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Introduction 
 

The neonatal bovine immune system is characterized as immunonaive at birth. 
The calf is highly dependent on maternal immunoglobulins, cytokines, and immune cells 
consumed in colostrum for immune protection (i.e., passive immunity). Unfortunately, 
poor quality, inadequate absorption, or feeding of insufficient amounts of colostrum may 
lead to failure of passive transfer of immunity from the dam to the calf, which causes the 
calf to become susceptible to early-life diseases. As a result, there is a window in time 
pre-weaning when the calf is highly susceptible to disease, termed the “gap in immunity” 
or “window of susceptibility”. During this time, the calf’s innate and adaptive immune 
systems (i.e., active immunity) are unable to provide sufficient immune protection in 
instances of pathogenic challenge (Chase et al., 2008). The development of a calfhood 
illness can negatively impact growth performance and potentially milk production later in 
life (Urie et al., 2018; Abuelo et al., 2021). Antibiotic therapy is one common approach 
to manage calfhood morbidity and prevent mortality; however, antibiotic use is often 
mismanaged and potentially contributes to the development of bacterial resistance 
(Langford et al., 2003; Walker et al., 2012). Consequently, there is a need for the 
development of safe, efficacious interventions that bolster immune function and thus 
protect against early-life disease in neonatal dairy calves. Non-antibiotic 
immunomodulators, that either enhance or suppress immune cell function, are a 
promising alternative to prevent or treat disease in young calves. 

 
The delivery of the lysophospholipid lysophosphatidylcholine (LPC) is a 

promising potential strategy to bolster immunity and reduce antibiotic usage in young 
dairy cattle. In non-ruminants, bioactive LPC have been shown to modulate key 
bactericidal mechanisms in immune cells, such as neutrophils, and protect against 
morbidity and mortality caused by a systemic infection (Yan et al., 2004; Hong et al., 
2010; Smani et al., 2015). While the mechanisms by which LPC causes these effects 
have received some attention in rodents and humans (Liu et al., 2020), our 
understanding of whether and how LPC influences immune function remained 
unexplored in dairy cattle. We aim to review immunity of the neonatal calf, LPC 
metabolism, and the modes of action by which LPC may modulate immunity in non-
ruminants and ruminants. We also discuss a recent study at Cornell University that 
investigated the effects of LPC administration on bactericidal mechanisms in neutrophils 
isolated from neonatal Holstein heifer calves. 

 
 

 



Bovine Neonatal Immunity and Disease 
 

In mammals, the innate immune system is the body's first line of defense against 
disease (Turvey et al., 2010). It is a fast-acting and semi-specific form of immunity that 
is broadly distributed. Cellular components of the innate immune system include 
neutrophils, macrophages, dendritic cells, and natural killer cells. Neutrophils are an 
abundant and motile phagocyte that are “first responders” at the site of pathogen 
invasion. The ability of neutrophils to destroy microbes involves increases in 
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity, hydrogen 
peroxide (H2O2) production (i.e., oxidative burst), and discharge of cytosolic granules 
containing proteins with bactericidal and permeabilizing properties. Macrophages 
encounter, identify, and engulf invading pathogens. At the surface of macrophages and 
dendritic cells, bacterial lipopolysaccharide (LPS) and viral double-stranded ribonucleic 
acid trigger ligation of toll-like receptors to stimulate type I interferon (e.g., IFNα and 
IFNβ) production. In turn, type I IFNs activate natural killer cells, which survey their 
environment with activating and inhibitory receptors, cytokine and chemokine receptors, 
and adhesion molecules. Natural killer cells also prevent infection by secreting pore-
forming perforin and cytotoxic granzymes to lyse infected cells rapidly without antigen 
specificity.  

 
Adaptive immunity is a much slower acting and longer lasting type of immunity 

(Turvey et al., 2010). The lymphocytes of the adaptive immune system include B cells 
and 3 major types of T cells including helper T cells, effector T cells, and suppressor T 
cells. B cells are stimulated by helper T cells to produce antibodies that will recognize 
pathogens and notify the phagocytes to destroy. Helper T cells stimulate cytotoxic T 
cells to develop, which kill the infected cells. Suppressor T cells deactivate both B and T 
cells. Memory B and T cells recall the antibody response to fight infection with 
reoccurrence.  

 
The maternal womb is an environment that protects calves from pathogen 

exposure (Chase et al., 2008). Because the placenta of cows does not allow 
transmission of immunoglobulins from dam to fetus, the newborn calf relies on 
antibodies (e.g., IgG, IgA, and IgM), cytokines (e.g., interleukin-6 [IL6]), and leukocytes 
(i.e., T and B cells) provided in colostrum to enhance their immunologic protection. This 
passive immunity is important because the neonate experiences decreases in 
complement activity, neutrophil and macrophage activity, interferon production, natural 
killer cell functionality, and dendritic cell generation (Chase et al., 2008). The neonate is 
also born with no memory T or B cells, decreased lymphocyte responsiveness, and low 
antibody production (Chase et al., 2008). Neonates are dependent on the innate 
immune system to prime adaptive immunity. Because of finite passive immunity and 
slow development of active immunity, pre-weaned calves experience a high-risk “gap in 
immunity” or “window of susceptibility” spanning one to five weeks of age. 

 
Calves are highly susceptible to infection because innate and adaptive immunity 

are underdeveloped. The consequence is diarrhea, septicemia, or bovine respiratory 
disease. Calf diarrhea (i.e., scouring) is a common early-life disease and cause of 



mortality and economic loss for producers. Diarrhea is attributed to enteric pathogens 
including bacteria. Enterotoxigenic Escherichia coli (E. coli) is a common cause of 
neonatal diarrhea in farm animals (Dubreuil et al., 2016). Septicemia is a systemic 
infection in which bacteria and LPS enter the bloodstream. Umbilical cord infection is 
often the cause. Most septicemia cases occur in calves with E. coli infection and 
diarrhea, and calves with septicemia are prone to developing meningitis (inflammation 
of the meninges). Bovine respiratory disease is another condition caused by pathogens 
including viruses and bacteria (e.g., bovine respiratory syncytial virus). This disease 
causes pneumonia and fever. Dairy calf pneumonia most often afflicts calves from 2 to 
6 months of age with peak incidence occurring at ~5 weeks of age (Ames, 1997). 
Previous studies estimate calfhood morbidities such as these at ~35% with incidence of 
diarrhea and bovine respiratory disease ranging from 10 to 35% (Waltner-Toews et al., 
1986; Wells et al., 1997; Donovan et al., 1998; Hill et al., 2009). Unfortunately, morbidity 
increases mortality, reduces growth, and increases age and difficulty at first calving 
(Sivula et al., 1996; Rossini, 2004; Stanton et al., 2012). The risk for dairy calf mortality 
during the first year of life may range between 2 and 12% (mean of 5 to 11% based on 
cow parity) depending on the year, twins, region, age of calves, and management 
(Waltner-Toews et al., 1986; Del Río et al., 2007; Walker et al., 2012). 

 
The industry standard to enhance calf immunity and prevent disease is to feed 

colostrum immediately after birth. However, failure of passive transfer of immunity 
occurs when calves absorb an inadequate amount of immunoglobulin caused by 
delayed feeding or when calves are fed low quality colostrum. The prevalence of failure 
of passive transfer in US dairy heifer calves is estimated at ~19% (Beam et al., 2009). 
Although calves with inadequate passive transfer are at heightened risk for infection, all 
calves are immunosuppressed and at risk for disease. The common approach to 
decrease calf morbidity and mortality is antibiotic administration; however, the extensive 
and potentially mismanaged use of antibiotics and the development of antibiotic 
resistant bacteria are major industry and societal concerns. Studies demonstrate that 
calves harbor highly resistant E. coli and prior systemic antibiotic therapy are associated 
with the fecal recovery of more resistant E. coli (Khachatryan et al., 2004; Berge et al., 
2005. Consumers are concerned because pathogenic-resistant organisms propagated 
in livestock may enter the food supply (Landers et al., 2012). The development of novel 
non-antibiotic therapeutic tools that bolster immunity in livestock including dairy calves 
deserve consideration. 

 
 

Lysophosphatidylcholine Metabolism and Immunomodulation 
 
Lysophosphatidylcholines are bioactive lysophospholipids composed of a 

glycerol backbone, a single fatty acyl chain that varies in carbon length and saturation, 
and phosphocholine. Although the intestinal absorption of LPC is possible, secretory 
phospholipases A2 and lecithin:cholesterol acyltransferase control the cleavage of 
phosphatidylcholine to facilitate the endogenous production of LPC. 
Lysophosphatidylcholine can be converted to phosphatidylcholine via the actions of 
LPC acyltransferase and the availability of acyl-conenzyme A. Alternatively, LPC may 



be degraded by lysophospholipases or autotaxin. In non-ruminants, the concentration 
and type of LPC is highly dependent upon the tissue and disease status (Liu et al., 
2020). In mammals including humans and cows, the most abundant LPC are typically 
palmitoyl-LPC (LPC-16:0), stearoyl-LPC (LPC-18:0), oleoyl-LPC (LPC-18:1), and 
linoleoyl-LPC (LPC-18:2).  

 
Lysophosphatidylcholines play many roles in regulating cellular function and 

disease development (see review by Liu et al., 2020). For instance, it is generally 
discussed that LPC are key components of bile that assist with the emulsification of 
neutral lipids in the intestine. LPC are also key components of cellular membranes and 
lipoproteins including a main constituent of oxidatively damaged low-density 
lipoproteins. More recently, bioactive properties of LPC have received attention. For 
example, LPC have been shown to modulate insulin-stimulated glucose disposal, 
endothelial calcium ion mobilization, cellular proliferation and apoptosis, and immune 
cell functionality including chemotaxis, phagocytosis, migration, and inflammation (Liu et 
al., 2020). In dairy cattle, our understanding of LPC is rudimentary. Our lab has 
discovered that circulating LPC status is lowest at parturition in dairy cattle transitioning 
from gestation to lactation (Rico et al., 2021), that endotoxin administration decreases 
circulating LPC concentrations in lactation cows (e.g., LPC-16:0, -18:0, and -18:1; 
McFadden et al., 2019), and extreme heat increases total and individual LPC in post-
weaned Holstein calves experiencing heat stress (e.g., LPC-16:0, -18:0, and 18:2; 
unpublished); however, the importance of these findings remains uncertain. Because 
the transition cow experiences inflammation (Bradford et al., 2015), endotoxemia 
triggers immune activation, and heat stress is characterized by impairment of cellular 
immune response (Bagath et al., 2019), we aim to consider the role of LPC within 
bovine immunity.  

 
 

Lysophosphatidylcholine and the development of sepsis in non-ruminants 
 
In non-ruminants, a role for LPC has been considered during the development of 

sepsis. Septic patients have lower total plasma concentrations of LPC than healthy 
patients (Drobnik et al., 2003) and one corollary study suggests that circulating LPC are 
predictive of 28-day mortality in patients with severe sepsis (Park et al., 2014). Low 
circulating LPC concentrations may be due to downregulated secretory phospholipase 
A2 and lecithin-cholesterol acyltransferase activity (Ahn et al., 2017). These findings 
suggest that low LPC status enhances an individual’s risk to succumbing to severe 
infection and increasing LPC status could be protective. This is supported by Yan and 
coworkers (2004). Specifically, in mice that undergo cecal ligation puncture (CLP) to 
induce experimental sepsis, mortality is nearly certain within ~10 d of the procedure; 
however, subcutaneous long-chain and saturated LPC-16:0 or LPC-18:0 effectively 
protect against sepsis-induced mortality caused by CLP or intraperitoneal E. coli 
administration. This response is less evident or non-existent with unsaturated or short-
chain LPC (e.g., LPC-18:1 or LPC-6:0, respectively).  

 



The ability of LPC to protect against sepsis-induced mortality appears to involve 
a direct role of LPC to modulate immune function. The action of LPC targets both the 
innate and adaptive immune systems. First, LPC triggers mechanisms that enhance 
phagocytic activity of neutrophils. Treatment of neutrophils with LPC-18:0 increases 
cytotoxic H2O2 production, increases phagocytic clearance of E. coli, and blocks 
neutrophil deactivation, negating the oxidative burst dysfunction often caused by 
experimentally-induced sepsis (Yan et al., 2004; Smani et al., 2015). 
Lysophosphatidylcholine therapy also inhibits the ability of LPS to induce tumor necrosis 
factor-α (TNFα; a key mediator of septic shock) release from neutrophils and promote 
mortality in mice (Yan et al., 2004). Lysophosphatidylcholine (i.e., LPC-16:0) treatment 
has also been shown to increase IFN-γ secretion from natural killer cells or T cells 
(Huang et al., 1999). Interferon-γ serves in part to activate macrophages (Ma et al., 
2003). Lysophosphatidylcholines may also help promote B-cell antibody production. For 
example, treating human peripheral blood mononuclear cell cultures with LPC-18:0 
increased immunoglobulin production (i.e., IgM, IgA, and IgG; Huang et al., 1999).  
 

It remains unclear how LPC elicit their effects on neutrophil functionality. 
Lysophosphatidylcholines are hypothesized to bind to a G protein-coupled receptor 
found on immune cells called G2A to induce immune cell activation (Kabarowski, 2009); 
albeit, the anti-septic action of LPC may require G2A cooperativity with adenosine 
receptor type 2b (Li et al., 2019). One study found that LPC-18:0 increased bactericidal 
activity of neutrophils (i.e., increased cytotoxic H2O2 production), enhanced E. coli killing 
and blocked deactivation of neutrophils within a model of experimentally induced sepsis 
but were attenuated by blocking the G2A receptor with an anti-G2A antibody (Chen et 
al., 2005; Hong et al., 2010). Alternatively, toll-like receptors may mediate LPC action 
(Liu et al., 2020).  

 
Lysophosphatidylcholine therapy also appears to attenuate the effects of 

infection in part by bactericidal-independent mechanisms. For example, LPC may 
suppress the activation and release of inflammatory elements such as high-mobility 
group box-1 (HMGB1) and caspase-11 (Chen et al., 2005; Li et al., 2018). High-mobility 
group box-1 is a ubiquitous nuclear protein secreted by monocytes and macrophages, 
and it is considered a stimulator of proinflammatory cytokine release from immune cells 
and late mediator of sepsis (Stevens et al., 2017). Injection of anti-HMGB1 antibodies, 
or treatment with agents that inhibit its release, such as LPC-18:0, have been found to 
protect mice against sepsis (Yang et al., 2004; Chen et al., 2005).  

 
 
Lysophosphatidylcholine enhances bactericidal mechanisms in neutrophils isolated from 
pre-weaned Holstein heifer calves 

 
There is a need to develop non-antibiotic interventions that prevent and address 

the development of early-life illnesses in neonatal calves in order to reduce industry 
antibiotic use and improve animal health. Therefore, our lab performed a study to 
investigate the effects of LPC on bactericidal mechanisms in neutrophils isolated from 
dairy calves. Polymorphonuclear leukocytes were isolated from Holstein heifer calves (2 



to 5 wk of age) via Ficoll gradient double-density centrifugation and re-suspended in 
Roswell Park Memorial Institute (RPMI)-1640 media. The resulting cell suspension was 
composed of ~95% neutrophils. These neutrophils were treated in the absence or 
presence of 50 µM LPC-16:0, -18:0, or -18:1 in a 1:2 molar ratio with bovine serum 
albumin for varying lengths of time at 37°C and 5% CO2. We performed tests to assess 
neutrophil functionality including H2O2 production to evaluate the oxidative burst, TNFα 
and IL6 secretion in the absence or presence of LPS (i.e., E. coli O55:B5), and E. coli 
killing capacity (i.e., E. coli cell suspensions followed by Luria broth agar plating to count 
colony-forming units). Statistical analyses were carried out using the mixed model 
procedure of SAS (v9.4, SAS Institute Inc., Cary, NC) with the model including the fixed 
effect of treatment and the random effect of calf and replicate within treatment. For each 
experiment, 3 calves were used with biological and technical replicates performed in 
duplicate.  

 
We first determined that LPC did not overtly modify neutrophil viability. We then 

confirmed that phorbol myristate acetate (PMA), an agonist of NADPH oxidase, 
stimulated H2O2 production as quantified by a luminol chemiluminescence assay, 
relative to an unsupplemented control (P < 0.01). We then discovered that LPC-16:0 
and -18:0 robustly increased H2O2 production, relative to unsupplemented controls (P < 
0.001). The effect was less robust for LPC-18:1 but still significant (P < 0.001). We then 
compared the effects of LPC-18:0 versus LPC-18:1 on neutrophil TNFα and IL6 
secretion in the absence of presence of LPS using ELISA. No change in cytokine 
secretion was observed in response to LPC in the absence of LPS; however, LPC-18:0 
(but not LPC-18:1) potentiated the ability of LPS to stimulate TNFα and IL6 secretion (P 
< 0.05). Indeed, neutrophils in the absence of LPC were able to kill E. coli when co-
cultured with live E. coli in a ratio of 1:10, respectively, relative to cultures with just E. 
coli (P < 0.01). The presence of LPC-18:0 was able to enhance the ability of neutrophils 
to kill E. coli, relative to neutrophils and E. coli co-cultured in the absence of LPC (P < 
0.001). This effect was not observed for LPC-18:1. The ability of LPC-18:0 to directly kill 
E. coli in the absence of neutrophils was also investigated but proved insignificant. 
Collectively, our findings indicate that saturated LPC (i.e., LPC-18:0) induce neutrophil 
activation. It appears possible that LPC-18:0 helps neutrophils kill E. coli in part by 
inducing the oxidative burst. The ability of LPC-18:0 to induce pro-inflammatory cytokine 
secretion in the presence of LPS is also intriguing; however, we were unable to assess 
what effect this may have on immunity using this in vitro approach. It is likely that this 
response would elicit effects on other host immune cells. Whether the totality of 
responses that we observed are due to the ability of LPC-18:0 to act via the G2A 
receptor should be considered. Future studies that study the effects of LPC in pre-
weaned Holstein dairy calves also has scientific merit. New approaches to enhance 
immune function in dairy cattle could be revealed.   

 
 

Summary 
  

Lysophosphatidlycholines are effective immunomodulators in non-ruminants. 
Science suggests that LPC acts upon both the innate and adaptive arms of the host 



immune system, upregulating mechanisms involved in pathogen clearance and immune 
protection. In dairy cattle experiencing endotoxemia or parturition, we have revealed 
that circulating concentrations of LPC are low. Moreover, our in vitro data indicates that 
LPC do activate neutrophils isolated from pre-weaned Holstein heifer calves. We can 
only hypothesize that the observed increase in the oxidative burst, cytokine secretion, 
and E. coli killing have the potential to translate into heightened immune response in 
young calves. However, this will require careful consideration of mode of delivery, LPC 
type, dose, and duration. The identification of novel immunotherapies that could replace 
antibiotics and prevent disease deserves our attention considering the calf’s 
susceptibility to infection and disease. The effects of LPC in older animals including 
periparturient and heat-stressed dairy cattle that may also experience bouts of 
endotoxemia also requires consideration.  
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