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Abstract: Vaccines have a significant role in veterinary practice.  For the food animal veterinarian, they will play an even more important role with consumer demands to reduce or eliminate the use of antibiotics from management.  In this paper, we will first come to some common ground as to the definitions of vaccines and the context in which they are used. Second, I will present a brief primer on the inflammatory and immune events that vaccines are designed induce.  Third, the “why” behind the design of several common types of vaccines will be described. Finally, the factors that separate successful vaccination applications from unsuccessful ones will be discussed.

Introduction:  Vaccines have been used to control animal disease since the time of Pasteur.  We have a huge array of choices in vaccines to recommend to clients, and the companies provide us with interesting, inviting and attractive information featuring all types of evidence promoting the function of their products.  Several things need to be said up front.  First, there are a large number of high quality and functional vaccines on the market.  Second, the use of any vaccine should be done based on the design of the vaccine relative to the environmental and management factors of the operation where the animals will be vaccinated.  Based on my experience, no single vaccine is ideal for all conditions.  That is one reason that manufacturers have so many options for the practitioner to recommend.


This paper will discuss vaccines under several frameworks.  First, the ideal vaccine would protect all animals, for their entire lifetime, after a single dose, without any live agents (capable of recombination), without secondary effects on production or meat/hide quality, and be very inexpensive.  In addition, I would also want my idea vaccine to prevent infection, and not just limit the impact of infection on growth, development, and economic loss. After all my research and trials, I have never made or found an ideal vaccine.  On the other hand, real-world vaccines – protect against the economic damage of infections (and/or their products) in either herds or individuals (or in some cases both), after a workable number of doses, for a significant period of time, with acceptable levels of side-effects impacting production, and at a reasonable cost.  Real-world vaccines demand a significant amount of biological understanding to be optimally applied in the field.  This is in part because they are each designed to do different things, and they have different levels of benefit to risk associated with them.  For example, most bacterins in dairy cattle have the potential to reduce milk production for a period of time after vaccination due to systemic inflammatory processes they induce, and all modified live herpes viruses probably have the capacity to establish latent infections in vaccinated animals, meaning that the vaccine virus will be with the animal for life. 

Primer – Inflammation and immunity in vaccination.  Vaccinations are designed to simulate the effects of an infection with a pathogen on the immune system without inducing the symptoms and economic consequences of disease.  The vaccine response has two major components – the inflammatory component that happens at the site of vaccination, and the adaptive immune component that happens in the secondary lymphoid tissues of the body, where “clones” of responsive lymphocytes are expanded to provide “molecularly defined” responses, in the form of antibody from B cells and T cells, that constitute the effector functions of the immune system.  The combination of inflammatory and immune responses provide a certain level of protection for some  period of time after vaccination, and the differentiation of memory cells from among the expanded B and T cell clones provide a reservoir of responsive cells that can be rapidly activated to restore that protection.

The interactions involved in effective vaccine responses are complex and delicately orchestrated.  First, the body must recognize “danger and/or damage”.  Microorganisms, such as bacteria and viruses, have “families of structures” on their surfaces or within their makeup that represent “molecular patterns”.  The structures we have recognized so far are being classified into groups of “pathogen associated molecular patterns” (or PAMP for short).  These PAMP families of structures are the basis of what we have called “non-specific” immune recognition over the long history of immunology.  The inappropriate release of host intracellular contents is also a trigger of inflammatory responses.  The cells regulating inflammatory responses, by utilizing several families of pattern recognition receptors, recognize PAMP molecules.  The most widely discussed of among these are the Toll-like receptor (TLR) family.  TLR that specifically respond to the cell wall LPS of Gram negative bacteria, cell wall peptidoglycan of Gram positive bacteria and the glycolipid/ glycopeptide components of yeast and fungi, and viral components including envelope, unmethylated double stranded DNA, single stranded RNA and double stranded RNA.  The TLR don’t necessarily act as the primary receptor for microbial components, but can function as adaptors between binding proteins, like CD14 and LPS-binding protein, and the intracellular signaling apparatus (with names like MyD88 and TRIF, lots of different kinases, NF-kB).  If a vaccine is going to be successful, the antigen, or adjuvant (a compound added to enhance the response and/or address the “context” [type of immune activation] of the response), needs to stimulate a set of pattern recognition receptors linked to the type of immunity required to protect the animal from later exposure to the virulent pathogen.  

There are two significant challenges to this initial step in the process.  First, the inflammatory events directed by pattern recognition receptor stimulation must last long enough to induce all the needed signals and allow them to mature so the desired lymphocyte responses are achieved.  Second, the processes must be “defined” narrowly enough so the inflammatory response generated does not confuse the body and make it think it is being overwhelmed, so that it is not worth using all the effort and energy required to fight back.  


The inflammatory response is the primary response to disease.  It happens immediately and is hard-wired.  The specificity and speed at which it works is fixed in the body. Yes, during a significant inflammatory event the total white count rises, but there is no “memory”, it always approaches the problem the same way.  Therefore, the inflammatory process is not the real “end” target of the vaccine response.  The right combination of inflammatory events will drive the ultimate goal of a vaccine in providing the right response context for the expansion of lymphocyte clones and the development of effectors and memory.  

The inflammatory response produces directed signals in the form of cytokines and migrating antigen presenting cells (APC).  Cytokines provide “push and pull” signals to the lymphocytes in the secondary lymphoid tissues during the clonal expansion phase and direction to the function of lymphocytes that circulate during the effector phase of the molecularly defined response.  Classical cytokines, like IL-10 and IFN-IL-12, “push” the immune system into a response that either favors antibody production or T cell killer activation, respectively.  Other cytokines, including the chemokines, “pull” the responses toward a consensus response across all the secondary tissues involved by “voting” in an additive fashion.  Therefore, the response can be regulated by information provided from the site of infection (or in our case vaccination) with each local microenvironment having its vote.


The lymphocyte response occurs when APC, cells that picked up antigen in the tissues and transported the antigen to secondary lymphoid “centers”, interact with lymphocytes that have gathered in secondary lymphoid tissues.  These lymphocytes “read” the APC, by looking for the presence of a molecularly defined combination of antigen structure and self-defining molecules, called major histocompatibility complex (MHC) molecules.  When lymphocytes recognize both of these targets, they are stimulated. The cytokines and chemokines at the site of infection or vaccination prime the APC to provide additional signals that “assure” the lymphocytes that there is danger associated with this presentation.  These signals include CD80/86 and the CD30/40 family of signals.  When the lymphocytes have received both of these types of signals, they proliferated to increase the clonal pool.  Remember, lymphocytes have many copies of an antibody or T cell receptor on their surface.  These receptors are produced by “chance” recombination of variable, diversity and joining regions of the genes for these molecules in their DNA, so almost an infinite number of possible molecular recognition receptors can be produced.  The quality control system of the immune system removes the cells that can not work with the body’s MHC molecules, so the pool of lymphocytes is limited (and the non-functional cells recycled).  However, the lymphocytes that recognize any single molecular pattern are produced in very small numbers.  The body deals with this by allow the “chosen” lymphocytes to divide many times and increase the pool of cells capable of recognizing a specific molecular definition and MHC molecule associated with danger to the body.  If lymphocytes “read” antigen-MHC in the absence of “assurance”, they are triggered to apoptosis (cell suicide), to protect the body from the excessive and unnecessary cost of making a large number of cells that are responding to “non-threatening” patterns, and may induce autoimmunity.


The number of times that selected lymphocytes divide is determined by a combination of how long and how strongly the antigen molecular pattern is represented in secondary lymphoid tissues, which of the many cytokine and chemokine signals are delivered from the site of danger to the secondary lymphoid tissues, and the cytokines produced by lymphocytes and supporting cells within the secondary tissues.  Early in an immune response, there is lots of cell proliferation going on.  As the response matures, the rate of proliferation slows and some of the cells are “directed” to mature into antibody factories (plasma cells), or into armed and dangerous cytotoxic T cells.  Further in the life of the response, under conditions of limited antigen presence, the cells stop dividing.  
During this phase, some cells are “elected” to become memory cells (an expanded pool of cells that recognizes the molecular patterns associated with antigen that are partly activated that shortens the time to more antibody or cytotoxic T cell response), and the rest – the extra capacity – are recycled by apoptosis.  Some memory cells appear to remain in secondary tissues, others circulate throughout the body, just looking for trouble.  


Vaccines do not only enhance classical T cell (Tc) and antibody (IgG) response.  Cells that protect the mucosal surfaces of the body are also products of the interactions between antigen and cells in the secondary lymphoid tissues.  Some combinations of cytokines produced at the site of infection or vaccination will drive antibody-producing cells to differentiate beyond the IgG response that we see most strongly in serum, to an IgA response that protects the mucosal surfaces.  Vaccines also appear to be able to induce  T cell activation under some conditions. These T cells respond to antigens in the context of “cousins” of the MHC molecules and are activated more rapidly and less strictly than the classical T cell responses.  The  T cells are known to be important in Mycobacterial immunity, controlling viruses during the early phase of infection  (particularly in ruminants), and in control of other intracellular infections. Development of memory for IgA and  cells also appears to be a function of the right vaccine combinations.  


So, it is clear that vaccines have a complex job.  Some vaccines are designed to provide a lot of effector activity in an attempt to protect against an imminent threat.  This is particularly true of older, more classical vaccines.  These vaccines induce circulating antibody and they require frequent re-vaccination.  Some vaccines induce both strong effector functions and strong memory.  These vaccines induce measurable titers, many induce evidence of cell mediated immune enhancement, and have pools of cells that response to recall antigen with a strong memory response.  Most of these vaccines have “newer” high technology adjuvants that stimulate a complex inflammatory response signaling a broader immune context, or contain live, but attenuated forms of the pathogens themselves.  A few vaccines induce only memory responses with little or no evidence of effector activation.  DNA vaccines often fall into this category.  These vaccines are proposed for use in prime-boost vaccine applications, particularly in the face of maternal immunity.  We also have access to some vaccines that direct mucosal responses.  Many of these are delivered by the intranasal route, however, some adjuvants, currently in development, have components to enhance mucosal responses and memory after classical intramuscular delivery.

Why vaccines work – There are several types of vaccines on the market today.  Each is designed to provide a specific type of outcome.  In veterinary practice, we currently have inactivated vaccines made from whole antigens and modified live or attenuated vaccines containing live organisms.  A few vaccines are available that are constructed from purified, killed organisms or components of organisms.  Some gene construct vaccines, delivered as naked DNA or in viral vectors, are also available.  I will discuss each of these here briefly and point out what makes them work.


Whole antigen inactivated vaccines are produced with materials directly from culture that have been rendered incapable of replication by chemical (or possibly radiation) treatment by the manufacturer.  These vaccines require both a large mass of antigen (costly) and an adjuvant system to function well.  To allow presentation of antigen for long enough to establish a good immune response, the adjuvant must allow for release of the antigen over time and must establish a productive and continuing inflammatory response.  The antigen must maintain its conformation so critical antigenic structures are recognized to allow development of useful antibody responses, and the antigens must be available to APC so they can be disassembled into the “right” pieces for presentation in complex with MHC.  Most inactivated vaccines provide for priming with a first dose and require a second (and at times additional) booster dose to reach maximal effectiveness.  


Generally, inactivated vaccines have been designed to induce quite high levels of circulating antibody, primarily of the IgG type.  They can be very effective in preventing the consequences of infection with agents that have an extracellular stage in their life cycle within the host.  During that stage, antibody can effectively bind and neutralize the infectious agent, preventing the development of the level of infection needed to cause disease.  The adjuvant used in these vaccines determines many factors of the response.  First, the adjuvant is often needed to drive the local recognition of danger and damage to initiate the response.  Second, the adjuvant composition will reflect a specific set of triggers to control the cytokine and chemokine network developed.  Third, the adjuvant is often used to “trap” the antigen and control its release and degradation to give the immune response time to develop.  There are many adjuvants in use today.  Some are as simple as Alum, which is an inorganic irritant and adsorbent material that “annoys” tissue and slowly releases antigen.  This produces antibody effector as its only significant product.  Some are high tech combinations of oils, particles and “top secret” components that drive both T cell and antibody effector production, plus memory for both.  There are many safe, effective and useful inactivated vaccines in the marketplace.  For some diseases inactivated vaccines represent the only rational choice at present.  These include toxoids, some viral vaccines for agents that have no stable attenuated strains and many bacterial diseases.


Modified live or attenuated vaccines are also available.  They contain living organisms that are delivered in the body with the intent that they will replicate for long enough to “fool” the body into believing they represent danger and damage leading to disease.  Ideally they are incapable of inducing disease.  Companies like them because they require the production of a lot less antigen per dose (cheaper), but they require additional quality control (inactivated vaccines require that you show everything is dead, but live vaccines require that you show only the agent desired is present and it is living).  Modified live and attenuated vaccines have the advantage that they simulate more of the “natural” context of the pathogen that they were derived from.  They generate a limited infection (admittedly at an unnatural site) that should represent a similar danger and damage profile as the pathogen.  This should provide a response context appropriate to development of well-focused immunity.  These vaccines generally induce both antibody and T cell responses, as well as memory in each type of immunity.  Most of these vaccines are delivered by the intramuscular route, so few address the normal site of infection by the pathogens represented (mucosal surfaces), and are not effective in generating mucosal protection or memory.  Some of these vaccines now contain adjuvants to address the response context and improve immune responses.


A disadvantage of attenuated and modified live vaccines is that sometimes immunosuppressed individuals are incapable of mounting a significant inflammatory and immune response against the vaccine organism, and they may suffer significant consequences of the vaccine “infection”.  Some types of agents, such as herpesviruses, are also prone to development of latent infections.  These can be seen in some cases after vaccination.  Finally, the limited antigen mass of these vaccines also makes them somewhat susceptible to being neutralized by passive or prior active immunity in some animals before they act to boost the immune response.


Vaccines with highly purified inactivated products, or components of pathogens are being developed to reduce the side-effects of whole culture derived vaccines and to allow more directed and focused immunity.  These vaccines need sophisticated and well-designed adjuvants to reach their potential.  In general, the components that generated the danger and damage signals induced by the agents are carefully removed in antigen design.  Therefore, the adjuvant has additional jobs.  It must control the local activation and direct the response along the proper response pathway.  It must preserve the structure and function of the antigen molecules.  It must control the release of antigen into the vaccine site to allow for significant development of immunity.  It must direct the signals that drive the maturation of the responses to provide protective effectors in the body.  It must establish the conditions that allow for memory development.  Adjuvants of this type are still being developed and refined.  At present, there are very few vaccines based on purified components are available.  The examples that have been reported appear to meet the design goals of providing a controlled and focused pool of antigen and inducing rapid and effective responses.


Vaccines based on DNA or vectors expressing cloned genes are being developed for veterinary use.  To my knowledge, there are no licensed veterinary naked DNA vaccines in the market today. However, several vaccines in Poxvirus vectors are marketed for use in wildlife or companion animals.  All these vaccines work by introducing DNA into host cells and inducing the production of the protein products represented by the pathogen genes in the DNA within host cells.  Therefore, these vaccines are a cross between live agent vaccines and inactivated vaccines in how they function.  Both naked DNA and the vectors in current commercial use block the production of new pathogens (or even the virus vector in products currently licensed).  These vaccines rely on the production of antigen in host cells, using the overproduction of those proteins to establish the danger and damage context and drive the vaccine response.  Many candidates for adjuvants to support DNA and vectored vaccines are being tested.  They will function to strengthen the context of the response that is most protective, drive the production of effector immunity and enhance the development of memory.  Current DNA vaccine technology is much better at priming (driving memory responses) than producing effector responses.  


As you can see, the ecology of the disease has a significant impact on the choice of vaccine.  If the agent has a extracellular stage in its life cycle and proliferates rapidly, choice of an inactivated or attenuated conventional vaccine producing strong antibody titers is likely to be very good.  If it develops slowly and is infrequent in the environment, the best economic and protection choice may be a vaccine that produces long lasting memory, but little effector activity.


What limits the effectiveness of vaccines?  This is an easy and hard question.  There are many factors involved in the success of vaccination.  First, is the vaccine handled and stored properly?  Even the best vaccine has limits as to environmental exposure.  If not properly handled, the vaccine antigen can be damaged or the adjuvant destroyed or altered.  Then vaccine will not be successful.  Second, is the vaccine delivered properly?   If the vaccine is not given in the designed dosage or at the validated site and with the validated frequency it may fail.  Failure to boost or boosting too soon after primary vaccination can have very bad effects.  Is there immunological interference?  When animals already have passive or active immunity they may not respond to vaccines to develop immune responses that provide protection.  Vaccines containing a small antigen mass can be very severely inhibited by antibody or T cells that destroy the antigen before it can replicate enough to produce a response.  Is the animal well nourished?   Protein and total calorie deficiency can destroy the capacity of animals to make useful immune responses.  Poor body condition can also induce acidosis or ketoacidosis that changes the context of the inflammatory response and gets the vaccine off to a bad start, and can reduce the activation of memory cells on re-exposure to antigen in the field.  Is there excessive stress on the animal?  Stress hormones and physiological consequences of stress reduce the immunological activity of animals.  This is true of both the vaccine response and the capacity to use memory cells that are developed after vaccination.  What is the animal’s environment like in general?  Dusty or contaminated environments can lead to chronic inflammatory responses that limit the response to vaccines, reduce the effectiveness of effectors produced after vaccination, and reduce memory function that good vaccines generally induce.  


So, why don’t vaccines work?  Well sometimes we use the wrong vaccine, sometimes the animals are not physiologically able to “invest” in the vaccine, and sometime we damage the vaccine in an attempt to use them.  Often we need to see the problem more clearly to take advantage of the right vaccine.  The environment, the ecology of the infection and animals, and the condition of the animals at and after vaccination dictate what vaccine is best to use, or if vaccination is even a feasible management tool within that operation.  Other times we need to avoid shortcuts.  We need to look to good conditioning and nutrition, reduction in stressful conditions, and to avoid vaccination in the face of stress.  I hope this paper is useful in your attempts to provide the best possible veterinary service.

Questions for thought:

1) What is the difference between the ideal vaccine and the real-world vaccine?

2) How is the process of vaccine response managed in the body?

3) What are the comparative advantages and disadvantages of inactivated vaccines relative to attenuated or modified live vaccines?

4) Why are DNA based vaccines like a composite of inactivated and modified live vaccines?

5) What is prime-boost vaccination, and under what conditions would it be useful in management of large animals?

6) Why do vaccines work?

7) How are the success of vaccination and the management of herds linked?

