesterol from plas-
ma to the liver.*!

Approximately 80% of all kidney stones contain significant amounts of calcium
oxalate, indicating that high dietary oxalate levels may be a risk factor contributing
to the formation of renal stones.*> Hyperoxaluria complicated by renal tract stones
is an important clinical problem in humans, particularly those with enteric hyper-
oxaluria secondary to conditions such as Crohn’s disease.”>® Oxalate degrading
bacteria have the potential to reduce urinary excretion of oxalic acid, which is
considered the most important risk factor in the formation of renal stones. Several
studies have demonstrated the presence of oxalate-degrading bacteria in the human
intestine.>*® Treatment of patients with an oral administration of freeze-dried
lactic acid bacteria is associated with a reduced urinary oxalate excretion.>’ Addi-
tional studies have demonstrated oxalate degradation by Oxalobacter formigenes, a
Gram-negative anaerobic bacterium that inhabits the gastrointestinal tracts of
humans and mammals.**™*" The presence of O. formigenes has been shown to
reverse hyperoxaluria in a rat model and reduce urinary oxalate excretion in
humans.*!

A substantial number of published studies have investigated conjugated linoleic
acid (CLA) because of its potential health-promoting properties and the proposed
positive effects that CLA has on many aspects of human health, most notably the
anti-carcinogenic, immune modulation, anti-atherosclerotic, and anti-obesity activ-
ities.**™7 Production of the cis-9, trans-CLA isomer from dietary linoleic acid by
the enteric microbiota may have an important influence on the evolving and
interactive intestinal mucosal environment, thereby influencing long-term health.
In addition to the increased interest in the possible physiological effects on humans
following CLA consumption, there has been a concomitant increase in interest in
the isolation of novel human-derived bacterial cultures with the ability to produce
the bioactive fatty acid.*3>! Some, but not all, human-derived bifidobacteria are
capable of producing the fatty acid metabolite CLA.

Not all bacterial metabolites have beneficial effects on the host; indeed, negative
influences may be observed associated with colonizing or invading microorgan-
isms. Microbial metabolites may possess genotoxic, mutagenic, or carcinogenic
activity and contribute substantially to the risk of developing cancer over a period
of long-term exposure. It is likely that the appropriate balance between different
microbial species, rather than one particular organism, is the primary putrefaction
controlling feature. When adequate levels of beneficial anaerobic bacteria, such as
Bifidobacteria, are present in the intestine, they ferment carbohydrates to produce
acetic and lactic acid. This decrease in the luminal pH inhibits putrefaction.
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However, in the absence of beneficial species or strains, certain groups such as
Clostridia ferment proteins and release harmful nitrogenous metabolites into the
lumen (e.g. biogenic amines, indoles, and ammonia). In the long term, this can lead
to toxicity and inflammation and increases the risk of colon cancer.’*

Immune System

The gastrointestinal tract is home to the largest accumulation of leukocytes in the
body where they are constantly being exposed to a wide array of foreign antigens.
Complex signalling networks between multiple cell types ensure that the appropri-
ate balance is maintained between immune protection from infection and tolerance
of harmless antigens, such as the resident bacterial flora.’* Disturbance of this
balance results in inappropriate immune activation as observed in patients with
IBD. The small intestine is highly adapted to facilitate immunological sampling of
intestinal contents. Specialized epithelial cells, M cells, actively transport antigen to
underlying lymphoid follicles for immunological processing, while dendritic cells
extend dendrites between epithelial cells in order to sample adherent bacterial
species. Microbiota composition and metabolic activity impact the mechanisms
by which the intestinal immune system samples luminal antigen and the controlling
features that determine immunological tolerance. This phenomenon is still poorly
described, and a significant portion of our understanding is derived from animal
models and resected diseased tissue.

The single most important environmental factor that impacts intestinal immune
signalling is the presence of microorganisms.> While most studies have focused on
the immune response to pathogens, these are the exception in our coexistence with
vast numbers of non-pathogenic microorganisms. Studies in GF mice have revealed
dramatic alterations in the anatomy and function of both the mucosal and systemic
immune compartments. GF mice have hypoplastic Peyer’s patches that contain few
germinal centres, as well as greatly reduced numbers of [gA-producing plasma cells
and lamina propria CD4+ T cells. The lymph nodes and spleen are poorly organized
and mice are hypogammaglobulinaemic. Acquisition of a bacterial flora results in
the normalization of these abnormalities. Thus, the commensal bacteria drive and
condition the mucosal immune system.

This observation has led investigators to further examine the therapeutic poten-
tial of specific bacterial species in driving regulatory immune responses within the
mucosa. Murine studies have demonstrated that the deliberate administration of
commensal, or probiotic, bacteria to susceptible colitis models results in reduced
inflammatory activity associated with reduced pro-inflammatory cytokine produc-
tion and maintained regulatory cytokine production.’® This suggests that certain
bacterial strains can drive immuno-regulatory responses via direct interaction with
the mucosal immune system. In humans, dendritic cells isolated from mesenteric
lymph nodes preferentially secrete the regulatory cytokines IL-10 and TGF-f§ when
co-incubated with commensal bacteria, while the same dendritic cells preferentially
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secrete pro-inflammatory cytokines, but not regulatory cytokines, when exposed to
the pathogenic organism Salmonella typhimurium.>” This suggests that intestinal
dendritic cells exposed to commensal organisms in vivo may drive the in vivo
development of regulatory T cells, resulting in improved immunological tolerance.

The host response to infection is characterized by innate and acquired cellular
and humoral immune reactions, designed to limit spread of the offending organism
and to restore organ homeostasis. However, to limit the aggressiveness of collateral
damage to host tissues, a range of regulatory constraints may be activated. Regu-
latory T cells (Treg) serve one such mechanism.’® These are derived from the
thymus but may also be induced in peripheral organs, including the gut mucosa.’®-*
For example, encounter with specific experimental microbes within the murine gut
has been shown to drive the development of mucosal Tregs, which is associated
with attenuation of inflammation in a murine model of colitis®' and contributes to
protection of the host from mucosal damage and systemic inflammation associated
with infection by invasive pathogens.

These studies and others have led investigators to examine the potential anti-
inflammatory properties of selected commensal species in human disease. Clinical
studies assessing the impact of probiotic consumption on the symptoms of IBD are
conflicting and are often confounded by small numbers.®? However, the best evidence
for probiotic efficacy in patients with IBD has been seen with a cocktail of eight
different strains which effectively maintains remission in patients with pouchitis.
Probiotic treatments have also been examined for the treatment of irritable bowel
syndrome (IBS). While most of the bacterial strains examined have no demonstra-
ble efficacy, consumption of one commensal bacterium, Bifidobacterium infantis
35,624, resulted in significant improvement of patient symptoms.®* ®* Interesting-
ly, an imbalance in cytokine signalling networks observed in IBS patients was
normalized by Bifidobacterium infantis 35,624 consumption, suggesting an associ-
ation between probiotic-induced immuno-regulation and clinical efficacy.

Influence of Ageing

Microbiota of the Infant

The importance of the relationship between the human gut and its microbiota has
been highlighted already, and together they represent a dynamic biological system
that has co-evolved from birth. It is well accepted that the ability of the gut to
sustain a beneficial commensal microbiota, in contrast to harmful and opportunistic
members, in a desirable community structure is essential for host health and
reduction of disease risk. The acquisition and development of the desired gut
microbiota, which begins at birth, is particularly important for infant health as
well as having implications in later life. The establishment of the microbiota is a
dynamic process consisting of a number of phases and leads to the emergence of a
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relatively stable microbiota that contributes to the development of a fully functional
immune system.®>*® Members of the Bifidobacterium species are thought to be
among the most beneficial components of the gut microbiota and, therefore, have
received considerable research attention with regard to their roles in optimizing the
health status of both infants and adults.

At the outset, the foetal gut is sterile or germ free at birth, but colonization begins
during birth or immediately afterwards. A number of factors including the microbial flora
of the genital tract, sanitary condition, obstetric techniques, vaginal or caesarean mode of
delivery, geographical distribution of bacterial species, and type of feeding influence the
level and frequency at which various species of bacteria colonize the infant gut.®” The
choice of delivery (vaginal compared to caesarean section) has a significant impact
on the types of bacteria to which the newborn is exposed. During vaginal delivery
(i.e. natural birthing), the neonate is exposed to a wide diversity of microorganisms
from the mother’s microbiota and these can be cultivated from the faeces of the
infant.®® In the case of caesarean delivery, the infants are exposed to microorganism
from the air, equipment, other infants, and the nursing staff, as well as the mother’s
microbiota.®” Bacteria such as enterobacteria (including E. coli), streptococci and
lactobacilli are among the first colonizers, and are followed by anaerobic species
such as Bacteriodes, Bifidobacterium, and Clostridium. The ability of the anaerobes
to colonize is facilitated by the reduction of the redox potential of the intestinal
lumen caused by the initial growth of the facultative bacteria.

The next phase of microbiota acquisition and development involves the period in
which milk is exclusively fed to the infant. The key factors that influence the
bacterial flora of the microbiota at this stage are diet (in particular whether the
infant consumes breast milk or infant formula), host genetics, and bacteria—bacteria
interactions. Breast milk is a rich source of bacteria with counts of up to 10°
microbes per litre in the case of healthy mothers.®” Considerable attention has
been devoted to the analyses of differences in the flora of breast-fed infants
compared to those on infant formula. The prevalence of Bifidobacterium species
has received particular emphasis because they are considered to have a number of
beneficial properties including the reduction of gut pH which results in a concomi-
tant reduction in potentially harmful species. In addition, bifidobacteria are able to
exert directly antagonistic activities against gut pathogens and may promote the
development of the mucosal immune system. The microbiota of breast-fed infants
is considered to be dominated by populations of bifidobacteria, which make up 60—
90% of the total faecal microbiota, with lactobacilli present in much smaller
numbers. In the case of infant formula feeding, bifidobacteria are also present,
but the microbiota is usually more complex with a higher frequency of facultative
anaerobes such as bacteroides and clostridia compared to breast-fed infants.”®”"
Analysis of the composition of the gut microbiota of infants have been hindered by
the limitations of conventional cultivation techniques. The emergence of modern
molecular-based techniques is helping to provide more specific details of the
numbers and types of bifidobacteria present in infant faeces. The most common
species of Bifidobacterium encountered include B. infantis, B. breve, B. longum,
and B. bifidum.
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The predominance of Bifidobacterium within the microbiota of breast-fed
infants has drawn attention to the fact that human milk contains a myriad of
components that have significant bioactive and immuno-modulatory roles.
Human milk oligosaccharides (HMOs) are considered the main components that
influence the development of the intestinal flora.”>”* The occurrence of these
HMOs in human breast milk is considered to contribute to an evolutionary selection
process for the growth of bifidobacteria in the gut. Over 100 different HMOs have
been identified, and the presence of variable combinations of glucose, sialic acid,
galactose, fucose and n-acetylglucosamine contributes to their complexity. Since
the breast-milk HMOs are only partially digested in the intestine, they reach the
colon and stimulate the bifidogenic microbiota. In addition, the HMOs have a
protective effect against enteric pathogens.”* This effect on the wider population,
rather than just the stimulation of bifidobacteria, is in agreement with the expected
effect of ‘prebiotics’ as defined elsewhere.””

In addition to HMOs, other factors in human milk influence the composition of
the bacterial microbiota and contribute to the control of infections. These include
proteins such as immunoglobulins, k-caesin, lysozyme, lactoferrin, haptocorrin, o-
lactalbulim, and lactoperoxidase, which possess anti-microbial activity and support
the immune defence of breast-fed infants against pathogenic bacteria and
viruses.”®”” During milk feeding, the infant microbiota appears to stabilize at
about 4 weeks of age and remains so until weaning, when the introduction of
solid foods takes places place. After weaning, the infant gut becomes colonized
by a diverse, but unstable, consortium of species belonging mainly to the genera
Bifidobacterium, Bacteroides, Streptococcus, and Clostridium. The ecosystem
becomes stable by 2 years of age and the composition continues to remain stable
throughout most of the early adult life.”®

Colonization of the infant intestine by a balanced microbiota results in the
stimulation of a number of key functions such as intestinal maturation, the mucosal
barrier and immune system, and nutrient absorption.’® The gut microbiota plays an
important role in the immuno-physiological regulation of the gastrointestinal tract
by providing crucial signals for the development of the immune system in infancy
and by actively influencing gut-associated immunologic homeostatic mechanisms
later in life. Therefore, there is considerable interest in modulating the gut micro-
biota towards a more beneficial community, particularly early in life. Supplemen-
tation with prebiotics or probiotics may promote the optimum balance in the
context of the normal microbiota, while also protecting against the detrimental
effects on the microbiota caused by stress and certain disease situations. Some
examples are provided herewith in the case of infant diseases, but the concepts are
also applicable to adult populations.

The concept of prebiotic supplementation to the infant is supported by the
recognition that HMOs nourish the developing microbiota. In addition, a review
of studies involving over 400 pre-term and full-term infants showed that prebiotic
mixtures containing short-chain galacto-oligosaccharides and long-chain fructo-
oligosaccharides stimulated the growth of bifidobacteria and lactobacilli, decreased
faecal pH, and normalized short-chain fatty acid patterns in infant stools.®
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In addition, it is likely that certain types of oligosaccharides may act as soluble
receptors in the mucosa for different pathogens, thereby increasing the resistance of
breast-fed infants to these pathogens.

Probiotics (usually Bifidobacteria or Lactobacilli) have also been administered
to infants to support a well-balanced microbiota. Probiotic supplementation in
infant formulas has shown that strains may persist in the infant gut and lower
stool pH.®!' A number of studies have shown that probiotics can be an effective
treatment option in the case of viral- or antibiotic-associated diarrhoea in infants
and children. In the case of the commonly occurring rotavirus gastroenteritis, the
beneficial effects of probiotics have been observed as evidenced by shortening of
the duration of the diarrhoea and reduced requirement for hydration.** A detailed
review of the published randomized, placebo-controlled trials on the use of probio-
tics in acute diarrhoea has highlighted the benefits of the Lactobacillus rhamnosus
GG strain. It is noteworthy that diarrhoeal disease is a serious problem in the
developing world where the most common causes of infantile diarrhoea are rota-
viruses which are responsible for greater that 10% of infectious episodes. There is
also preliminary data available on the potential for selected probiotic strains to
prevent necrotizing enterocolitis, which is a severe inflammatory reaction of the
small and large intestine in pre-term infants.®?

Clinical evidence to support the use of selected probiotics in the prevention of
allergy in children is accumulating. According to the ‘hygiene hypothesis’, the
increasing number of allergic diseases in the developed world is attributable to
reduced exposure to microbial challenge in early infancy, improved hygiene stan-
dards, changes in diet, different delivery modes, and smaller family sizes.** The
microbiota of children with atopic disease has been shown to be different in
composition to the microbiota of non-atopic children. The allergic infants were
colonized less frequently by bifidobacteria, enterococci, and bacteroides but dis-
played increased levels of clostridia and coliform species.®> In addition to an
overall reduction in the numbers of bifidobacteria, the species composition was
also changed. Allergic infants displayed higher levels of Bifidobacterium adoles-
centis and fewer Bifidobacterium bifidum.®®

These findings prompted investigators to examine the role for probiotics in
influencing the risk of developing allergy. Although not all strains and combi-
nations of strains were effective, selected probiotic strains were successful in
the treatment of atopic eczema when used with an extensively hydrolysed
formula.®” In a further study by the same group, the administration of probiotics
to pregnant mothers and, later, to their children, reduced the number of children that
later developed allergy.®® These studies highlight the beneficial effect of Lb.
Rhamnosus GG but, as mentioned already, strain specificity is important and not
all probiotics tested give positive results. While the precise roles of the normal gut
microbiota in the development of allergy remain to be elucidated, accumulating
evidence suggests that probiotics have a role in preventing allergy when adminis-
tered early in life, which is consistent with the view that exposure to a wide
diversity of microbial flora is desirable and promotes a well-regulated immune
system.
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In summary, the importance of the gut microbiota in the health status of the
infant is clearly recognized. The flexibility of the developing microbiota in early
childhood offers the potential to influence and modulate bacterial populations to
achieve health benefits. Already there are defined applications in which probiotics
have been shown to have therapeutic effects. However, despite the increasing
number of well-defined studies indicating the benefits of probiotics, we still do
not understand the mechanisms underpinning their biological activity. In addition,
the influence of long-term administration of probiotics on allergy, autoimmune
diseases, and infection control are not understood. These aspects, as well as the
selection of the optimum probiotic strains or combinations for specific purposes,
offer exciting research challenges for the near future.

Microbiota of the Elderly

Advances in medical science and improved living standards have increased the
overall age expectancy of Western society. People over 60 represent 20% of the
current population and this is estimated to increase to 33% by the year 2030.%
Although the microbiota of adults and children has been significantly studied, little
is known of the changes that occur in the microbiota during ageing.

The composition of the resident intestinal microbiota varies between individuals,
but the dominant populations are relatively stable during adult life under normal
conditions.”®™* The total number of anaerobic bacteria seems to remain relatively
constant in older people; however, the composition of the microbiota does change
considerably with age. The gut microbiota of healthy adults is dominated by species
such as the Bacteriodes/Prevotella group, Clostridium coccoides group, and Clos-
tridium leptum subgroup. However, 22% of the elderly person’s microbiota is
represented by species that are outside the bacteria normally represented in the
adult population. Most of the elderly species were within the lineages Clostridium
lituseburense subgroup, Clostridium ramosum group, and the Prosthecobacter
group of organisms.”” Some studies have indicated that Bifidobacteria levels
decrease in older people, while levels of the potential detrimental clostridia and
enterobacteria groups increase.” A wide range of Bifidobacteria species are found
in adults and children, but in the elderly the population is reduced to one or two
dominant organisms, in particular Bifidobacterium adolescentis and B. longum.”
The absence of Bifidobacteria, or their low numbers in the elderly, may have
metabolic and health consequences for the host because they play a role in the
immune responsiveness of the gut and in resistance to gastrointestinal infections.

In addition to the decreased levels of Bifidobacteria, Bacteriodes were also
shown to be decreased in the elderly population.”®Bacteriodes are nutritionally
versatile and can utilize a wide variety of carbon sources. As discussed above, these
bacteria are thought to be responsible for most of the polysaccharide digestion that
occurs in the large intestine. A reduction in Bacteriodes numbers may affect the
host through short chain fatty acid changes and may also impact other bacterial
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species that depend nutritionally on polysaccharide digestion. Interestingly, malnu-
trition is a common observation in elderly individuals. A number of different
mechanisms contribute to this malnutrition including a decrease in the amount
and type of food consumed by the elderly, due to a decline in taste and smell, and a
decreased ability to masticate.”’ Furthermore, decreased intestinal motility, result-
ing in faecal impaction and constipation, is a major problem.’®® It is postulated
that malnourishment leads to a damaged gut epithelium and reduced barrier func-
tion, resulting in decreased gut-mediated immunity, reduced absorption of essential
dietary components, and loss of appetite which further compounds the nutrient
deficit. The concomitant associated decrease in Bacteroides numbers during this
time is intriguing and deserves further study to determine the relationship with the
physiological changes in the gastrointestinal tract, as well as modifications in diet
and host immune system activity.

The normal intestinal microbiota provides an important natural defence mecha-
nism against invading pathogens and prevents the overgrowth of autochthonous
opportunistic pathogens in a process known as colonization resistance. The large
intestinal ecosystem provides colonization resistance by a variety of mechanisms
such as occupying adhesion sites in the gut and the production of antimicrobial
agents. Quorum sensing is an important mechanism of cell-to-cell communication
that involves density-dependent recognition of signalling molecules, resulting in
modulation of gene expression. The development and maintenance of our commen-
sal intestinal microbial system and the virulence mechanisms of enteric pathogens
are linked to each other by quorum sensing. These detrimental changes in gastroin-
testinal ecology and function can have major consequences for the elderly, and a
higher incidence of gastrointestinal infections is observed in older individuals.

The elderly gut is disrupted by a number of mechanisms, such as a loss in
beneficial intestinal microbes, overgrowth of pathogenic bacteria, and possibly the
most dramatic alteration of the microbiota that occurs during the administration of
antibiotics. The alteration of the normal gastrointestinal microbiota by antibiotics
can lead to significant changes in the colonic micro-environment, especially with
regard to the concentration and distribution of organic compounds such as carbo-
hydrates, short-chain fatty acids, and bile acids.'® The elderly are hospitalized
more frequently than younger people, their length of stay is longer, and they receive
many more medications including antibiotics. This increased use of antibiotics has
a profound impact on the microbiota, and several studies have examined alterations
in gut microbiota post-broad-spectrum antibiotic treatment. The disruption of the
normal microbiota by clindamycin, a broad-spectrum antibiotic, depletes Bifido-
bacteria and Bacteriodes, but other components of the gut microbiota (total facul-
tative anaerobes, lactose fermentors, enterococci, and Gram-positive cocci)
increase in numbers.'”" A study to compare the faeccal microbiotas of young,
healthy adults, non-antibiotic-treated elderly subjects, and antibiotic-treated elderly
subjects demonstrated that antibiotic-treated and non-antibiotic-treated elderly
subjects had decreased Bifidobacterium and Bacteriodes when compared to
healthy, young adults. Additionally, antibiotic-treated elderly subjects had
increased levels of clostridia.
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These alterations of the gut microbiota in the elderly population post-antibiotic
treatment may result in putrification of the colon and a greater susceptibility to
disease, such as gastroenteritis and Clostridium difficile infection. Indeed, the
frequency with which C. difficile is isolated is greater in the elderly. Clostridia in
general have been found to occur in significantly higher numbers in healthy, elderly
volunteers compared to younger subjects.102

Changes in the composition of the intestinal microbiota have been implicated in
the initiation or maintenance of various disease states. A well-known example of
this is C. difficile infection resulting in Clostridium difficile-associated diarrhoea
(CDAD), which occurs predominantly in patients whose colonic microbiotas have
been disturbed by antibiotic therapy. First described in 1935, C. difficile was not
recognized as the causative agent of nosocomial diarrhoea until the 1970s.'%1%4
However, CDAD is the now the most common hospital-acquired diarrhoea and is a
major problem of gastroenteritis infection and antibiotic-associated diarrhoea in
nursing homes and care facilities for the elderly. Indeed, the health protection
agency in the UK reported 42,625 cases of C. difficile infection in patients aged
65 and over in England for the first 9 months of 2006, which was a 5.5% increase in
cases over the same period in 2005. The main predisposing factor for the acquisition
of CDAD is antibiotic therapy. In the 1970s, the administration of clindamycin
followed by ampicillin and amoxicillin was implicated as responsible for CDAD,
and these were replaced by cephalosporins in the 1980s and by flouroquinolones
more recently. There is also the added problem of the hyper-virulent strain of C.
difficile PCR ribotype 027, the incidence of which is increasing in the US, Canada,
and Europe. During normal human growth and development, bacterial competitors
crowd this slow-growing anaerobe out of the gut. However, if the commensal
bacterial strains decrease in numbers (when patients are given broad-spectrum
antibiotics), C. difficile can germinate and grow, resulting in CDAD. The clinical
presentation of CDAD may vary from mild diarrhoea to severe dehabilitating
infection. Antibiotics such as third-generation cephalosporins are accepted as the
main risk factors, and antibiotic restriction is the most effective control.'® Older
age, female gender, and a prolonged hospital stay were also identified as risk factors
in hospitalized CDAD patients. In addition, more recent studies reported the
association of the use of proton pump inhibitors within the preceding 8 weeks,
the use of nasal feeding tubes, and exposure to anginoplastic agents with an
increased risk of developing C. difficile diarrhoea.'®® When compared to a healthy
elderly group, CDAD patients have higher enterobacterial and enterococcal counts,
with a marked increase in the diversity of clostridia and lactobacilli. The higher
numbers of clostridia, enterobacteria, and enterococci may lead to putrification of
the colon due to the breakdown of proteins forming toxic end products that may
harm host cells. The associated high numbers of lactobacilli suggests that Bifido-
bacteria and Bacteriodes may have a more prominent role in colonization resis-
tance against C. difficile.

Antibiotic therapy breaks down the defence mechanisms of the ageing gut,
leaving individuals more susceptible to infection with opportunistic pathogens
such as C. difficile (as discussed above). Consumption of probiotics, in particular
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those that produce antimicrobial components such as bacteriocins and organic acid,
may protect the elderly gut from infection. For example, Lactobacillus rhamnosus
produces a substance that is inhibitory to both Gram-positive and Gram-negative
microorganisms. In addition, L. rhamnosus has been shown to interfere with the in
vitro adherence of several human pathogens to intestinal cells.'”” Attempts to
increase colonization resistance by using probiotics and faecal enemas have yielded
favourable results in some clinical trials.'®*!'% Using meta-analysis, three types of
probiotics (Sacchromyces boulardii, L. rhamnosus GG, and probiotic mixtures)
significantly reduced the development of antibiotic-associated diarrhoea.''®
Probiotics offer an attractive strategy to reduce unfavourable changes in the ageing
gut and to maintain a more ‘healthy’ intestinal microbiota, to help maintain bowel
function, and to reduce the susceptibility to infection in elderly persons. Interven-
tion with a probiotic supplement may decrease the numbers of proteolytic bacteria,
such as Clostridia in the gastrointestinal tract. Colonization resistance may also
prevent the outgrowth of endogenous or newly acquired strains post-antibiotic
treatment. Probiotics may also increase resistance to gut infections by directly
improving host immunity. In addition to probiotics, prebiotic supplementation of
the elderly may have beneficial effects. Carbohydrates such as lactulose and fructo-
oligosaccharides (FOS) have been shown to affect the growth of C. difficile both in
vitro and in vivo. Several prebiotics are known to stimulate the growth of Bifido-
bacteria, which can in turn affect the growth and metabolism of other microorgan-
isms in the bowel. Hopkins and Macfarlane in 2003 demonstrated that prebiotics
stimulated Bifidobacteria growth, which results in concomitant reductions in C.
difficile populations. In the presence of clindamycin, they also demonstrated further
augmentation of Bifidobacteria in the presence of prebiotics, resulting in a further
loss of C. difficile colonization. Modification of the large intestinal microbiota by
combining probiotics and prebiotics (symbiotic) could beneficially affect the host
and coulld be viewed as an attractive method of treatment or prophylaxis for
CDAD.'"

Concluding Remarks

In defining the microbial flora of the human gastrointestinal tract, a major deficien-
cy immediately becomes apparent: there are substantially more cells present than
are measured using conventional microbiological methods. In other words, the total
number of bacteria that can be cultured is only of 10-20% of the total microbiota.
A metagenomic approach enables the study of a microbial community as a single
dynamic entity, and has been used to investigate complex environments such as soil
and water. It may provide a more comprehensive method for providing information
on of the effects of several factors, such as antibiotic therapy, ageing, and disease,
on the intestinal microbial balance.

This chapter has documented the influence of the gut microbiota on host nutrition,
metabolism, and immune function in both the infant and elderly populations.
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It is clear that the microbiota have a profound influence on human health, in
particular, resistance to infectious agents such as C. difficile. The mucosal immune
system is especially vulnerable, since its function is closely linked to the luminal
contents of the gut. It is certainly becoming clear that the enteric commensal
bacteria can alter the effectiveness of the mucosal immune system, and there is
promising research on the use of pre/pro/syn-biotics in maintaining a healthy gut.
However, the probiotic mechanism of action is uncertain and is likely to depend on
the individual strain itself and the clinical condition for which it is used.
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Chapter 9
A Gut Reaction: Aging Affects
Gut-Associated Immunity

Joseph F. Albright and Julia W. Albright

The only way to keep your health is to eat what you don’t want, drink what you don’t like,
and do what you’'d druther not.

Mark Twain

Older people shouldn’t eat health food, they need all the preservatives they can get

Robert Orben

Introduction

The digestive functions of the intestinal tract are familiar to everyone. The immuno-
protective functions of the intestinal tract are not. Not long ago, when relatively
little was known about the structure and function of the intestinal immune system, it
was reasonable to conclude that aging affected gastrointestinal (GI) immunity to a
minor extent, if at all. However, there were gerontologists who were not convinced
because — given excessive functional potential beyond what is normally required —
it was doubtful whether experiments involving whole animals or complex ex vivo
systems were reliable. To illustrate the point, consider the following quotation':
“The multiorgan system that composes the gastrointestinal tract has a large reserve
capacity, and thus there is little change in gastrointestinal function because of aging
in the absence of disease.” Although that quotation was directed at the digestive
function of the GI system, it may reasonably be argued that it embraces the
immunological function as well. We intend to develop that argument in this
chapter. First, however, we will provide a review of current understanding and
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thinking about the elements of the gut-associated immune system. After that, we
will attempt a perception, with the aid of Minerva and a little help from Bacchus, of
the aspects or features of gut-associated lymphoid tissue (GALT) that are most in
need of investigation: most likely to yield new insight. Finally, we will argue that
the gradual decline with advancing age in overall competence of GALT reaches a
point at which the reserve potential is largely exhausted; and at that point, the
elderly evince infections, autoimmune disorders, and neoplasias associated with
resident microorganisms that had remained latent.

Architecture of Intestine and Distribution of GALT

The GALT is located primarily in the oral region (salivary glands, tonsils, adenoids) and
in the small and large intestine. The gut may be pictured as a hollow tube closed at one
end by the mouth and at the other by the anal sphincter. The lumen of the gut is external
to the body. For that reason, the lumen is lined with an epithelium. The intestinal
epithelium is a single-cell layer that extends all the way from the mouth to the anal
opening. The epithelium serves as a barrier against injury and insult similar to the skin.

The wall of the gut, the “hollow tube,” is a multilayered structure composed of
four layers (tunics). The outer layer, the “serosa,” is a membrane that surrounds the
gut. On the dorsal/posterior aspect of the gut, the serosa forms a double-thickness,
suspensory mesentery that is continuous with the lining of the peritoneal cavity.
Beneath the serosa are the two strata of the “muscularis.” In the outer stratum, the
muscle fibers are aligned parallel to the longitudinal axis of the gut. The muscle fibers
of the inner stratum are arranged in a circular orientation. The “submucosa” lies
beneath the muscularis. It is a layer of connective tissue through which blood vessels,
lymphatic vessels, and nerve fibers course. The GI tract is well endowed with both
sensory and motor innervations. The innermost layer that surrounds the lumen is the
“mucosa.” The mucosa comprises several specialized layers and structures including
those that constitute the gut-associated, mucosal immune system (the GALT).

Facing the lumen of the gut is the intestinal epithelium. This epithelium is the
covering of the villi and crypts, i.e., evaginations and invaginations of the mucosa
that are especially prominent in the jejunum and ileum of the human gut. The cells are
polarized, their apical aspects face the lumen, and the basolateral aspects of adjacent
cells are in close contact. As noted above, this is a monolayer of cells that creates a
barrier against the penetration of pathogens and unsuitable gut contents. Although the
epithelium is a monolayer, it is anything but monotonous. Many different, specialized
cells lie in the epithelium. Enterocytes are specialized in absorbing digested nutrients
from the lumen. Goblet cells secrete mucins that coat the outside of the epithelium
and, among other properties, interfere with attachment of luminal microorganisms.
Many lymphocytes, mostly T cells, referred to as intraepithelial lymphocytes (IEL),
are interspersed among the other cells of the epithelium. The IEL are located in the
basolateral spaces between the epithelial cells.

Inside the epithelium is a complex layer of the mucosa known as the lamina
propria (LP). Fibroblasts and connective tissue cells are common in this layer.
Capillaries, lymphatic vessels, and nerve fibers that supply the epithelium course
through it. Most of the components of GALT are situated there. There are numerous
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Fig. 9.1 Electron micrograph of human Peyer’s patch follicle epithelium showing M cells with
enfolded lymphocytes (L). Note the prominent microvilli on the surface of the enterocyte (E) and
many fewer on the surface of the M cells (from T. Kato and R.L. Owen. Structure and Function of
intestinal mucosal epithelium. Ch. 8 of Mucosal Immunology. With permission)

lymphoid follicles (LF), often with prominent germinal centers (GC). The latter are
the organized foci of B lymphocytes, follicular dendritic cells (FDC), and occa-
sional T cells. Most of the latter, however, are loosely organized, separate from the
GC, in T-cell areas (interfollicular regions or IFR) where they are in association
with dendritic cells (DC).

Dispersed within the mucosa of the small intestine, especially the ileum, are
organized structures called Peyer’s patches (PP). These resemble peripheral lymph
nodes but have some unique features. Situated within the epithelium overlying PP
are M (for microfold or multifenestrated) cells>™ (see Fig. 9.1). On the luminal
aspect of these cells, the brush border (i.e., the vast number of microvilli that
protrude into the lumen and create the enormous absorptive surface) is sparse,
compared to that of enterocytes. That baldness favors the entrance into the M cells
of antigenic material from the gut. Beneath the M cell lies an organized region
called the subepithelial dome (SED). Many M cells are situated over the dome.
Their membranes extend into the dome. The membranes are punctuated with
infoldings called pockets. Within the pockets, lymphocytes and DC, occasionally
macrophages, are situated, 2—8 cells enfolded within one pocket.

The SED is noted for its relatively high frequency of DC, of which three types have
been distinguished.>® In fresh preparations of tissues, the DC present in the SED are
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largely of the myeloid type (CD11b+). DC of the lymphoid type (CD8+) are
concentrated in interfollicular regions (IFR). The third type lacks both CD11b
and CD8a, is termed double negative, and is distributed both in the SED and IFR.
In the process of characterizing the DC, it was demonstrated®’ that cells of the
epithelium overlying the SED (the follicle-associated epithelium or FAE) express
substantial amounts of two chemokines, CCL20 (MIP-3a) and CCL9 (MIP-17).
The CD11b+ DC located in the SED were found to display receptors for both
chemokines, viz., CCR6 for CCL20 and CCR1 for CCL9. On the other hand, the
chemokine CCL19 (MIP-3f3) was adduced to be present in the IFR where it attracts
CD8a+ DC. It was reasoned that the CD11b+ DC undergo maturation in the SED
and as they do, they express CCR7, the receptor for CCL19. They then “migrate”
into the IFR.

The intestinal epithelium facing the lumen is not a smooth surface; rather it may
be described as corrugated. It consists of alternating protrusions into the lumen,
known as the villi and pits (crypts), which protrude into the lamina propria. The villi
are lined with epithelial cells, most of them decorated with numerous, fingerlike
protrusions of their apical membranes, collectively comprising the brush border.®
The consequence of such corrugation is an enormous increase in surface area that is
available for absorption of nutrients produced by digestion of foodstuffs. In addi-
tion, the number and variety of ecological habitats for commensal microbiota are
vastly increased. The morphology of the villi varies considerably in different
regions of the GI tract, reflecting the variety of functions dominating each region.

The Peyer’s patches, as noted, are located within the lamina propria and may
bulge into the submucosa. In addition to the T cells located in the IFR and to a
limited extent in the SED, there are small congregations of T cells scattered along
the lamina propria. Within the SED of the PPs, CD3+ and CD4+ T cells are present
but not CD8+ T cells.” Both CD4+ and CD8+ cells are present in the IFR. B cells
and macrophages are scarce in the SED, but B cells and FDC congregate in the
lymphoid follicles and GC.

Closely associated with, but outside, the intestine are the mesenteric lymph
nodes (MLN). Their organization and function appear to be typical of lymph
nodes. However, unlike peripheral lymph nodes, the MLN receive the lymphatic
drainage from the Peyer’s patches. Any luminal microorganisms (commensal or
potential pathogen) that traverse the FAE are collected in the MLN. The latter act
“as a firewall to prevent live commensal intestinal bacteria from penetrating the
systemic immune system.”’

Intestinal Microbiota

The human gut is populated with as many as 100 trillion cells, whose collective genome, the
microbiome, is a reflection of evolutionary selected pressures acting at the level of the host
and at the level of the microbial cell. The ecological rules that govern the shape of microbial
diversity in the gut apply to mutualists and pathogens alike.

RE Ley, DA Peterson, JI Gordon'?
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Table 9.1 The normal gastrointestinal flora of human

Total bacterial count Stomach Jejunum lleum Feces
0-10° 0-10° 10°-107 10'°-10"2

Aerobic or facultative
Anaerobic bacteria

Enterobacteria 0-107 0-10° 10%-10° 10*-10'°
Streptococci 0-10° 0-10* 10%-10° 10°-10'°
Staphylococci 0-10? 0-10° 10%-10° 10*-107
Lactobacilli 0-10° 0-10* 10%-10° 10°-10'°
Fungi 0-10% 0-10% 10%-10° 10%-10°
Anaerobic bacteria

Bacteroides Rare 0-107 10°-107 10'°-10'2
Bifidobacteria Rare 0-10° 10°-10° 108-10"
Gram-positive cocci® Rare 0-10° 10%-10° 108-10"
Clostridia Rare Rare 10>-10* 10°-10"
Eubacteria Rare Rare Rare 10°=10'?
From Ref. 11

“Includes Peptostreptococcus and Peptococcus

The distribution of bacteria in the major compartments of the gut is markedly
uneven'' (Table 9.1). The majority is present in the colon. In contrast to those in the
stomach and small intestine, bacteria that thrive in the colon are anaerobes, gener-
ally Gram negative. The identification of the bacteria that colonize the gut is a
difficult pursuit, partly because of the great variety, and partly because more than
half of them cannot be cultured by conventional techniques. Nevertheless, it can be
argued that given the vast variety of bacteria on earth, it is an exclusive group that
inhabits the human intestine.'® That exclusivity is taken to mean that microorgan-
isms and mammals have co-evolved, reflecting the interdependence of microbes
and humans for survival.'®

The presence of endogenous, intestinal microbiota is of critical importance to the
host (human or animals). The list of beneficial functions currently known includes
processing of nutrients, facilitating intestinal angiogenesis, stimulating develop-
ment of the GALT, participating in establishment of oral tolerance, preparing for
gut mucosal immunity, and early (preimmune) diversification of the antibody
specificity repertoire.

Prior to birth, the intestinal tract of the fetus is sterile. If it remains sterile in the
neonate — as can be achieved experimentally — the GALT remains significantly
underdeveloped.'>'? Introduction of a single species of bacterium into the sterile
(“germ-free” or GF) animal results in substantial improvement in the development
of the GALT but still not equal to that of conventional (CVN) animals. The issue of
the numbers and types of commensal microorganisms that are capable of provoking
conventional development of GALT remains unresolved, and the index used to
judge conventionalization may influence the conclusions drawn. Studies performed
with GF mice are informative.'* When judged by the number of IgA+ plasmablasts
present in the duodenum of GF mice following infection, Bacteroides or Escher-
ichia spp. were superior to a variety of other types of bacteria. Simultaneous
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exposure to four different types of gut bacteria produced within a few weeks a
population of IgA plasma cells in the lamina propria close to the number in similar-
aged CVN mice. Infections of GF mice with single commensals generally result in
the slow, gradual development of IgA plasma cells in the lamina propria that attains
only a fraction of the number present in CVN mice.

As noted above, it is assumed that the present condition of mutualism of a
mammal and its commensal, intestinal microorganisms is an illustration of co-
evolution. Which bacteria were the earliest to establish co-survival with humans?
At present, there is little insight. That is not surprising given that there are more than
400 distinct species in the human gut and ways of culturing the majority of them
remain to be discovered. However, there is one candidate type of bacterium that
might have been an early commensal. The story is told in fascinating fashion by
Cebra et al."® Joseph Leidy in 1849'% described a dominant type of segmented
filamentous bacterium that he found in the midgut of termites (Phylum Arthropoda,
Class Insecta). Similar organisms have been found in chickens, rats, mice and are
now described as Gram-positive, segmented, obligate anaerobes. Injection of seg-
mented, filamentous bacteria into GF mice resulted in potent stimulation of the
development of the state of intestinal IgA natural immunity.'* A similar study
produced results that led to the same conclusion.'®

In the preceding section, emphasis was placed on the role of the intestinal
epithelium as an essential barrier that separates the organism, including the
GALT, from the microbiota of the intestinal lumen. However, there are events
that involve penetration of the barrier: some beneficial, others detrimental. For
example, in order for bacteria (introduced per os or intragastric) to stimulate
development of the immature GALT in GF animals, presumably they must traverse
the intestinal barrier. Similarly, luminal bacteria or their components probably
traverse the barrier to stimulate the GALT in order to achieve physiological
equilibrium (homeostasis) between the commensal population and the GALT. To
generate protective immunity against pathogens that invade the gut, the pathogens
or some immunogenic components must cross the barrier. Establishment of toler-
ance to antigenic materials introduced via the gut (see later) requires that the
antigens reach the GALT by traversing the barrier. All the preceding events are
beneficial. They involve the regulated transcytosis of bacteria, or foodstuff, or
antigenic fragments/components across the intestinal epithelium via the M cells.
The attachment of bacteria or antigenic materials to the apical aspect of the M cells
may involve lectins or integrins. Recent evidence'” has implicated Toll-like recep-
tor (TLR) 4 along with platelet-activating factor receptor (PAF-R) and o5, integrin
in transcytosis of wild-type and several mutants of Hemophilus influenzae. The
investigators concluded that their data and data from a small number of other
studies “suggest that pathogen-associated molecular pattern (PAMP) interactions
with pattern recognition receptors (PRRs) are key factors in M-cell recognition of
intestinal antigens for mucosal immune priming.”'”

Once inside the M cell and presumably enclosed in vesicles, the organism or
antigen is believed to be conducted to antigen processing cells (APC) (macro-
phages, DC) situated in the M-cell pocket(s). Individual pockets may have APC and
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T cells together and (rarely) B cells that evince the memory phenotype.'® However,
as judged by events in the M cells following introduction of commensal bacteria
into GF animals, immature DC predominate in the M-cell pockets, at least for a
time, following uptake of immunogen.'’

The M cells ingest bacteria and other particulate matter in a phagocytic fash-
ion.?*?! Viruses present in the lumen may be incorporated into M cells by endocy-
tosis, involving clathrin-coated vesicles.* HIV-1 can be transcytosed via M cells
located in tonsils and rectal epithelia.?® Binding of the virus to the apical surface of
the M cell is facilitated by the chemokine receptor, CCRS. Other small, nonadher-
ent particulates enter by endocytosis.** Precisely what happens to these internalized
substances is uncertain. They may be degraded in phagolysosomes or otherwise
“processed” and delivered to professional APC situated in the M-cell pockets.
Some investigators have suggested that M cells may be capable of processing and
presenting antigenic material.>>2°

Commensal microorganisms penetrate the intestinal epithelial barrier via the M
cells with regularity in order to maintain the homeostatic truce between the micro-
organisms and the GALT. However, those transcytosed organisms or their consti-
tuents never get past the MLN and therefore never stimulate the systemic immune
system. This is an element of the phenomenon of tolerance as discussed later. But
what about potentially pathogenic organisms? There are numerous examples
of pathogenic bacteria that penetrate the barrier via M cells. Infections with
Salmonella,26Shigella,27 and Yersinia®® have been shown to target the M cells,
resulting in a breach of the intestinal barrier. Studies with other organisms such as
the R36a variant of Streptococcus pneumoniae have shown transcytosis of the
microorganism without destruction of the barrier.?’ Indeed, the presence of S.
pneumoniae R36a enhanced the transcytosis of microspheres employed as test
material. The facilitated uptake stimulated by the bacterium appeared to result
from increased activity per M cell as well as increased numbers of M cells in the
FAE.?*?! Thus, some bacteria may be able to amplify their own uptake. Whether or
not an increase in numbers of M cells may be triggered by certain types of bacteria
is an issue that requires further study. Pre-existing dormant or immature M cells
may be stimulated to complete their maturation or morphogenesis. An alternative
explanation, currently under debate, is whether or not enterocytes may convert to M
cells under the influence of bacterial stimulation.

There are other, nondestructive pathways of transport of antigenic materials
from lumen to GALT. For example, there are several reports of transport of
peptides, even proteins, by enterocytes.’” The latter might be able to function as
APC although that is doubtful. They do express major histocompatibility complex
(MHC) class I and class II surface molecules and class I-related CD1d molecules
as well.

A second antigen-transport pathway that is attracting attention is the well-
documented sampling of the intestinal lumen by subepithelial DC. A recent,
trenchant report™ revealed the nonuniform distribution of DC along the small
intestine. DC displaying extensions into the lumen were found in the proximal
jejunum of the conventional mouse but relatively few in the terminal ileum.
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Following the introduction of Salmonella into the gut, the number of DC increased
markedly in the terminal ileum, a response that was dependent on MyD88-TLR
signaling. The extensions of the DC through the epithelial barrier and into the
lumen frequently terminated in a balloonlike structure which was capable of
engulfing bacteria.

The impenetrability of the intestinal epithelium is achieved by the force with
which adjacent cells adhere to each other (see Ref. 3 for a review). Adherence of
the epithelial cells is a function primarily of tight junctions (TJs) and adherens
junctions (AJs). TJs are said to “seal neighboring cells together in an epithelial
sheet to prevent leakage of molecules between them” and AlJs are described as
joining “an actin bundle in one cell to a similar bundle in a neighboring cell.”® The
following brief discussion will deal with TJs.

Knowledge about TJs has advanced rapidly in recent years.>>® In the case of
intestinal epithelial cells, they form a continuous sheet covering the intestinal wall
surrounding the lumen. Each villus and each crypt is lined with epithelial cells. The
enterocytes, goblet cells, and others (but not the IEL, DC, or macrophages) in the
epithelium of the villi and crypts are generated by pluripotent progenitors (stem
cells) located near the bottom of the crypts. As the new progeny differentiate, they
migrate upward to a site near the tip of the villus where they suffer apoptosis, are
discharged, and die in the lumen. These migrating cells manage to form and
maintain TJs and AJs. Each cell is surrounded by a band of TJs near its apical tip.
The TJs form the barrier against entry of unsuitable materials between the cells. It is
more of a selective barrier than an absolute barrier.

The TJs are formed by interaction of a number of constituent proteins: “occlu-
dins,” “claudins,” and “junction adhesion molecules” (JAMs) are the best known.
Under high magnification, the TJ between contiguous cells appear as small foci or
spots where the cells’ membranes are conjoined.® The junctions are formed by the
interactions between intermingled molecules of occludins and claudins contributed
by each cell. JAM-1 contributed by apposed cells interact in a homophilic manner.
Although they interact primarily with each other, JAM-1 are tethered to molecules
of claudin, thereby providing additional strength to the junction. Both occludin and
claudin molecules span the cell membrane four times and the carboxy and amino
termini of both types of molecules are inside the cell membrane (cytosolic). This
arrangement appears to be essential for their interaction with molecules of the ZO
(zona occludens) proteins. There are three of the latter (ZO-1, ZO-2, ZO-3). They
are members of a family of membrane-associated guanylate kinase homologs. ZO-1
and ZO-2, at any rate, behave like scaffolding proteins. Their amino-terminal
regions can interact readily with occludins and claudins to form molecular clusters,
while their carboxy-terminal regions interact with actin filaments thereby anchoring
the TJ to the cytoskeleton.’® The claudins are primarily responsible for recruiting
Z0 proteins to the forming TJs. Participation of occludin adds considerable addi-
tional strength to the junction.

As might be expected from the variety of ZO proteins (3 homologs), claudins of
which there are at least 24, and JAMs (4 homologs), it appears that TJs might
function as selective sites of entry into the extracellular spaces between the lateral



9 A Gut Reaction: Aging Affects Gut-Associated Immunity 183

surfaces of epithelial cells. It is known that the claudins are participants in the
formation of various ion-selective pores.36 Moreover, both occludin and claudins
function in intracellular signaling.

There are several examples of viruses, bacteria, and even parasites that have
adapted to use of TJ proteins to gain entry into gut tissue. Reovirus utilizes JAM-1,
which results in a signal to the nucleus of the enterocyte and activation of NF-kB.
The enterocyte dies by apoptosis but not before the virus has completed replica-
tion.>’ The bacterium Clostridium perfringens possesses an enterotoxin (CPE) that
binds with high affinity to claudin-3 and claudin-4 but not to claudin-1 or claudin-2.
Binding is accomplished via the carboxy-terminal half of the enterotoxin (C-CPE).
When monolayers of cultured target cells (MDCK-I) were incubated with C-CPE,
claudin-4 was selectively removed from TJ and degraded.®® As a consequence,
the TJ barrier of the monolayer of cells was degraded in proportion to the dose of
C-CPE.

Disruption of the intestinal epithelial barrier is often observed following trau-
matic events such as systemic or local inflammation, surgery, physical injury,
severe malnutrition, and others. When the barrier is breached, the microorganisms
that escape may overwhelm the innate defenses, including GALT, and establish
serious local or even systemic infections. As will be discussed later, an emerging
“theory” of aging holds that the aging gut is in a perpetual state of subclinical
inflammation (inflammaging) attributable to transcytosis of commensal organisms.
Elevated transcytosis of luminal microorganisms is considered a pathognomonic
feature of inflammatory bowel diseases (IBDs). At least some aspects of epithelial
barrier disruption can be blamed on the cytokines IFN-y and TNF-a and the effects
they exert on TJs.**~** Studies performed in vitro with monolayers of epithelial
cells (Caco-2, T84) revealed that IFN-y treatment triggered disruption of TIs,
internalization of some of the TJ components, and rearrangement of the actin
cytoskeleton. The latter result involved disruption of actin interaction with myosin
light chain.*® Additional studies revealed a synergistic interaction of IFN-y and
TNF-a such that pretreatment with low, nondisruptive doses of IFN-y primed the
disruptive effects of subsequent low doses of TNF-o.*° Similar results were
obtained from studies performed in rats,*> again suggesting that TJ disruption
involves rearrangement of the enterocyte cytoskeleton. More details concerning
the precise mechanisms of enterocyte ingestion of TJ components and cytoskeletal
rearrangement are provided in Ref. *°

Finally, to complete this section concerned with intestinal microorganisms, the
presence in the gut of a variety of antimicrobial substances should be mentioned.
This topic will be developed more fully in the section “oral Tolerance” which deals
with innate immunity. Within the intestinal crypts of the duodenum, jejunum, and
ileum, there are specialized epithelial cells known as Paneth cells. They are one of
four principal derivatives of the pluripotential stem cells located at the bottom of
the crypts. Various studies with mouse and/or human tissues have revealed that
Paneth cells produce several antimicrobial proteins or peptides including several
members of the o-defensin family (called “cryptdins” in the case of mice)
(reviewed in Ref. 43). In the case of humans, six a-defensins have been discovered;
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two are associated with Paneth cells and the other four are found in neutrophils. No
leukocyte a-defensins have been identified in mice.

A second major family, the B-defensins, are not restricted to Paneth cells; rather,
they are expressed by most epithelial cells of the small and large intestine. A
relatively wide variety of B-defensins is known and they are widely expressed
among mucosal epithelial surfaces. The expression of both a- and B-defensins at
intestinal mucosal surfaces may be markedly enhanced by infection and inflamma-
tory disorders.

Defensins are synthesized as prepropeptides and are then processed to yield the
mature, active peptides. The latter are small, comprising 29—45 amino acid resi-
dues. Their lethal effects on bacteria are exerted on the surface membranes.

The production, characteristics, distribution, and actions of microbicidal pro-
teins and peptides will be discussed in more detail in the section “oral Tolerance”.

Oral Tolerance

When rodents are provided a protein antigen by the oral route (feeding or intragas-
tric deposition) they are rendered unable to respond to the same antigen given by a
parenteral route.** That unresponsive state is termed “oral tolerance” (OT). Also,
antigen provided intranasally can induce systemic unresponsiveness to the same
antigen.*> OT has been demonstrated in several monogastric mammals as well as in
humans.*

The gradual elucidation of OT has generated considerable interest and excite-
ment, which is likely to continue for some time. There are at least three prominent
reasons for the excitement. First, OT suggests an explanation for the fact that, in
good health, humans live peacefully with their enteric microorganisms. Under
abnormal conditions, those same microorganisms can induce severe, immune-
mediated inflammation as occurs in inflammatory bowel disorders. Second, OT
provides deep insight into the mechanisms that control autoimmune disorders and
the prospects for successful clinical intervention in those disorders. Third, OT
reveals how hypersensitivity (allergic) reactions to ingested food constituents are
normally avoided. Experimental animal models in which OT has been prevented
are extremely useful for studying mechanisms of allergic disorders.

Exposing the detailed mechanisms of OT has been the pursuit of a number of
talented investigators. To understand some of the recent work, we should begin by
recounting some of the established, accepted findings. It is important to emphasize
that the precise anatomy of the GALT facilitates the establishment of OT. That has
been explained clearly in a recent commentary”’ (see Fig. 9.2). The MLN occupy a
pivotal position. Owing to the afferent lymphatic drainage of the intestinal epithe-
lium and PP, nearly every prospective antigen is screened in the MLN. For
example, DC carrying potentially antigenic components of commensal microbes
are sequestered by the MLN and never reach systemic tissues where they might
trigger immune responses. The situation appears to be similar for putative antigenic
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components of food, although it is at least possible for such components to enter the
bloodstream directly via venules of the hepatic portal vein. This pivotal function of
the MLN is the reason they have been called a “firewall.”*’

Questions that have disturbed investigators for some time are concerned with
routes of antigen administration, antigen dosage and distribution, quality of anti-
gens, and the sites where tolerance originates and is manifested. Several of the
established, accepted answers to questions regarding antigen and OT were dis-
cussed in a masterful review*® and are simply summarized here. Feeding or
intragastric administration of protein antigens severely restricts subsequent system-
ic or mucosal immune response even when subsequently the antigen is given with
adjuvant (cholera toxin B subunit in the case of oral challenge or complete Freund’s
adjuvant in the case of parenteral challenge). However, in the absence of prior oral
exposure, antigen given with adjuvant via the oral route elicits both mucosal and
systemic immunity. Parenteral immunization with protein antigens elicits systemic
but not mucosal immunity.* Orally administered antigen leads to significantly
reduced cell-mediated immunity including delayed-type hypersensitivity.**-*!
The dose of oral antigen influences the characteristics of OT,”*”* especially with
repect to the mechanism that produces tolerance (see below).

Questions regarding the distribution of orally administered antigen relate to the
sites of tolerance induction and persistence. Recent work™ has resulted in partial
clarification of the uncertainties. The results of several studies” ~° led to the view
that orally fed antigen induced tolerance concurrently both in the intestinal mucosa
and peripheral sites. The reason was that antigen-activated, specific T cells could be
demonstrated in various peripheral locations. Either antigens or antigen-bearing DC
were reaching those peripheral sites, or T cells were migrating to peripheral
locations after being primed in the GALT.

In order to determine whether or not the GALT is the locus of tolerance
induction, a series of experiments were performed™ in mice treated with the
agent FTY720. The latter prevents the emergence of lymphocytes from lymphoid
tissues into efferent lymphatics.”> When those mice were provided oral antigen,
there was no appearance of activated antigen-specific T cells in spleen or peripheral
lymph nodes; and yet durable tolerance was established. Antigen-specific T-cell
proliferation in the PP and MLN was unaffected by the FTY720. Clearly, GALT is
the locus of OT induction. Additional experiments established that the MLN, rather
than PP, are the key sites. The final set of experiments demonstrated that the
proliferation of antigen-specific T cells in the MLN is effected by transport of the
orally administered antigen (or antigen fragments) from the LP to the MLN. In mice
lacking the chemokine receptor CCR7, giving antigen orally induced neither
antigen-specific T-cell proliferation in the MLN or the induction of OT.

This recent demonstration that the MLN, not the PP, are the setting of OT
confirms the findings of several other groups of investigators.”’®~>® Moreover, the
finding that CCR7 is required in the MLN, both for specific T-cell proliferation and
OT, complements and extends previous work, all of which allows a view — although
a clouded one — of what may underlie the emergence of OT. It has been estab-
lished® that the SED of PP is an area populated by DC that appear to be immature.
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When they mature after encountering antigen that has passed through the M cells,
they express CCR7 and migrate to the IFR under the influence of CCL19 (MIP-3p).
Although more evidence is required, it may be supposed that some of those DC,
now activated and mature, continue the journey to the MLN. It is interesting to note
that (a) estimates from studies in rats indicate that there are some 7-24 million DC
in the small intestine of which approximately 8 x 10° normally migrate to the MLN
every day®® and (b) CCR7+ DC found in the MLN that had emigrated from the LP
were characteristically vacuolated with vacuoles containing debris although the DC
in the MLN are relatively inactive phagocytes.®' There appears to be an active flow
of DC charged with ingested immunogenic material from the PP to the MLN. It is
important to mention that OT can be induced with much lower doses of antigen in
mice that have been treated with flt3 ligand.%> Treatment with the latter causes a
substantial increase in the number of DC in the gut as well as in the spleen and
elsewhere. The substantial increase in GALT DC allows OT to be induced with low
doses of antigen that have no effect in normal animals.

The LP, PP, and MLN all contain typical T cells, both CD4+ and CD8+. In
addition, there are substantial numbers of intraepithelial T cells, many of which are
the y/6 T cells that play an important role in establishing and maintaining the
epithelial barrier.> Given the presence of diversified CD4+ T cells, antigen-laden
DC, and a conducive microenvironment, conditions are suitable for development of
regulatory T cells (Treg) that are instrumental in the creation of OT.

At least three types of T cell-mediated tolerance can be distinguished: central,
peripheral, and oral. Treg play important roles in all three types. Each type has some
unique aspects but there are aspects that are common to all. Central tolerance
develops in the thymus, and pertains primarily to self-antigens and restriction of
the potential for autoimmune disorders. It involves, in part, deletion of self-reactive
clones of T cells when their receptors (TCR) react with cognate peptide-class 11
MHC complexes with high affinity. Most of the T cells involved (CD4+ or CD8+,
double-positives to some extent) die by apoptosis (negative selection). Some,
however, escape death and become Treg (sometimes designated ¢ Treg, “c” for
central) and are released to the periphery.

Another mechanism of T-cell negative selection occurs in the periphery (periph-
eral tolerance). This involves elimination of potentially self-reactive T cells that,
for one reason or another, have escaped deletion in the thymus. Those cells circulate
in the periphery and, upon encountering an APC offering the cognate peptide,
interact but receive low co-stimulation from the APC (e.g., via B7 molecules).
Lacking sufficient stimulation, they die of apoptosis.

Peripheral tolerance can be induced by parenteral administration of antigens
under conditions that are not conducive to immune responses: for example, by
solutions of proteins (lacking particulate matter) given without adjuvants. High
doses and repeated injections are usually required. Attempts to induce peripheral
tolerance to particulate antigens seldom succeed. Once established, peripheral
tolerance to a given test antigen does not extend to the GALT.

Recall that feeding protein antigens or intragastic deposition leads to OT. A
relatively short time (24 h or less) is required for the establishment of OT, and once
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established the tolerant state extends to the periphery. The same antigen, even when
given orally together with the adjuvant, cholera toxin subunit B (CT-B), will not
break the tolerant state.

Quantities of soluble protein in the milligram range will induce OT when given
alone intragastrically. When given together with the adjuvant CT-B to untreated
animals, vigorous immune responses to the antigen ensue. If the antigen is cova-
lently linked to CT-B, OT can be induced with doses of antigen in the microgram
range.®® Giving antigen either way, separate or coupled to CD-B, leads to the same
result; Treg appear in concert with establishment of tolerance. OT is effected by
way of induced Treg that produce immunomodulatory cytokines: for example, Trl
cells that secrete IL-10°*%% and Th3 cells that secrete TGE-P.%° The regulatory cells
that have been most widely studied are those that express CD25. Treg that are CD25
+ CD4+ may produce either IL-10 or TGF-f or both. However, CD25 is an unstable
marker.®” Another molecule, Foxp3, has been shown to be associated reliably with
CD25+ CD4+ Treg.®® Foxp3 was discovered as a result of a mutation in the scurfin
gene, the murine ortholog of Foxp3, that results in a lethal autoimmune disorder in
mice owing to severe depletion of CD25+ CD4+ Treg.®~"!

CD25— CD4+ cells do not express Foxp3 and are not immunosuppressive.
There is now abundant evidence that exposure to TGF-P, either in vitro **’2 or in
vivo *7%73 can induce naive, CD25— CD4+ cells to convert to CD25+ CD4+ Treg.
Moreover, mutant mice lacking a functional 7gfb/ gene develop lethal disease
characterized by massive T-cell proliferation, extensive immunopathology, and
activation of both Th1 and Th2 cells.”® Transfer into those mice of Foxp3+ Treg
inhibited differentiation of Th1 cells but promoted emergence of Th17 cells.”® The
latter are CD4+ (possibly CD8+)74 cells that secrete IL-17, IL-6, and TNF-a. They
are considered to be intimately involved in the onset of autoimmune disorders such
as rheumatoid arthritis and multiple sclerosis.”> Thus, TGF-B promotes develop-
ment of Treg; but TGF-p along with IL-6 facilitates appearance of Th 17 cells.”

It is worthwhile to attempt a synthesis of the recent findings and to produce a
sketch of the mechanism of Treg suppression of mucosal and peripheral immunity.
When antigen is given orally, that which survives and reaches the jejunum and ileum
may, in small amounts, traverse the epithelial barrier by transport into M cells and/or
capture by DC extensions into the lumen. When antigen is given as an attachment to
CT-B, the immunogenic potency of that which traverses the epithelium is enhanced,
leading the tolerant state. The oral administration of whole cholera toxin will disrupt
even the durable tolerant state.°> It seems an oversight that so little attention has
been given to the mechanism of CT-B adjuvanticity. What it might do vis-a-vis the
intestinal epithelium could involve TGF-f. All three isoforms of TGF-f (1, 2, 3) are
coexpressed in the epithelium of the mouse small intestine and colon.”®

Antigen that traverses the follicle-associated epithelium (FAE) is picked up by
the immature DC that reside in the SED (CD11b+ CD8c.—) and express CCR6.
Those Cd11b+ DC that express CCR6 are attracted to the SED by the CCL20,
which is expressed by cells of the FAE.”” Several substances including bacterial
flagellin are able to induce CCL20 expression by the FAE. As the DC mature, they
express CCR7 and migrate to the IFR. From there they migrate into the MLN via
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afferent lymph. What occurs within the MLN can be inferred from the results of
studies in vitro, using epithelial cell monolayers, and in vivo, by use of TCR
transgenic T cells. The interactions between entering DC, which now are mature
APC, and naive T cells within the interfollicular regions of the MLN generate CD25
+ CD4+ Treg. TGF-f promotes the activation of the transcription factor Foxp3. The
CD25+ CD4+ Treg suppress the functions of other T cells both by cell—cell contact
and by secreting additional TGF-f and IL-10. Naive CD4+ and CD8+ T cells are
rendered anergic; they are unable to respond to cognate antigen or to stimulation via
CD3. Upon optimum stimulation and costimulation, they neither proliferate nor
secrete cytokines.

Exactly how the induction of OT in the GALT renders inactive the responses of
peripheral tissues, spleen, and lymph nodes remains unresolved. Possibly, Treg and
DC from the MLN infiltrate peripheral lymphoid tissues and exert their tolerizing
influence. However, there are compelling findings that suggest that antigen is
distributed from the LP not only to PP and MLN but to peripheral locales as
well.>*7® For example, after oral antigen, TCR transgenic T cells are found to be
activated and proliferating concurrently in the MLN and spleen. Once tolerized,
however, the transgenic T cells are unable to respond to antigen, or provide help to
cognate B cells.

The description of the induction of tolerance provided in the preceding para-
graphs pertains to rodents. Tolerance induced in humans and probably other
mammals differs somewhat in that immunosuppressive Treg display CD25 and
CD4, and also MHC class II molecules.” Thus, Treg in humans can be identified as
CD25+ CD4+ DR+ and are also typified by expression of Foxp3. T cells of mice
lack Class II molecules because they cannot transcribe CIITA which is necessary
for Class II expression.™

Mechanisms of Innate Intestinal Immunity

A few years ago, writing a section on innate intestinal immunity would have been a
short and simple task. It would have been impossible to draft even a few sentences
concerned with aging of innate intestinal immunity. As will become evident, there
is now considerable information about innate elements of gut immunity. However,
there remains a dearth of insight regarding the effects of aging on those innate
elements.

Toll-Like Receptors

One of the major recent advances in knowledge concerning innate immunity in
general, not only that of the intestine, is the discovery and analysis of the Toll-like
receptors (TLRs).*!"®? The TLRs are present on MP and DC consonant with their
key role in the recognition of bacterial and viral pathogens. TLRs are present also
on intestinal epithelial cells, both M cells and enterocytes, where they recognize
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Table 9.2 Well-known Toll-like receptors and their ligands

TLR number (s) Ligands Human, mouse, or both
2/1 Bacterial lipoproteins Both
2/6 Bacterial lipoproteins Both

Lipoteichoic acid
Yeast cell wall mannans

2 GPI anchors Both
Bacterial porins

3 ds RNA Both

4 LPS, HSPs, Both
Some viral proteins

5 Bacterial flagellin Both

7 ss RNA (viral) Both

8 ss RNA (viral) Both

9 CpG containing DNA Both

commensal organisms.**®> There are 13 known TLRs, each of them broadly
specific for compound molecules present at the surface of viruses, bacteria, fungi,
and parasites. A listing of TLRs and their ligands (if known) is provided in Table
9.2. Inspection of the list of ligands indicates that the TLRs recognize components
of microorganisms rather than precise moieties. For that reason, the TLRs are called
“pattern recognition receptors” (PRR) and collectively their ligands are termed
“pathogen-associated molecular patterns” (PAMP).

There are excellent examples of the consequences of engagement of different
TLRs on DC or MP. For example, association of bacterial lipoproteins with TLR-1
and TLR-2 (heterodimers) on myeloid DC triggers release of IL-10 but little IL-12.
Immature CD4+ T cells are directed along the Th2 or Treg pathways. Conversely,
occupancy of DC TLR-4 by bacterial lipopolysaccharide (LPS) or heat shock
proteins (HSP 60/70) evinces secretion of IL-12p70 and IFN-o.. Immature CD4+ T
cells then mature along the Th1 pathway. Stimulation of DC or MP through TLR-4
offers a good example of the consequences of being dependent on the types of
auxiliary (adaptor) proteins that associate with the TLR-ligand complex. If the
signaling involves the adaptor MyD88, the DC or MP generates proinflammatory
cytokines IL-12, IL-6, and TNF. The result includes attraction of microbicidal cells
(neutrophils and others) to the location of the offensive pathogen. On the other hand,
signal transmission via adaptor TRIF results in output of type 1 interferons, an
antiviral response.

While the majority of TLRs appear to be expressed on the surface of DC or MP,
at least two, TLR-7 and TLR-9, are located internally. The ligand for TLR-7 is a
single-stranded RNA that is rich in G and U nucleotides often found in viruses.
TLR-9 interacts best with CpG-rich DNA, also frequently found in viruses. The two
types of receptors are located within intracellular endosomal vesicles. In that
location, they have ready access to viral nucleic acids because many viruses enter
host cells by way of endosomes.
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The TLRs are considered to be phylogenetically ancient. TLR-7 and TLR-9
exemplify the conservation of receptors that are of great utility and their appropria-
tion by modern mammals. They also reveal what a fine line separates protective
innate immunity from destructive autoimmunity. Mammalian DNA and RNA can
engage TLR-9 and TLR-7, respectively; however, they do so with much less avidity
than the viral nucleic acids. Mammalian DNA, unlike prokaryotic DNA, contains
CpG that are largely methylated. Similarly, many of the G/U nucleotides in eukary-
otic RNA are methylated. Those molecular differences and other findings of a genetic
nature® largely explain why autoimmune disorders such as lupus erythematosus
are relatively rare. But the potential exists and could be manifested via the TLRs.

As noted, TLRs are present on cells of the intestinal epithelium.**™ TLR-2 is
expressed by cells both in the FAE and the villus epithelium (VE). The introduction
of ligands (e.g., peptidoglycan) into the intestinal lumen was seen to cause the
rearrangement of TLR-2 on cells of the FAE but not the VE.* The M cells of the
FAE were enhanced in their ability to transport indicator microparticles. Of partic-
ular interest was the movement of subepithelial DC into the FAE in response to
TLR-2 activation. Similar events occurred in response to luminal LPS, suggesting
TLR-4 stimulation.®

A detailed study of TLR-4 in intestinal epithelium revealed that PAF-R and o5,
integrin, in addition to TLR-4, are present on M cells.®” TLR-4 is present on M cells
in apical location but not on VE cells. PAF-R is equally distributed on M cells and
VE cells. Both M and VE cells were capable of Gram-negative bacteria uptake but
only M cells were capable of translocating bacteria. An important role of M cell-
associated as[3; integrin in the translocation of bacteria was demonstrated. Recent
evidence that TLR-4 present on enterocytes promotes binding and internalization of
LPS**% kindled interest in a study of enterocyte internalization and translocation
of Gram-negative bacteria.®® It was concluded that the translocation of bacteria
involved a process of phagocytosis that did not include typical membrane ruffling
and macropinocytosis. However, the types of cells that engaged in the postulated
“novel” process of phagocytosis were not precisely identified; they may have been
M cells or DC or MP.

Although TLR-2, TLR-4, TLR-5, and TLR-9 have been reported to be present in
intestinal epithelium, attention has been given to TLR-4, as it, in particular, appears to
play a significant role in experimental colitis.** A study performed in TLR-4 knock-
out mice (TLR-4—/—) revealed a severe deficiency in mobilization of inflammatory
cells (MP, neutrophils) and in the release of chemokines. Live bacteria could be
cultured from mesenteric lymph nodes. The onset of colitis was quicker and more
severe than in control (TLR-4+/+) mice. Similar results obtained in MyD88—/—
mice indicated that the signal from TLR-4 was transduced via the MyD88 pathway
leading to elaboration of proinflammatory cytokines such as TNF and IL-1.

In addition to TLR-7 and TLR-9, there are other intracellular bacterial detectors
of which the nucleotide oligomerization domain (NOD) family proteins are well
known. There are three prominent members of the NOD family: NOD1, NOD2, and
cryopyrin. All three recognize components of bacterial peptidoglycans. NOD1 is
particularly suited for detecting components of Gram-negative bacteria, while
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NOD?2 and cryopyrin are sensitized by components of both Gram-positive and -
negative bacteria (especially those that include muramyl dipeptide). Signaling
initiated by occupancy of any of the three results in production of inflammatory
cytokines. The cellular distribution of NODI is broad and includes intestinal
epithelial cells. NOD?2 is more restricted to MP, DC, and PC located in the intestinal
crypts, where it is involved in activating production of a-defensins.

Microbicidal Peptides and Proteins

Some persons have considered the huge population of commensal organisms in the
gut to be equivalent to a host organ. In some respects, that seems a reasonable idea.
The problem with the idea is that the commensal population is pathogenic. The state
of mutualism is one in which each partner derives benefit from the existence of the
other; nevertheless, it is a state of armed truce. Early in the course of coevolution,
each partner selected “weapons” with which to resist the aggressive tactics of the
other. In the case of vertebrate hosts, it appears that the weapons selected were
microbicidal peptides and a variety of proteins.

There is a large array of microbicidal peptides that exist in the vertebrate
intestinal epithelium and in cells of myeloid origin.”®°? The antimicrobial peptides
disrupt the membranes of bacteria and fungi but ignore the membranes of self. The
molecular basis of that discrimination is uncertain but probably centers around the
existence of cholesterol in mammalian but not bacterial membranes.”> Also, bacte-
rial membranes are more highly negatively charged and may attract positively
charged molecules of the antimicrobial peptides.

It is convenient to arrange the microbicidal peptides in three categories: o-
defensins, B-defensins, and cathelicidins. Members of both categories of defensins
are 29-35 amino acids in length and are folded in accord with three disulfide bonds
into a three-stranded B-sheet structure. The cathelicidins are of similar length but
differ in the manner of their folding.

It should be noted that the defensins are widely distributed among vertebrates.
There appears to be a wider variety of the B- than of the a-defensins. There are
differences between human and mouse defensins. The six a-defensins of the mouse
are all generated by PC located near the bottoms of intestinal crypts. For that
reason, the mouse o-defensins have been termed “cryptdins” (crypt defensins). In
contrast, only two of the six human o-defensins are produced by intestinal crypts
(HD-5 and HD-6). The other four (HD-1 through HD-4) are located in MP and
neutrophils, especially the latter.

Human and mouse B-defensins are expressed in a variety of tissues including
epithelial surfaces of the intestine, lung, trachea, and esophagus. In some sites they
appear to be expressed constitutively but are inducible at other sites.”? In the
intestinal epithelium, at least some of the -defensins are inducible by infection
or by exposure to cytokines such as IL-1, IL-6, and TNF.

Defensins and corticostatins are closely related. Indeed, certain defensins may
act as corticostatins. The latter antagonize the actions of ACTH. Both, defensins
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and corticostatins, are concentrated in leukocyte granules. In systems for studying
the antagonism of ACTH, corticostatin activity is evident at concentrations in the
micromolar range, whereas antibacterial activity is displayed in the millimolar
range. For that reason, it has been speculated that the primary biological action of
defensins could be endocrinological. However, defensins are quite abundant in
neutrophils, accounting for some 5% of the neutrophil protein, which seems to
confirm that they were selected for defense.

Several studies have demonstrated that certain defensins may serve as chemoat-
tractants for DC, monocytes, or even T cells. For example, human -defensins 1 and
2 attract immature DC and T cells that display CCR6.°* The cathelicidin, LL-37, is
chemotactic for human neutrophils, monocytes, and T cells.”

The elaboration of chemoattractant defensins or cathelicidins, whether by PC
or myeloid cells, is considered to be an important phenomenon for controlling
commensal bacteria. Moreover, the full potential of that mechanism is evident
when the epithelial barrier is violated and the entrance of the commensals leads
to IBD. In addition to the direct and indirect attacks of the defensins and
cathelicidins on commensal organisms, yet another mechanism has emerged to
control the pathological potential of these organisms. Neutrophils, in particular,
respond to chemotactic peptides released by bacteria. Those peptides are small,
only a few amino acids in length, and have formylated amino termini (e.g.,
formyl-Met-Leu-Phe) reflecting the use of N-formyl methionine by bacteria to
initiate protein synthesis. When an inflammatory condition begins to develop,
epithelial cells (especially in the colon and distal ileum) express a special apical
receptor, hPepT1, for formylated peptides.’®®” Entrance of those peptides into the
epithelial cells triggers the release of cytokines and chemoattractants. The peptides
themselves may be released into the LP at the basolateral face of the epithelial cells
and by passage between the cells when the inflammation disrupts the tight junc-
tions. The attraction exerted by the peptides may be so strong that the neutrophils
follow the gradient of increasing peptide concentration right into the intestinal
lumen.

To conclude this section on innate immune receptors, the C-type lectins should
be mentioned. Reg 111y is an example that is well suited for obstructing the
transepithelial incursion of commensal microorganisms.”® It is directly bactericidal
toward Gram-positive organisms and reacts with peptidoglycan. Because it lacks a
domain for interacting with components of the complement system, Reg 111y of
mouse and its human counterpart, HIP/PAP, are considered to be ancient, primitive
forms of C-type lectins. Reg 1117 is located in the secretory granules of PC. Upon
stimulation by luminal bacteria, the granules are secreted at the apical face of PC.
The distribution of Reg 1117 along the intestine of the mouse is consonant with the
distribution of crypts, viz., more frequent in the distal ileum following the numeri-
cal increase of intestinal microorganisms. Reg 111y has a role in protecting the gut
from invasion by commensals as suggested by (a) the substantial rise in concentra-
tion during weaning (postnatal days'’~>?) in conventional but not germ-free mice
and (b) the marked increase in amount when the intestinal flora from conventional
mice were introduced into germ-free recipients.
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Crypts and Stem Cells

There are more than one million crypts in the small intestine of the mouse. They are
located primarily in the ileum, the frequency increasing toward the junction with
the colon. Normally there are few if any in the colon. There are approximately 250—
300 cells per crypt.””'% About half of those cells are in the rapid cell cycle. Each
crypt produces about 300 new cells per day which migrate to the villus tip and are
sloughed into the lumen.'®

Located near the bottom of the crypt is a group of stem cells which may vary in
number per crypt but is most often 4—-6. The stem cells are responsible for generat-
ing four lineages of progeny: enterocytes, goblet cells, enteroendocrine cells, and
Paneth cells. Cells of three lineages are constantly migrating out of the crypt and up
the villus but Paneth cells remain in the crypt at a location near the bottom.

Crypt stem cells have not attracted the attention they deserve primarily because
of their inaccessibility. However, methods are being developed that will allow them
to be obtained in adequate numbers. One of the key questions about stem cells has
concerned their accumulation of mutations. That question has been answered in the
case of mitochondrial DNA (mt DNA) of crypt stem cells, 01103

mt DNA is a small, self-replicating molecule present in many copies in the
individual mitochondrion. Thus, there are thousands of copies of mt DNA in a
single cell. The mt DNA encodes 13 essential proteins of the respiratory chain,
2 ribosomal RNA (rRNA) genes, and 22 transfer RNA (tRNA) genes which are
utilized for mt protein synthesis. All other proteins of mt are encoded by nuclear
genes. Mutations that occur in mt DNA can appear in all copies in a cell (termed
homoplasmy), or a mixture of wild-type and mutated copies may be present
(heteroplasmy). It is estimated that about 80% of the copies must be mutant before
the functions of a cell are affected — such as defective oxidative phosphorylation.
That is a fascinating example of physiological redundancy, which suggests that
only 20% of the potential is required to maintain a normal level of function.

The results of some ingenious experiments, in which the detection and frequen-
cies of wild-type and mutant elements of the respiratory chain were assessed, were
reported recently.'®"'** Three types of crypts could be detected: those in which the
mt DNA was entirely wild type, others in which the mt DNA was entirely mutant,
and still others in which both wild-type and mutant mt DNA were present. Analysis
of that situation showed the homoplasmic crypts resulted from clonal expansion of
single stem cells that possessed either wild-type or mutant mt DNA. Heteroplasmic
crypts resulted from the clonal expansion of two stem cells, one having predomi-
nantly the wild type the other predominantly mutant mt DNA. Thus, those
experiments have demonstrated that mutations in the mitochondrial genome can
occur in normal stem cells, which subsequently give rise to progeny that occupy the
entire crypt.

Several investigators have adduced evidence that crypts can multiply by fis-
sion. "% 19319 When they do, it appears that the daughter crypts display progeny of
the same stem cell clone that dominated in the progenitor. Moreover, crypts that
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display a homoplasmic mutant genotype undergo repeated fission to form homo-
plasmic clusters and even larger assemblages termed patches. In this manner, stem
cell mt DNA mutations can spread in the lower intestine.

A particularly interesting finding emerged from the studies on mutations in mt
DNA. It was found that mutant crypts increase with increasing age. This agrees with
the observed spread of mutations in the intestine by crypt fission and congregation.
The rate of mutation that occurs in mt DNA of these crypt stem cells was estimated
to be approximately 5 x 107> per genome per day, which far exceeds that of
nuclear DNA. One likely explanation for that is the proximity of the mt DNA to the
generators of free radicals in mitochondria. The relationship between free radicals,
mitochondria, and aging is at the forefront of theories of aging.

Adaptive Intestinal Immunity

For several reasons, some of which remain unknown, the GALT produces only IgA.
The unique character of the local DC and the particular combination of cytokines
and retinoic acid are partly responsible but not entirely. There are two varieties of
IgA that are to some extent restricted in distribution. Most IgA present at epithelial
surfaces (intestine, respiratory tract, female reproductive tract, salivary glands) is
largely polymeric (pIgA), composed of two or more (usually two) complete mono-
mers. Nearly all IgA of the blood is monomeric (mIgA). That is the situation in
humans and mice but may differ in other mammalian species. In the case of the
intestine, IgA is exclusively pIgA, reflecting its synthesis and the manner in which
it is transported into the lumen. Very little of pIgA reaches the blood circulation.

In the human there are two subclasses of IgA: IgA1 and IgA2. In the mouse there
is only 1, in rabbits 13.19 However, one subclass and one constant-o. gene is the
usual condition. Both IgA1 and IgA2 human subclasses form multimers, generally
dimers, in which two monomers associate via their constant regions and are joined
by a small molecule known as the J chain. The complete molecules of pIgA that are
secreted into the lumen of the intestine comprise two subunits of mIgA plus J chain
and part of the polymeric IgA receptor (pIgAR) called the secretory component
(SC). The secreted complex is termed secretory IgA (sIgA).

Antimicrobial Actions of IgA

Intestinal IgA molecules are synthesized by plasma cells located beneath the
intestinal epithelium in the LP. The molecules are secreted as dimers joined by
the J chains. They diffuse through the basement “membrane” and bind to the
polyimmunoglobulin receptors (pIgR) that are displayed on the basolateral aspects
of enterocytes.'®® The pIgA—J-R complexes are internalized and transported by
endosomes to the apical faces of the enterocytes. Endosomal-apical membrane
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fusion occurs, and the pIgA—J-R complexes are displayed on the apical face of the
enterocyte but still anchored to the enterocyte membrane via the C-terminal domain
of the R. Release from the enterocyte is achieved by proteolytic cleavage near the C
terminus of the R. The short C terminus remains behind, while the rest of the R, now
known as SC, enters the lumen. The pIgR is adapted to accept pIgA with attached J
chain but binds mIgA weakly if at all. A molecule of the pIgR is utilized for each
molecule of pIgA-J complex that is transported into the intestinal lumen.'®’
Therefore, the availability and efficiency of transport of the pIgR can determine
the rate and amount of pIgA that reaches the surface. The availability and transport
efficiency of the pIgR are determined, in part, by TLR-3 and TLR-4 on the
intestinal epithelial cells.'®® It has been shown that the surface expression of pIgR
is substantially elevated in response to signals transduced by dsRNA-stimulated
TLR-3 or LPS-stimulated TLR-4.'% The response to TLR-4 signaling was much
lower than to TLR-3 and led to the interpretation that TLR-4 signaling induced by
commensal microbiota might well be a homeostatic device.

Secretory IgA is capable of a variety of functions, not only after release at the
luminal surface but during intraepithelial transport as well. During transport, the two
antigen-binding sites on each mIgA are accessible and, therefore, may interact with
cognate moieties that are in the enterocytes, e.g., neutralization of virions located in the
same endosome in which the sIgA molecules are being transported'®®"''? or, perhaps,
intersection of the path of sIgA transcytosis with a pathway of virion assembly. Re-
cycling of sIgA is known in which the M cells transport molecules back into the
LP,'! primarily into the SED of PP, where they associate with DC as well as with
CD4+ T cells and B cells."'? The small amount that is transported across the M cells
(relative to the large amount that is present in the lumen) and its association with
DC and CD4+ cells in the PP have suggested that this is a mechanism of limited
sampling of commensal microbes for the purpose of maintaining the homeostatic
condition. The receptor located on the luminal face of the enterocytes has not been
characterized; it is neither the conventional Fcal (CD89) nor the sIgR.111

The principal functions of sIgA are the destruction of pathogens and the control
of enteric commensal organisms. IgA conducts its activities in a noninflammatory
manner; if it did not, the gut would be in a perpetual life-threatening, inflamed
condition. The sIgA achieves its antipathogen objectives in three ways: (a) by
serving as an opsonin to promote the ingestion and intracellular destruction of
pathogens by phagocytes; (b) by direct neutralization as in the case of viruses and
toxins; and (c) by blocking the attachment to and colonization of mucosal surfaces.
It should be added that commensal organisms aid in the latter activity by occupying
ecologically favorable niches and blocking their accessibility to pathogens. By
preventing colonization, the latter are unable to establish biofilms that could protect
the microbes from immunological destruction.'"

Phagocytic destruction of pathogens is promoted through Fca receptors (FcaR)
on macrophages and polymorphonuclear cells (PMNs), primarily neutrophils. The
binding element on sIgA involves both Ca2 and Ca3 domains. The FcaR number
and activity on neutrophils are markedly enhanced by prior stimulation of the cells
with TNF-o, IL-8, or GM-CSF.
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The attachment of microbial pathogens and, to some extent, of commensals as
well, is prevented by interaction with sIgA molecules. Compared to other Igs, a
prodigious amount of IgA is synthesized in the GALT (3-5 g of sIgA per day) and
transported into the lumen. As will be discussed, two types of B lymphocytes are
involved in the production of intestinal IgA. One type (B1) generates progeny that
produce IgA antibody of low affinity and specificity and, owing to its polyspecifi-
city, may be the type that coats the commensal microbial population. The results
may be a stabilization of the natural microbiota. The other, B2 type of cell, is the
more familiar type that gives rise to progeny that produce antibodies of high
specificity and affinity. This antibody eliminates pathogens in the ways already
discussed, often termed ‘‘immune exclusion” '

Unlike immune complexes formed with IgG or IgM, complexes that involve IgA
do not activate the complement (C) system either via the conventional or alternative
pathways.'' There is evidence that [gA—antigen complexes may suppress comple-
ment activation by complexes of IgG or IgM with antigen; thus, it has been
suggested''* that activation of IgA responses at sites of IgG- or IgM-mediated
inflammation could be a method of mitigating inflammation. In any event, sIgA
responses to intestinal pathogens do not trigger inflammation. That, presumably, is
a fortunate selective event in the coevolution of host and intestinal commensal
microorganisms.

Intraepithelial Lymphocytes

There is a myriad of different types and stages of B and T cells within the
GALT.""*! Sorting them out and deciding what role, if any, each type may
play in intestinal immune responses is a work in progress. To make matters
worse, the last few years have witnessed a bewildering disclosure of the variations
of DC according to specificity, function, and maturity. Some, located in the GALT,
appear to be unusual compared to those in peripheral lymphoid tissues. Here we
will first consider those types of T cells for which there appears to be an established
role in the immunophysiology of the GALT.

Unlike the condition in peripheral lymphoid tissues, in the intestine there is a
high proportion of yd T cells, especially among the IEL. In mice 20-80% the IEL
are Y0 T cells; the proportion varies with the strain. In humans, an average of 30%
of the IEL are y3 T cells. In the LP, the frequency is much lower, some 1-5% are of
the yd variety. According to the limited usage of the V-region genes, the specificity
repertoire of these cells is quite limited. Furthermore, the dominant V gene expres-
sion varies among different tissues. For example, VY5 is common among dendritic
epidermal T cells, Vy6 among cells of vaginal epithelium, and Vy7 among IEL.
What are the functions of the yd T cells located in the IEL? Much of the
information has come from studies of Listeria monocytogenes in Vyl knock-out
mice (Vyl—/—) and involve the spleen. The involvement of Vy13 T cells in splenic
immunity was studied in the absence of such cells.'**'*! It was demonstrated that
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the Vy18 T cells play no part in the direct killing of the bacteria. However, two
important functions were identified, one occurring early in the course of the
infection and one near the end as the infection was cured. The early wave of Y6 T
cells that entered the spleens on day 2 of the infected mice were active in producing
cytokines that promote immune response to the bacteria (IL-4, IL-5, IL-10, IFN-v,
TNF-0). The output of those cytokines increased over the next few days preceding
elimination of the infection. Cure of L. monocytogenes, which is an intracellular
pathogen, involves destruction of the bacteria by host cells, primarily MP and
neutrophils. These cells are fully activated as the infection reaches a climax, and
from about day 8 onward to day 14, when the infection is cured, a sizeable
population of aggressive cells becomes established. At this stage, a second wave
of yd T cells migrates into the spleen and proceeds to attack and kill those hostile
MP and PMN and concurrently secrete immunosuppressants, especially TGF-f3.
That is how the inflammatory reaction is brought under control.

The studies of the functions of yd T cells in L. monocytogenes infection provide
insight into the probable actions of yd T cells in the IEL. It is likely that they
minimize inflammation that accompanies local responses to pathogens, especially
responses that involve inflammatory MP, DC, or PMNs. Recently, it has been
demonstrated that the yd T cells, but few afp T cells, of the IEL recognize and
respond to selected phospholipids presented by CD1 (+) APC.'** Because both
epithelial cells and DC display CD1 surface molecules, it seems likely that they
may collaborate with the yd T cells to control inflammatory reactions triggered by
phagocytic cells responding to microbial components and other noxious substances
in the gut.

Possibly related to the function of yd T cells in damping inflammation are the
findings that yo T cells are required for the establishment of OT by feeding
antigen.>'?* Data obtained from those studies led to postulate that enterocytes
(which are known to display MHC class I and class II molecules) might present
immunogenic peptides to neighboring yd T cells. The latter, in response, might
secrete cytokines that activate suppressor T cells (Tregs).®

The majority of T lymphocytes in the IEL express the CD8 o chain. Of those
only some 20% express CD8 [ chain. Both TCR a3 and TCR 79 cells can express
CD8 aat, whereas CD8 aff is found only in the TCRaf cells. There is compelling
evidence that T cells that display the CD8 oo homodimer are generated outside the
thymus.'** The progenitors are located in the numerous, small patches of cells
(cryptopatches) distributed along the LP. Whether or not the progenitors are
descendants of earlier cells that originated in the thymus has not been decided.

The local interactions in the epithelium between the CD8 oo (+) IEL and the
epithelial cells (EC) have important consequences. As noted, EC display TLRs, and
commensal microorganisms (as well as pathogens) produce agonists that can
trigger signaling within the EC. Transduction of the signal along the MyD88
pathway results in release of IL-15. Only a few types of cells, including mono-
cytes/macrophages and EC, can produce IL-15. The results of a recent, trenchant
investigation revealed that the presence of IL-15 is essential for the maintenance of
the CD8aa+ T cells, either TCRaf (+) or TCRYS (+).'% An earlier study showed a
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similar requirement for IL-15 in the development of the IEL CD8oo subsets.'* The
authors of the recent report'? concluded that the proper maintenance of the CD8 oot
(+) IEL is required for intestinal epithelial homeostasis.

Nestled among the IEC are the T cells a high proportion of which are CD8 oot (+)
and may have an extrathymic origin. These T cells include many that possess self-
reactive TCR, 127128 Moreover, those cells are not like thymus-derived T cells, most
of which are naive and in a resting state. Rather, they are considered to be in an
activated state in that they do not require priming (i.e., exposure to the same
antigen) prior to exercising their effector functions (e.g., killing target cells, secret-
ing cytokines). They are, therefore, potentially dangerous, poised to kill epithelial
cells and secrete inflammatory cytokines. Why, then, do they not do so? The answer
seems to lie in the fact that the EC express a class I molecule called “thymus
leukemia antigen” (TL), which is a ligand for CD8oo. homodimer."'?’ TL is found
almost exclusively on EC of the small intestine. It binds to CD8co receptor with
high energy. The consequences of the interaction of TL on EC with CD8aa. on the
intraepithelial T cells (TCRaf and TCRYd) are (a) stimulation of cytokine release
by the T cells (IL-2 and IFNYy) and (b) inhibition of the ability of the T cells to kill
target cells and of their ability to proliferate. The stimulation of cytokine release
was assessed only in the case of IL-2 and IFN-vy. Production of other cytokines was
not evaluated but probably was enhanced, at least in the case of those that might
favor continuous and rhythmic migration of enterocytes to the tips of the villi. The
inhibition of CD8aa (+) proliferation and cytolytic ability clearly is designed to
prevent excessive proliferation of IEL and killing of EC, both of which could
destroy the epithelial barrier. Because none of the epithelial T cells is suited for
interaction with APC and stimulation of B cells, the T cells that participate in IgA
antibody production are located elsewhere, viz., in the LP, PP, and MLN.

Intestinal B Lymphocytes

Two types of B cells are known (B1 and B2) and both participate in generating
intestinal IgA. However, it appears that cells of the B2 lineage, which originate in
the bone marrow and require interaction with CD4+ T-helper cells, are active in
IgA immunity against enteric pathogens. B1 cells are recruited primarily from the
peritoneal cavity and produce IgA against enteric commensal organisms.'*°

The generation of anticommensal IgA is antigen driven,'*” i.e., the presence of
microflora in the gut is required. The principal site where the encounter of micro-
organism and B cell occurs is the MLN. Bacteria traverse the epithelium via M cells
and are ingested by DC. They may survive for as long as 60 h in the DC, which is
ample time for a productive encounter between DC and B1 cell. No live bacteria
either free or in MP are found, either in PP or MLN.

IgA production initiated from B1 cells requires no T-cell help. Furthermore,
mutant mice lacking organized follicular dendritic network or B-cell follicles
develop near-normal numbers of Bl-derived plasma cells to their microflora.
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Experiments with mutant mice lacking PP and MLN revealed the need for lym-
phoid aggregates to serve as inductive sites, but further organization of follicles and
GC where encounter with T cells might occur appears unnecessary. '’

T-cell-dependent IgA antibody production occurs by IgA+ B cells that are derived
from B220+ IgM precursors. Class switching (IgM to IgA by Ig-gene rearrange-
ments) is thought to occur in the LP. Both naive B cells, directly from bone marrow
and not previously acquainted with the gut, and the so-called gut-primed B cells can
migrate into the LP."*!' The former are attracted to the LP by a factor, NIK (NF-kB-
inducing kinase), associated with stromal cells. These naive B220+ IgM cells
undergo class-switching and further differentiation to yield B220 (—) IgA (+)
cells, possibly in the absence of organized follicles and GC. The second type of
precursor, gut-primed, appears in the LP as a result of expressing the integrin o437
(MadCAM), a homing molecule that was acquired upon previous exposure to the
gut microenvironment. In either case, the B220 (—) IgA (+) cells upon activation
and costimulation generate a population of IgA antibody-producing daughters.

We have seen that B1 cells drawn from the peritoneal cavity and B220 (+) cells
that originated in bone marrow can generate IgA-producing progeny. In the case of
B1 cells, no involvement of T cells is necessary. In the case of the B220 (+) IgM (+)
precursors, one type migrates into the LP with the guidance of o437 integrin, while
the other is drawn through the actions of a stromal factor NIK. A recent, compre-
hensive study of gut-homing B cells seems to add another layer of complexity,
while, at the same time, providing exciting new information.''®

Isolated B cells from the spleens of mice were activated and incubated together
with DC from PP. The B cells were induced to express gut-homing o43; integrin
molecules. The same thing occurred when the B cells were incubated with an
appropriate amount of retinoic acid (RA) rather than the DC."'"® When tested in
vivo, the RA-treated DC migrated to the small intestine. Further experiments with
this system revealed that when activated B cells were cultured with PP-DC, they
gave rise to progeny that secreted substantial amounts of IgA. That occurred in the
absence of T cells. Addition of a combination of RA, IL-5, and IL-6 to cultures of
activated B cells and PP-DC (or DC from other locations) resulted in a substantial
elevation in the yield of IgA-producing cells. That effect was attributed to enhance-
ment of B-cell class-switching rather than to expansion of already committed IgA-
producing cells. None of the three substances added alone enhanced the formation
of IgA-producing cells. Among DC from various tissues, only those from the GALT
were capable of synthesizing RA.

It is clear that there exist B cells not derived from the conventional bone marrow
source that require only contact with GALT-DC in order to give rise to IgA-
producing daughters. RA is a major factor contributed by the DC but probably
not the only one. No organized, lymphoid follicles or GC and no T cells are required
for those B cells to generate IgA producing daughters.

The PP are populated largely with naive IgM (dull)/IgD (bright) B2 cells. The
nearby IFR contains both CD4+ and CD8+ T cells. DC transport antigen acquired
from M cells from the SED to the IFR and thus all the components necessary
for organization of GC would seem to be present. Class-switching and affinity
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maturation should ensue, leading to transport of dimeric IgA—J chain molecules
through the enterocytes accompanied by the pIgR. However, a problem has
appeared recently concerning the site where class-switching occurs.'** Compelling
evidence has been provided that excludes the LP, PP, and MLN as the sites of class-
switching among B1 cells and doubt has been cast on the notion that B2 class-
switching occurs at those sites. In the case of B1 cells, class-switching must occur
outside of the GALT. Other investigators have raised doubt about IgM to IgA class-
switching occurring in the LP."**'** Questions regarding class-switching are com-
plex and the answers are tentative at present. In the case of B2 cells it may occur in
the LP or, more likely, in the MLN. The presence of GALT-DC is required, and RA
probably plays a key role. TGF-8 derived from TLR-stimulated macrophages, or
possibly enterocytes, is believed to stimulate class-switching (see later). However,
in the case of B1 cells, class-switching occurs outside the intestine.

How significant is the contribution of IgA by Bl-derived plasma cells? In the
case of intact mice, the B1 contribution appears to be minor, perhaps 19-24% of the
total in the gut.'®” It is possible that the contribution from B1 cells is conditioned by
the quantity or quality (specificity, affinity) of the IgA produced by the existing
population of B2 cells (see later).

Effects of Aging on the GALT

The five preceding sections present a selective survey of the structural and functional
complexities of the GALT and related tissues. We trust that the preceding sections
have revealed that the unique features of the GALT and its relationships to the central
and systemic components of the immune system offer a “gold mine” of research
opportunities for gerontologists and all others who have an interest in aging. From a
different perspective, however, research concerned with aging of the GALT and the
reasons for its existence, viz., to protect against the horde of potential pathogens that
lie just one cell thickness away, might seem more of a “mine field.” The complexities
are bewildering, and choosing a site or system for productive investigation is more a
matter of taste than rational decision. The following discussion is offered to aid in
making the selection of research approaches somewhat more rational, simply as a
result of organizing much of the information in a heuristic fashion.

Aging of the Intestinal Epithelium

Enterocytes

The enterocytes display both MHC class I and class II conventional molecules and
several nonclassical MHCs as well (e.g., CD1, TL). They express several TLR:
TLR-3 and TLR-4 in particular. They (i.e., the FAE) secrete chemokines CCL9 and
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CCL20 and the key cytokine, IL-15. They secrete a neutrophil chemoattractant.
They synthesize and express the pIgA R and transport pIgA into the gut lumen.
They are intensely involved in maintaining a selectively penetrable barrier com-
posed of tight junctions. In spite of — or perhaps because of — the extreme variety of
functions, the enterocytes are a highly dynamic system, undergoing constant
turnover. They arise from stem cells in the crypts, migrate up the villi, and after
about 3-5 days are shed from the tips of the villi and succumb to apoptotic death
(sometimes necrotic death). What do we know about the effects of senescence on
the enterocytes? Very little. The rate of their migration from base to tip of the villi
slows with age probably reflecting a reduced rate of generation from stem cells in
the crypts.'*® They continue to present an effective barrier against the microbiota of
the gut, although there is some evidence of “leakiness” of the epithelium among
aging subjects.’?” This will be considered further in a discussion of “inflamma-
ging” (below). The presence of pIgR on enterocytes appears to remain constant
with age.'*®'* However, the amount of antigen-specific pIgA that is transported
into the gut in response to specific intra-intestinal antigen challenge declines with

13
age.'”’

Toll-Like Receptor

There appears to be a strong explanation for the age-associated decline in the
amount of sIgA that appears in the gut; it centers on the effects of aging on the
TLRs."**"'*? Each of the TLRs has been found to suffer the effects of senescence. A
comprehensive study of macrophages (splenic and thioglycolate-elicited) of young
and aged mice revealed that the surface expression of seven TLRs was substantially
less in aged mice. Furthermore, stimulation of the macrophages with cognate
ligands resulted in substantially lower secretion of IL-6 and TNF-o by macrophages
from aged animals.'*" A study of the PBMC isolated from the blood of two groups
of humans, aged 21-30 years or over 65 years, produced similar results.'*' Stimu-
lation of the cells via TLR-1/2 resulted in a highly significant, reduced output of
TNF-o and IL-6 by cells from aged subjects. In contrast, stimulation of young and
aged cells via other TLRs revealed only minor differences. In a study of a murine
model of Alzheimer’s disease it was found that the frequencies of TLR-1, TLR-2,
TLR-4, TLR-5, and TLR-7 were greater in brain tissue of aged compared to young
mice."** Of that group, TLR-7 could be associated with mononuclear phagocytes.
By comparison, the amount of TLR-3, TLR-6, and TLR-8 were the same in the two
age groups, while TLR-9 was less in aged than in young mice.

It has been demonstrated'** by use of a cell line of IEC that stimulation of
enterocytes via TLR-3 (with dsRNA) or TLR-4 (with LPS) results in upregulation
of the pIgR. That effect was found to involve signaling through NF-kB and
enhanced transcription of pIgR mRNA. If, as has been claimed,'* the age-
associated deficiency in sIgA production is a reflection of defective pIgR, then
the age-associated change is likely to be in the expression of enterocytic TLR or the
mechanism of signal transduction. Given the variation in results reported in the
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three cited works, it seems likely that the frequency and functions of the TLRs vary
among different tissues, cell types, and local environments; so, it may not be safe to
generalize an effect of senescence on the TLRs per se.

Intraepithelial Lymphocytes

As discussed previously, a major concentration of ¥ T cells is in the intestinal
epithelium. Some 70-80% of IEL in the mouse are yd T cells and, of those, nearly
all express the CD8aat (o homodimer). Among the o3 T cells, about half express the
CD8aar while the other half are CD8a 3. Data concerning possible changes in those
proportions with age are lacking. There is compelling evidence that a significant
proportion of the IEL originate extra-thymically'?*!'#3~146; still, the thymus is the
ultimate source for at least some of the IEL."** The CD8aa: IEL can be separated
into two groups: CD4+ CD8aa and CD4— CD8aa+. Cells with the CD4— CD8oo+
phenotype migrate out of the thymus of neonatal mice younger than 2 weeks of age.
After 2 weeks of age of the newborn, the thymus releases almost exclusively CD4+
CD8ao+ cells. It should be informative to determine the phenotype of the IEL in
aged mice when the residual thymus exports few cells. It should be relatively easy
to determine whether the stem cells in the cryptopatches continue to produce the
CDB8aa [CD4 (+) or (—)] IEL and whether senescence has affected those stem cells
either qualitatively or quantitatively.

It has been demonstrated more than once that T cells having self-reactive
capability are present in the neonatal but not the adult thymus of the mouse.'*®
Moreover, negative selection to eliminate autoreactive off and yd T cells is mark-
edly inoperative early in ontogeny. As a result, potentially self-reactive y3T cells
are able to escape selection and “find sanctuary”'?® in the IEL where they enjoy a
supportive environment. Those T cells are “primed” as a result of having been
exposed to self-antigen in the thymus prior to their escape. As we have seen (op.
cit.), there exists a mechanism for preventing those hostile cells from reacting
against self-antigens in the intestinal epithelium; viz., the interaction between
thymus leukemis (TL) antigen elaborated by enterocytes and the cognate receptor
CD8aa.'*® A question that needs to be answered is this: what is the life-span of the
IEL yd T cells and a8 T cells that display CD8aa. and what is the source of their
replacements? Another question is: how durable is the TL-mediated inhibition of
the self-reactive CD8oo cells; does the potential reactivity against self gradually
appear and allow the barrier to be breached resulting in subclinical inflammation in
the aged subject?

A compelling but unsubstantiated argument can be formulated to the effect that
aging results in significant changes in the yo T cells of the intestinal epithelium.
First, there is the evidence that yd T cells in the GALT, possibly in the epithelium,
are required for development and maintenance of OT.®*'*” But the establishment of
OT is severely impaired in the case of old animals."**™'°° Second, as we have seen,
the frequency of TLRs and their signaling efficiency are affected by aging. A major
signaling pathway initiated by engagement of several of the TLRs proceeds via
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MyDS88, an adaptor protein involved in activation of transcription of cytokine
genes. Third, an important cytokine in maintaining yd T cells in the intestinal
epithelium is IL-15, which is produced by enterocytes of the epithelium. In the
absence of intact signaling via MyD88, IL-15 production is severely impaired and
the numbers of CD8aa TCRaf and CD8aa TCRYS intestinal epithelial cells are
substantially reduced.'”' It is, therefore, reasonable to suggest that there occur
senescent changes of enterocytes that affect either the surface density of TLRs or
the pathways by which TLR signals are transduced. The amount or quality of IL-15
produced by the enterocytes might suffer and that, in turn, might result in failure to
sustain the CD8ao TCRaf3 and TCRyd lymphocytes.

Although the suggestion developed in the preceding paragraph could account for
age-related loss of IEL and deterioration of the intestinal barrier, there is also the
possibility of senescent changes in the CD8xo TCRYd cells themselves. Thus, it
must be asked: do not those cells turn over and need to be replaced? Does the
interaction between CD8ao and TL on the enterocytes markedly prolong their
residence in the epithelium? If regular replacement does occur, where do the
replacements originate? In the cryptopatches? If so, is there an effect of aging on
the generative competence of the cryptopatches? All of those questions need to be
answered.

GALT B cells and GC

The B lymphocyte population has been subdivided into categories in several ways:
(a) homing propensities, (b) origins and anatomical locations, (c) time of appear-
ance in neonatal life, and (d) expression of surface membrane molecules. Two
broad categories are recognized, viz., B1 and B2. The latter are the conventional B
cells that originate in the bone marrow. The Bl cells'”*'>* originate early in
neonatal life and escape negative selection. The B1 cells are located primarily in
the peritoneal and pleural cavities. There are a few B1 cells in the spleen but hardly
any in lymph nodes and peripheral blood. The B1 set is further subdivided into Bla
and B1b subsets primarily on the basis of high (Bla) or low (B1b) expression of
surface CD5. The surface CD5 receptors are inhibitory; they restrain the response of
B1 cells to the antigens by which they were selected in the first place. B1 cells are
capable of responding to self-antigens without the assistance of T cells or DC. They
receive stimulation through cognate B cell receptors (BCR). They do, however,
require co-stimulation, either by cytokines (IL-5 in particular) or via the TLR-4
which they display. When properly stimulated, B1 cells (which characteristically
produce antibodies of the IgM isotype) may undergo immunoglobulin gene rear-
rangements and switch to producing plasma cells that generate IgG or IgA isotypes.

The current view of the generation of IgA-producing plasma cells from B2
precursors holds that the likely site where this occurs is the MLN. Antigen from
commensal organisms is transported by special DC into the MLN. Those DC can
harbor antigen (even live bacteria) for several hours because, unlike the local
macrophages which are quite hostile, the DC are inefficient at destroying ingested
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material. Within the MLN it is envisioned that processed antigen is provided to
conventional cognate T cells, which in turn provide help to B cells that have been
activated via antigen bound to their receptors (BCR). Those interactions are pre-
sumed to occur in GC where class-switching from IgM to IgA, proliferation, and
selection of stable plasma cells that produce antibodies of high affinity occur.

The preceding is a description of what may seem to be a tidy, well-understood
component of the GALT immune response to intestinal microorganisms. It is not.
There are numerous aspects of the preceding description that are not well docu-
mented and are controversial. We will discuss three in relation to the possible
effects of senescence on the process of IgA antibody production, viz., (a) the
participation of B1 and B2 cells in secretory antibody formation, (b) the mechan-
isms of IgA class-switching, and (c) intrinsic defects within the B subsets attribut-
able to senescence.

We begin with a rather imprecise question: do B cells age? That is the way the
question was phrased not so long ago. About a decade ago, it could be asserted'>*
that aging is accompanied by a changing specificity repertoire and a broadening
recognition of self-components. That seemed to occur in concert with a gradual
shift in the set of B1 and B2 toward a prepondance of the former. Furthermore, there
appeared to be a well-documented change — both qualitative and quantitative — in
the formation of GC in response to antigenic challenge in aged subjects.'”” That GC
deficiency was reflected by a decline in the efficiency of antibody class-switching
and in the affinity of synthesized antibody. Those and a few other age-associated
alterations were attributed in part to certain easily discerned modifications in T cells
and in the bone marrow environment. The recent elucidation of the B-cell receptor
(BCR), intracellular signal transduction, co-stimulation and the mechanisms of
class-switching, and specificity repertoire selection have brought changes in the
approaches to understanding B cell senescence.

The effects of aging on GALT immunity have barely been explored. Yet, the
information that is required — some of it at least — seems rather obvious. First of all,
there are questions about the homing of the B cells to the LP. The relevant homing
receptors are o437 integrin and the CCR9 chemokine receptor. Imprinting of those
receptors is a consequence of exposure to RA provided by the specialized DC. Are
all types of B cells equally imprinted or only a portion? Are both B1 and B2
imprinted by RA? And, in particular, is there a change with age in the type(s),
numbers, and efficiency of imprinting of the B cells that can be enticed to home to
the LP?

Second, information is needed about the formation of GC in the PP and the MLN
of aged subjects. It is not clear that GC formation is impaired in the PP of aged
subjects. Furthermore, as we have seen, the notion that GC formation is required or
accompanies IgA class switching has been questioned.'*?

In addition to RA, at least two other substances have been implicated in IgA
class switching; viz., TGF-B'7*'>7 and the cytokine, APRIL."*® The effect of TGF-
B occurs directly on B cells that are costimulated with LPS. The stimulation is more
pronounced in the case of B1 than B2 cells."”” Switching to isotypes other than IgA
does not occur. As noted, TGF-f is present in the LP and probably in the intestinal
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epithelium as well. The recent finding that IL-15, which is a product of enterocytes,
inhibits TGF-B-mediated signaling'®® offers a possible counteraction that can
regulate TGF