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Introduction 
 

With a $40.5 billion Gross Domestic Value for milk produced in the U.S. during 
2013, the dairy industry was the third largest sector of the 2013 U.S. animal agriculture 
economic engine. The value of milk produced in 2013 represented 24% of the total 
value of animal agriculture production; this figure had grown from $21 to 23 billion/year 
over a decade ago. The 2007 National Animal Health Monitoring System (NAHMS) 
Dairy Study reported that during 2006, 23.6% of cows were culled from operations, 
26.3% and 23% were removed for reproductive and udder health problems respectively. 
In addition, 16.5% of cow mortalities were due to mastitis. Clearly, the economic value 
of controlling mastitis pathogens is immense.  Most economic analyses of the cost of 
mastitis cite a 10% production loss as only one part of the overall cost of the disease. 
The majority (65 to 70%) of losses is associated with decreased milk yield resulting in 
lower production efficiency; the remaining costs are attributed to treatment. In addition 
to these direct losses, mastitis causes significant problems in milk quality control, dairy 
manufacturing practices, quality and yield of cheese, nutritional quality of milk, antibiotic 
residue problems in milk, meat and the environment, and genetic losses due to 
premature culling. These additional costs are very significant and are not always 
included in economic analyses of mastitis costs. 

 
Because of the need for a safe, economical and stable supply of food, those of 

us serving the livestock health industry must be prepared to provide the best quality 
advice and care in managing our Nation’s dairy herd. For dairy producers, the critical 
factor in providing a low somatic cell count milk supply is keeping cows free from 
mastitis. Mastitis is anything causing inflammation of the mammary gland, and 
infectious mastitis is caused by a plethora of microbial agents [1]. Nearly half of the 
Nation's herd of dairy cows will experience at least one episode of mastitis during each 
lactation. Research has already resulted in genetic selection for cows with lower 
somatic cell counts by the incorporation of this trait into the artificial insemination (A.I.) 
sire summary ranking indices. This approach mainly serves to reduce the normal 
increase in mastitis incidence that occurs as milk production goes up. Coliforms and 
environmental streptococci are the most common etiologic agents isolated from 
clinically severe mastitis cases on well-managed dairy farms [2, 3].  Clinical trials and 
experimental studies have demonstrated repeatedly no benefits of antibiotic therapy in 
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cattle with clinical or subclinical coliform mastitis [4-6].  Hence, the advent of the 
Escherichia coli J-5 and other endotoxin core mutant vaccines in veterinary medicine 
many years ago provided us a tool to reduce the incidence and severity of clinical 
coliform mastitis [7-10].  However, there remains an unmet veterinary medical need of 
new ways to prevent or treat mastitis caused by environmental pathogens. For several 
years, research at the USDA’s National Animal Disease Center in Ames, IA undertook a 
two-fold approach for improving the dairy cow’s resistance to mastitis - 
immunomodulation and genetic selection for superior immune systems.  In this paper, 
we will focus on the evidence for immune suppression in periparturient dairy cows, how 
this sets the cow up for infectious diseases such as mastitis, metritis and retained 
placental membranes, and some of the early research on immune modulation of the 
transition dairy cow and how that impacted resistance to mastitis. 

 
Role of the Immune System in Mastitis 

 
Immunity against infectious diseases of cattle is mediated by diverse, yet 

interdependent, cellular and humoral mechanisms. Many environmental and genetic 
factors influence the ability of livestock to mount effective defense strategies against the 
various pathogens and normal flora that they are exposed to throughout their lifetime. 
Innate resistance to infectious diseases reflects the inherent physiological attributes of 
an animal that make it more or less susceptible to disease development by a particular 
pathogen. There are several cell lineages that comprise the immune system (e.g., B-
cells, T-cells, neutrophils, eosinophils, basophils, macrophages and mast cells). Each of 
these cell types has distinct responsibilities in providing host defense. Innate immunity 
represents the various immune components that are not intrinsically affected by prior 
contact with an infectious agent [11]. Lymphocytes provide the adaptive immune 
reactions that are antigen specific in nature and possess memory for future encounters 
with the same pathogen. In this paper we will present a novel approach of immune 
modulation of the innate immune system as a potential means to reduce antibiotic 
usage in veterinary medicine. 

 
Our first understanding of cellular immunity is more than a century old and it 

actually involves research into the causes of bovine mastitis and the immune response.  
In his 1908 Nobel Lecture the Russian Zoologist, Élie Metchnikoff, described disease as 
consisting "of a battle between a morbid agent, the external microorganism, and the 
mobile cells of the organism itself. A cure would represent the victory of the cells, and 
immunity would be the sign of an activity on their part sufficiently great to prevent an 
invasion of microorganisms [12]." Metchnikoff cited the work of a Swiss veterinary 
expert, Zschokke, who found that plentiful phagocytosis of streptococci in the battle 
against infectious mastitis in cows, was a good sign. When phagocytosis was 
insignificant or not present, the cows were written off as no longer capable of producing 
good milk. This was later extended to include the idea that not only must the 
phagocytes engulf the microorganisms, but that these devouring cells must utterly 
destroy the microorganisms. In some cases, the streptococci of mastitis were found to 
"destroy the phagocytes after being engulfed by them thus liberating themselves to 
carry on their deadly work". 
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Today we have a far more detailed knowledge of the cow’s immune response to 
pathogens in the mammary gland and elsewhere. Neutrophils are one of the most 
important cell types of native defense mechanisms because they respond quickly, within 
minutes, and do not require previous exposure to a pathogen to effectively eradicate the 
microbe. A major function of neutrophils is the phagocytosis and destruction of 
microorganisms that invade the body. Phagocytosis is probably the most widely 
distributed defense reaction, occurring in virtually all phyla of the animal world. 

 
Neutrophils Are Critical Against Mastitis  

 
Native defenses of cattle are continually challenged by exposure to pathogens 

(bacteria, fungi and viruses) and many factors affect the outcome of this interaction.  
Establishment of an infection in any organ or tissue is dependent upon a delicate 
balance between defense mechanisms of the body and the abilities of pathogens to 
resist unfavorable survival conditions. The neutrophil is one of the most important cells 
of the innate defense mechanisms because it can act quickly, within minutes, in large 
numbers and in most cases, does not require previous exposure to a pathogen to 
effectively eradicate the microbe. Studies have shown that it takes approximately 1 to 2 
hours for neutrophils to accumulate in response to E. coli infection in tissues [13-16].  
What this means is that microorganisms will have a 2-hour head start on the host 
immune response and any further delay in the inflammatory response will result in 
significantly more pathogens for the host to deal with. Unfortunately, delays in 
inflammatory responses in stressed animals are well documented [17-19], and some of 
the mechanisms responsible for delayed inflammation have been identified [20-22]. The 
importance of the neutrophil in protecting virtually all body tissues, especially against 
bacteria, has been repeatedly demonstrated experimentally and in nature [23-29].  Early 
and rapid accumulation of sufficient numbers of neutrophils is paramount in the ability of 
the host to effect a cure of invading pathogens [30]. Neutrophils can also release 
cytokines that in turn result in additional recruitment signals for more neutrophils [31-
34].  Circulating neutrophils represent the major recruitable host defense against 
acute tissue infection, such as mastitis [18, 19, 25, 35].  

 
Immunosuppression in the Pathogenesis of Mastitis 

 
A literal definition of immunosuppression is diminished immune responsiveness.  

This simplistic definition impacts a highly diverse system that affords protection against 
disease. Periparturient immunosuppression research was initiated by the observation 
that most clinical mastitis occurs in dairy cows in early lactation and the view that most 
bovine mastitis is caused by opportunistic pathogens and therefore these cows must be 
immunosuppressed. What evidence supported the hypothesis of periparturient 
immunosuppression? Practical experience teaches us that opportunistic infections are 
associated with severe compromises of host defense mechanisms. Over the past 
couple decades, an overwhelming amount of evidence of immunological dysfunction of 
lymphocytes and neutrophils in periparturient cattle and sows has been generated in 
research institutes around the world [17, 20, 36-76]. Periparturient immune 
dysregulation impacts the occurrence of infectious diseases of virtually any organ 
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system of livestock (e.g., gastrointestinal, respiratory and reproductive tracts all have 
increased disease incidence in postpartum animals).   

 
First of all, there is an extremely high incidence of clinical disease in 

periparturient cows with nearly 25% of all clinical mastitis occurring during the first 2 
weeks after calving. Clinical mastitis caused by virtually all pathogens, but especially 
coliform bacteria and streptococci other than Streptococcus agalactiae, has a very high 
incidence in early lactation. Cows must first become infected and then develop clinical 
mastitis. The rates of new intramammary infections (IMI) caused by environmental 
pathogens are highest during the first and last 2 weeks of a 60-day, nonlactating period 
of dairy cows [3, 77-79].  The rate of new IMI during these periods of peak susceptibility 
is 2 to 12 times higher than any other time in the production cycle of the cow. Most 
coliform and environmental streptococcal infections established in the nonlactating 
period and that are present at parturition result in clinical mastitis soon afterward [77, 
80].  The proportion of all cases of clinical coliform mastitis that develop during the first 
2, 4, and 8 weeks of lactation has been reported to be 25, 45 and 60%, respectively [81, 
82]. 

  
The second piece of evidence supporting the notion of immunosuppression in the 

pathogenesis of mastitis was that we are traditionally taught that opportunistic infections 
are associated with severe compromises of host defense mechanisms. These two 
points led to experiments evaluating how functional a cow’s immune system is around 
calving time. Over the past several years, an overwhelming amount of evidence of 
immunological dysfunction of lymphocytes and neutrophils in periparturient cattle has 
been generated in several research institutes around the world [17, 20, 36-75]. Today 
the data tells us the immune system becomes progressively more compromised at the 
end of gestation, cows become more readily infected in the mammary gland, then as 
the immune system “bottoms out” the first week or two after calving, these subclinical 
infections begin to win the battle with the cow’s immune system and clinical mastitis 
results. This can also be extended to infectious diseases of virtually any system of the 
postpartum cow (gastrointestinal, respiratory and reproductive tracts all have increased 
disease incidence in postpartum cows). 

 
What Causes Periparturient Immunosuppression? 

 
Many neuroendocrine changes develop in cows during the periparturient period.  

Periparturient hormone fluxes may adversely affect immune cell function.  Surprisingly, 
there is no effect of estrogen on bovine neutrophil function either during the follicular 
phase of the estrous cycle in cows or after administration of high doses of estradiol to 
steers [83, 84]. However, supraphysiologic concentrations of estradiol have been 
reported to suppress neutrophil function [85, 86]. These high concentrations of 
estrogens may be germane to immunosuppression and the high new IMI rates prior to 
calving. Before calving, total plasma estrogen concentrations increase in the cow, at 
least 10-fold greater than during estrus [87].  Moreover, during normal pregnancy, the 
progesterone binding capacity of human lymphocytes is increased (perhaps as a result 
of increasing estrogen levels) and the concentration of progesterone in serum during 
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pregnancy combine as sufficient to reduce lymphocyte functions [88, 89]. This raises 
the possibility that hormone sensitivities of immune cells during late gestation may be 
altered and result in functional changes in immune cells due to rising estrogen 
concentrations. Very high concentrations of both estrogens and progesterone are 
reached during the final days of gestation in cows [87]. This may be germane to the 
onset of impaired lymphocyte function in the prepartum cow whose lymphocyte 
hormone binding capacity may be higher than that in barren cows. 

 
Many of the hormonal and metabolic changes that prepare the mammary gland 

for lactation take place during the 3 weeks preceding parturition. Lymphocyte and 
neutrophil function could be affected by prepartal increases in estrogen, prolactin, 
growth hormone, and/or insulin [87, 90-92].  During this critical period, the dairy cow's 
metabolism shifts from the demands of pregnancy to include those of lactation, with 
increased demands for nutrients. Negative energy and amino acid balances that exist 
during early lactation may also contribute to impaired neutrophil function and, thus, 
account for a portion of the periparturient immunosuppression observed. 

 
The specific physiological factors contributing to periparturient 

immunosuppression and increased incidence of clinical disease have not been fully 
elucidated. We do know, however, that there is a very broad-based suppression of 
immune function in cows in the first week or two after calving. Wide variation in 
leukocyte functional activities has been documented between dairy cows and between 
different production stages (e.g., around calving time) [54, 56-58, 60, 93-99].  Most 
importantly, associations between neutrophil dysfunction and periparturient disorders in 
cows have been reported [45, 51, 59].  Periparturient immunosuppression is not limited 
to cattle. Investigations of immunosuppression and coliform mastitis in sows revealed 
depressed neutrophil function to be associated with the susceptibility to postpartum 
mastitis caused by Escherichia coli [76]. Defects in lymphocyte function also contribute 
to immune suppression during the periparturient period. In addition to reduced antibody 
production, other impacted roles of lymphocytes in periparturient cows include reduced 
production of cytokines that activate and direct both innate and adaptive immunity [44, 
54, 56, 94, 100-102]. 

 
Today it is well recognized that the bovine immune system is less capable of 

battling pathogens during the periparturient period. The periparturient cow has 
suppressed immune competence, manifest as reduced capacity for nearly all types of 
immune cells that have been studied. Interestingly, there may be a teleological reason 
for immunosuppression in the Th1 branch of the immune system that may be essential 
in preventing unwanted immune reactions against self and fetal antigens exposed to the 
mother’s immune system as a result of normal tissue damage in the reproductive tract 
during parturition [103].  However, an inadvertent and perhaps unintended consequence 
of this suppression of the Th1 branch of the immune system is that many of the 
cytokines normally produced by these cells are critical to fully activate neutrophils that 
are absolutely critical to the defense of the mammary gland. Without a fully functional 
cellular immune system, both adaptive and innate branches of the cellular immune 
system operate at diminished capacity for immune surveillance and pathogen 
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clearance. This is the very circumstance that periparturient cows find themselves in and 
why it is so critical to manage transition cows to minimize their exposure to pathogens in 
the environment and to avoid metabolic disorders that might further stress their immune 
system. 

 
The take-home message here is a multitude of factors of the immune system of a 

dairy cow become impaired as early as 2 to 3 weeks before she actually gives birth, and 
long before the elevation of endogenous cortisol which occurs from 36 hours before to 
36 hours after calving. The cow's immune system then bottoms out and is seriously 
impaired for 1 to 2 weeks after calving. This effect is known as periparturient 
immunosuppression. Regardless of its causation, periparturient immunosuppression 
makes the dairy cow highly susceptible to the establishment of new infections, 
particularly in the mammary gland, and the subsequent progression of these new 
subclinical infections into clinical disease such as mastitis, metritis, and postpartum 
outbreaks of intestinal diseases such as salmonellosis, just to name a few. 

 
What Are the Prospects for Immunomodulation to Prevent Disease? 

 
Biotherapeutic immune modulators can be given to prevent or lessen disease 

symptoms caused by various viral and bacterial pathogens. A general goal of such a 
biotherapeutic compound is to provide the desired effect on host immunity for a 
sufficient period of time to sustain immunity through a period of immune dysfunction the 
host is experiencing. Cytokines are one class of compounds that have been 
investigated for potential biotherapeutic value. Administration of recombinant cytokines 
to modulate immunity in immunocompromised hosts is thought to prevent bacterial 
infections [104]. In an effort to study methods to ameliorate the effects of periparturient 
immunosuppression, several scientists have evaluated various cytokines that are part of 
the cow’s normal immune system [41, 105-110].  Granulocyte-colony stimulatory factor 
(G-CSF) is a cytokine that triggers the bone marrow to produce leukocytes – neutrophils 
in particular, which in turn, fight infectious disease.  Human G-CSF has been 
successfully used for many years as an adjunct therapy for cancer patients undergoing 
chemotherapy. In a series of studies, G-CSF has been evaluated for its effects on 
bovine immunity and as a prophylactic against mastitis [40, 111-115]. Our research 
findings indicate no adverse effects and that it can reduce the incidence and severity of 
clinical coliform mastitis by 50% during the first week of lactation following experimental 
challenge [116]. Granulocyte-colony stimulatory factor has also been shown beneficial 
against Staphylococcus aureus and Klebsiella pneumoniae mastitis [115, 117].  It is 
crucial to understand that immunomodulators work best in immunocompromised hosts; 
hence the periparturient period is an excellent time for such compounds to be given to 
cows as they will work to restore the immune system. Acceptable alternatives to the use 
of antibiotics in food animal practice need to be explored and the use of 
immunomodulators is a promising area for therapeutic, prophylactic, and metaphylactic 
approaches to prevent and combat infectious disease during periods of peak disease 
incidence. Research in the area of biotherapeutic immune modulation continues today. 
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What Does This All Mean for You? 
 

Bovine mastitis is one of the most economically important diseases to dairy cattle 
industry. The pathogenesis is highly complex and involves many factors including 
various microbial etiologies, stress, management and environmental hygiene. Bovine 
mastitis has not been adequately controlled by vaccination or antibiotics. In many 
diseases, immunosuppression due to various stressors is responsible for increased 
susceptibility to bacterial colonization or growth. Over the past 50 years a considerable 
body of evidence of impaired neutrophil and lymphocyte function in periparturient dairy 
cows has emerged that coincides with the high incidence of new IMI 2 weeks prepartum 
and clinical mastitis in early lactation. To overcome this immunosuppression, 
immunomodulatory agents have been and are being evaluated for their ability to prevent 
economic losses associated with periparturient diseases such as mastitis. Researchers 
have investigated immunomodulation as an approach to provide dairy farmers with a 
new tool to prevent infectious disease in their herds although biotherapeutic products 
have not yet made it to the market place. The consequences of immune suppression 
are increases in infectious disease and premature loss from the herd both of which add 
significantly to the cost of production and decrease the profitability of dairy farming.  
Simple solutions will not likely be found for something as complex as immune 
suppression, however, without additional significant research into this topic we can be 
assured that no progress will be made. 

 
Production of milk from mastitis-free cows is quite simple, right? Keep your cows 

in clean, dry and unstressful environments and feed them what they need, when they 
need it – far easier said than done! For years we have emphasized feeding cows 
optimal rations because the production and functional activities of leukocytes in 
combating microbial infection are complex and all involve expenditure of cellular energy, 
protein and other nutrients.  The average cow has ~3,500 neutrophils per microliter of 
blood, this translates into ~1.4 x 1011 neutrophils in an 1,800 lb Holstein cow. The 
circulating half-life of neutrophils is about 6 hours, so the cow is replacing half of those 
cells every 6 hours from bone marrow stores. Clearly, a significant component of the 
dietary energy and protein consumption for maintenance is spent on replenishment of 
immune cells. The negative energy and protein balance of dairy cows during the 
periparturient period and up to peak lactation undoubtedly influence immune function.  
We know that cows without the stress of lactation recover from periparturient 
immunosuppression within 1 week after calving, whereas lactating cows remain 
immunosuppressed for 2 to 3 weeks postpartum [47, 48, 50]. The most we can do today 
is to give transition cows the best possible hygienic conditions and appropriate diets. 
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