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Abstract


The large animal practitioner must understand many aspects of infection and disease to effectively diagnose, treat and prevent infectious diseases in cattle, swine or horses.  This essay offers a practitioner centered discussion of microbial pathogenesis and its impact on practice considerations.  

Introduction


When we teach the pathogenesis of infectious disease, we generally like to force students to stand in our shoes and see our perspective. As microbiologists (I am a card carrying member of both ASM and ASV), we think about the bacteria and viruses (some of us even think about the parasites, but not too often about fungi) and how THEY cause disease.  We are enamored with virulence factors and Koch’s postulates (now the molecular postulates), seeking the minimal conditions that lead to disease. 

This essay will attempt to offer a different view.  The practitioner looks at infectious disease from two main perspectives, using the symptoms and signs offered by individual sick animals, or by assessing the indicators of disease offered by herds of animals.  The large animal practitioner often must move between these perspectives with some ease and regularity.  


Therefore, this essay will attempt to offer a fresh perspective on the material that in a desire to connect it more clearly to the practitioner’s frame of reference.  I will discuss some general points about infectious disease, try to set a context of pathogenesis as a state of imbalance in the interactions between hosts and pathogens, introduce a discussion of the issue of control in the disease process, consider the role of populations in how it informs our understanding of disease, a quick discussion of the response of the host to the pathogen and the counter response of the pathogen to the host, how danger and damage occur in disease, and the difference between acute and chronic infections.


It is my hope that this essay will provide you with just enough grist for your mill to allow you to gain a better understanding of the model diseases that are presented as part of this course.  I recognize that this essay is insufficient to teach you even the core fundamentals of pathogenesis, but I believe that your have already been exposed to those principals in your microbiology, physiology, pathology and immunology courses.  If you need a good, brief overview of pathogenesis, I strongly recommend you obtain Mims, Nash and Stephen - Pathogenesis of infectious disease, 5th Edition (Academic Press, 2001), it is my favorite textbook in the area. It is very compact (compared with most texts covering similar ground), easy to read (it is not just the figures and lecture notes from a course), and the book is fairly well up to date. 

Looking at infectious disease


In the field, practitioners see infectious diseases first as symptoms in individual animals, or as patterns of isolates and serology results in herds.  Generally, the pattern of symptoms offers clues as to the nature of the pathogen (or most often pathogens) involved.  To diagnose and treat infectious disease, it is necessary to obtain a good history, make a good physical examination and frequently advisable to order lab tests.   All these things offer a snapshot of the state of disease within the animal presented, and/or members of the affected herd, but they do not inform us much as to how they became ill or about how specific treatments will alter the course of disease.  To be fully informed about these issues, we must understand the pathogenesis of the disease.  


In a course about large animal infectious disease, the global meaning of pathogenesis is an important concept.  Large animals are often kept in herds, either as investments (working or production animals) or because it is more efficient to group together our “pet” horses in common areas to share costs.  This means that the ecology of the host animals and the pathogens that affect them are important. Pathogenesis is in part about ecology.  Infectious diseases do not happen without exposure to pathogens.  Beyond exposure, the pathogen must get to the right place in the host, must exploit the host as a source of raw materials, must “sense” changes in the internal environment of the host, it must recognize the opportunity to move to a new host, and must be shed to allow entry to a new host.  


Pathogens come in several types.  At it most basic level, the term pathogen is applied to any organism that is capable of causing recognizable disease in a host.  Some pathogens are what I like to call “professional”.  A professional pathogen is an organism that has an ecological niche within the host, is closely adapted to the biology of the host, and closely associated with the host (often being found only in association with the host).  Professional pathogens often live in the host without causing disease, but they are readily capable of exploiting changes in the homeostasis of the host, that indicate social stress increasing the chances of the pathogen moving to a new host.  Most professional pathogens are tightly regulated in their interaction with hosts.  They do not often kill the host, as that would be an ecological dead end.  Rather, they sense the condition of the host and alter their growth and trafficking within the host to optimize their chances to spread to new hosts.  


In contrast, there are several types of accidental pathogens can cause disease when the “right” situation occurs.  These, “opportunistic” pathogens generally have a life outside of the host.  They are capable of living happily in other environments, and cause disease only when a specific set of host environmental conditions allow their successful growth in the host.  They can be very deadly, because they are not sensitive to the host environment in any way beyond their own needs.  Other accidental pathogens are professional pathogens of other species, such as rabies.  Rabies generally kills large animals when they are infected.  It is capable of multiplying in the host, but not restricted to limits imposed by the relationship between the cow, horse or pig and the virus.  The virus does not use any of these animals to ensure its survival.  There are many other examples of organisms that cause routinely fatal disease in animals.  Most of these are accidental opportunistic pathogens.  


Some organisms can live happily with the host and the host tolerates their presence, or even needs them.  Cattle would not do well without the bioreactor they use to extract nutrients from grasses.  They foster these organisms, by providing them a contained space and heat from their metabolism and muscles, then they harvest the products of their metabolic activity.  It is possible for organisms that escape the bounds of this relationship to cause what we recognize as disease, but it is uncommon.

Interaction of host and pathogen


The host and its pathogens are involved in an intimate dance.  The pathogens that cause disease with the highest frequency are generally “bound” to the host in a narrow ecological relationship.  The professional pathogens have generally evolved specialized structures that allow them to interact with target tissues and cells in the host.  These are necessary for the establishment of binding and protected growth.  These pathogens also have developed sensing systems that allow them to monitor specific physiological functions of the hosts.  Pathogenic bacteria have been shown to have sensors for the presence of free fatty acids, cytokines (particularly IL-1), steroids, and catecholamines that are used to alter their rate of growth.  In E. coli and Salmonella, only pathogenic strains, and not their avirulent cousins, were capable of altering their growth based on triggers of inflammatory response.  The use of modern molecular tools, such as green fluorescent protein coupled to bacterial genes and bacterial microarray analysis, have also shown that the program of expressed genes in pathogenic bacteria (and fungi) is radically altered by interaction with host cells.  The changes in the expression of genes have been demonstrated both using cultured host cells and by measuring bacterial gene expression in bacterial cells prepared in culture versus the cells from that culture preparation after introduction into the tissues of a host (generally the peritoneal cavity of mice).  


Accidental pathogens have not been shown to utilize similar sensor systems focused on the host.  The genetic program of many of these organisms appears to be targeted to specific sources of nutrients.  These organisms, like flesh eating Streptococci, detect available protein complexes and enhance their growth rate and production of protease enzymes in the presence of what they perceive as material to be recycled.

Issues of control


One other major issue that discriminates colonization by pathogens from disease is the issue of which side is in control.  When the host is firmly in control, keeping the pathogen isolated in small numbers to a privileged site, then no disease is seen.  This balanced state is the ecological condition required for the long-term co-existence of the host and pathogen.  In contrast, when the host has lost its homeostatic balance, and the pathogen is allowed to grow and be shed from the host, disease occurs.  Often, the pathogen has sensed a “disturbance” in the host’s environment, often keyed by sex or stress steroids, which cause it to seek dominance in the control of the relationship.  Thus, control is a major factor in the balance of health and disease.  


It is interesting that as practitioners, you are most likely to see disease outbreaks during periods of social or environmental stress.  Birth, shipping, reassortment of groups of animals, breeding, bad weather, and changes in feed are all times when we see increased incidence of disease.  Very young animals are stressed by the mass of environmental change.  They go from the essentially sterile womb to the dirty, messy world.  These periods represent a loss of control by the host and an expression of control by the pathogen. 


In addition to sensing of host metabolic responses to their presence, most pathogens make products that attempt to control the extracellular or intracellular environment of the host, and make it more favorable for their survival and/or growth, and to enhance their ability to shed.  For example, bacteria and viruses often make enzymes that alter antibody and complement.  Some bacteria and viruses also make structures that alter the regulation of adaptive immune responses, like the superantigens of herpesviruses and some Gram positive bacteria.  Others redirect the host response to a less effective pathway, like the Fc receptors made by bacteria and some viruses.  These are issues of preemptive control by the pathogen over the host.


One question that has always fascinated me about the issue of pathogen control over host functions is, why does the host tolerate it?  In some cases, it is pretty clear that the targeted control pathway is core to the host’s survival; the host cannot readily bypass it.  In other cases, I believe something else may be at play – essentially a quid pro quo.  I think that in some cases, the control of host processes, particularly to the superantigens and other microbial products that activate immunity, are opened to pathogens because they trigger developmental events that make the immune system responses of young animals stronger and more complete. In trade, the host is forced to leave the “backdoor” to the immune response open to the pathogen. The usual balance between the pathogen and host is good, both must survive and thrive for the relationship to be strong, but when the host is out of balance – then the pathogen can use the backdoor to control host immune response.  This type of tradeoff may be the key to understanding many of issues of control seen in the process of pathogenesis.

Populations and disease


There are two critical ways that practitioners must look at the concept of “population” to successfully manage disease in animals.  First, they must consider the clusters of host animals they are serving.  They must think about the genetics and history of these animals relative to disease to understand the threat of disease and its management.  Most large groups of animals carry polymorphisms in the genes that control immunity.  These polymorphisms provide a range of susceptibility to infection and disease.  Professional pathogens are generally obliged to live among the host population, and some members of that population are more or less naturally susceptible to the “control measures” of the pathogen.  This leads to different levels of severity of disease among members of the population exposed to similar densities of pathogens.  


In addition, prior and regular exposure to the pathogen within the population tends to arm and load the host adaptive immune response to the pathogen.  This will increase the number and activity of pathogens a given member of the host population must be exposed to before developing disease.  Often, a weakened member of the host population can become ill, even deathly ill, without causing wide spread disease in a population with a high level of adaptive immune response to the pathogen found among the members of the herd (herd immunity).  Thus, both genetic susceptibility and immunity are factors in the host population.


The second population that the practitioner must be concerned with is the population of pathogenic organisms.  With extended exposure to a host, most pathogens tend to become less aggressive in causing disease among the host population.  This is natural, as the professional pathogen population is dependent on the host population for its long-term survival.  The less fit the pathogens make the host, the lower their chances for long-term survival.


In terms of a model you may be familiar with, the human immunodeficiency viruses are a good example.  These viruses caused disease of great severity and caused fairly rapid death amongst most of the persons infected early in the recognized epidemic (during the 1970’s and early 1980’s). Most of those infected showed symptoms within 1-3 years, and were dead within 5-7 years. However, some members of the HIV1 family of viruses caused infections that progressed much more slowly.  Individuals with these variants of the virus had occult infections (still producing enough virus to infect new hosts) for 5-15 years, and not causing death for 7-20 years.  These variants of the virus were much more successful at spreading to new hosts, and soon dominated the population of virus in subsequent infections.  Most obligate pathogens appear to undergo similar, but less obvious, selection.

Host response and responding to the host


Another interesting aspect of pathogenesis that should concern the practitioner is the “point – counterpoint” game the hosts play with pathogens.  I have already described the sensing of the host that pathogens use to control the expression of specific genes, and you have already studied how hosts recognize and respond to damage and danger in your immunology classes.  Many of the signs and symptoms of disease arise from the interplay of host defense mechanisms and the production of products to counter or evade the host defense. 


Any area of host defense is fair game for this chess game between host and pathogen.  Both bacteria and viruses produce mimics of cytokines that provide a counterpoint to the host response.  Bacteria and viruses make complement-altering products to modulate the inflammatory response and change the focus of adaptive immunity.  Superantigens are produced by both bacteria and viruses that bind directly to T cells and MHC class II bearing cells to alter the population of lymphocytes activated during the course of infection.  Bacteria produce products to enhance or inhibit the clotting process to change the access of phagocytes to the invaders.  Bacteria produce products that enhance phagocytosis and pinocytosis, but alter the trafficking of intracellular vesicles to allow for enhanced intracellular survival.  


Understanding the types of responses induced in the host by specific pathogens and the countermeasures they make to these responses helps to understand the impact of treatment and the mechanisms of induction of disease.

Mechanisms of danger and damage


Two important features of pathogens are the products and structures associated with the bacteria or viruses that signal danger to the host, and the products they make that cause direct or indirect damage to host tissues.  As microbiologists, we like to group these into pathogen associate molecular patterns (PAMP) and toxins.  It is not quite that simple, but microbiology is primarily a science of reductionism.


PAMP molecules represent a series of highly conserved structural elements of bacteria, fungi, viruses and parasites that are essential for the integrity and function of these organisms.  They are not easily eliminated or changed, so provide useful flags for mammalian (and other) hosts to recognize dangerous invaders.  Many are associated with cell wall, microbial or viral nucleic acid, or viral surfaces.  Several families of receptors that are highly conserved have been identified that recognize and respond to PAMP molecules.  The Toll-like receptors are the best studied and characterized of these families.  


PAMP molecules trigger signaling cascades associated with innate responses and set the context for both immediate and adaptive responses in the host.  Recognition of PAMP molecules is initiated at the tissue level and is a process that occurs simultaneously in many different local micro-environments.  The products of responses to PAMP molecules are then monitored in the secondary lymphoid tissues on an “additive” basis (that is the majority of local environments rules) to determine the context of the regional and systemic responses to invasion.


Damage from infection can be either direct or indirect.  Some products of pathogens are capable of doing direct damage to tissues of the host.  For example, ADP-ribosylating toxins alter protein synthesis in host cells and cause a loss of regulation of some other functions.  Many are referred to as A-B toxins.  These have an ADP-ribosylating, A, subunit that is delivered by interaction with host cells by the receptor binding, B, subunit of the toxin.  These toxins can have simple or complex structures, with single or multiple copies of the subunits.  Other toxins can be injected into host cells at close range using type III or IV secretion structures of the bacteria.  These toxins act directly in the cytoplasm of the host.


Damage can also be caused by an over zealous response by the host.  During infection with PI3 virus in cattle, the symptoms are basically a result of the host response to the infection of the respiratory tract.  Most of the disease process results from the inflammatory response to the infected cells and little to the damage to cells caused directly by the virus.  Similar host mediated damage is responsible for the symptoms of many infectious diseases of viral, fungal or bacterial origin.  Thus, the damage leading to disease is complex and the mechanisms of damage should be considered in diagnosis and treatment. 

Clearance of the infection


From the perspective of the host, the ideal outcome of infectious disease is clearance of the infection with no permanent damage.   This is the outcome practitioners are striving for.  The mechanisms of clearance of disease involve establishing a response to the organism to prevent its spread within the host and to those outside by the immune response, and the establishment of a new state of physiological balance.  This provides the state of wellness to the host and safety in the host’s environment.  


Many treatment options open to the practitioner are designed to give those processes a push in the right direction.  Antibiotic therapy is generally used to reduce the load of bacterial pathogen in the body and give the upper hand to the host in mounting an effective immune response, then restoring balance.  That is also the desired goal with anti-viral drugs, but often with the added goal of not adding too much to the damage done by the drugs used for treatment.  

Other outcomes – persistence and latency


Two other outcomes of infection are significant to the practitioner.  First, some viral and bacterial infections can establish a “balance” with the host and persist for a long time.  Some of these persistent infections are without symptoms, and others cause mild to severe, chronic disease.  Staphylococcal infections often become chronic and persistent in the host.  These organisms are very good at the point-counterpoint game and establish a meta-stable balance within the host.  During the period of this balance, shedding of the organism is minimal, and often the infection is limited to small, protected environments within the host.  When the host is stressed, the balance breaks down and active disease will develop.  At times treatment with antibiotics can facilitate the development of a persistent infection in the host when it alters the inflammatory and immune context of the natural response.


Latency is a state of infection where the organism is hiding within host cells.  It is a property of some viruses, and a common problem in the management of herpesviruses.  The virus incorporates into the host cell, expressing only a minimal program of genes associated with the latent state.  The virus “watches” for a signal from the host within the cells to activate production of new infectious virus and begin an active infection.  Management of herpesvirus is complicated by latency.  Steroid hormones are generally triggers for herpesvirsuses and allow for production of infectious virus when crowding or introduction of new animals stresses the host with a latent infection.  Thus, the virus senses conditions favorable to its transmission to a new host.

Prevention of infection and disease


In the management of large animals, we often try to prevent infection and disease using vaccines.  Vaccination is a complex process and the outcome is not fully predictable on the individual animals basis in most cases.  One of the problems with the conventional use of vaccines is that we vaccinate with systemic exposure using intramuscular vaccines to prevent diseases that have natural exposure on mucosal surfaces of the body.  Therefore, we are much better at preventing the systemic effects of infection and controlling disease than we are at preventing infection.  We also tend to vaccinate animals at the most convenient rather than the most biologically relevant time in their lives.  This is partly from economic pressures and partly due to the types of vaccines that are available.  

There is considerable interest in developing vaccines for the neonate.  In particular, to develop intranasal or intradermal vaccines that can be delivered in the face of maternal antibody titers against the agent for which we wish to establish a protective response.  We are finding that the responses developed in the neonate are different than those we have traditionally established.  Neonatal vaccination establishes little preformed antibody, but appears to prime memory responses to later exposure to antigen.  


We also must respect the balance between cost and benefit as practitioners.  In production animals, we must justify the cost of vaccination against the return in product.  In companion animals, like horses, we must justify the cost of vaccination against the social cost of the disease to the owners and the community of horses.  

Take home message

The take home message of this essay is that understanding the process of pathogenesis of infectious diseases is important to good clinical practice.  An informed practitioner will make better and safer choices in treatment of large animals.  Pathogenesis is multifaceted and complex for many diseases, but reflected in the ecology and biology of the disease.  


The following questions will provide a review of the points covered in this essay and should provide us a basis for discussion:

1) What are the basic elements of an infectious disease?

2) What interactions are necessary to sustain the relationship between a professional pathogen and its host?

3) What are the frontlines in the battle for control between pathogens and their hosts in the development of disease?

4) What population issues are involved in the ecology of professional pathogens and their hosts?

5) Does the game of “point – counterpoint” between host response to pathogen and pathogen counter measure production play a role in the treatment of disease?

6) What are the major pathways to tissue damage in disease?

7) What are the principal outcomes of infectious disease (other than death)?

8) How can we use our understanding of the pathogenesis of infectious disease to prevent infection or disease?

9) Why are most vaccines more effective in preventing disease than infection? 

