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PREFACE

In recent years, the prevalence of allergies and autoimmune diseases has increased 

rapidly in developed countries and scientists are trying to find out why. One explanation 

of this phenomenon is the ‘hygiene hypothesis.’ In today’s society, clean, sterilized 

environments have become the standard in schools, daycares, and in the home. The 

mentality seems to be that dirt is full of germs, germs will make you sick, and medicine 

will solve all problems. In some cases this is true, but recent findings show that excessive 

cleaning and use of antibiotics may actually cause more harm than good. Children are not 

getting the proper exposure to bacteria, parasites, and pathogens which are necessary to 

build a healthy functioning immune system. With poorly developed immune systems, 

more children are becoming susceptible to allergies and autoimmune diseases at an 

alarming rate.
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THE HYGIENE HYPOTHESIS

Monique Lutz

New College of Florida, 2013

ABSTRACT

Since the 1950s there has been an unprecedented rise in the prevalence of 

allergies and autoimmune diseases in developed countries. The ‘hygiene hypothesis’ is 

one of several explanations as to why this may be occurring. It hypothesizes that 

excessive sanitation and antibiotic use has drastically changed the microbial environment 

and our susceptibility to them. The hypothesis attributes the lack of immune system 

interactions with helminths and microbes to poor immune health and development. 

Research in this field has evolved from epidemiologic observations to the discovery of 

immune regulation mechanisms. Treatments that utilize parasitic worms and microbes 

have shown promising results in treating some autoimmune diseases, showing that the 

hypothesis may be valid. Further research into autoimmune and allergic disorders may 

provide future preventative treatments that include immune exposures to helminths and 

other organisms.

______________________________ 

Dr. Elzie McCord, Jr. 
Division of Natural Sciences
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CHAPTER 1: DEFINING THE HYGIENE HYPOTHESIS

In past decades, there has been an alarming rise in the prevalence of allergic and 

autoimmune diseases worldwide (Figure 1.1) (Bach 2002). The World Allergy 

Organization estimated that 10 to 30 percent of the world population suffers from allergic 

rhinitis and expects this number to continue to increase (Pawankar et al. 2011). The 

National Institutes of Health reported in 2005 that 5 to 8 percent of people in the United 

States were thought to be affected by autoimmune diseases. There are no simple 

explanations as to why these diseases are increasing at unprecedented rates but it is being 

thoroughly researched. Causes are being sought in fields of epidemiology, immunology, 

genetics, and in anthropomorphic interactions.

The ‘hygiene hypothesis’ has sparked much interest as one explanation. It 

attributes allergy and autoimmune disease to poorly developed immune systems due to 

over-cleanliness and lack of microbial interaction.

The origin of the hygiene hypothesis can be found in Strachan’s (1989) 

epidemiological study of hay fever and eczema in British school children born in 1958. 

The birth cohort was followed until age 23 with self and parental reports of hay fever and 

eczema at different age intervals. He observed that family size and cleanliness of modern 

British households appeared to be factors that explained the rise in allergic disease 

occurrence. Households with more children typically had fewer occurrences of hay fever 

while smaller families had higher onsets. He suggested that multiple incidences of “cross 

infection” between siblings may provide protection against these ailments later in life but 

with today’s higher standard in cleanliness practices, this type of exposure is less likely to 

occur (Strachan 1989).
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Figure 1.1: The incidence of asthma, multiple sclerosis, Crohn’s disease, and type 1 
diabetes in Europe from 1950 to 2000. Adapted from Bach (2002).

Evolution of the Hygiene Hypothesis

Strachan’s (1989) study encouraged others to research the epidemiology of 

allergic diseases. Living conditions, level of affluence, and other practices such as early 

childhood contact with non-siblings were investigated. Many studies showed a higher 

level of allergic disease incidence occurring primarily in English speaking developed 

countries versus their underdeveloped counterparts (Beasley 1998; Masoli et al. 2004). 

Study findings showed that environmental differences may be links to risk or protective 

factors. Major factors included family size, sanitation measures, contact with livestock, 

and antibiotic use. 

Research then began to take an immunological approach. Romagnani (1998) 

suggested the existence of two subsets of T-helper (TH) cells in humans and their roles in 

immunity. He also described a balance between T-cell subsets and contact with allergens, 

bacteria, and helminths. However, this relationship was unable to fully explain the 
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protective qualities that parasitic worms provide against allergic diseases (Wills-Karp 

2001). Current research now focuses on the development and function of 

immunosuppressive T regulatory (Treg) cells. This information has paved the way for the 

beginnings of helminthic and other microorganism therapies which have the potential to 

treat or even prevent the development of autoimmune disease (Guarner et al. 2006). 

Epidemiology: Developed vs. Underdeveloped World 

Underdeveloped countries have markedly lower incidences of allergies (Masoli et  

al. 2004) and autoimmune diseases (Zaccone et al. 2006) than developed countries. 

Research has led to the discovery of several possible ‘protective factors’ which developed 

nations seem to have inadvertently sacrificed in exchange for a higher quality of living. 

These factors include family size, contact with livestock, use of antibiotics, and level of 

sanitization and hygiene (Figure 1.2).

Family Size.  It is thought that families with large numbers of children offer a 

protective effect against allergic diseases due to a higher exposure to colds and viruses 

earlier in life (Strachan 1989; Jarvis et al. 1997). World census data provided valuable 

etiological data on family health statistics. It appears that family size in underdeveloped 

countries is typically much larger than in English speaking developed countries. Rural 

communities in developed and underdeveloped countries have larger family sizes than 

their urban counterparts (Figure 1.2).

The Indian Census showed an average household size of 5.3 with the highest 

percentage of people living in households of 7 to 10 members (Census of India 2001). 

The World Health Organization’s (WHO) Iraq Family Health Survey Report (2008) 
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Figure 1.2: Epidemiological factors influencing the immunological balance towards 
protection against allergens and allergic disorders. From Wills-Karp (2001).

showed an even larger mean household size of 6.2 in urban and 6.9 in rural areas. The 

Office for National Statistics (2011) reported an average household size of only 2.4 in 

Great Britain (Macrory 2012). The average number of persons per household in the 

United States (US) is slightly more at 2.58, reported by the US Census Bureau (2010). 

The average household size in developed countries has been decreasing during the last 

few decades. As a result, the protective factor of large family sizes (increasing the 

exposure to contagious ailments in children) is being lost in the developed world.

Difference in family size appears to be significant; however, it alone is not 

sufficient to explain these trends. Environmental factors appear to coincide with family 

size, as there are large differences between underdeveloped and developed countries. 

These factors may include level of sanitization and exposure to the microbial 
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environment, tobacco smoke, and animals (Von Mutius et al. 1994; Von Ehrenstein et al.  

2000).

Contact with Livestock & Animals. Several studies revealed a strong connection 

between rural and urban environments in the prevalence of allergic rhinitis, particularly 

when there is contact with livestock (Kilpeläinen et al. 2000; Riedler et al. 2000; Von 

Ehrenstein et al. 2000). However, there are mixed reports concerning the effectiveness of 

livestock contact in reducing the prevalence or severity of allergic diseases such as 

asthma, atopic dermatitis, and rhinitis. Asthma and animal association appears to vary 

between significant (Von Ehrenstein et al. 2000; Riedler et al. 2000) to very weak when 

analyzed with confounding factors such as indoor smoking (Kilpeläinen et al. 2000). 

Contact with livestock appears to have little to no effect on the prevalence of atopic 

dermatitis (Kilpeläinen et al. 2000; Riedler et al. 2000).

Riedler et al. (2000) noted that children with regular contact with livestock but 

not living in a farming environment had similar allergic prevalence as those living in 

farm environments. It is suggested that heightened exposure to endotoxic bacteria (Von 

Ehrenstein et al. 2000; Eder et al. 2004) and fungi (Kilpeläinen et al. 2000) in farming 

environments and animal stables may be responsible for the observed reduction in 

allergic sensitization.

Antibiotic Use. Many underdeveloped countries have little to no access to proper 

medical care, minimizing their exposure to antibiotics. In some developed countries, the 

use of antibiotics appears to be on the rise, or possibly in excess. Gonzales et al. (2001) 

estimated that in 1998, over half of all patients were given prescriptions for antibiotics in 
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the United States. Medicine is often administered for middle ear and sinus infections that 

often resolve themselves in a matter of days (Gonzales et al. 2001).

The use of antibiotics alters gut flora and fauna, killing beneficial bacteria that 

would otherwise aid in building a healthy immune system (Sironi and Clerici 2010). 

Farooqi and Hopkin (1998) suggest that an intestinal flora imbalance increases 

susceptibility to allergic diseases. Von Ehrenstein et al. (2000) proposed that lower uses 

of antibiotics allows for a higher ‘infectious burden’ and along with it, a greater 

protective effect. Arnold et al. (2011) attributes the higher onset of asthma in 

Westernized society to the decrease of prevalence of Helicobacter pylori (Marshall et al.  

1985) Goodwin et al (1989). In mouse models, the development of allergen-induced 

asthma was reduced by the presence of H. pylori (Arnold et al. 2011).

A connection between antibiotic use and the increased risk for allergic diseases in 

children has been demonstrated in several studies. Farooqi and Hopkin (1998) found that 

‘broad spectrum’ antibiotic use in the first two years of life in British children increased 

the likelihood of allergic rhinitis and eczema. Wickens et al. (1999) studied the use of 

antibiotics in children attending a Rudolf Steiner school in New Zealand. Followers of 

the Rudolf Steiner philosophy view illness as a natural process that should not be 

circumvented unless in extreme cases (Wickens et al. 1999). It was observed that 

followers using antibiotic treatment during the first year of life had a significantly higher 

risk of developing asthma compared to those forgoing antibiotic treatment (Wickens et  

al. 1999). Von Ehrenstein et al. (2000) also noted a higher risk of allergic rhinitis and 

asthma related to more frequent antibiotic treatments within the first three years of life in 

children residing in Bavaria, Germany.
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Sanitation & Hygiene. The WHO and United Nation’s Children’s Fund 

(UNICEF) (2012) define sanitation as the practice of hygienic behaviors, including 

planning and infrastructure, separating humans from excreta and other wastes. In less 

developed nations, lower sanitation is a very real burden on society. According to the 

WHO’s World Health Report (2002), “Approximately 3.1% of deaths (1.7 million)… 

worldwide are attributable to unsafe water, sanitation and hygiene [and] 99.8% of deaths 

associated with this risk factor are in developing countries.” Secondary parasitic 

infections via open wounds is also a major concern due to the lack of medical care. 

Individuals in developing nations are at a higher risk of contact with a plethora of 

pathogens and parasites due to little or no implementation of sanitation measures. Major 

routes of infection include poor water quality, poor food safety, and contact with 

contaminated soil (Centers for Disease Control (CDC), 2010) as illustrated in Figure 1.3.

Human and animal feces contaminate soil and water sources, contributing to the 

proliferation and spread of parasites. WHO/UNICEF (2012) reported that 1.1 billion 

people, or 15% of the world’s population, practice open defecation in fields, street pits, 

and water sources, but over the last decade, this number has been steadily decreasing. It 

was discovered that 97% of food handlers in Abeokuta, Nigeria, were infected with fecal-

orally transmissible parasites (Idowu and Rowland 2006). Though shared public 

sanitation facilities are on the rise, management and cleanliness are often lacking, 

requiring stronger infrastructure to meet sanitation goals (WHO 2012). It also appears 

that behavioral changes in hygiene are necessary, possibly through the use of educational 

programs.
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Figure 1.3: Routes of oral-fecal transmission of parasites and proposed infrastructural 
barriers. Adapted from WHO (2005).

The CDC (2010) lists the Guinea worm Dracunculiasis medinensis (L.), 

Cryptosporidium spp. (Tyzzer 1907), and Giardia intestinalis (Lambl 1859) as parasites 

which can be found in contaminated water. D. medinensis is contracted by the 

consumption of contaminated water and can be spread by means of open host wounds. 

Cryptosporidium and G. intestinalis parasites are spread by fecal matter in water. Many 

parasites that are found in contaminated water can also make their way into the food 

supply. Several parasites unique to food consumption are Trichinella spp. (Railliet 1895), 

the broad fish tapeworm Diphyllobothrium latum (L.), and several species of Taenia spp.  

(Hatworm) (L.) (CDC 2010). Many parasitic illnesses contracted from meat products are 

preventable; either by thoroughly cooking or by freezing.

In areas where hygiene and sanitation are inadequate, soil-transmitted helminths, 

or parasitic worm-like organisms, are very easily contracted. The CDC (2010) identifies 

hookworm, whipworm, and the giant roundworm, Ascaris lumbricoides (L.), as the most 

common helminths contracted by humans. A. lumbricoides and whipworms are spread 

through contaminated feces deposited on the soil. Eggs in contaminated soil may come 

into contact with raw vegetables or by human hands and inadvertently consumed. 
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Hookworm eggs are passed through feces into the soil and mature into infectious larvae. 

At this stage, they are able to pass through human skin especially those that walk barefoot 

on contaminated soil (CDC 2010). 

Parasitic infections are undoubtedly a major concern in developing countries and 

efforts to reduce this threat are extremely important. However, some helminths aid in 

stimulating the immune system and provide protection against allergens. Van den 

Biggelaar et al. (2004) noted that Gabonese children treated with anti-worming agents 

had developed increased sensitivity to dust mites. Healthy children in the control group 

developed sensitivity at twice the rate. This suggested that infection by A. lumbricoides  

and Trichuris trichiura (L.) appear to have suppressive immune effects against allergies. 

Research is currently investigating helminthic therapies to treat autoimmune and 

intestinal diseases such as Crohn’s and celiac disease (Summers et al. 2005).

Immunology

In our ever-changing environment, we rely on our immune system to protect us 

from parasites, bacteria, viruses, and other pathogens. This system is reliant upon two 

defense mechanisms, the innate and acquired immunity. Though the immune system is 

most certainly protective, it can present adverse symptoms such as inflammation and 

allergic reactions while combating foreign materials (Hyde 2000). Autoimmune diseases 

are the worst case scenarios because the immune system may fail to recognize self and 

attacks healthy cells as foreign. Most hypersensitivity conditions stem from the acquired 

immune system, which develops over time with exposure to infectious agents and 

antigens in our environment (Hyde 2000). One component of a properly functioning 

immune system is characterized by a balance of TH cell subsets and Treg cells (Seo et al.  
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2002). For example, lack of microorganism exposure can lead to a higher expression of 

TH2 cells, which may increase an individual’s susceptibility to allergies (Romagnani 

1998). If an individual has a low Treg cell count, they may become more susceptible to 

autoimmune disease (Seo et al. 2002).

More Evidence of Environmental Factors

Several scientists attribute genetics to the higher incidence of autoimmune 

diseases in Westernized countries. However, the genetic link has been countered by 

several studies of migrant children. Bodansky et al. (1992) observed that people living in 

India and Pakistan have low incidence of type 1 diabetes mellitus (T1D). Migrants from 

these countries to the United Kingdom (UK) retained this immunity. Children of these 

migrants acquired higher incidences of T1D, similar to that of the indigenous population 

of Bradford, West Yorkshire, in which they now reside (Bodansky et al. 1992). It was 

similarly observed by Symmons (1995) that the occurrence of lupus is quite low in most 

parts of Africa, but there is a much higher frequency in America, the Caribbean, and 

Europe for those of African descent. Elian et al. (1990) noted that Indian migrants to 

England retained their country’s multiple sclerosis prevalence rates; however, their 

children did not. These studies considered genetic factors, as several noted the often low 

concordance rates in identical twins. However, replication of these trends in many 

migrating populations suggests environmental factors.

The following chapter will focus on the biological processes of the immune 

system to provide background information as to what mechanisms cause the symptoms of 

allergy and how autoimmune diseases develop. This information will be important in 
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understanding how environmental factors such as interaction with microbes can influence 

the workings of the immune system in both antagonistic and protective manners.
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CHAPTER 2: THE HUMAN IMMUNE SYSTEM

To understand how the lack of interaction with pathogens is capable of increasing 

our risk of developing allergies and autoimmune diseases, an understanding of 

immunology is necessary. The immune system (IS) is the body’s defense mechanism 

against foreign substances and organisms to prevent infection and disease. This system 

can be broken into two major components: the innate and acquired immunity. 

Evolutionarily, the innate immune system (IIS) came into existence around 2.6-3.5 billion 

years ago, spanning over many forms of life (Harvey et al. 2005; Cooper and Herrin 

2010). About 550 million years ago the precursors of the present day acquired immune 

system (AIS) began to appear in vertebrates in the form of specialized lymphocytes 

(Beutler 2004).

T-helper cells, immunoglobulins, and other components of the AIS play major 

roles in the hygiene hypothesis. AIS targets non-self antigens or pathogens and develops 

an immunological memory which identifies recurrences of non-self invaders (Clark 

2008). Acquired immunity is not free from problems. There are several instances in 

which this system may produce inappropriate responses such as the hypersensitivity 

reactions or autoimmune disease. High concentrations of immunoglobulin E (IgE) 

antibodies trigger histamine release, causing allergy symptoms (Karp 2010). 

Autoimmune diseases occur when the body begins to attack its healthy cells as though 

they were non-self (Clark 2008). Some examples include type I diabetes, multiple 

sclerosis, and Crohn’s disease.

Hygiene hypothesis research largely focuses on the AIS with initial emphasis on 

the modulation of T helper cells (Romagnani 1998). More recent research focuses on the 
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generation and function of regulatory T cells (Sakaguchi et al. 2008). Components of 

each type of immunity will be examined in order to provide an understanding of how 

these systems work together in a coordinated effort against invading pathogens.

Innate Immunity

The innate immune system (IIS) is a general defense mechanism against diseases 

and infections. It is comprised of both physical barriers and cellular components. 

Subsequent infection by the same pathogen does not increase efficiency of the innate 

immune system, as it does with the acquired immune system (Hyde 2000). IIS physical 

barriers include the skin, mucous membranes, and purging of bodily fluids (Hyde 2000). 

Cellular and chemical mechanisms of innate immunity are nonspecific, launching a 

generalized defense against pathogens. IIS recognizes pathogens by detecting molecular 

expressions on their cell walls. Unrecognized xenobiotics stimulate chemical messages 

that recruit immune cells to the infected area where they will aid in neutralizing or killing 

the threat (Karp 2010). 

Physical Protections. One of the more unique features of the IIS is its ability to 

physically prevent large numbers of organisms from entering the body due to physical 

barriers. Undamaged skin and the mucous membranes comprise physical barriers and are 

nearly impenetrable to many organisms (Roitt et al. 1998). Protective features of the skin 

include continual shedding of the outermost layer, external commensal parasites that may 

remove harmful microbes (Hyde 2000), and antimicrobial lipids (Drake et al. 2008). 

Mucous membranes produce a thick substance which can trap pathogens and particles. 

These materials can then be expelled by sneezing and coughing or sent through the 

digestive tract where they will come into contact with stomach acids.
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Though these physical barriers are capable of neutralizing and disarming many 

microorganisms, some are able to penetrate IIS defense. Open wounds, the inability to 

expel infectious agents, and imbalanced gut flora (Isolauri et al. 2002) are some ways that 

bacteria, fungi, and other infectious agents are able to enter the body to cause infection. 

Once the physical barrier fails to prevent the entry of pathogens, chemical and cellular 

components of the innate immune system must then handle these threats.

Chemical and Cellular Mechanisms. When the first line of defense is breached, 

pathogens will eventually encounter one of the many cellular components that reside in 

tissues throughout the body. Macrophages and dendritic cells possess surface receptor 

proteins known as toll-like receptors (Karp 2010). These receptors are capable of 

recognizing basic constituents of viruses and bacteria, such as cell-wall components and 

double-stranded viral RNA (Clark 2008). When a generalized invader is discovered, 

nearby cells begin to secrete chemical attractants towards the site of infiltration (Hyde 

2000). Once these cells come into contact with the pathogen, several types of innate 

responses may occur.

Immune cells, which are normally concentrated in the blood stream, will migrate 

through veins and capillaries towards the site of infection (Karp 2010); a process known 

as inflammation. Inflammation is accomplished by specialized mediators which increase 

blood flow toward the infected area by increasing the permeability of the vein walls 

(Roitt et al. 1998). A large mass of immune cells concentrate at the site of infection 

allowing enhanced pathogen attack. If the inflammatory process is prolonged, tissue 

damage can occur and cause chronic damage over time (Karp 2010) which is a common 
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trait manifesting in many types of autoimmune diseases such as rheumatoid arthritis, 

Crohn's disease, and multiple sclerosis.

Neutrophils (Hyde 2000), dendritic cells, and macrophages (Karp 2010) are 

capable of attacking pathogens in a process known as phagocytosis (Figure 2.1). 

Phagocytic immune cells will attach themselves to the invading pathogen and when 

activated, begin to form a pocket that surrounds the invading cell. Depending on the type 

of phagocyte involved, the process of destroying the pathogen will vary (Hyde 2000; 

Roitt et al. 1998):

1. Pump enzymes into the phagosome to digest the contents,

2. Reduce oxygen levels to create toxic reactive oxygen species (ROS), or, 

3. Rob the invader of essential nutrients necessary for survival.

Other forms of attack and protection against pathogens include the complement system, 

induced apoptosis, and induction of viral resistance (Figure 2.2). The complement system 

is formed by proteins and protein precursors in the blood stream which aid in the process 

of eliminating pathogens. This task is accomplished in several ways, including 

production of chemotaxins that attract phagocytes to the area of infection, marking target 

cells to make them more available to phagocytes (opsonization), and by directly killing 

bacteria by cell lysis (Karp 2010). Natural Killer (NK) cells specialize in eliminating 

cancerous and virus infected cells. NK cells bind to cancerous and viral cells to induce 

apoptosis, or programmed cell death (Clark 2008). Induction of viral resistance is the 

process by which infected cells release type I interferon (IFN) proteins onto adjacent cells 

which have yet to be infected (Clark 2008). IFNs provide resistance to adjacent cells by 

deactivating translation factor which is necessary for viruses to replicate (Karp 2010).
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Figure 2.1: Phagocyte consuming and digesting bacteria with enzymes. Contents that are 
unable to be digested are released (Roitt et al. 1998).

Figure 2.2: Complement activated by antibody-virus complex, induced apoptosis by 
cytotoxic T cell, and induction of viral resistance by IFNs (Roitt et al. 1998).

Unlike the innate immune system, the acquired immune system is highly specific 

against a pathogen. After a successful attack against a pathogen, many of the immune 

cells die by apoptosis but few specialized memory cells remain. The remaining cells 

possess a high affinity towards the specified antigen which aids in orchestrating a timely 

and highly efficient attack on known intruders.
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Acquired Immunity

The more recently evolved acquired immune system (AIS) is a large focus in the 

immunological background of the hygiene hypothesis, as it relies upon exposure to 

pathogens and microbes to build defenses. The AIS has two forms of response: 

1. The primary response: Chemical interactions occur to produce and mobilize cells.

2. The secondary response: An increase in resistance due to immunologic memory. 

When the IIS fails to sufficiently neutralize or kill invading pathogens, signals are 

sent to activate the primary response of the AIS (Hyde 2000). At this stage, lymphocytes 

(white blood cells) begin to differentiate into B cells, which secrete antibodies (Clark 

2008), and T cells which target and kill the pathogen (Karp 2010). 

Secondary responses only occur upon pathogen re-infection. Memory B cells 

produced during the primary response may remain in the body for a lifetime (Karp 2010), 

while ‘memory’ T cells actually consist of several cellular subtypes with a lifespan 

consisting of days to several years (Bell and Westermann 2008). B and T cells are 

capable of immediately differentiating into the cells required to fight an infection, 

producing a large influx of antibodies once an immune response has been elicited by a 

known pathogen (Clark 2008). Characteristics of the secondary response provide the 

individual with a highly enhanced resistance against pathogens. This process can also be 

induced artificially by the use of vaccines and booster injections (Karp 2010).

Humoral & Cell-Mediated Immunity. The AIS can be further broken down into 

two additional mechanisms, the humoral and cell-mediated immunity. These two systems 

employ different classes of lymphocytes against pathogens and infected cells. Each 
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system relies on the function of the other in order to activate and mount an acquired 

immune response (Roitt et al. 1998).

The main function of humoral immunity is antibody production by the B cell 

lineage. IgG, IgM, IgA, IgD, and IgE are five classes of antibodies, or immunoglobulins, 

which handle different types of antigens (Table 2.1). IgG and IgM are important in 

immune response, while IgE is specific to allergic responses, and IgA to mucosal tissues 

(Hyde 2000). The function of IgD is not well understood, but it is thought to take part in 

the activation of B cells (Chen et al. 2009). Individual B cells possess a single antibody 

on its cell wall which only reacts with the specific antigen that induced its production 

(Clark 2008). The body may have hundreds or thousands of memory B cells that are 

specific towards a specific antigen but during an immune response, only those specified 

for the current attacking pathogen will be utilized (Roitt et al. 1998). Once initial contact 

occurs, some B cells will differentiate into plasma cells which are highly efficient in 

antibody secretion (Karp 2010). The influx of antibodies will then bind to the invading 

pathogenic cells, either marking them for destruction, or neutralizing their ability to enter 

cells (Hyde 2000).

Cell mediated immunity is carried out by the T cell lineage which has various 

immune functions. T cells are only able to react to molecules that possess specialized cell 

surface characteristics known as major histocompatibility complex (MHC) molecules 

(Clark 2008). Some antigens possess MHC Class I molecules, to which T cells can 

immediately bind. Though, more commonly, T cells bind to fragments of antigens which 

possess MHC Class II molecules by antigen-presenting cells (Karp 2010).

18



Table 2.1: Immunoglobulin classes. Adapted from Hyde (2000) and Roitt et al. (1998).

Class Location Function
IgG Throughout the body Secondary Immune Response
IgM Intravascular tissues Primary Immune Response
IgA Mucosal tissues Interferes with pathogen colonization
IgD B cell membrane Antigen receptor in B cell activation
IgE Cells rich in histamine Involved with allergic response

Binding induces differentiation of T cells into several subtypes, including T-

helper (TH) cells, cytotoxic T (TC) cells, and regulatory T (Treg) cells (Karp 2010). TH cells 

aid in the activation of B cells (Karp 2010), TC cells aim to destroy infected or malignant 

cells, and Treg cells aid in self-tolerance by regulating activity of other immune cells 

(Romagnani 2004).

Though these systems appear to be separated by two different cell types, 

interaction between the two is necessary for immune responses to occur (Hyde 2000). 

Full activation of T cells requires binding with the appropriate MHC compatible antigen 

(Karp 2010) and proper interleukin (IL) signals (Roitt et al. 1998). B cells produce IL-1, 

activating secretion of IL-2 by T cells, which then fully activates T cells (Hyde 2000). T 

helper cells, specifically TH2 in nature, produce IL-4 and other signals which induce both 

activation and differentiation of B cells (Romagnani 2000). The type of T cell response 

against pathogens is mediated by the balance of TH cell subsets (Romagnani 1992). 

Additionally, if a bias occurs between these subsets, it may lead to overactive immune 

responses which have the potential to cause allergic reactions and autoimmune diseases 

(Romagnani 1992).

Inappropriate Immune Responses

Though the immune system provides the body with a potent defense mechanism 

against a wide variety of pathogens, there are instances in which the immune system can 
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actually cause harm to the body. Due to the immune system’s mechanisms for 

determining ‘self’ and ‘other,’ several medical procedures may have unintended 

complications unless extra precautions are taken to ensure success. Medical procedures 

that could cause rejection of non-self antigens are blood transfusions, organ transplants, 

and skin grafts (Clark 2008). There are also cases in which components of the immune 

system can fail, often causing lifelong chronic conditions. These can be organized into 

three categories: immunodeficiency, hypersensitivity, and autoimmunity (Hyde 2000).

Immunodeficiency. Immunodeficiency disorders are caused by either congenital 

absence of (Hyde 2000) or by mutations of immune components (Clark 2008). 

Immunodeficiency is characterized by the body’s inability to fight infections. This results 

in the individual’s susceptibility to opportunistic infectious agents. In individuals with 

healthy immune systems, opportunistic infections cause either very mild conditions or 

none at all. However, in the most severe immunodeficiency cases, individuals may 

develop serious infections that may even cause death (Toruner et al. 2008).

Secondary, or acquired immunodeficiency can be caused by drugs, infections 

(Clark 2008), and malnutrition (Chandra 1997). Organ transplant patients are treated with 

immunosuppressive drugs to aid the immune system’s tolerance of the new organ. During 

this time, the individual will have a higher chance of accepting the organ, but may 

experience difficulty fighting off infections while being medicated (Clark 2008). One of 

the most well known causes of immunodeficiency is caused by the human 

immunodeficiency virus (HIV). This virus impairs and destroys immune functionality 

over time. AIDS is the stage at which the individual begins to develop a series of 

opportunistic infections and tumors due to the low levels of T cells (Clark 2008). Another 
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cause of immunodeficiency can be attributed to malnutrition, mainly due to nutrient 

deficiency. Chandra (1997) notes that the major immune components affected by 

malnutrition are “cell-mediated immunity, phagocyte function, complement system, 

secretory immunoglobulin A antibody concentrations, and cytokine production.”

Hypersensitivity. There are many antigens with which we come into contact that 

normally are harmless and do not initiate immune responses. Hypersensitivity reactions 

occur when antigens elicit immune responses that are capable of causing more damage to 

the body than the infecting antigen (Smeltzer et al. 2009). Hypersensitivity reactions can 

be broken into four major classes: Type I (Immediate), Type II (Cytotoxic), Type III 

(Immune Complex), and Type IV (Delayed-Type) (Rajan 2003). The first three 

hypersensitivity reactions are mediated by antibodies while the fourth is mediated by T 

cells, macrophages, and other leukocytes (Rajan 2003). These reactions can range from 

responses as simple as pollen induced hay fever to permanent tissue damage caused by 

the accumulation of immune cell complexes (Smeltzer et al. 2009).

Type I hypersensitivity or immediate hypersensitivity, is associated with allergic 

reactions. The antigen in this case is known as an allergen. Some common allergens 

include pollens, dander, and dust (Clark 2008). The antibody responsible for eliciting 

allergic reaction is IgE (McGeady 2004). An allergic reaction occurs when a ‘cross-

linking’ complex (Figure 2.3A), composed of an allergen and IgE antibody binds to a 

mast cell and triggers histamine release (Rajan 2003). Histamine causes a localized 

increase in mucous secretion, inflammation, bronchospasm, and in the most severe cases, 

anaphylaxis (Clark 2008). These symptoms begin to appear within minutes of allergen 

exposure (Smeltzer et al. 2009).
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Figure 2.3: Four types of hypersensitivity reaction: A.) allergen-IgE complex binds to 
mast cell causing histamine release. B.) antibodies bind to a healthy cell surface and 
cause cytotoxic damage. C.) immune-complex deposited on healthy tissue. D.) antigen-
sensitized T cell attracts macrophages to the area. Adapted from Roitt et al. (1998).

Type II hypersensitivity or cytotoxic hypersensitivity, involves the binding of 

antibodies to antigens present on cell and tissue surfaces (Smeltzer et al. 2009) (Figure 

2.3B). The antibodies involved in this reaction are IgG and IgM while the antigens are 

either self or those that have been adsorbed onto a cell surface (Hyde 2000). Antigen-

antibody complexes activate the complement system, leading to cell lysis (Rajan 2003). 

Phagocytic cells are also attracted to the area. In cases where the target tissue is too large 

for phagocytosis, digestive enzymes (lysosomes) and reactive oxygen species (ROS) are 

expelled in a process known as exocytosis (Roitt et al. 1998). The products of exocytosis 

can be damaging to the individual, even if aimed at a foreign pathogen. Examples of type 

II hypersensitivity include: mismatched blood transfusions, autoimmune hemolytic 

anemia, and Goodpasture’s syndrome (Smeltzer et al. 2009).

Type III hypersensitivity, or immune complex hypersensitivity occurs when 

antibody-antigen complexes accumulate in tissues (Rajan 2003) (Figure 2.3C). These 

complexes form after any type of immune response and are normally removed by 

phagocytosis (Smeltzer et al. 2009). However, small complexes are a problem as they are 
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able to bypass removal processes and accumulate in the basement membranes of tissues 

(Hyde 2000). Release of ROS and the resulting inflammation causes tissue damage to 

areas of deposition (Hyde 2000). Immune complex accumulation is involved in the 

autoimmune diseases rheumatoid arthritis and systemic lupus erythematosus (SLE) 

(Smeltzer et al. 2009).

Type IV hypersensitivity, or delayed-type hypersensitivity, involves T cells which 

have been sensitized to a certain antigen (Hyde 2000) (Figure 2.3D). These reactions 

require 24-72 hours to develop, often presenting localized areas of inflammation and 

redness (Smeltzer et al. 2009). There are two mechanisms by which tissue damage 

occurs: recruitment of immune cells by sensitized T cells or by direct damage caused by 

sensitized cytotoxic T cells (Hyde 2000). There are three categories of delayed-type 

hypersensitivity reactions (Table 2.2). Contact hypersensitivity occurs with certain 

allergens such as poison ivy while tuberculin hypersensitivity is observed during TB skin 

tests (Roitt et al. 1998). If the body is unable to expel a particle or microbe, a localized 

area of inflammation known as a granuloma may develop. Granulomatous 

hypersensitivity manifests in several infectious diseases and autoimmune diseases such as 

leprosy, Schistosomiasis, and Crohn’s disease (Roitt et al. 1998).

Autoimmunity. A useful way to view the body’s condition is as a state of self-

tolerance (Karp 2010). In the absence of pathogen challenge, the immune system 

produces antigens by which T and B cells react, by encoding DNA in a random fashion 

(Karp 2010). Occasionally, this process produces autoreactive cells even in the most 

healthy of individuals (Karp 2010). These cells have the capacity to attack healthy body 

cells. Normally, these cells are suppressed by Treg cells or destroyed in a process known 
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Table 2.2: Types of delayed-type hypersensitivity. Adapted from Roitt et al. (1998).

Delayed-Type Hypersensitivity Reactions
Type Description

Contact Triggered by allergens such as poison ivy; 
localized dermatitis.

Tuberculin TB skin test; localized edema by accumulation 
of monocytes.

Granuloma Localized inflammation by persistent microbes 
or particles that cannot be eliminated.

as ‘negative selection,’ which maintains the body’s immunologic self tolerance (Karp 

2010). Autoimmunity occurs when mechanisms of autotolerance fail, causing cells 

formerly recognized as ‘self’ to be treated as ‘other’ and becoming subject to attack by 

the immune system (Clark 2008).

Autoimmune diseases fall under two categories: organ-specific or systemic, in 

which many or all tissues may be affected (Hyde 2000). Many autoimmune diseases 

result from the complications of one or more of the hypersensitivity reactions (Hyde 

2000). Examples of autoimmune diseases include: Type 1 diabetes mellitus (T1D), 

Crohn’s disease, multiple sclerosis (MS), and rheumatoid arthritis (RA). T1D is caused 

by the destruction of insulin-producing β cells of the pancreas by the immune system 

(Van den Dreissche 2009), which leads to dangerous fluctuations in blood sugar levels 

(Hyde 2000). Crohn’s disease is an inflammatory disease of the gastrointestinal tract 

which often leads to ulcers and blockages of the intestine (Baumgart and Sandborn 2012). 

MS is an inflammatory disease in which the immune system attacks the myelin sheaths of 

the central nervous system resulting in neuropathies (Dotan et al. 2009). RA is a systemic 

chronic inflammatory disease (Hart et al. 2009) which primarily targets the joints (Karp 

2010). 
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The next chapter will focus on immunologic mechanisms by which allergic and 

autoimmune diseases may develop with an emphasis on the influence of environmental 

factors on these mechanisms. It will then conclude with examples of current hygiene 

hypothesis research concerning the development and treatment of allergies and 

autoimmune diseases.
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CHAPTER 3: ALLERGY & AUTOIMMUNE DISEASE LINK

Many early immunologic studies relating the hygiene hypothesis to allergic 

disease focused on the balance of T helper (TH) cells. Environmental factors including 

helminth infection have the ability to polarize immune response mechanisms (Weinstock 

and Elliott 2008). This idea was also applied as an attempt to uncover the causes behind 

the development of T1D (Chatenoud et al. 2010), Crohn’s disease (Wolff et al. 2012), 

MS (Correalle and Farez 2011), and other autoimmune diseases.  The discovery of a new 

set of T cells with immunosuppressive qualities provided a new standard for the 

underlying mechanisms behind the development of these diseases. Current research on 

helminths has revealed that some of these organisms secrete compounds that help to 

activate both TH cells and regulatory T cells (Guarner et al. 2006), paving the way for 

possible treatments of allergic and autoimmune diseases by targeting the cause rather 

than focusing only on the symptoms. 

This chapter will discuss, chronologically, the immunologic background of the 

hygiene hypothesis. It will continue to describe the more modern and currently accepted 

models and provide the reasoning for advances in hygiene hypothesis understanding. It 

will then conclude by briefly introducing allergies and autoimmune inflammatory bowel 

diseases and provide examples of current research in the treatment of these conditions in 

relation to the immunologic background of the hygiene hypothesis.

Immunological Basis of the Hygiene Hypothesis

Polarity of T Helper Cell Response. To fight infection, the immune system 

employs a specialized lineage of T lymphocytes known as CD4+ T helper cells. The most 

important of these TH cells relating to the immunological mechanisms of the hygiene 
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hypothesis are: TH1, TH2, and TH17 (the latter will be covered later in this section). The 

first well accepted mechanism behind the hygiene hypothesis involved a balance between 

the TH1 and TH2 cell responses (Romagnani 1992). A major feature between the first two 

T helper subsets is that they are both counter-regulatory of the other when stimulated 

(Miller et al. 2009). The TH1 response produces chemical signals which down-regulate or 

counteract TH2 immune response, and vice versa.

The main function of TH1 cells is to protect against bacterial and viral infections 

(Romagnani 2009) by enhancing inflammatory and cell-mediated cytotoxic processes 

(Romagnani 2000). TH1 cells stimulate these processes with IL-2 and IFN-γ (Chatenoud 

et al. 2010). Naïve T cells differentiate into TH1 cells because of the presence of IL-12 

which is emitted by other immune cells during an immune response (Romagnani 2009). 

The TH1 mediated immune response involves a stronger immune attack against bacteria 

and viruses (Romagnani 1992). However, a strong TH1 response plays a role in some type 

IV hypersensitivity reactions (Dardalhon et al. 2008).

The TH2 cell response is most well known for its association with the 

development of allergic disease, due to overproduction of IgE (McGeady 2004). T cells 

differentiate into TH2 cells in the presence of IL-4 but with the lack of IL-12 (Romagnani 

2009). TH2 cells assist in antibody production, primarily IgE (McGeady 2004). These 

processes are aided by the production of IL-4, IL-5, IL-6, IL-10 and IL-13 (Wills-Karp et  

al. 2001; Chatenoud et al. 2010).  It is also believed that this cell subset may have a role 

in protecting the body against helminths (Romagnani 2009).

The polarization of TH cell subsets begins at birth. Pregnancy is a TH2 mediated 

process for both the mother and fetus. Hormones produced during pregnancy influence 
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the production of TH2 profile cytokines while also downregulating the production of TH1 

cytokines (Doria et al. 2006). Suppression of TH1 processes is necessary for the survival 

of the fetus, as it has been found to be responsible for spontaneous abortions (Romagnani 

2000). Therefore, when an infant is born, their immune system is typically TH2 biased 

(Doria et al. 2006). The infant’s immune system will begin to produce IFN-γ, which 

begins to equalize the two subsets of helper cells. At this point, environmental factors 

will have an influence on shaping the immune system.

As described in chapter 1, several environmental factors are thought to polarize an 

individual’s immune response. These factors include family size and contact with 

farming environments which increase the microbial burden of exposure. Different 

parasites, viruses, and microorganisms have the ability to affect the polarization of TH 

cells in various ways. Miller et al. (2009) noted that infection by Toxoplasma gondii 

(Nicolle & Manceaux 1908) produced TH2 cytokines in mice, while Fasciola hepatica 

(L.) stimulated the production of TH1 cytokines. Bacterial infections of Escherichia coli 

(Migula 1895) Castellani and Chalmers 1919 stimulate cytokine production, deviating 

immune responses towards a TH1 bias (Netea et al. 2005).

Although the idea of TH polarity appeared to sufficiently explain the rise of 

‘diseases of affluence’ in developed countries, several observations and findings 

questioned the integrity of this model. Helminths appear to paradoxically shift immunity 

towards a TH2 response while also protecting against allergic disease (Wills-Karp et al. 

2001). Additionally, the increase of TH1 mediated diseases in developed countries 

suggests an additional mechanism behind these conditions, due to the lack of TH1 

stimulating factors in these environments (Wills-Karp et al. 2001).
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It has been well documented that many helminth infections initiate a TH2 bias. It 

is assumed that helminth infection would make one more susceptible to allergy. 

However, helminths appear to be a paradox to the TH balance model because they 

actually provide protection against the development of allergic diseases. Van den 

Biggelaar (2004) observed that children undergoing de-worming treatments developed an 

increased sensitivity to allergens compared to those who went untreated. In this study, the 

helminths, Ascaris lumbricoides and Trichuris trichiura, appeared to be partly 

responsible for the suppression of allergy development in infected individuals. Similarly, 

Matricardi et al. (2000) observed protective effects against the development of 

respiratory allergic diseases in individuals infected by the helminths Toxoplasma gondii  

and Helicobacter pylori compared to those without helminths.

Another issue with the TH polarity model is that several autoimmune diseases 

appear to be a TH1 mediated process. A strong bias towards the TH1 response would seem 

advantageous against pathogens but prolonged inflammatory and cytotoxic processes are 

thought to be part of the underlying mechanisms behind multiple sclerosis, type 1 

diabetes, and Crohn’s disease (Romagnani 2000). This model cannot account for the 

increased incidence of autoimmune diseases in developed countries where individuals 

lack contact with TH1 inducing factors (Guarner et al. 2006). 

Regulatory T Cells. Several years following the discovery of the TH model, 

another specialized set of CD4+ T cells was discovered. These regulatory T cells were 

able to explain some of the discrepancies in the TH balance model and by doing so, made 

a profound change on the immunologic basis of the hygiene hypothesis. It was explained 

by Rook (2008):
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“…the critical problem is not TH1/TH2 balance, but rather an increasing failure in the 

rich, developed countries of immunoregulatory mechanisms that should terminate 

inappropriate inflammatory processes, whether TH1… or TH2, while allowing 

essential responses to proceed.”

Treg cells are capable of suppressing inflammation (Round and Mazmanian 2009) 

and restricting the activation of self-reactive T cells (Romagnani 2004). They are also 

known to suppress the actions of both TH1 and TH2 cells (Chatenoud et al. 2010). These 

qualities are of great importance to the health of the immune system as defects in the 

development and function of Treg cells appear to be the primary cause of inflammatory 

conditions and autoimmune disease (Sakaguchi et al. 2008). 

A key feature of Treg cells is the expression of the protein FOXP3, also known as 

‘scurfin.’ Early studies of FOXP3 in mice revealed that this protein acts as a control 

switch for T cell activation (Bennett et al. 2001). Absence or deletion of this protein 

causes T cells to over-proliferate (Bennett et al. 2001). Deficiency of Treg cells also 

causes the immune system to react more strongly against pathogens, causing a massive 

overproduction of inflammatory cytokines (Sakaguchi et al. 2008). These cells resist 

apoptosis or suppression, leading to the development of severe and often fatal 

autoimmune diseases (Bennett et al. 2001). In mice, this condition is known as ‘Scurfy’ 

while the human equivalent is IPEX (immunodysregulation, polyendocrinopathy, 

enteropathy, and X-linked syndrome) (Guarner et al. 2006).

As with TH cell balance, the production of Treg cells is induced by pathogens. 

Atarashi et al. (2011) observed that Clostridium spp. (Prazmowski 1880) release TGF-β 

and cytokine profiles that trigger Treg cell proliferation in the colon. Wilson et al. (2005) 
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infected dust mite sensitive mice with the nematode, Heligmosomoides polygyrus 

(Dujardin 1845), which is known for shifting immune responses towards a TH2 balance. 

Sensitive mice had elevated levels of Treg proteins CD4, CD25, and FOXP3 along with 

TGF-β and IL-10. The use of anti-CD25 antibody suggested that Treg cells were 

responsible for the suppression of allergic disease by suppressing inflammatory processes 

and mast cell degranulation (Wilson et al. 2005). Observations of the immunosuppressive 

ability of Treg cells aided in explaining how helminth infections appeared to have 

protective effects against the development of allergies, despite being TH2 polarizing in 

nature.

TH17 Cells. More recently, TH17, a new subtype of TH cell, has been discovered to 

primarily produce cytokine IL-17 (Romagnani 2009). Functions of these cells are thought 

to protect against bacterial and fungal pathogens, as observed in Klebsiella pneumoniae 

(Schroeter 1886) Trevisan 1887 and Candida sp. (Berkhout 1923) (Curtis and Way 

2008). TH17 controls these pathogens by enhancing inflammatory processes and by 

releasing IL-17 and IL-22 which aids mucosal tissues in releasing antimicrobial 

compounds (Waite and Skokos 2012).

Many autoimmune diseases appeared to be TH1 mediated due to the presence of 

IFN-γ but it is now thought that TH17 cells may be responsible (Zhu and Paul 2008). 

Early mouse studies observed that mice lacking IFN-γ still developed autoimmune 

diseases and often in greater intensity (Matthys et al. 1998). Nearly a decade later, 

research has revealed that TH17 cells appear to have some association with TH1 and Treg 

cells in infection and autoimmune diseases. The current model suggests that TH17 cells 

are the first responders to the site of infection, causing inflammation and releasing 

31



cytokines which then attract TH1 cells to the area (Dardalhon et al. 2008). Additionally, if 

the cytokine IL-6 overwhelms inflammation sites, it appears to limit the suppressive 

ability of Treg cells (Dardalhon et al. 2008). Inappropriate responses by TH17 cells against 

pathogens appear to trigger some autoimmune conditions but this claim must be 

investigated further (Waite and Skokos 2012).

The following section will provide information on the development of allergy and 

autoimmune disease treatments. The hygiene hypothesis states that in Western societies, 

there is little interaction with microbes to aid in building a healthy immune system. 

Several new therapies are using this information to promote the use of probiotics and 

vaccines, as a way to reintroduce missing microbes to our bodies and allow them to exert 

their therapeutic effects.

Treatment of Allergies & Autoimmune Disease

Many helminths and microorganism species secrete compounds which are 

capable of inducing changes in the human immune system. The ability of these organisms 

to exert control over our immunity is attributed to millions of years of co-evolution 

(Weinstock and Elliott 2008). In our distant past, many organisms were highly abundant 

in our food and water sources, making it a necessity for our immune system to be able to 

tolerate their presence (Rook 2008). As a means to survive and reproduce inside of us, 

organisms have developed strategies to modulate our immune responses in ways that 

suppress immunologic attacks towards them (Guarner et al. 2006). 

Our immune systems are being starved of beneficial immune stimulation due to 

the lack of contact with parasites. The lack of contact, especially at young ages, 

contributes to a weakened immune system and increasing hypersensitivity. Probiotics, 
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vaccines, and the use of helminths are immunotherapy methods currently being tested on 

mice or are in preliminary phases for human treatment of several allergic and 

autoimmune conditions. These therapies focus on altering, enhancing, or suppressing T 

cell functions and immune responses.

Allergies. Epidemiological studies on many helminth species, especially of the 

hookworm, Necator americanus (Stiles 1902), have shown to have a protective effect 

against the development of allergic conditions (Leonardi-Bee et al. 2006). There have 

recently been experimental trials using N. americanus in human subjects to determine its 

viability for the treatment of asthma (Mortimer et al. 2006; Feary et al. 2009).

It is known that intensive hookworm infections can cause gastrointestinal upset 

and bleeding which can lead to anemia. Anemia can be problematic in underdeveloped 

countries if not treated (Mortimer et al. 2006). It is then necessary to determine the point 

at which helminths are able to exert therapeutic effects but at the same time, not cause the 

host significant negative symptoms. Mortimer et al. (2006) was the first to attempt to 

determine acceptable experimental doses of N. americanus larvae for human use in 

clinical trials.

Individuals in this study were administered cutaneously at 10, 25, 50, or 100 N. 

americanus larvae per treatment. Infections of 50 or more larvae resulted in 

gastrointestinal upset with vomiting and diarrhea and intense rashes at 100 larvae. 

Individuals given the 10 larvae dose had little to no adverse effects. Levels of IgE and 

eosinophils in these individuals were much less than those administered at higher doses. 

It is thought that the easily tolerated doses may have less therapeutic effects but 
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experiments could be safely carried out while still maintaining a moderate IgE and 

eosinophil count (Mortimer et al. 2006).

Feary et al. (2009) began the first randomized, double blind, placebo-controlled 

study of experimental hookworm infection to treat individuals suffering from asthma. 

Individuals were followed for 16 weeks after N. americanus infection. Infections did not 

show adverse effects other than rash at the site of entry. Eosinophil counts spiked 

between 42 to 84 days, and remained higher than the baseline after parasite removal. The 

therapeutic effect on asthma by N. americanus did not reach statistical significance. 

However, improvement of bronchial contraction in bronchial challenge tests was seen in 

these individuals. Additionally, this type of infection appears to be well tolerated, given 

the fact that 13 of 16 individuals elected to keep their hookworm infection. It was noted 

that inoculation of 10 larvae did not provide the immunoregulatory effects of a natural 

infection of the parasite. It was suggested that administration by repeated low-dose 

infections may help to mimic both the means and immunoregulatory potential of a 

naturally gained infection (Feary et al. 2009).

Bager et al. (2010) conducted a clinical trial on the use of Trichuris suis (Schrank 

1788) ova (TSO) to determine its use for treating allergic rhinitis. In this randomized, 

double blind, placebo-controlled trial, patients were orally administered live TSO with 8 

doses over the course of 6 months due to the short life cycle of the helminth. After 

infection, TSO patients were found to have higher eosinophil and antibody levels than the 

control group. However, TSO patients were found to have little difference in skin prick 

response diameter and IgE levels after treatment when compared to levels tested at 

enrollment of the trial. Though this trial appears to be contradictory to epidemiological 
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evidence that T. suis improves allergic symptoms, it is a possibility that in these 

uncontrolled conditions there may have been a higher parasitic burden, which may not be 

advisable for this kind of therapy (Bager et al. 2010). Bager et al. (2010) questions 

whether the successes of T. suis infection in inflammatory bowel disease (IBD) therapy 

trials are attributed to the notion that these therapeutic effects are limited to the intestine.

Crohn’s Disease & Ulcerative Colitis. Crohn’s disease is an inflammatory 

disease that may affect several areas of the gastrointestinal tract. In the United States, 1-2 

million people have been diagnosed with Crohn’s disease or ulcerative colitis (Weinstock 

and Elliott 2008). Abdominal pain, bowel obstruction, and diarrhea containing blood are 

some of the symptoms of Crohn’s disease and ulcerative colitis which coincide with other 

IBDs, making it difficult to properly diagnose (Baumgart and Sandborn 2012). Current 

explanations for the cause of these diseases include genetic predisposition and 

inappropriate T cell responses. Immune responses are thought to be abnormally triggered 

by commensal bacteria (Kabeerdoss et al. 2011) and other contents of the intestine 

(Weinstock and Elliott 2008).

Summers et al. (2005a) conducted a 12-week randomized, double blind, placebo-

controlled study on determining the safety of TSO therapy in patients suffering with 

ulcerative colitis. Participants were re-administered TSO every two weeks while 

maintaining their IBD medications. Patients kept a diary to track the frequency of 

diarrhea, blood in stool, mucosal appearance, and overall assessment of clinical response 

by scoring each category from 0 to 3, with 3 being the most severe of symptoms. These 

data were used to calculate their ulcerative colitis disease activity index (UCDAI) for a 

maximum severity score of 12. The mean UCDAI for all patients at the beginning of the 
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study was 8.7 and by week 12 it was reduced to 7.5. At 12 weeks, 45% patients 

experienced statistically significant improvement of UCDAI ≥ 4. However, only 1% of 

patients achieved remission, which was characterized by UCDAI ≤ 2. It was concluded 

that TSO appears to be both safe and effective in treating ulcerative colitis.

Summers et al. (2005b) conducted a similar study on the safety and effectiveness 

of TSO for patients suffering from Crohn’s disease. A 24 week randomized, double blind, 

placebo-controlled study required patients to be re-administered TSO every 3 weeks. 

Patients were allowed to continue using their immunosuppressive medications. Every 6 

weeks, patients submitted a diary of their symptoms and underwent a physical, complete 

blood count, liver profile, and stool examinations. Patients began the study with a mean 

Crohn’s disease activity index (CDAI) of 287.1 which indicated moderate illness 

(Summers et al. 2005b). CDAI was reduced to a mean of 92.0 at week 12 and 99.9 at 

week 24. A response was characterized by a decrease of CDAI of 100 or CDAI < 150 and 

remission by a CDAI < 150. At week 12, 75% of patients responded and 65% patients 

achieved remission. At week 24, 79.3% of patients responded and 72.4% achieved 

remission. It was noted that patients who began the study with a CDAI of 220-250 all 

experienced remission at the end of the treatment. Patients who used immunosuppressive 

drugs during the study improved better than those not taking these medications, likely 

due to greater acceptance of TSO (Summers et al. 2005b). This study concluded that TSO 

is both well tolerated and appears to have an appreciative therapeutic effect on patients 

suffering from Crohn’s disease.

Just as clinical studies are being tested with helminthic therapies, there are other 

experiments being tested in hopes to uncover other environmental factors as an attempt to 
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explain the rise of allergies and autoimmune diseases in Western societies. The next 

chapter will provide several examples of alternate hypotheses. It will then conclude with 

the direction of future research in this field.
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CHAPTER 4: ALTERNATE HYPOTHESES

There has been a disproportionate rise in the occurrence of allergies and 

autoimmune diseases in developed countries in the last 5 to 6 decades (Bach 2002). 

People living in underdeveloped countries appear to be protected against the development 

of allergies and autoimmune diseases. Attempts to discover disease causes in developed 

countries require global investigations. If the effects of hygiene and sanitation are 

eliminated, one is left with the question, “What sets these nations apart in terms of risk 

and protective factors against these diseases?” Some possible Western causes could be 

the high degree of industrialization, the consumption of processed foods, and reduced 

exposure to sunlight. This chapter will discuss air pollutants, the Western diet, and 

vitamin D deficiency as several alternative causes. This discussion will continue by 

exploring a modification of the hygiene hypothesis, or ‘Old Friends’ hypothesis by 

Graham Rook (2012). I will also discuss what I believe are truths of these hypotheses.

Air Pollution

Air pollution is an ongoing problem in developed nations and is becoming a 

larger issue in China, India, and other developing nations (van Donkelaar et al. 2010). 

The Midwest and Northeast United States have larger levels of air pollution (Hart et al. 

2009), which correlates with higher industrialization, population density, and geographic 

elevation (van Donkelaar et al. 2010). Despite legislation and efforts to reduce air 

pollution, negative health effects of air pollution remain a worldwide problem, especially 

in highly industrial areas (Ritz 2010). 

Air pollution contains mixtures of gases and particulates which are comprised of 

industrial emissions, tobacco smoke, and particulate matter. Carbon monoxide, sulfur 
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dioxide, ozone, and lead are common air pollutants (Farhat et al. 2011). Particulate 

matter associated with adverse health effects is smaller than 2.5 µm in diameter (PM2.5) 

(Donkelaar et al. 2010). Large amounts of PM2.5 pollutants are produced by vehicle 

emissions (Seaton et al. 1995). Additionally, particles smaller than 1 µm may persist in 

the air for weeks and can find their way into buildings, while larger particles settle or 

wash away with rain within hours (Seaton et al. 1995).

The respiratory tract is especially vulnerable to air pollution. Inhalation of some 

air pollutants may increase the presence of free radicals in lung tissue. This eventually 

leads to a condition known as oxidative stress in which the body is unable to rapidly 

neutralize these compounds (Farhat et al. 2011). The presence of free radicals induces the 

release of pro-inflammatory cytokines in the lungs, which have the potential to adversely 

affect the whole body (Ritz 2010). Chang et al. (2006) observed that polyaromatic 

hydrocarbons found in diesel exhaust induced a TH2 chemokine profile in peripheral 

blood mononuclear cells in vitro, suggesting the potential of allergic susceptibility in 

healthy individuals. 

Examining the effects of air pollution on the development of autoimmune 

disorders is a relatively new venture (Ritz 2010). Most research involving air pollution 

has been focused on occupational hazards and on the development of allergies. It is 

difficult for epidemiological studies to determine causation due to many interacting and 

uncontrollable factors. Uneven distribution of pollutant exposure and undetermined 

interactions between chemical combinations are some of these factors (Ritz 2010).

Hart et al. (2009) conducted a 1976-2004 cohort study of 90,297 women in the 

US to determine whether proximity to road traffic had an influence on the development 
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of rheumatoid arthritis (RA). The study showed that living 50 m away from busy 

roadways increased the risk of developing RA by 31% to 65% depending on the size and 

utilization of the road. Hart et al. (2009) also observed that individuals living 200 m away 

from roadways did not appear to have a significant RA risk.

Western Diet

The Western diet has significantly changed since the pre-agricultural and pre-

industrial time frame. Rapid changes in food preservation methods and technologies have 

not allowed our genome to adjust to radical changes (Cordain et al. 2005). Many medical 

conditions can be treated by reverting to pre-industrial diets, suggesting that the modern 

Western diet is a risk factor for the development of a wide variety of diseases (Cordain et  

al. 2005). Cordain et al. 2005 showed that 36.2% or more of the US diet is composed of 

refined oils and sugars; many of which are commonly known as ‘empty calories’ due to 

lack of essential vitamins and other nutrients which may lead to deficiencies (Cordain et  

al. 2005). Empty calorie foods are poor substrates for the development of a healthy gut 

flora, causing imbalances which favor the proliferation of harmful microbiota (Frei et al. 

2012). 

Infant Feeding. Building of a healthy immune system begins during fetal 

development. Humans are born with a sterile gut (Donnet-Hughes et al. 2010) and 

require outside microbial stimulation to begin shaping a healthy gut flora. Human milk 

provides the infant with much of its early acquired immunity through antimicrobial, 

antibacterial, probiotic, and enzymatic factors (Lönnerdaal 2003).

The mother’s IgA antibodies are transferred to the infant, providing protection 

against E. coli and Salmonella sp. (Lignières 1900) and other gastrointestinal pathogens 
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(Lönnerdaal 2003). Breast milk also includes Lactobacillus sp. (Beijerinck 1901) and 

Bifidobacterium sp. probiotics (Orla-Jensen 1924), which promote the growth of 

beneficial gut flora (Lönnerdaal 2003). Lactoferrin and lysozyme enzymes inhibit 

bacterial growth and degrade cell walls (Lönnerdaal 2003). Additionally, human milk 

provides the infant with TNF-α, TGF-β, IL-1, and IL-10 immune boosting factors which 

play immunoregulatory and anti-inflammatory roles (Grosvenor et al. 1993). Many 

studies attempt to examine the benefits and risks of breastfeeding, comparing feeding 

duration, type of commercial formulas, and age at which solid foods are introduced.

It seems that the development of type 1 diabetes (T1D) may be in some part 

related to infant feeding, but results have at times been contradictory. Patelarou et al. 

(2012) suggested in a meta-analysis that short or absent periods of breastfeeding and 

early introduction to cows milk or formula may be a risk factor for the development of 

T1D. Rosenbauer et al. (2008) observed that the introduction of cow’s milk based 

formulas in the first year of life correlated with a significantly higher risk of development 

of T1D compared to other non-cows milk formulas. However, Savilahti and Saarinen 

(2009) contradicted Rosenbauer et al. (2008) by finding that early introduction and 

regular feeding with cows milk formula appeared to correlate with a lower risk of T1D. 

Research disparities may be due to genetic predisposition which should be considered 

when determining whether infant feeding practices have an effect on the development of 

T1D.

Processed Foods. Many individuals have turned to the convenience of processed 

foods in Western societies. Processing products aims to extend shelf life and to enhance 

visual appeal (Maier et al. 2010). Preservatives include chemical compounds which 
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inhibit the growth of molds, bacteria, and other microbes (Winkler et al. 2006). Additives 

may also be used to prevent foods from becoming rancid and to protect nutritional 

content (Winkler et al. 2006).

Antioxidants act as free radical scavengers to reduce the amount of ROS in some 

food products as they age (Maier et al. 2010). Benzoate preservatives and colorants such 

as curcumin are known to have antioxidant properties (Maier et al. 2010). It was also 

observed that curcumin reduced pro-inflammatory pathways in peripheral blood 

mononuclear cells (PBMCs) in vitro (Maier et al. 2010). Similar effects were also seen 

with sodium sulfite, sorbic acid (Winkler et al. 2006), sodium benzoate, and propionic 

acid preservatives (Maier et al. 2010). Though these effects may actually appear 

beneficial to the body, there may be more serious implications.

Some preservatives are suspected to suppress the immune system by negatively 

affecting the TH1 response (Winkler et al. 2006; Maier et al. 2010). Maier et al. (2010) 

suggests that the large amount of processed food consumption in Westernized societies 

appears to correlate with the increase of allergic disease. This may be caused by shifting 

to a stronger TH2 response, due to the large loads of consumed preservatives. Currently, 

research on the possible role of preservatives in autoimmune conditions is scarce, as the 

main focus is on the potential of carcinogenicity.

The means by which foods are processed may also contribute to the rise of 

allergies. Some food processing methods include: roasting, fermentation, autoclaving, 

and irridation (Vojdani et al. 2009). Processing methods may alter allergic potential of 

certain foods by destroying, altering, or generating new antigen proteins (Sathe et al. 

2005). Blood sera of allergic and non-allergic patients were introduced to raw and 
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processed food antigens. In all blood samples exposed to processed food antigens there 

was a 3-8 fold increase in IgE serum levels, compared to raw foods. Processed foods 

were also associated with increased levels of IgG, IgA, and IgM antibodies. Finding the 

production of additional antibodies suggests that delayed-type hypersensitivity reactions 

may be elicited from the consumption of processed foods. Additionally, Vojdani et al. 

(2009) observed that individuals with high antibody levels also had antibodies for 

advanced glycation end product (AGE) which is produced during some cooking 

processes. AGE is associated with neurologic disorders, which also explains the presence 

of myelin basic protein (MBP) antigens also found in sera samples introduced to 

processed foods. Vojdani et al. (2009) suggested that food processing methods alter AGE 

and may be an important pathway in the development of self-antigens.

Gluten. Gluten-free diets are often prescribed for patients to manage and prevent 

T1D, celiac disease (Green et al. 2001; Hansen et al. 2006), and autoimmunity (Cosnes 

et al. 2008). Gluten is a protein which is found in wheat and other grains and is prevalent 

in many processed foods. When digested, gluten breaks down into smaller components, 

including the protein gliadin which is toxic to individuals suffering from celiac disease 

(Niewinski 2008). The means by which a gluten-free diet offers protective qualities 

against these conditions are not well understood (Issazadeh-Navikas 2012).

Many autoimmunity studies focus largely on Treg cells. Ejsing-Dunn et al. (2008) 

directed a study to determine whether gluten has adverse effects on the development of 

Treg cells in T1D. Two mice types were used in this experiment. NOD (non-obese 

diabetic) mice have a higher rate of spontaneously developing T1D and BALB/c (Bagg 

Albino) mice have a strong immune response to the testing method used in screening Treg 
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cells. Mice were fed a gluten-free (GF) diet or gluten containing (G+) diet. Two 

additional groups of mice were fed the same diets but half were additionally administered 

the bacteria, Lactococcus garvieae (Collins et al. 1984) Schleifer et al. 1986, a species 

predominantly found in mice fed G+ diets, to determine whether this process was 

mediated by gut flora. It was found that NOD mice fed a GF diet exhibited a lower 

occurrence of diabetes (P < 0.05) than those fed a G+ diet. It was also discovered that 

BALB mice fed a G+ diet had a 10-15% (P < 0.05) drop in Treg cells. There was no 

significant difference between mice given L. garvieae. Due to these findings, Ejsing-

Dunn et al. (2008) suggested that gluten appears to have a direct effect on immunity by 

reducing Treg cells, rather than requiring modulation by gut microbiota.

Vitamin D

Vitamin D has been traditionally associated with bone health. Deficiency often 

presents itself as rickets in children and osteoporosis in adults (Souberbielle et al. 2010) 

because of its role in calcium regulation (Arnson et al. 2007). More recently, there has 

been an accumulation of evidence that vitamin D deficiency appears to have a connection 

with the autoimmune diseases T1D, IBDs, and MS. The mechanism by which vitamin D 

exerts immunoregulatory effects against autoimmunity is still to be determined; however, 

it appears that it may involve the suppression (Mahon et al. 2003) and conversion of TH 

cells into Treg cells (Unger et al. 2009).

The human body is capable of producing vitamin D when ultraviolet B radiation 

contacts the skin (Issazadeh-Navikas 2012). Vitamin D can also be consumed, though 

there are very few foods that possess large quantities of the vitamin (Cantorna 2006). 

However, fish oils such as cod liver oil contain significant amounts (Shoenfeld et al. 
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2009). The daily requirement of vitamin D is obtainable solely by sun exposure 

(Shoenfeld et al. 2009), producing up to 20,000 IU (Souberbielle et al. 2010). However, 

elderly, dark-skinned, or genetically susceptible individuals may not have sufficient 

exposure, often requiring supplementation of 800 (Souberbielle et al. 2010) to 2,000 IU 

(Hyppönen et al. 2001).

Since vitamin D production depends upon sunlight exposure, geographic locations 

are often important deficiency factors, along with the duration of sun exposure 

(Issazadeh-Navikas 2012). Serum D3 levels show that vitamin D deficiencies are 

commonly found in individuals living in high latitude countries (Arnson et al. 2007; 

Shoenfeld et al. 2009). Areas found in the northernmost latitudes often have 20 or more 

hours of sunlight in the winter, but remaining indoors during these times of year is an 

important cause of vitamin D deficiency. Additionally, geographic occurrences correlate 

with the prevalence of several autoimmune diseases, as seen in Figure 4.1.

Munger et al. (2006) observed that serum levels of 25-hydroxyvitamin D had a 

protective effect against the development of MS. Blood samples of military personnel 

taken from 1992 to 2004 were analyzed and individuals were followed to determine MS 

status. It was observed that the risk of MS among Caucasians significantly decreased with 

increasing levels of 25- hydroxyvitamin D. Data showed a 41% decrease in MS risk per 

50 nmol/L increase of serum 25-hydroxyvitamin D levels (Munger et al. 2006).

Hyppönen et al. (2001) conducted a large birth cohort study with 10,366 children 

to determine whether vitamin D supplementation could reduce the incidence of type 1 

diabetes. Children born in Oulu and Lapland, Finland, in 1966 were followed until 1997.
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Figure 4.1: A global view of the prevalence of several autoimmune diseases. Note that 
these diseases are most prevalent in the higher latitudes. From Shoenfeld et al. (2009).

The study found that children taking vitamin D supplements had a lower prevalence of 

diabetes compared to those that did not take supplements. Hyppönen et al. (2001) also 

showed that children who took the daily recommended dose of 2,000 IU received the 

greatest risk reduction of 80% compared to those who took lower doses. With these 

findings, Hyppönen et al. (2001) suggested that providing infants with sufficient vitamin 

D supplementation may help to curb the growing rate of type 1 diabetes.

Though there is experimental and clinical evidence supporting the protective 

effects of vitamin D against the development of autoimmunity, the mechanism by which 

this occurs remains uncertain. Mahon et al. (2003) demonstrated that CD4+ T cells appear 

to be directly targeted by vitamin D. It was discovered that vitamin D decreased the 

proliferation of TH subsets and naïve T cells by 40-77%. Vitamin D was also seen to have 

an effect on the activation and differentiation of TH subsets and naïve T cells, driving the 

cytokine profiles towards a TH2 immune response (Mahon et al. 2003). Unger et al. 
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(2009) further demonstrated that Vitamin D not only suppressed TH1 response but 

increased cytokine production of IL-10, indicative of the presence of Treg cells. It appears 

that in vitro vitamin D influences the differentiation of naïve CD4+
 T cells into Treg cells 

causing further suppression of other T cell subsets (Unger et al. 2009). Further work in 

this field should include determining the role of vitamin D receptor (VDR) genes on T 

cells and how the combination of faulty VDR and vitamin D deficiency interacts in cases 

of MS and other autoimmune diseases (Mahon et al. 2003).

The ‘Old Friends’ Hypothesis

Rook et al. (2004) first coined the term ‘Old Friends’ as an attempt to discourage 

the attribution of the rise of allergies and autoimmune diseases solely on improved 

sanitation but rather focus on the lack of exposure to environmental factors and microbes 

that were once common in our distant past. At this time, there were already many studies 

agreeing with the importance of microbial interaction; depending on their interpretation 

of Strachan’s (1989) original study. However, Rook et al. (2004) was one of the first to 

question the validity of the TH balance model by placing a large emphasis on the 

immunoregulatory role of Treg cells, especially when stimulated by microbial and 

helminth infections.

Rook (2010) began to take an evolutionary approach towards uncovering the 

possible causes of why developed nations primarily have allergies and autoimmune 

diseases. It was suggested that co-evolution has caused our immune systems to gain a 

tolerance towards certain ‘Old Friends.’  These organisms include symbiotic intestinal 

microbiota and helminths, which upon infection, are unable to be expelled by the immune 

system. These organisms would remain in the body for quite some time evoking 
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immunologic responses. Prolonged immunologic attack against these organisms often 

caused more damage to the host than the initial infection itself, making these responses 

both harmful and unnecessary. Rook (2012) outlined the following criteria for ‘Old 

Friends’ as:

1. Abundant during mammalian evolution,

2. Increasingly absent from the modern environment,

3. Proven to have therapeutic effects on inflammatory disorders in animals, and

4. Some proven to have therapeutic effects in human clinical trials.

Due to these strong co-evolutionary bonds between ‘Old Friends’ and early hominids, 

Rook (2012) believes that this interaction has become absolutely necessary for the 

development of a normal baseline of immunoregulation for modern humans.

Rook (2012) clearly states that it is wrong to completely attribute the entire 

disease plethora solely to microorganisms, the hygiene hypothesis, or any other single 

hypothesis. In his 2012 paper, Rook attempts to integrate several alternate hypotheses and 

environmental components into one large umbrella concept. He introduces several 

‘subcomponents’ including vitamin D deficiency, pollutants, and diet as factors which are 

able to enhance immunoregulatory defects (Figure 4.2). It is important to note that Rook 

(2012) suggests that these secondary factors only become relevant to the development of 

allergies and autoimmune diseases once immunoregulation has already become impaired. 

Rook (2012) explained that we were once hunter-gatherers and the shift to 

agriculture and a different diet is likely not the sole culprit in chronic inflammatory bowel 

diseases. He states that there are many individuals living in underdeveloped countries 
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Figure 4.2: Evolutionary view of ‘Old Friends’ Hypothesis, including secondary 
environmental triggers (Top Right). Adapted from Rook (2012).

consuming many gluten containing grains, yet do not have the same influx of 

autoimmunity and allergies. As for vitamin D, Rook (2012) discusses that many women 

in the Victorian era avoided sunlight but their health did not appear affected as in modern 

society. He further suggests that specific genotypes may not be activated until the 

immunoregulation deficit trigger has been reached.

To conclude, Rook (2012) believes that the underlying problem of diseases of 

affluence in developed countries can be attributed to poor immunoregulation due to the 

lack of contact with ‘Old Friends.’ Once this threshold of immune deficit is reached, 

other environmental factors begin to exacerbate the problem to the point of development 

of allergies and autoimmune diseases.

49



Discussion

The hygiene hypothesis primarily focuses on the lack of microbial interactions; 

however, some interpretations attribute the term solely on the effects of sanitation (Rook 

2012). Hygiene focused interpretations often discourage good hygienic practices while 

ignoring the ramifications of doing so. This would expose us not only to beneficial 

immune interactions with ‘Old Friends’ but also dangerous and disease causing 

pathogens (Rook 2012). Additionally, maintaining sanitation is important in both 

developed and underdeveloped countries as an ongoing effort to eradicate fatal infectious 

diseases that have claimed millions of lives (Van den Biggelaar 2004). However, I 

believe that excessive antibiotic use and obsessively keeping children clean is depriving 

the immune system of vital microbial exposure. There should be a healthy balance 

between maintaining cleanliness, exposure to ‘dirt,’ and when to use antibiotics to treat 

minor conditions. The lack of immune system exposure in a sterilized environment could 

potentially lead to more serious health conditions.

Rook’s 2012 study describes that diet, pollution, and other secondary factors as 

having no effect in the development of immunoregulatory disorders until a lack of 

immune stimulation has been established. Though he makes some convincing anecdotal 

examples of vitamin D deficiency in Victorian women and gluten tolerance in 

underdeveloped countries, I find it difficult to accept the claim of a microbial threshold 

without further investigation, especially in the case of air pollutants and chemical food 

additives. However, I am in agreement with the significance of microbial interactions and 

a healthy gut microbiota, as successes in helminthic therapies appear to validate this 

importance. 
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Regardless of what the true cause of these diseases may be, the hygiene 

hypothesis and other theories have amassed large amounts of research data showing 

possible cures and preventative treatments. In Western societies, especially the United 

States, there is a large focus on the treatment of symptoms (Gonzales et al. 2001) rather 

than targeting the underlying causes. Knowledge of the importance of immune 

stimulation early in life may the catalyst to shift focus towards preventative care. 

Currently, autoimmune diseases are often treated with immunosuppressive drugs with 

lack specificity and cause harmful side effects (Guarner et al. 2006). New treatments 

utilize immunoregulatory functions of helminths, probiotics, and other microorganisms in 

a much safer and controllable manner (Wills-Karp et al. 2001), while also providing 

lifelong immunologic benefits. Further advances in this field may eventually circumvent 

the use of the organisms once the specific antigen or immune stimulating component is 

discovered (Rook 2012).

At this point in our life, we may need to rely on therapeutic measures to maintain 

healthy immunity. It should be kept in mind for our next generation: the next time you 

see a child drop a toy or get a little messy in the dirt, it may be more harmful to rush to 

the hand sanitizer and bleach. Be reassured that microbes are actually helpful in building 

a healthy immune system, and that it is okay to eat a little dirt.
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