
ABSTRACT 

HOBBS, KALLIE JEAN. Investigation of a Novel Extracorporeal Therapy Device for Cytokine 
Removal in Equine Sepsis. (Under the direction of Dr. Mary Katherine Sheats). 
 
Sepsis, defined as an exaggerated systemic inflammatory response to infection, is a common 

condition in horses. Despite substantial advances in medical management, sepsis continues to be 

a leading cause of illness and death in these patients. Sepsis can occur in both young and adult 

horses as a complication of a variety of conditions. In adult horses, sepsis is a potential sequela 

to overwhelming infection or tissue injury, such as pneumonia, cellulitis, or colic. Foals can also 

develop sepsis secondary to infection or tissue injury, or more commonly, secondary to 

incomplete or failure of passive transfer of immunity. Foal mortality due to sepsis remains 

unacceptably high at 40-50%.  

A key component in the pathophysiology of sepsis is altered systemic levels of cytokines, which 

can lead to deleterious effects on immune and organ function and patient outcomes.5 Tumor 

necrosis factor alpha (TNFα) and Interleukin-1 beta (IL1β) are two cytokines that are increased 

early in sepsis and are known to contribute to altered systemic perfusion and increased vascular 

permeability. Further, elevation of these cytokines has been identified in foals and adult horses 

with naturally occurring sepsis, and marked increases in TNFα have been linked to a higher rate 

of mortality in cases of equine colic and sepsis in foals.  Dysregulation of cytokines, with 

associated renal failure and hyperinsulinemia, may also contribute to laminitis, which is a known 

organ injury event in equine adult sepsis. Current management of sepsis in neonatal and adult 

large animals is limited to antimicrobial and supportive therapy, with no interventions that 

specifically target cytokine dysregulation.  

Plasma cytokine adsorption through a novel extracorporeal therapy device (CytoSorb®) 

has shown promise as an adjunctive therapy in humans with sepsis. Cytosorb® therapy in human 



patients with sepsis and secondary conditions such as vasopalegic shock, respiratory, cardiac and 

renal failure have shown decreased mortality. CytoSorb® asserts its effects by removing 

hydrophobic substances that weigh below 60kDA using a concentration dependent gradient. 

With this mechanism, cytokines with high plasma concentrations are cleared more efficiently 

than those with low concentrations, which helps to restore cytokine balance without the complete 

elimination of cytokines. This is essential, as a balanced cytokine response helps to maintain 

optimal host immune function. Within the veterinary literature, there are two case reports that 

describe successful treatment with the VetResQ® cartridge one in a dog with heatstroke and one 

in a horse with Clostridium difficile colitis. Prior to the work presented herein, reports in the 

literature on hemodialysis and plasmapheresis in horses, and use of extracorporeal therapy in 

large animals, was exceedingly rare. This dissertation research is among the first to investigate 

hemoperfusion in large animal patients.   

 

The long-term goal of this research is to determine whether hemoperfusion is efficacious as an 

adjunctive treatment for sepsis in large animals. This dissertation begins that work with an 

investigation of the feasibility of hemoperfusion in the horse, as well as its impact on LPS-

induced cytokines and neutrophil parameters.  Chapter 1 introduces cytokines and their distinct 

role in the pathophysiology of sepsis in both humans and horses. 

 

Chapters 2 and 3 detail the development of an equine hemoperfusion protocol. In these chapters 

we confirm that polymer based hemoperfusion can successfully remove equine cytokines ex 

vivo. Additionally, we describe a protocol for performance of hemoperfusion in the adult horse.  

 



In Chapter 4, we utilized our established hemoperfusion protocol to successfully complete 

hemoperfusion in horses with LPS induced systemic inflammation. Our results demonstrate that 

hemoperfusion with a polymer column decreases cytokines and attenuates neutrophil 

dysregulation in horses with experimentally induced endotoxemia.  

 

Chapter 5 describes future directions for the use of biomarkers in foals with sepsis and equines 

with colic. The utilization of these biomarkers can help in early identification of equines with 

conditions in which hemoperfusion therapy may shorten the course treatment. 
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Abstract: With the emergence of COVID-19, there is an increased focus in human literature on
cytokine production, the implications of cytokine overproduction, and the development of novel
cytokine-targeting therapies for use during sepsis. In addition to viral infections such as COVID-19,
bacterial infections resulting in exposure to endotoxins and exotoxins in humans can also lead to
sepsis, resulting in organ failure and death. Like humans, horses are exquisitely sensitive to endotoxin
and are among the veterinary species that develop clinical sepsis similar to humans. These similarities
suggest that horses may serve as a naturally occurring model of human sepsis. Indeed, evidence
shows that both species experience cytokine dysregulation, severe neutropenia, the formation of
neutrophil extracellular traps, and decreased perfusion parameters during sepsis. Sepsis treatments
that target cytokines in both species include hemoperfusion therapy, steroids, antioxidants, and
immunomodulation therapy. This review will present the shared cytokine physiology across humans
and horses as well as historical and updated perspectives on cytokine-targeting therapy. Finally, this
review will discuss the potential benefits of increased knowledge of equine cytokine mechanisms
and their potential positive impact on human medicine.

Keywords: cytokine; sepsis; equine; hemoperfusion

1. Introduction

In humans, infections resulting in exposure to endotoxins and exotoxins can lead to
sepsis, resulting in organ failure and death [1]. Horses and humans are both exquisitely sen-
sitive to endotoxins, and like humans, horses also develop sepsis that can be life-threatening.
Growing evidence supports that horses may exhibit a similar immune response to humans
undergoing sepsis [1] as both species experience cytokine storms, severe neutropenia, the
formation of neutrophil extracellular traps, and decreased perfusion parameters during
sepsis [2]. These shared mechanisms of sepsis support horses as a comparative and transla-
tional model for human sepsis [1]. In both humans and horses, adult and neonatal sepsis is
associated with high costs and high mortality rates. Between 2004 and 2018, the human
adult sepsis mortality rate per 1,000,000 population was: 111.8 from pulmonary sepsis,
46.7 from abdominal sepsis, and 52 from genitourinary sepsis [3]. This is in contrast to
neonatal humans, in which mortality was reported to be as high as 3930 per 100,000 births
in the period 2009–2018 [4]. In adult horses, mortality from sepsis ranges from 37–79%
depending on the inciting cause [5], and neonatal sepsis is a leading cause of referral to
tertiary referral centers and mortality in foals [6].

In human medicine, sepsis is defined as a life-threatening organ dysfunction caused
by a dysregulated host response to infection [7]. This can be triggered by the introduction
of endotoxin from gram-negative bacteria or exotoxin from gram-positive bacteria entering
the bloodstream. In equine medicine, the consensus on what defines sepsis is still a topic of
debate, as it is often difficult to show definitive evidence of infection, even during states of

Cells 2024, 13, 1489. https://doi.org/10.3390/cells13171489 https://www.mdpi.com/journal/cells
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severe systemic inflammatory response (SIRS) [8]. Though there is currently no consensus
definition for sepsis in equine patients, several studies have extrapolated the SIRS definition
from human medicine using parameters that include hyper- or hypothermia, tachycardia,
tachypnea, and abnormal leukocyte count to identify horses with SIRS/sepsis [6]. While
there is some agreement among equine clinicians and researchers on SIRS criteria, there
is still a lack of consensus on definitions of sepsis and organ dysfunction. This is despite
recent work by Roy et al., which investigated the association between SIRS parameters and
outcomes in 479 adult horses presented on emergency [9]. Importantly, this work showed
that the highest odds of death were in horses with all four SIRS criteria (SIRS4) and markers
of altered tissue perfusion (i.e., blood lactate and altered mucus membrane color). The
results of this study offer clinically relevant information and outcomes data that show the
importance of altered tissue perfusion in the pathophysiology of life-threatening SIRS (i.e.,
sepsis). Equine veterinary clinicians and researchers need to build on these findings to
develop consensus criteria for sepsis in equine patients.

Historically, sepsis has been viewed as an excessive systemic proinflammatory reaction
to invasive microbial pathogens. In the recent literature, it has been proposed that the
early phase of hyperinflammation is followed by a prolonged state of immunosuppression,
termed immune paralysis. Immune paralysis results in impaired innate and adaptive immune
responses, resulting in tissue damage and organ failure during sepsis [9]. Cytokines are the
primary regulators of a variety of these inflammatory and anti-inflammatory responses.

In the recent literature, for both species, there is an increased focus on the mechanisms of
cytokine production and the consequences of cytokine overproduction during sepsis [10,11].
Improved understanding of these mechanisms within the biomedical community is leading
to increased interest in the development of novel cytokine-targeting therapies such as
cytokine removal and immunomodulation treatments for use during sepsis. In a review of
the literature indexed in PubMed from 1 August 2019 to 1 August 2024, 1513 manuscripts
demonstrate linked medical treatments between humans and horses, supporting their
shared pathology of sepsis. To date, there is no single treatment that has been identified
as successful for resolving all cases of sepsis. As a result, further investigations into the
roles of cytokines in sepsis and the therapeutic potential of cytokine modulation techniques
are needed. Mechanisms discussed in this review may provide the groundwork for future
research into cytokine modulation in both species.

2. Pathophysiology of Sepsis and Cytokines Roles

2.1. Cytokines
Cytokines are small soluble proteins secreted by a wide variety of cells, including im-

mune cells (e.g., macrophages, neutrophils, dendritic cells, and T and B lymphocytes) and
non-immune cells (e.g., endothelium, epithelium, and fibroblasts). These molecules play
a pivotal role in cellular signaling and immune system activation [12,13]. In sepsis, these
molecules undergo extreme dysregulation leading to deleterious effects such as dysregula-
tion of apoptosis, increases in reactive oxygen species, and alternated signaling pathways
of immune cells (Figure 1) [14]. There is supportive evidence from both clinical trials and
literature meta-analyses in both species that increased plasma levels of cytokines in sepsis
have a significant correlation with disease severity and patient survival (Table 1) [15,16].

Pro-inflammatory cytokines are a group of signaling molecules that drive the body’s
immune response. Pro-inflammatory cytokines serve as key mediators in the initiation and
regulation of inflammation, which is a fundamental component of the immune response
to infection, injury, or other insults [17]. Sepsis can lead to the excessive production of
pro-inflammatory cytokines such as interleukin-6 (IL-6), interleukin-1 beta (IL-1�), and
tumor necrosis factor-alpha (TNF-↵). This overproduction leads to downstream effects
such as fever, tissue necrosis, and multisystemic organ failure [18].

Anti-inflammatory cytokines are a group of signaling molecules that play a crucial
role in regulating the immune response and maintaining immune homeostasis. Unlike
pro-inflammatory cytokines, which promote inflammation and immune activation, anti-
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inflammatory cytokines exert immunosuppressive effects and help to dampen excessive
immune responses. These cytokines are involved in modulating the intensity and duration
of inflammation, promoting tissue repair, and preventing immune-mediated damage. Anti-
inflammatory cytokines are produced by various immune cells, including regulatory T cells
(Tregs), type 2 T helper cells (Th2), and M2 macrophages, as well as by non-immune cells such
as epithelial cells and fibroblasts [19]. Their production is induced in response to inflammatory
stimuli and serves as a negative feedback mechanism to regulate immune responses. In both
humans and horses, IL-10 is the most investigated anti-inflammatory cytokine.[20]
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Figure 1. Shared pathology between humans and horses during insult from endotoxins or exotoxins
during sepsis. This insult results in the production of PAMPS, DAMPS, and cytokines, leading to
downstream effects such as cell death, organ failure, coagulopathies, and host death in both species.

Table 1. Selected manuscripts in both species relating to cytokine concentrations in cases of sepsis.

Species Cytokine Author/Year Paper Major Finding

Human IL-1� Jimenez-Sousa, 2017 IL-1B rs16944 polymorphism is
related to septic shock and death

Frequency of septic shock higher in
patients with IL-1� rs16944 genotype.

TNF-↵ Debets, 1989
Plasma tumor necrosis factor
and mortality in critically ill
septic patients

Sepsis is accompanied by detectable
circulating TNF in 25% of the cases,
and for these patients mortality is
twice that for comparable
TNF-negative patients.
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Table 1. Cont.

Species Cytokine Author/Year Paper Major Finding

Human TNF-↵, IL-1 Damas, 1989
Tumor necrosis factor and
interleukin-1 serum levels
during severe sepsis in humans

There was a correlation between the
TNF alpha level and sepsis severity
score as well as with mortality. In
contrast, IL-1 beta serum levels were
only slightly increased and were not
correlated with severity or mortality.

Human IL-6, IL-10 Kellum, 2007

Understanding the
Inflammatory Cytokine
Response in Pneumonia and
Sepsis Results of the Genetic and
Inflammatory Markers of Sepsis
(GenIMS) Study

Highest risk of death was with
combined high levels of IL-6 and
IL-10.

Human IL-10 Sherry RM, 1996
Interleukin-10 is associated with
the development of sepsis in
trauma patients

Plasma IL-10 concentrations were
associated with development of
hypotension and sepsis.

Human IL-6 Vivas, 2021

Plasma interleukin-6 levels
correlate with survival in
patients with bacterial sepsis and
septic shock

Patients who developed septic shock
maintained high concentrations of
IL-6 and had lower survival to those
that maintained low IL-6
concentrations.

Human IL-6, IL-10 Zhang, 2022

Evaluating IL-6 and IL-10 as
rapid diagnostic tools for
Gram-negative bacteria and as
disease severity predictors in
pediatric sepsis patients in the
intensive care unit

IL-6 and IL-10 are comparably
effective in discriminating Gram+ or
Gram- sepsis in pediatric intensive
care unit (PICU) patients.

Human IL-1�, IL-6, Mera, 2011 Multiplex cytokine profiling in
patients with sepsis

IL-1�, IL-6, IL-8, IL-12, interferon-�,
granulocyte colony-stimulating factor,
and tumor necrosis factor-↵ exhibited
persistent increases in non-survivors.

Human IL-6, IL-10 Pin-Wu, 2009 Serial cytokine levels in patients
with severe sepsis

IL-6 and IL-10 were the key cytokines
in the pathogenesis of severe sepsis.
IL-6 was comparatively more
associated with septic shock and IL-10
was comparatively more associated
with mortality.

Equine TNF-↵ Morris, 1991
Tumor necrosis factor activity in
serum from neonatal foals with
presumed septicemia

Increased serum TNF-a is associated
with disease severity in septic foals.

Equine TNF-↵ MacKay, 1991
Tumor necrosis factor activity in
the circulation of horses
given endotoxin

TNF activity is elevated in horses with
experimental endotoxemia and is
associated with clinical signs.

Equine TNF-↵ Morris, 1991

Serum tumor necrosis factor
activity in horses with colic
attributable to gastrointestinal
tract disease

Possible association between colic and
serum TNF activity in horses and that
high mortality may be associated with
horses with markedly increased serum
TNF activity.

Equine IL-10, TNF-↵,
IL-1� Pusterla, 2006

Expression of molecular markers
in blood of neonatal foals with
sepsis

Cytokine profiles in septic foals may
suggest an immunosuppressive state.

Equine TNF-↵,IL-
1�,IL-10 Anderson, 2020

Depletion of pulmonary
intravascular macrophages
rescues inflammation-induced
delayed neutrophil apoptosis
in horses

Apoptosis was delayed in horses with
elevated TNF-a in SIRS.

Equine IL-1�, IL-8,
IFN-g Castagnetti, 2011

Expression of interleukin-1�,
interleukin-8, and interferon-� in
blood samples obtained from
healthy and sick neonatal foals

Evaluation of IL-1� expression in sick
neonatal foals can help identify those
with sepsis.

Equine IL-6, IL-10 Burton, 2009
Serum interleukin-6 (IL-6) and
IL-10 concentrations in normal
and septic neonatal foal

Serum IL-6: IL-10 ratio is likely to
provide a valuable prognosticator for
neonatal septicemia.
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This review will focus on IL-6, IL-1�, TNF-↵, and IL-10 (Table 2) due to their well
understood pathology in sepsis to further explore the shared pathophysiology of sepsis
across both humans and horses.

Table 2. Mechanism of action and available targeted therapies of four major cytokines that are the
focus of primary sepsis literature.

Cytokine Cell Types Function in Sepsis Therapies that Target

IL-1� Macrophages, Monocytes Apoptosis, Cell Proliferation,
Differentiation

Steroids, Hemoperfusion, Monoclonal
Antibodies

IL-6 T-cells, Macrophages,
Endothelial Cells

Apoptosis, Cell Proliferation,
Differentiation, Cytokine Production

Steroids, Hemoperfusion, Monoclonal
Antibodies, Cytokine Antagonist

TNF- ↵ Macrophages,CD4 T-Cells,
NK Cells

Cell Proliferation, Cytokine Production,
Apoptosis, Tumor Necrosis

Steroids, Hemoperfusion, Monoclonal
Antibodies, Cytokine Antagonist

IL-10 Th2 Cells, B-Cells, Monocytes Inhibition of Inflammatory Cytokines Steroids, Hemoperfusion, No Other
Approved Therapy

2.2. IL-6
IL-6 is a major mediator of the acute-phase response, which is a systemic reaction to

infection, inflammation, or tissue injury. IL-6 is released in response to IL-1� and TNF-↵
and stimulates the production of acute-phase proteins, such as C-reactive protein (CRP) and
fibrinogen, which play roles in host defense, tissue repair, and modulation of the immune
response [21,22]. Anti-inflammatory properties of IL-6 have also been noted, including
T-cell differentiation and inflammatory cytokine production [23]. Viva et al. and Molano
et al. reported that plasma levels of IL-6 in human patients with sepsis are elevated in the
early course of disease and are associated with disease severity, organ dysfunction, and
mortality [24,25]. In horses, the production of IL-6 also occurs in response to infection, has
been shown to be significantly elevated in cases of sepsis or severe SIRS, and has been
correlated with disease severity and outcome [26]. For example, horses with abdominal
pain that have higher peritoneal fluid IL-6 concentrations at admission are more likely to
develop organ-damage, such as laminitis, or to be euthanized due to poor prognosis [27].
Additionally, increased serum concentrations of IL-6 in horses have been noted in mares
with placentitis [28] and in horses with equine metabolic syndrome [29].

2.3. IL-1b

IL-1� is a potent inducer of inflammation and immune activation and a primary
mediator of SIRS. IL-1� is produced by activated macrophages and is involved in many
cellular activities, including cell proliferation, differentiation, and apoptosis. IL-1� can
have beneficial effects for the host during times of stress, but it can also contribute to
morbidity and mortality if produced in excessive quantities or for extended periods of time.
Gou et al. found that in mice, IL-1� triggered the redistribution of CD11c-CD45RBhigh

dendritic cells (DC) as well as bone marrow cells (BMC) in parabiosis models. These
findings suggest that IL-1� protects against sepsis by stimulating the local proliferation and
differentiation of BMCs into CD11c-CD45RBhigh DCs at immune organs and non-immune
organs during sepsis [30]. Lemon et al. found that mice administered intranasal IL-1�
demonstrated improved clearance of Streptococcus pneumonia, which suggests a role for
IL-1� in macrophage recruitment and the clearance of Streptococcus pneumoniae [31]. In
humans, serum IL-1� levels are persistently increased in patients with sepsis who have
outcomes of non-survival, suggesting that it may also play a role in sepsis. Additionally,
polymorphisms of IL-1� have been linked to the development of septic shock and death in
human patients and may influence the immune response to major trauma [32,33]. In horses,
serum IL-1� elevations have been documented in adult horses following experimentally
induced endotoxemia [34]. IL-1� gene expression was significantly higher in foals with
naturally-occurring sepsis than foals with neonatal maladjustment syndrome. In this
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population of septic foals, IL-1� expression was correlated to the neutrophil-to-lymphocyte
ratio and monocyte count [35].

2.4. TNF-a
TNF-↵ exerts pleiotropic effects on various cell types and tissues. It stimulates the

production of other pro-inflammatory cytokines, such as IL-1� and IL-6, and promotes the
expression of adhesion molecules on endothelial cells, facilitating leukocyte migration and
infiltration into inflamed tissues [36]. TNF-↵ is involved in the regulation of apoptosis and
can induce cell death in certain cell types, particularly tumor cells and infected cells [12].
Dysregulated production of TNF-↵ is implicated in the pathogenesis of various inflam-
matory and autoimmune diseases in both humans and horses, leading to multiple organ
failure [37]. Gharamti et al. reported elevated levels of TNF-↵ in blood were associated
with increased mortality over a 28-day period in patients admitted to the ICU with sep-
sis [38]. In contrast, Rigato et al. described a correlation between low TNF-↵ production
and increased mortality in patients with sepsis, suggesting that TNF-↵ may play a key role
in human patients’ response to sepsis [39]. In horses, there is evidence that TNF-↵ may lead
to laminitis, which is one of the “organs” that can be damaged during equine sepsis [40].
These findings are consistent with growing evidence that TNF-↵ production in sepsis may
create vascular injury by promoting inappropriate vasodilation and vasoconstriction and
contributing to other organ injury, including the development of acute kidney injury in
horses with sepsis [41]. Additionally, Moore et al. found that increased levels of TNF-↵
are associated with poor outcomes in cases of equine colic, though these cases were not
evaluated for sepsis as a complicating factor [42].

2.5. IL-10
IL-10 is a potent anti-inflammatory molecule. The effects of IL-10 include the down-

regulation of key signaling receptors (e.g., CD40, CD80, CD86, and MHC II) on antigen
presenting cells, the inhibition of neutrophil oxidative burst, the suppression of T cell
proliferation, and the suppression of natural killer cell function [43]. In human patients
with sepsis, an IL-10 blockade has been shown to decrease survival and increase neutrophil
activation [44]. L’Heureux et al. found that in patients with sepsis-induced acute respiratory
distress syndrome, plasma IL-10 concentrations were higher in non-survivors compared to
survivors [45]. Similarly, septic neonatal foals that did not survive had significantly elevated
levels of IL-10 compared to survivors [46]. In adult horses with experimentally induced
endotoxemia, IL-10 gene expression in whole blood was not higher at any timepoint in
comparison with the baseline [34]. This contrast in findings between neonatal and adult
horses highlights current gaps in understanding regarding the role of IL-10 in the pathology
of endotoxemia and sepsis in horses.

3. Cytokine Targeting as a Treatment for Sepsis

Currently, sepsis has no proven pharmacologic treatment other than supportive care
(e.g., antibiotics, cardiovascular support, and corticosteroid administration) [47]. Be-
cause cytokines play a significant role in the dysregulated inflammatory response in
sepsis patients, cytokines are an attractive target for novel sepsis therapies. Strategies
for cytokine-targeted therapies can be classified under various domains: anti-inflammatory,
anti-endotoxic, or immunomodulatory. Both anti-inflammatory and anti-endotoxic thera-
pies can have undesired effects, such as kidney injury, immune suppression, and epithelial
barrier dysfunction. As a result of the potentially deleterious effects of anti-inflammatory
and anti-endotoxic therapies, immune modulation for the treatment of cytokine dysregula-
tion in sepsis has become a cornerstone of recent research.

The US National Library of Medicine records of clinical trials related to sepsis and
cytokines show a sharp increase in the past five years. In total, there are 293 registered
clinical trials for cytokine modulation therapy. When these clinical trials are filtered to the
last 10 years, 169 of these clinical trials started between 1 August 2014 and 1 August 2024.
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Cytokine removal therapy via hemoperfusion therapy is the central focus of 29 of these
clinical trials. A search of the current literature using the PubMed database with the terms
“sepsis”, “cytokines”, and dates 1 August 2019–1 August 2024 yields 88,485 manuscripts,
of which 12,028 list cytokine targeting as a primary mechanism of treatment. When this
database was evaluated further, most immunomodulatory treatments for sepsis fell into
one of three categories: monoclonal antibody treatment, cytokine receptor blockade, or
cytokine removal.

3.1. Monoclonal Antibody Treatment
The first use of monoclonal antibodies (mAb) was in 1896, when they were approved

for use in preventing the rejection of transplanted kidneys. Since that time, over 30 mAb
have been approved for human use in sepsis and sepsis-related conditions [48] Monoclonal
antibodies are specifically designed to target against a specific epitope of an antigen and
recently have been bound to a linker for targeted therapeutic medication delivery [49]. In
an equine model of experimentally induced endotoxemia, miniature horses treated with
mAb against TNF-↵ had significantly lower plasma TNF-↵ activity compared with controls.
The TNF-↵ mAb group also had significantly lower clinical abnormality scores, lower
heart rates, and higher WBC counts compared with miniature horses administered isotype
control mAb [50]. Treatment with anti-TNF-↵ mAb therapy in miniature horses receiving
an LPS infusion also modulated the production of IL-6, lactate, and prostacyclin [51]. More
recently, anti-IL-5 mAbs have been explored as an adjunctive treatment in horses with
insect bite hypersensitivity [52]. In human COVID-19 patients, mAbs against cytokines or
cytokine-receptors reduced hospitalization and the need for mechanical ventilation [48]. It
is important to note though that in 2022 the FDA banned many mAbs for use in COVID-19
due to concerns about adverse side effects, emphasizing the potential harmful consequences
of blocking normal host responses to infections.

3.2. Cytokine Antagonist
Cytokine antagonists can inhibit the action of cytokines by acting directly on receptors

to create a long-term immune blockade, by affecting the production of cytokines, or by
binding to cytokines and preventing their subsequent action [53]. In humans with sepsis,
the blockade of the IL-6 receptor reduced incidences of sepsis-related mortality and reduced
instances of sepsis-related critical care admission [54]. Additionally, the blockade of the
CXCR1 receptor has been shown to decrease lung injury, thrombosis, and the production
of neutrophil extracellular traps in human and murine models of sepsis [55]. In horses,
cytokine antagonist therapy is currently only documented for osteoarthritis using an IL-1
receptor antagonist [56]. The reduction of inflammatory pathways when using the IL-
1 receptor antagonist in horses may indicate that further exploration for use in sepsis
is warranted.

Although cytokine antagonists are generally more cost-effective compared to mAbs
against cytokines, cytokine antagonist therapies can have similar undesirable effects associ-
ated with a decreased host response to infection.

3.3. Cytokine Removal
Beyond blocking cytokines and/or cytokine receptors with mAb or antagonist medi-

cations, there is increasing interest in removing circulating cytokines from septic patients
via extracorporeal hemoperfusion therapy [57]. Hemoperfusion therapy uses a peristaltic
pump to circulate anticoagulated blood from a patient through a column containing filter
medium (hemadsorption column) and then return the blood back to the patient (Figure 2).
Hemoperfusion therapy provides human physicians with a more controlled approach to tar-
geting cytokines in septic patients, compared to other treatment approaches such as mAbs
or cytokine antagonists that can cause a long-term immune blockade [58]. There is also
growing evidence that hemoperfusion may reduce direct tissue damage from leukocytes by
removing circulating neutrophil extracellular traps and the inhibition of neutrophil-reactive
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oxygen species [59]. Hemoperfusion therapy devices rely on one of three mechanisms: nonse-
lective binding to beads, selective binding to beads, or binding to a permeable membrane.
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In nonselective binding, molecules of sizes 5–60 kd are removed by the filter. This
size range includes substances such as cytokines, bilirubin, myoglobin, protein-bound
medications, exotoxin, and some synthetic toxins (e.g., rodenticide). These nonselective
devices typically either have polymer beads, such as those used in Cytosorb, or activated-
carbon beads, such as the Baxter HA330. The nonselective polymer-based devices use
a concentration-dependent gradient to remove inflammatory cytokines. With this mech-
anism, high plasma concentrations of cytokines are cleared more efficiently than lower
concentrations, reducing the potential negative consequences of the complete removal
of cytokines. Complete removal could be detrimental to patient health, as cytokines in
physiologic concentrations and under proper regulation can play a protective role in the
immune system [11]. Hemoperfusion using a polymer-based column (CytoSorb) has been
shown to decrease cytokine concentrations in humans with experimentally induced sep-
sis [60]. This same polymer-based column decreased mortality and vasoplegic shock in
patients receiving extracorporeal life support [61] and decreased mechanical ventilation in
COVID-19 patients [62]. In contrast, nonselective activated carbon devices do not provide
gradient removal and instead work through a mesoporous system that adsorbs cytokines.
While an activated carbon filter had minimal effects on cytokine concentrations in a human
clinical trial, the device significantly reduced the amount of endotoxin in blood following
hemoperfusion [63]. In horses, a polymer-based device (VetResQ) has been confirmed
to remove cytokines ex vivo in LPS-treated equine blood [64] and has been shown to be
safe to use in adult horses in both experimental and clinical conditions [65,66]. Additional
experimental trials using the VetResQ device in horses receiving LPS infusions are ongoing.
Selective binding filtration systems use polymer beads that are coated with an attractant.
One of the most well-known of these devices in human medicine is Toraymyxin, which
uses polymyxin B-coated beads to selectively bind endotoxin. In humans with sepsis,
the use of hemoperfusion columns with polymyxin B (Toraymyxin) has been linked to
decreased mortality in cases of septic shock [58]. Permeable membrane devices are newer
to the market and remove cytokines and endotoxins by binding to a membrane. These
devices also offer some of the same benefits of conventional dialysis, such as the removal
of creatine and uremic toxins, and clinical trials determining efficacy are ongoing.

While cytokine removal via hemadsorption shows early promise as one component of
therapy in septic patients across species, more research, including blinded, randomized,
placebo-controlled multicenter clinical trials, is needed to optimize technique and patient
selection to maximize efficacy and reduce potentially deleterious effects [67,68].
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4. Conclusions

Sepsis is a leading cause of mortality and high hospitalization costs in both human and
equine patients. Despite recent attention in the literature to novel treatments for sepsis in
both species, supportive care is still the mainstay of treatment. Although cytokine targeting
holds promise as a potential treatment strategy for sepsis, significant challenges remain,
such as individual patient immune responses, identifying patients likely to benefit from
therapy, and translating preclinical findings into effective therapies for septic patients. A
better agreement on the definition of sepsis within the equine community could ultimately
help to move clinical trials involving horses forward. This lack of consensus definition
often complicates inclusion criteria for sepsis-driven studies and presents a challenge
in determining the most at-risk populations. The expense of mAb therapy is often cost-
prohibitive due to the volume required in the treatment of horses, which limits their use as
a novel therapy in equine patients. As hemoperfusion carries a much lower cost, it may
represent a feasible novel treatment in horse populations with sepsis.

The ideal degree of cytokine removal in sepsis patients, to achieve balance between the
host defense against pathogens and the mitigation of organ damage, coagulopathies, and
immune-mediated pathology, is unknown. Further research is needed to better understand
the underlying mechanisms of cytokine dysregulation in sepsis and to optimize strategies
for cytokine modulation in different patient populations.
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Feasibility of hemoperfusion 
using extracorporeal therapy in 
the horse
Kallie J. Hobbs , Andre N. V. Le Sueur , Megan J. Burke , 
Bethanie L. Cooper , M. Katie Sheats *† and Yu Ueda *†

Department of Clinical Sciences, College of Veterinary Medicine, North Carolina State University, 
Raleigh, NC, United States

Objective: Develop, implement, and monitor for adverse effects of, a novel 
hemoperfusion therapy in adult horses.

Methods: A prospective, observational feasibility study using three healthy adult 
horses from the North Carolina State University teaching herd. Health status was 
determined by physical exam, complete blood count, coagulation panel, and 
serum biochemistry. Each horse was instrumented with a 14 Fr × 25# cm double-
lumen temporary hemodialysis catheter and underwent a 240# min polymer-
based hemoperfusion session. Horses were administered unfractionated 
heparin to maintain anti-coagulation during the session. Given the novelty of 
this therapy in horses, each horse was treated as a learning opportunity that 
informed an iterative process of protocol development and modification.

Measurements and main results: Our long-term goal is to investigate potential 
clinical applications of hemoperfusion in horses, including cytokine reduction 
in horses with severe SIRS/sepsis. Horses were monitored for changes in clinical 
exam, biochemistry and hematology parameters. Additionally, cytokines were 
quantified to determine whether extracorporeal hemadsorption therapy alone 
caused an inflammatory response. Our results show that hemoperfusion therapy 
was associated with decreased platelet counts and serum albumin concentration. 
There was no significant change in plasma cytokine concentrations with 
hemoperfusion therapy. In one horse, the cytokine concentrations decreased, 
as previously reported with hemoperfusion therapy in humans.

Hypothesis: We hypothesized that hemoperfusion therapy could be performed 
in healthy adult horses without significant adverse effects.

Conclusion: Polymer-based hemoperfusion is a feasible extracorporeal therapy 
(ECT) modality for adult horses. Additional studies are needed to further establish 
clinical protocols, as well as establish efficacy of polymer-based hemoperfusion 
for treatment of various conditions in horses, including intoxications, immune-
mediated conditions, and sepsis.
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1 Introduction

Hemoperfusion is an extracorporeal blood purification modality 
that consists of mass separation and absorption by a solid agent 
(sorbent) (1). Sorbents have been studied for many years, and charcoal 
and resins are hemoperfusion’s most studied sorbent surface (1, 2). 
While early hemoperfusion techniques led to adverse reactions and 
had issues with safe storage and priming, recent biocompatible sorbent 
materials have been safely used for hemoperfusion in various clinical 
settings (3).

For use in humans, Cytosorb® is a novel non-pyrogenic, sterile, 
single-use, polymer-based column that contains adsorbent 
polymer beads designed to remove solutes less than 60 kD, and has 
shown promising cytokine removal in patients with severe septic 
shock (4). Hemoperfusion has been widely used in human 
medicine for treating toxin ingestion (5) and sepsis (6). In septic 
patients, there is improvement in immune cell function 
characterized by reduced neutrophil extracellular trap formation 
and improved leukocyte response to antigen stimulation (7). 
Hemoperfusion has also been used in small animal veterinary 
patients for treatment of exogenous and endogenous intoxications, 
immune-mediated conditions (8), and heatstroke with cytokine 
dysregulation (9).

While there are reports in the literature on hemodialysis and 
plasmapheresis in horses, the use of hemoperfusion in large animals 
has yet to be reported (10). Conditions treated by hemoperfusion in 
other species are primarily treated with supportive care in horses. A 
recent publication by Hobbs et  al. shows that a polymer-based 
column known as VetResQ®, which uses the same technology as 
CytoSorb®, can filter cytokines out of equine blood ex vivo. This 
product also demonstrated high removal of non-steroidal anti-
inflammatory drugs and aminoglycosides from equine blood ex 
vivo (11).

To date, no studies have reported use of hemoperfusion in the 
horse. Therefore, the primary objective of this study was to investigate 
the feasibility of hemoperfusion in adult horses by conducting a 
prospective, observational feasibility study in three healthy adult 
horses. Safety of treatment was investigated through measurement of 
plasma cytokine concentrations, hematology and biochemistry 
parameters, and physical exam monitoring, before, during and after 
treatment. Our hypothesis was that hemoperfusion therapy could 
be  performed safely in healthy adult horses without significant 
adverse effects.

2 Methods

2.1 Animals and experimental design

Three healthy adult horses ranging from 440 to 510 kg from the 
North Carolina State University Teaching herd were used for this 
feasibility study. An initial list of eligible horses was based on adult age, 
bilateral patent jugular veins, healthy, temperament suitable for 
standing handheld or tied in a stall, and availability. Beyond that, 
horses were chosen randomly. Health status was determined by 
normal hematology and biochemistry results, as well as a normal 
temperature, pulse and respiration. This study was approved by the NC 
State Institutional Animal Care and Use Committee (IACUC 23-110).

2.2 Perfusion pump and column

Hemoperfusion was performed with a VetSmart machine 
(Medica-Spa, Medolla, Italy), and a VetResQ®, Cytokine, and 
Lipophilic Drug Removal – 300 mL device (CytoSorbents Inc., 
Monmouth Junction, NJ). The columns were primed with sterile 
0.9% NaCl saline (2 L total) before therapy. In this study, the average 
blood flow rate achieved was 150 mL/min (range of 80–200 mL/
min). This was the average rate that maintained arterial and venous 
chamber pressures within the range of −200 to +200 mm Hg.

2.3 Catheters

All horses had a 14 Fr × 25 cm double-lumen temporary 
hemodialysis catheter (Arrow, Morrisville, NC) placed sterilely in the 
left or right external jugular vein without complication using the 
modified Seldinger technique. One horse was administered 0.01 mg/
kg of detomidine before placement. Catheters were placed in three 
different locations in each of the horses (top 1/3 of the neck, middle 
1/3 of the neck, and thoracic inlet) in order to inform subjective 
assessment of impact of catheter location on hemoperfusion (Figure 1).

2.4 Activated clotting time measurement, 
coagulation measurement, and 
heparinization

Coagulation panel measurements included activated partial 
thromboplastin time (aPTT), prothrombin time (PT), fibrinogen, and 
international normalized ratio (INR) (North Carolina State Clinical 
Pathology), and an activated clotting time (ACT) using a Medtronic 
ACT 2 Plus. ACT was measured every 15–45 min throughout the 
treatment, and a coagulation panel was measured at baseline, post-
filtration, and 24 h. For Horse 1, an initial bolus of unfractionated 
heparin (UFH) of 30 UI/Kg was administered for a target ACT of 
300–400 s. This target was 2 to 2.5x published baseline values in horses 
(12), which is common practice for ECT in human patients (13, 14). 
While filtering Horse 1 we  determined that cell aggregation were 
obstructing the cartridge. This was determined through a series of 
troubleshooting steps that evaluated line patency, catheter positionality 
and the effects of column replacement. To avoid the clogging of the 
column with cell aggregation, we  increased the target ACT to 
700–800 s and we saw significantly improved blood flow. Subsequently, 
we increased the initial UFH bolus to 50 UI/kg for Horse 2, and 60 UI/
kg for Horse 3. The adjustment in target ACT to 700–800 s significantly 
improved blood flow without complications. Low doses of UFH were 
supplemented via CRI within the (ECT) circuit (0–50 UI/Kg/h, IV) to 
maintain target ACT.

2.5 Hematology and biochemical 
parameters

Biochemistry (Stago Chemistry Analyzer, Mount Olive, NJ) and 
hematology (Avida 1,000 Hematology, Siemens Healthcare, Erlangen, 
Germany) analysis was performed prior to, and immediately and 24 h 
post-filtration. Analyzers were located on site.
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2.6 Clinical exam parameters

Clinical exam parameters including attitude, rectal temperature, 
respiratory, and heart rate were recorded before treatment started, at 
two-hours treatment, at the end of treatment, and 24 h 
post-treatment.

2.7 Cytokine measurement

For cytokine measurement, anticoagulated blood was collected at 
0,15,30,45,60,90,120,180, and 240 min. Measurement of cytokines 
interleukin-1beta (IL-1β), interleukin 5 (IL-5), interleukin 6 (IL-6), 
interferon-gamma (IFN-γ), interleukin 8 (IL-8), interleukin 10 
(IL-10), and tumor necrosis factor alpha (TNF-α) was performed 
using an equine-specific Milliplex® Map Magnetic Bead Panel (EMD 
Millipore, Billerica, MA, United  States) per the manufacturer’s 
protocol using a previously validated method (15). Samples were 
analyzed in duplicate. Briefly, for the assay, 96-well assay plates were 
washed using kit wash buffer before use. Background (assay buffer), 
standard, and control wells were loaded onto the plate. Next, 25 μL of 
each sample and assay buffer were plated in sample wells, and each 
sample was plated in duplicate. Plates were covered and incubated on 
an orbital shaker overnight at 4°C in the presence of magnetic beads 
coated with fluorescently labeled capture antibodies for each analyte. 
Beads were then washed and incubated with biotinylated detection 
antibodies, followed by the addition of streptavidin phycoerythrin. 
Beads were rewashed before resuspension in 150 μL of sheath fluid, 
and sample analysis using a minimum count of 50 beads per well was 
used for inclusion in the analysis. The mean of the duplicate samples 
was used for analysis. The plate was run on a Bio-Rad Luminex 
Bio-Plex 200 Suspension Array Stem (Luminex, Austin, TX), and 
Bioplex Manager Software Version 6.2 was used for analysis.

2.8 Statistics

Due to the small number of animals in this study, data were not 
tested for normality. Median and range was determined for 
physical exam, hematology and biochemistry parameters before 

filtration, after filtration and 24 h post filtration. No statistical 
analysis of cytokines was performed and data is reported for each 
measured time point.

3 Results

All horses completed 240 min of hemoperfusion treatment 
without serious adverse event (i.e., jugular vein thrombosis, altered 
cardiovascular status, abnormal bleeding, colic, behavioral 
noncompliance). Catheter placement was well tolerated in all locations 
and did not affect overall blood volume circulated over the 240 min 
(average 150 mL/min = 1.5x blood volume). For all catheter 
placements, a small stab incision was necessary due to the large 
diameter of the catheter. Subjectively, catheter placement in the 
proximal 1/3 of the neck was more sensitive to occlusion when the 
horse was pulling hay from the hay bag or moving in the stall. 
Catheters were left in place until ACT values returned to 
baseline values.

Baseline ACT measurements for the three horses were 133, 193 
and 137 s, consistent with previously published reference ranges of 
120–180 s (12, 16). ACT values between 700 and 824 s were 
necessary to achieve consistent flow that maintained appropriate 
venous and arterial pressures of −200 to +200 mm Hg across the 
hemoperfusion pump and column. For two of the horses, a 30 IU/
Kg bolus of UFH resulted in ACT values of 328 and 342 s, 
respectively. Horse 2 received an additional 20 IU/Kg bolus to reach 
the target starting ACT of 700–800 s. For the third horse, a 60 IU/
Kg bolus of UFH resulted in an ACT of 705 s. During treatment, 
UFH was given as a continuous rate infusion (CRI) from 0 UI/Kg/h 
to 50 UI/Kg/h to maintain appropriate anticoagulation. PT, 
fibrinogen and INR values remained consistent before and after 
treatment. Activated partial thromboplastin time (aPTT) was 
increased to greater than >120  in all three horses at the end of 
hemoperfusion but returned to within reference ranges (37.3–
51.4 s) at the 24 h time point (Supplementary Table S1A).

Complete blood cell counts and biochemistry parameters 
remained within published reference ranges (17). While absolute 
counts were within accepted reference ranges, there was a decrease 
in numbers of neutrophils (median before 3.77 ×103 uL range 

FIGURE 1

Three catheter placement locations in an adult horse. (A) Proximal placement, (B) distal placement, and (C) mid-neck placement.
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2.25–5.88, median after 2.19 range 2.11–5.12) and platelets (median 
before 130 ×103 uL range 132–140, median after 93 range 80–143). 
Neutrophil numbers returned to baseline values by 24 h post-
treatment. We also observed a moderate decrease in total calcium 
(n = 3), albumin (n = 3), and potassium (n = 2) 
(Supplementary Table S1B). Physical exam parameters remained 
within normal reference ranges throughout treatment and horses 
stood comfortably and ate hay from a haynet throughout 
hemoperfusion therapy (Table 1). One horse did experience a mild 
nosebleed several hours after therapy. Upon further investigation it 
was discovered that the horse had been used for a nasogastric 
teaching lab several days prior. It is possible that anticoagulation in 
this horse caused bleeding from recent trauma to the ethmoid 
turbinates. The bleeding was so transient that no additional 
diagnostics were performed.

Levels of IL-1β, IL-5, IL-8, IL-10, and TNFα remained 
consistent in two horses from baseline through the duration of 
therapy. In one horse (that experienced hives before initiation of 
therapy), levels of IL-1β, IL-5, IL-8, IL-10, and TNFα were much 
higher at baseline than the other two horses. Interestingly, cytokine 
levels in this horse decreased rapidly during the first 2 hours of 
filtration and then normalized during the final 2 hours of filtration 
(Figure 2).

4 Discussion

For this study, we hypothesized that hemoperfusion therapy could 
be  performed in healthy adult horses without significant adverse 
effects. To our knowledge, this is the first study to describe the use of 
extracorporeal hemoperfusion therapy in horses in vivo. The findings 
of this prospective, observational feasibility study support 
hemoperfusion as a feasible and safe treatment modality in adult 
horses, and additional studies on potential clinical applications of this 
treatment modality should be considered.

All horses received 240 min extracorporeal hemoperfusion 
therapy without any significant adverse effects detected. However, it is 
important to note that we were only able to achieve blood flow rates 

of 150 mL/min which correlates to 1.5x blood volume for the horses 
selected for this study. Generally, hemoperfusion targets a 5x volume 
turnover; but there is currently no evidence for a target filtration blood 
volume that would impact clinical outcomes in horses with different 
problems or conditions (18). We  did observe a rapid decrease in 
cytokines during the first 2 hours of filtration in one horse, so it is 
possible that filtration of even a small blood volume could impact 
cytokine levels. It is also possible that this horse would have 
experienced rapid cytokine decrease even without filtration. 
Additional controlled studies will be needed to better determine the 
impact of blood filtration volumes on changes in levels of 
systemic cytokines.

In other species, such as dogs and humans, 2.5x baseline ACT 
is typically required to facilitate successful blood circulation and 
avoid clotting in the extracorporeal circuit (13). For the horses in 
our study, approximately 3–4x baseline ACT was required to achieve 
a consistent flow through the circuit. Previous studies have shown 
several differences between equine platelets and platelets of other 
species, including response to anticoagulants (19, 20). In these 
studies it was elucidated that equine platelets experience rouleau 
formation not found in other species as well as heparin dependent 
clumping of platelets (21). It is possible that these differences 
explain the higher level of heparinization required for 
hemoperfusion in horses. Prothrombin time (PT) and international 
normalized ratio (INR) remained within the reference interval 
(10.3–12.9 s). Activated partial thromboplastin time (aPTT) 
increased as expected with anticoagulation therapy by heparin. 
Interestingly even the initial bolus of heparin resulted in aPTT 
higher than the laboratory measurable range (0–120 s) suggesting it 
may not be an ideal parameter for heparin monitoring in the horse. 
All horses returned to baseline level of ACT within 6 h after 
treatment discontinuation, at which time the catheters 
were removed.

In other species, ECT associated changes in hematology and 
biochemistry parameters include decreases in platelets, albumin and 
total calcium (22, 23). Our previously published ex vivo study and 
current feasibility study data show similar findings (11). None of these 
parameters fell below clinically accepted reference ranges with the 

TABLE 1 Physical exam parameters from three horses at baseline, 2" h, and 4" h of hemoperfusion therapy followed by a 24" h post hemoperfusion exam.

Horse Temp-Fahrenheit/
Celsius

HR- beats per 
minute

Resp-breaths 
per minute

Mucus membranes-
MM

Attitude

Horse 1 – T0 99.2/37.33 36 18 Moist/Pink BAR

Horse 1 – T120 min 98.7/37.05 36 18 Moist/Pink BAR

Horse 1 – T240 min 98.7/37.05 36 18 Moist/Pink BAR

Horse 1 – 24 h Post 99.1/37.27 36 12 Moist/Pink BAR

Horse 2 – T0 98.9/37.16 36 16 Moist/Pink BAR

Horse 2 – T120 min 99.1/27.27 36 16 Moist/Pink BAR

Horse 2 – T240 min 98.9/37.16 26 14 Moist/Pink BAR

Horse 2 – 24 h Post 99/37.22 32 12 Moist/Pink BAR

Horse 3 – T0 99.9/37.72 30 18 Moist/Pink BAR

Horse 3 – T120 min 99.3/37.38 30 18 Moist/Pink BAR

Horse 3 – T240 min 99.6/37.56 30 18 Moist/Pink BAR

Horse 3 – 24 h Post 99.3/37.38 32 14 Moist/Pink BAR
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240 min treatment (Table 1). This suggests that horses with protein-
losing conditions may require additional monitoring for changes in 
electrolytes and serum albumin concentrations during 
hemoperfusion, and may require additional colloid and/or 
electrolyte supplementation.

In people undergoing Cytosorb treatment for sepsis, the columns 
are exchanged every 12 to 24 h. For treatment of intoxications, the 
manufacturer recommends exchange of columns hourly (24–26). In 
Horse 1, the column was exchanged at 30 min, 60 min, and 120 min. 
This was in response to high transmembrane pressure alerts presented 
by the ECT machine, which we ultimately attribute to clogging with cell 
aggregation in the filter since these alerts ceased once ACT was 
increased above 700 s (27). After filtering Horse 1, we adjusted our target 
ACT from 350 s (approximately 2.5x baseline) to 700–800 s 
(approximately 5x baseline). In Horses 2 and 3, one column was used 
for the entire the 240 min hemoperfusion session 
(Supplementary Table S2), which lends support to our decision to 

increase target ACT. While no adverse effects were detected when one 
column was used for the full 240 min, we have yet to determine how 
quickly a column will reach saturation for various disease states in 
the horse.

In our study, Horse 2 maintained consistent cytokine levels at all 
sampled time points. Horse 1 had higher IL8 and IFN-γ at baseline 
compared to horse 2. While Horse 1 was considered healthy enough 
for participation in this research study, this 25 year old was 
previously diagnosed with Pituitary Pars Intermedia Dysfunction 
(PPID) and on daily Prascend treatment. A previous study by 
MacFarlane et al. shows that healthy older horses (>16 years) have 
increased relative mRNA expression of several cytokines including 
interleukin (IL)-6, IL-8, and interferon-γ in white blood cells 
(WBCs) (28). Previous studies also show that horses with PPID have 
increased relative mRNA expression of IL8  in WBCs (28, 29). 
Therefore, cytokine differences in Horse 1 were likely the result of 
advanced age, PPID status, or both. Of potential relevance to our 

FIGURE 2

Concentrations of IL-5, IL-1β, IL-6, IFN-g, IL-8, IL-10, TNF-α over 4! h of filtration with a cytokine adsorption device (VetResQ; CytoSorbents Corp) in 
plasma obtained from heparinized whole blood samples, each collected from a healthy adult horse (n! =! 3). For each time point, each shape represents 
a single cytokine over 4! h. Lines connect results for same horses.
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investigation, both IL8 and interferon-γ decreased over the course 
of hemoperfusion therapy in Horse 1. Horse 3 had markedly elevated 
baseline cytokines, including IL6, IL5, IL1b, and IL10. This was 
surprising, given that HR, RR, rectal temperature, and hematology 
and biochemical parameters were normal at the start of the study, 
and this horse was not predisposed to elevated cytokines due to 
advanced age or chronic health conditions. In hindsight, it was noted 
on physical exam that Horse 3 had urticaria the morning of the 
study, but it was not deemed concerning enough to remove the horse 
from study participation. A previous study by Hinden et al. shows 
elevated cytokine mRNA expression, including IL4, L-13, TSLP, and 
IL-4Rα, in lesional skin in horses with recurrent urticaria, but this 
study did not investigate changes in systemic cytokines (30). Despite 
this, we  suspect the cytokine elevation in Horse 3 was likely 
associated with urticaria. Of potential relevance to our investigation, 
all elevated cytokines decreased over the course of hemoperfusion 
therapy in Horse 3. While the goal of this observational study was to 
investigate feasibility and safety, rather than efficacy, the decrease in 
systemic cytokines seen with Horse 1 and Horse 3 does provide 
proof of concept data for polymer-based hemoperfusion as a 
gradient dependent cytokine removal method in horses. It is also 
important to note that hemoperfusion with this column did not 
remove cytokines completely, which is potentially advantageous 
since complete removal could be  detrimental to immune cell 
function (31).

This study had several limitations, with the primary limitation 
being small sample size. A larger sample size would have allowed for 
continued optimization of catheter placement and flow rate. Another 
limitations was that the filtration time and blood volume filtered 
were less than typical targets for human and small animal patients, 
which could underrepresent the potential for complications, and 
hematologic and biochemical derangements. At the time of this 
study, only pediatric bloodlines were available (85 mL capacity). 
Since the completion of this study, the authors have been able to 
obtain an average of 250 mL/min of blood flow using large bore 
hemoperfusion lines (190 mL capacity) (Medica M90052, Medolla, 
Italy), paired with a catheter setup of 14 Fr × 15 cm double-lumen in 
the proximal aspect of the vein and 10 Fr × 15 cm single lumen in 
the distal aspect of the vein. Additionally, while evidence for safety 
of this therapy is supported by the maintenance of normal physical 
exam, hematologic and biochemical profiles, and cytokines that 
decreased instead of increasing, these were healthy animal. 
Additional research regarding safety of hemoperfusion in sick horses 
will be  needed. We  also acknowledge that because this was a 
feasibility study in which we  were making frequent protocol 
modifications, there wasn’t one tested protocol. We are planning 
additional research with appropriately sized blood lines and a pump 
calibrated for use in horses in order to validate a protocol and share 
detailed data (e.g., blood flow rate, access pressure, return pressure, 
transmembrane pressure). Lastly, we only tested one polymer-based 
hemoperfusion column. There are several other types of columns on 
the veterinary market that either work through a carbon-based 
mechanism or selective filter-based mechanism. While several of 
these column types have been used in small animal veterinary 
patients, there is currently no data on their safety or efficacy in 
equine patients. There are also aspects of feasibility that we did not 
address in this study, including financial costs of this therapy for 
clients, expense of equipment to veterinary facilities, and the intense 

level of management these patients require during hemoperfusion. 
It remains to be seen whether benefits of this therapy for patients will 
balance the very real costs.

To our knowledge, this is the first report of hemoperfusion 
extracorporeal therapy in adult horses in vivo. The results of this study 
show that polymer-based hemoperfusion ECT is both feasible and safe 
in adult horses. We also show proof of concept data supporting further 
investigation of polymer-based hemoperfusion as a method for 
systemic cytokine removal in horses. Additional studies are needed to 
establish efficacy of polymer-based hemoperfusion for treatment of 
various conditions in horses, including intoxications, immune-
mediated conditions, and sepsis.
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A novel extracorporeal device removes cytokines and alters neutrophil responses in LPS-
treated horses in vivo   
 
Abstract- 

Objectives: Determine whether a polymer hemoperfusion column decreases systemic cytokine 

concentrations and/or attenuates neutrophil dysfunction in LPS-treated horses in vivo.  

Methods: 6 horses received 60 ng/kg LPS, IV as a bolus then 60 ng/kg IV as a CRI over 1 hour. 

Endotoxemia was confirmed by clinical signs and neutropenia. In a cross over model, 

hemoperfusion was performed for 4 hours with either a sham or polymer column. Blood was 

collected at 5 time points over a 72 hr. period for flow cytometry analysis and 10 timepoints for 

cytokine multiplex analysis. 
Results:  Our results show significant differences with column treatment compared to sham 

treatment, including improved complete blood count parameters, decreased reactive oxygen 

species and increased early neutrophil apoptosis. Systemic cytokines were not significantly 

different between column and sham treatment.  

Conclusions:  The results of this study provide proof-of-concept for hemoperfusion as a 

potential treatment to mitigate deleterious LPS-induced immune responses in adult horses.   

Clinical Relevance:  Further investigation and optimization of hemoperfusion as an adjunctive 

treatment for sepsis in the horse is warranted. Because there are known differences in LPS-

infusion and clinical sepsis, further investigation in horses with clinical sepsis is needed. 
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Introduction 

 

Severe systemic inflammatory response syndrome (SIRS) and/or sepsis is a leading cause of 

mortality in equine patients. Immune system dysregulation plays a key role in the 

pathophysiology of severe SIRS/sepsis.  One of the driving forces of this immune dysregulation 

is an imbalance of cytokines. Cytokines are small protein mediators produced by immune cells 

that have both pro and anti-inflammatory mechanisms. Irregular cytokine release and/or 

elimination can lead to endothelial dysfunction, leading to downstream effects such as 

hypotension, poor organ perfusion and disseminated intravascular coagulation.1,2 

 

Outside of endothelial dysfunction, cytokines also play a key role in the regulation of neutrophil 

responses to systemic inflammation. In sepsis, neutrophils undergo delayed apoptosis and 

recruitment of neutrophils into tissues contributes to multiple organ dysfunction syndrome.3,4 

Additionally, overproduction of cytokines often results in immune paralysis which inhibits 

neutrophil response to ongoing systemic insult from bacterial and viral sources, which can make 

patients susceptible to inadequate clearance of infectious organisms and/or secondary infections.5  

 

In human medicine, hemoperfusion targeting removal of cytokines as an adjunctive treatment to 

sepsis has demonstrated improvement in immune function and improved clinical outcomes.  

Several clinical sepsis studies have shown hemoperfusion results in decreased concentrations of 

cytokines6, a decreased need for mechanical ventilation7,8 and decreased occurrence of multiple 

organ dysfunction.9 These studies have primarily utilized three different type of columns: 

polymer, activated carbon or attracted coated beads. Currently, there are only two types of 

columns marketed for veterinary use, VetResQ, which uses polymer based adsorbent bead, and 

AimaLogic, which uses an activated carbon adsorbent bead.   

 

Previously published studies have shown that hemoperfusion using a polymer based adsorbent 

column removes cytokines from equine whole blood ex vivo and had no detected negative side 

effects in healthy adult horses in vivo.10,11 Therefore, the primary objective of this study was to 

determine whether a polymer hemoperfusion column decreases systemic cytokine concentrations 
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and/or attenuates neutrophil dysfunction in LPS-treated horses in vivo. 

 

Methods 

 

Animals 

 

This study was approved by the North Carolina State Institutional Animal Care and Use 

Committee (IACUC 21-110). 6 healthy adult horses of various breeds, owned by North Carolina 

State University, were selected for inclusion in this study. Horses’ health status was evaluated 

through physical exam, CBC, and chemistry analysis. Horses were stimulated with 60 ng/kg LPS 

from Escherichia coli 055:B5 (Sigma-Aldrich) followed by a 60 ng/kg CRI for 60 minutes. 

Following LPS stimulation, endotoxemia was confirmed by physical exam parameters and 

decreased leukocyte count and neutrophil count prior to the start of filtration. Once endotoxemia 

was confirmed, horses were administered a 50 unit/kg bolus of unfractionated heparin in order to 

obtain a starting activated clotting time(ACT) of 500-900 seconds. Hemoperfusion therapy was 

initiated using a VetResQ column or sham for 4 hours. During hemoperfusion, horses were 

maintained on a 10-30 units/kg/hr unfractioned heparin CRI in order to maintain ACT values at 

500-900. Following a 30 day washout, horse received the opposite treatment. While the 

hemoperfusion treatment was time based, every effort was made to filter the same blood volume 

for each animal in column vs. sham treatment. Aliquots of blood were collected throughout 

filtration or sham at 11 time points (0, 15, 30, 45, 60, 90, 120, 180, 240, 300, and 360 minutes, 

24hrs, 48hrs and 72hr). 

Cytokine analysis 

Quantitative analysis of cytokines was measured using an equine-specific 23 cytokine Milliplex 

Map Magnetic Bead Panel (EMD Millipore) per the manufacturer’s protocol using a previously 

validated method. Samples were analyzed in duplicate. Briefly, for the assay, 96-well plates were 

washed using kit wash buffer before use. Background (assay buffer), standard, and control wells 

were loaded onto the plate. Next, 25 μL of each sample and assay buffer was plated in sample 

wells, and each sample was plated in duplicate. Plates were covered and incubated on an orbital 

shaker overnight at 4 °C in the presence of magnetic beads coated with fluorescently labeled 

capture antibodies for each analyte. Beads were then washed and incubated with biotinylated 
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detection antibodies, followed by the addition of streptavidin phycoerythrin. Beads were washed 

again before resuspension in 150 µL of sheath fluid and sample analysis using a minimum count 

of 50 beads per well was used for inclusion in the analysis. Standard curves were analyzed and 

deemed to be appropriate. The mean of the duplicate samples was used for analysis. The plate 

was run on a Bio-Rad Luminex Bio-Plex 200 Suspension Array Stem (Luminex), and Bioplex 

Manager Software (Bio-Rad, version 6.2) was used for analysis. 

 

Chemistry and Complete Blood Cell Count Analysis 

Biochemistry analysis was performed on baseline, 4-hour post filtration and 24 hours post 

filtration samples by a Stago Chemistry Analyzer (Stago) housed in the North Carolina State 

University clinical pathology laboratory. Glucose, urea, creatine, phosphorus, calcium, 

magnesium, total protein, albumin, globulin, triglycerides, bilirubin, alkaline phosphatase, AST, 

GGT, sorbitol dehydrogenase, creatinine kinase, sodium, potassium, chloride, and bicarbonate 

were all included in the analysis. All values on the chemistry were analyzed for statistical 

significance and deviations from normally accepted ranges. 

 

Flow Cytometry Analysis 

 

Annexin V and cellular death was quantified using a Dead cell apoptosis kid with Annexin V kit 

(Invitrogen, MA). Initially 20 ml of blood was allowed to settle at room temperature for 45 min, 

and leukocyte rich plasma was aliquoted into 1ml Eppendorf tubes (control, Annexin V). Tubes 

were  spun at 1800 rpms at room temperature for 10 min in a centrifuge. The supernatant was 

then decanted, and cells resuspended in 1,000 ul of annexin binding buffer. 100 ul of the solution 

was placed into a flow cytometry tube 5 μL Alexa FluorTM 488 Annexin V and 1 μL 100 μg/mL 

PI working solution (prepared in accordance to manufacture directions) was added to each 100 

μL of cell suspension. Cells were incubated at room temperature for 15 minutes. Post incubation 

400ul of binding buffer was added to the tube and gently mixed. Samples were immediately 

analyzed through the use of a Cytoflex Flow Cytometer (Beckman Coulter, CA) with a standard 

lens set up. Quadrants were defined using cells singly stained with annexin V or PI. Populations 

of live (annexin V−/PI−), apoptotic (annexin V+/PI−), and dead (annexin V+/PI+) neutrophil 

singlets were quantified based upon at least 10,000 events. Post-acquisition data analysis was 
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performed using commercial software (FlowJo v. 10.7.3). For data analysis, the percentages of 

live, apoptotic, or dead neutrophils were expressed relative to media control, unprimed 

neutrophils. 

 

Reactive oxygen species were evaluated using a reactive oxygen species detection assay kit 

(Cayman Biologics). Initially 20 ml of blood was allowed to settle at room temperature for 45 

minutes, then leukocyte rich plasma was aliquoted into 1ml Eppendorf tubes (negative control, 

positive control, experimental). Tubes were spun at 300 x g for 5 min in a centrifuge. The 

supernatant was then decanted, and cells resuspended in 1000 ul of 1x ROS Label (prepared by 

kit instructions). Resuspended cells were allowed to incubate at 37C for 30 minutes in a cell 

culture incubator. After incubation cells will be respun and the supernatant decanted. 100 ul of 

ROS inducer (manufacture directions) will be added the cells allowed to incubate for 60 min 

before being immediately analyzed by flow cytometry using the Cytoflex Flow Cytometer 

(Beckman Coulter, MA) using a modified Ex/Em = 495/529 nm lens set up. For cells stimulated 

with PMA the same protocol was followed but prior to ROS label, 240 ul of PMA was added and 

allowed to stimulate for 30 minutes.  

 

Cell-free DNA (cfDNA) 

 

DNA was extracted from thawed plasma using a commercial kit (DNeasy Blood and Tissue Kit; 

Qiagen, Germantown, Maryland, USA). In brief, 250 ul of plasma was added to a proteinase and 

buffer mixture and then vortexed. Samples were then incubated at 56C for 10 min. After 

incubating >96% ethanol was added and mixed. The mixture was then then pipetted into a 

DNeasy spin column placed in a 2 mL collection and centrifuged at 6000 x g for 1 minute. This 

process was repeated an additional two times. After the third centrifugation the spin column was 

transferred to a new 1.5 mL microcentrifuge tube and the DNA was eluted by adding 50 µL of 

Buffer AE to the center of the spin column membrane. After incubation for 5 min the column 

was spun a final time and cfDNA was read from the eluted sample.  

Concentrations of cfDNA were measured using a compact benchtop fluorometer according to 

manufacturer instruction (Qubit 4; Invitrogen, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA). The concentration of DNA in each sample was automatically calculated 
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by the fluorometer algorithm based on fluorescence and dilution ratio. The DNA concentration 

reported by the instrument was converted to cfDNA concentration in the extracted plasma 

sample using a previously reported equation.12  

 

Statistical analysis 

It is currently unknown what % reduction in cytokines will be of clinical benefit in septic 

equine patients. Average human cytokine reduction with Cytosorb® is 30%.13 A statistical a 

priori power analysis (Type II error = 0.2; Type I error = 0.05, www.openepi.com and 

G*Power software) showed that 5 horses are necessary to detect a 30% reduction in cytokine 

concentrations. Six horses were included to allow for horse attrition. Statistical analysis was 

performed using commercially available software (Graphpad Prism). All data was tested for 

normality and parametric and non-parametric tests were chosen as appropriate, including but 

not limited to Student’s paired t test, repeated measures one-way and two-way ANOVA with 

Tukey’s multiple comparison testing for parametric data, and Wilcoxon pairs signed rank test, 

Friedman test or Mixed model test with Dunn’s multiple comparison for non-parametric data. 

P value of < 0.05 was considered statistically significant.  

 

Results 

 

Animals 

 

Five horses met the inclusion criteria (Supplemental Table 1). One horse successfully underwent 

the sham session but had to be removed from the treatment group due to catheter associated 

complications (catheter intracarotid). All horses were able to maintain an ACT of 500-900 during 

each filtration session without adverse side effects. All horses that completed the study had 

between 1.3-2.1 blood volumes filtered (44.2-69.3 liters).  

 

Cytokines 

 

The measured cytokines and chemokines with significant stimulation (2x baseline) in this model 

included IL-1β, IL-10, and TNF-α, IFN- γ. Nineteen measured cytokines either failed to 
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stimulate or were below the lower limit of detection. The percent decrease in measurable 

cytokines was not significantly different between treatment groups. The mean percent decrease 

in TNFα was 68% (SD=26%) with column treatment and 66% (SD=31%) with sham treatment. 

The mean percent decrease in IL-1β was 24% (SD=19%) with column treatment, while IL-1β 

increased by 4.7% (SD=18%) in the sham group. The mean percent decrease in IL-10 was 

74%(SD=58%) with column treatment and 38% (SD=109%) with sham treatment. Finally, mean 

IFN- γ concentrations decreased by 38%(SD=34%) with column treatment and 8% (SD=33%) 

with sham treatment. (Figure 1) 

 

Biochemistry 

 

Compared to sham, the column treatment group had significant decreases in biochemistry 

parameters including triglycerides (median, 87.56; range, 74.40 to 100 g/dL; P =0.0182; 100% of 

horses), potassium (median, 3.5; range, 3.2 to 4.1 mmol/L; P = .0002; 100% of horses), and 

calcium (median, 9.75; range, 8.6 to 11.0 mg/dL; P = .001; 88% of horses). No other significant 

increases or decreases were observed. (Table 1)  

 

Complete Blood Cell Count 

 

With column treatment, all horses returned to normal neutrophil and total WBC counts between 

4 and 72 hours. With sham treatment, 3/5 horses returned to normal neutrophil counts, and 4/5 

horses returned to normal WBC counts, within 72 hours (length of study period). There was no 

significant difference in neutrophil to lymphocyte ratio between the treatment groups. 

(Supplementary Table 1) 

 

 

Apoptosis 

 

There was a significant difference in the mean percentage of live cells between the sham and 

treatment groups over the 72-hour treatment period (p=0.02). Additionally, column treatment 

showed a significantly higher mean percentage of cells undergoing apoptosis compared to sham 
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at the post filtration time point (p=0.019) (Figure 2A) and when all timepoints were compared 

(p=0.008). There was no significant difference in the mean percentage of necrotic cells at any 

time point compared to the LPS-stimulated baseline. Notably even though there was no 

significant difference when fold change was compared over the 72-hour period, there was a 0.53-

fold decrease in necrotic cells in the column treatment group and a 7.0-fold increase in necrotic 

cells in the sham group relative to the LPS-stimulated baseline. (Figure 2B) 

 

Reactive Oxygen Species 

 

Compared to sham treatment, column treatment demonstrated decreased production of ROS over 

the 72 hour period (p=0.02). (Figure 3A) Additionally, leukocyte capacity for ROS production, 

as measured by PMA-stimulation at baseline vs the 72 hour period, was significantly increased 

with column treatment compared to sham  (p=0.002). (Figure 3B) 

 

 

Cell free DNA 

 

Plasma cfDNA was significantly increased at 1 hour post-LPS infusion (p=0.04). There was no 

detected difference in plasma cfDNA in column vs. sham treated horses. Treatment maintained a 

stable concentration of cfDNA, where during the sham filtration cfDNA concentrations increased 

over the 4 hour treatment period.  (Figure 4AB) 

 

 

Discussion 

 

The results of this study provide proof-of-concept for hemoperfusion as a potential 

treatment to mitigate deleterious LPS-induced immune responses in adult horses. Column 

treatment in LPS-stimulated horses showed improved complete blood count parameters, 

decreased reactive oxygen species, increased neutrophil capacity for stimulated respiratory burst, 

and increased early neutrophil apoptosis. While systemic cytokines were not significantly 

different between column and sham treatment, the individual animal variation in cytokine 
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responses to LPS and the relatively short filtration period could have limited these findings and 

statistical analyses. Additional research is needed to further address the impact of hemoperfusion 

on systemic cytokines, as well as continue to optimize hemoperfusion protocols for adult horses.  

The measurable differences in % decrease in cytokines between column vs sham, but lack 

of statistical significance in these differences, could be a result of the small number of horses 

and/or the variation of cytokine responses in individual animals. Though all horses responded to 

the LPS stimulation, some horses had a more profound response than other horses. This finding 

was not unexpected as variable cytokine response is noted in the literature as one of the 

challenging factors with using sepsis models to investigate novel treatments.13-15 Because the 

column used in this study works through a gradient removal mechanism, horses with a more 

profound cytokine response demonstrated greater removal compared to horses with a marginal 

cytokine response, which could have resulted in our data having a nonsignificant trend.16 

Another factor could be the need for further optimization of a hemoperfusion prescription17 that 

is specific for an individual animal and is guided by examination and/or biomarker parameters, 

such as cytokines or markers of neutrophil activation. These ideas will require further research as 

currently there are no stall side measurements for cytokine concentrations in horses and 

neutrophil activation markers are not routinely measured in horses with sepsis.  

One of the hallmarks of sepsis is severe leukopenia followed by a late phase leukocytosis. 

In humans there is a reported increased risk of mortality in patients with sepsis that have an 

elevated and rising white blood cell count in the first 7 days.18 In our study, all horses had severe 

neutropenia coincident with the induction of endotoxemia. With column treatment, all horses 

returned to normal neutrophil and leukocyte counts within the 72- hour monitoring period. This 

is in contrast to sham treatment, where only 2/5 horses returned to normal neutrophil counts and 

4/5 returned to normal leukocyte counts, within the 72-hour study period. Cytokines/chemokines, 

leukotrienes and hormones have been implicated in modulation of leukocyte responses, with the 

most significant effect recognized in neutrophils in both humans and horses.19,20 Altered 

neutrophil migration leads to impaired neutrophil function and decreased innate immune 

response to infection. In human medicine there is increasing evidence that suppression of 

apoptosis of neutrophils in sepsis leads to accumulation of neutrophils in tissues, organ damage 

and failure.21,22  In horses there is evidence that neutrophil apoptosis is delayed in horses with 

inflammatory conditions such as colitis. This delayed apoptosis is noted as a contributing factor 
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to the development of SIRS in horses with sepsis and eventually organ damage and failure such 

as seen in humans.23 There is additional evidence that horses with LPS induced endotoxemia 

exhibit delayed apoptosis for up to 24 hours post LPS induction.24 Our study results show a 

significantly higher mean percentage of cells undergoing apoptosis with column compared to 

sham treatment at the post filtration time point and over the 72 period. Additionally, even though 

not statistically significant, column treatment had a 0.53 fold change decrease in necrotic cells, 

while sham treatment had a 7.0 fold increase in necrotic cells. Presence of necrotic neutrophils 

has been linked as a key pathology in systemic organ failure in humans with sepsis as they lodge 

in the vessels of organs leading to thrombosis.25  

While reactive oxygen species (ROS) are an essential part of bacterial clearance and host 

defense, excessive or dysregulated ROS production can cause oxidative damage to organelles 

and tissues, further exacerbating the inflammatory cascade.26 Previous studies have shown that 

LPS-infusion causes increased ROS production in horses.27,28 The results of our study show that 

compared to sham treatment, column treatment was associated with decreased production of 

ROS over the 72 hour period (p=0.02).  Further, PMA-stimulated neutrophils from column 

treated horses had significantly greater ROS production than neutrophils from the same group of 

horses receiving sham-treatment. This is potentially significant because one of the downstream 

sequelae to sepsis is immune paralysis, which leads to lack of cellular response to ongoing or 

secondary bacterial or viral stimulation.5 The ability for neutrophils to mount a greater response 

to stimulus with column treatment may indicate an improved ability of the immune system to 

deal with ongoing pathogen clearance.    

Neutrophil extracellular traps (NETs) are small webs of cell-free DNA (cfDNA) 

containing histones, myeloperoxidase and elastase. NETs are implicated as players in the 

microcirculatory disturbance that occurs during sepsis and increased cfDNA, which is an indirect 

biomarker of NETs, is associated with increased morbidity and mortality in human patients.29 

Increased cfDNA has also been identified in horses with inflammatory conditions.30 Although 

NETs are helpful for pathogen clearance, excessive or dysregulated NETs formation leads to 

tissue damage.31  To our knowledge, our study is the first to show that plasma cfDNA is 

increased in adult horses after LPS induction of endotoxemia. While our results show no 

significant difference in cfDNA between treatment groups, there was significant variability in 

cfDNA concentrations in the individual animals, which may have precluded our ability to detect 
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a difference if one existed. At this point, little is known about systemic cfDNA and NETs in 

horses with clinical sepsis and further research is needed to better understand the role NETs play 

in the pathophysiology of equine sepsis.   

 Horses with sepsis can experience severe electrolyte derangements. We 

performed full serum biochemical analysis in order to determine whether hemoperfusion would 

impact any parameters that are commonly altered in patients with clinical sepsis. While we did 

detect significant differences between column and sham treatment in triglycerides, calcium and 

potassium, none of the mean values fell below reference ranges. Interestingly, in this population 

of horses, albumin and globulin remained stable, which is in contrast to previous reports of 

hemoperfusion in healthy horses.10 In the present study, mean ACT of 500-900 seconds was 

maintained throughout hemoperfusion without adverse side effects such as thrombocytopenia, 

bleeding and vein thrombi, which can be seen with over-heparization.32 This is consistent with 

prior studies in healthy horses where ACTs of 500-900 were observed to be clinically safe in 

healthy horses.  

 This study had several limitations. First, the sample size was small. While 

we did perform a priori power calculations, the target of 30% change in cytokines was based on 

human data, and not equine. While we hoped to minimize impacts of variability in individual 

horse cytokine production by using a cross-over design, we still saw a high degree of inter- and 

intra-animal variation in cytokine concentrations, which likely impacted our ability to detect 

significant differences. Additionally, the filtration capacity of the VetResQ column in horses is 

currently unknown and could require further optimization.  Finally, we selected a uniform 

filtration time across horses but not a uniform target for filtered blood volume. Because filtration 

rates had to be adjusted occasionally based on degree of heparinization and pump pressure 

parameters, the blood volume filtered was not able to be standardized across all animals. While 

this was certainly a limitation for comparing group means, it is not a limitation that would be 

relevant for the clinical application of hemoperfusion. Ideally in clinical cases of sepsis, horses 

would receive individual prescriptions for hemoperfusion based on ongoing clinical signs and 

measurement of sepsis associated parameters in real time, such as cytokine concentrations or 

markers of neutrophil activation. Indeed, a recent case study describes hemoperfusion of a horse 

with colitis-induced sepsis in which decreasing cytokine concentrations were associated with an 

improvement in clinical signs.33  
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 In conclusion the findings of this study support further investigation of 

hemoperfusion as an adjunctive treatment for sepsis in the horse. The improvements in 

neutrophil parameters in column treated vs. sham-treated horses provide promising proof of 

concept data. The lack of significant impact on cytokine concentrations could be due to study 

design, but may also indicate that further optimization of hemoperfusion protocols are needed. 

As clinical sepsis differs from an induced endotoxemia model, further investigation of 

hemoperfusion in horses with clinical sepsis is needed. 
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Figure 4 (A) cfDNA is increased at 60 minutes in horses with induced 
endotoxemia. (B)Extracted plasma cfDNA at three time points. After 
collection of baseline samples, horses received bolus LPS followed by 1 
hr LPS infusion. Extracorporeal therapy with sham- or column-treatment 
started at 60 min and continued for 240 min. 
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Table: 

 

 

 

 

 

 

 

 

 

 
Table 1: Biochemistry values pre and post filtration from five horses with LPS stimulated endotoxemia.  
 
 
 
 
 
 
 
 

Horse  Glucose Urea Creatinine Phosphorus Calcium Magnesium Total 
Protein 

Albumin Globulin Ratio Triglycerides Bilirubin Alk 
Phos 

AST GGT SDH Creatine 
Kinase 

Sodium Potassium Chloride Bicarb 

Horse 1-Pre 
Filtration 

79 12 1.1 3 10.7 2 6.7 3 3.7 0.81 40 0.6 191 233 16 <0.5 270 136 2.7 101 24 

Horse 1-Post 
Filtration 

67 16 1.5 2.8 8.7 1.2 5.7 2.5 3.2 0.78 19 1.2 269 203 14 7.1 226 138 3.3 106 24 

Horse 1-Sham 
Pre 

103 13 1.3 3 12.2 1.9 6.1 3.2 2.9 1.1 32 3 221 203 12 7.2 192 136 4.1 101 27 

Horse 1-Sham 
Post Filtration 

101 11 2.6 2.6 9.9 1.8 5.7 3.1 2.6 1.19 31 1.8 251 213 14 4.9 200 140 3.6 102 28 

Horse 2-Pre 
Filtration 

93 14 1.1 4.2 11.3 1.7 6.9 3.3 3.6 0.92 73 0.6 137 230 14 <0.5 398 135 3.1 99 26 

Horse 2-Post 
Filtration 

109 11 1.4 1.7 12.5 2 7.3 3.5 3.8 0.92 24 0.9 226 241 16 <0.5 340 137 3.2 106 24 

Horse 2-Sham 
Pre 

88 15 1.5 2.6 11 1.8 6.9 3.3 3.6 0.92 54 0.8 149 252 13 <0.5 370 138 3.3 101 28 

Horse 2-Sham 
Post Filtration 

94 12 1.6 2.2 12.3 2 7.3 3.5 3.8 0.92 12 0.7 298 265 15 <0.5 286 138 4.1 107 22 

Horse 3-Pre 
Filtration 

81 13 1.1 4 10.5 2 7 3.2 3.8 0.84 45 0.6 197 239 15 <0.5 374 137 3.9 101 29 

Horse 3-Post 
Filtration 

88 12 1.5 1.2 10.9 1.3 6.5 3 3.6 0.86 10 0.6 373 232 18 14.7 269 137 3.7 104 25 

Horse 3-Sham 
Pre 

85 18 1 2.7 11.2 1.9 6.6 3.4 3.2 1.06 55 1 165 222 17 <0.5 304 134 3.9 100 28 

Horse 3-Sham 
Post Filtration 

104 16 1.3 0.4 13.4 1.8 6.6 2.4 3.2 1.06 16 1.4 320 225 20 2.2 283 135 3.5 107 26 

Horse 4-Pre 
Filtration 

110 14 1.5 2.5 11.7 0.6 6.3 3.4 2.9 1.17 57 1.8 163 279 15 0.5 337 136 3.9 99 26 

Horse 4-Post 
Filtration 

136 15 2.1 1 10.2 1.1 6 2.9 3.1 0.94 117 3.7 272 274 6 4 296 134 4.4 104 21 

Horse 4-Sham 
Pre 

96 12 1.5 2.4 11 1.7 5.5 2.9 2.6 1.12 28 1.2 133 237 10 2.3 251 135 3.6 101 25 

Horse 4-Sham 
Post Filtration 

119 13 2 2.4 11.1 1.8 6.1 3.3 2.8 1.18 26 2.1 324 278 15 5.2 304 139 4.3 99 30 

Horse 5-Pre 
Filtration 

92 17 1.6 2.7 11.1 1.7 6.5 3.5 3 1.17 67 1.1 104 223 10 2.7 310 139 3.6 101 26 

Horse 5-Post 
Filtration 

99 17 1.7 1.8 10.7 1.5 6.3 3.2 3.1 1.03 54 1.4 245 224 10 4.5 265 144 3.8 110 27 

Horse 5-Sham 
Pre 

88 12 1.1 3.4 11.4 1.4 5.5 2.8 2.7 1.04 42 0.8 106 197 9 2.6 410 139 3.8 104 26 

Horse 5-Sham 
Post Filtration 

101 12 1.3 X X X X 3.4 X X 16 X 225 226 11 6.1 245 145 3.8 112 26 
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Simple Summary: Cell-free DNA (cfDNA) are pieces of DNA released from cells into body ßuids.

Previous studies in adult horses found that plasma cfDNA concentrations differed signiÞcantly

between healthy horses and those with emergencies like colic. These studies also showed that

accurate measurement of plasma cfDNA in adult horses required extraction, due to matrix effects of

equine plasma. ItÕs unclear if similar issues exist in foal plasma. In our study, we aimed to determine

if foal plasma has similar interference, and if there are differences in cfDNA levels between healthy,

sick non-septic (SNS), and septic foals. Cell-free DNA was measured directly in plasma and after

extracting it using a kit in 60 foals. Direct measurement of cfDNA in foal plasma was found to be

inaccurate due to matrix effect. However, even after cfDNA extraction, there were no signiÞcant

differences in plasma cfDNA levels or the ratio of cfDNA to neutrophils between healthy foals, SNS

foals, and septic foals. Future research should focus on understanding how neutrophils function

during foal sepsis.

Abstract: Cell-free DNA (cfDNA) is fragmented extracellular DNA that is released from cells into

various body ßuids. Previously published data from adult horses supports cfDNA as a potential

disease biomarker, but also shows that direct measurement in plasma is inaccurate due to matrix effect.

It is currently unknown whether a similar matrix effect exists in foal plasma. Given this, the objectives

of the current study were to investigate foal plasma for potential matrix effect during ßuorescence

measurement of cfDNA using a Qubit ßuorometer, and to determine whether neat and/or extracted

plasma cfDNA concentrations are signiÞcantly different in healthy, sick non-septic (SNS) or septic

foals. We hypothesized that matrix effect would interfere with accurate ßuorescent measurement

of cfDNA in foal plasma. Further, we hypothesized that mean extracted cfDNA concentrations,

and/or extracted cfDNA:neutrophil ratio, would be elevated in plasma of septic foals compared to

healthy or SNS foals. Cell-free DNA was measured in neat plasma, and following DNA extraction

with a commercial kit, from 60 foals. Foal plasma exhibited both autoßuorescence and non-speciÞc

dye binding, conÞrming matrix effect. However, even with extraction, no signiÞcant difference was

found in cfDNA concentrations, or cfDNA:neutrophil ratios, between healthy (sepsis score ! 5), SNS

(sepsis score 6Ð11 and negative blood culture), or septic (sepsis score" 12 ± positive blood culture)

foals. Our data show that matrix effect interferes with accurate Qubit measurement of cfDNA in foal

plasma and supports previous Þndings that plasma cfDNA concentrations are not associated with

sepsis diagnosis in foals. Further research is needed to better understand neutrophil function and

dysfunction in foal sepsis.

Keywords: foals; neutrophils; horses; cell-free DNA

1. Introduction

In foals, sepsis is a serious health concern that can have mortality rates as high as
40Ð60% [1]. There has been progress in recent years regarding foal sepsis diagnosis and
prognosis; however, additional work is needed to better understand the immunopathology

Vet. Sci.2024, 11, 346.https://doi.org/10.3390/vetsci11080346 https://www.mdpi.com/journal/vetsci
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of sepsis in foals, and to identify additional biomarkers and novel therapeutic targets. In
humans with sepsis, including infants [ 2], cell-free DNA (cfDNA) is a biomarker that has
exhibited prognostic value, with higher levels of cfDNA being correlated with increased
mortality [ 3]. Cell-free DNA is fragmented extracellular DNA that is released into body
ßuids such as plasma, as a result of necrosis, apoptosis, and/or extrusion of extracellular
traps from cells like neutrophils (i.e., NETs) [ 4,5]. NETosis is one method neutrophils use to
kill bacteria, trapping invading organisms in extruded strands of DNA intercalated with
destructive enzymes such as neutrophil elastase and myeloperoxidase. While this function
is designed for host defense, dysregulated NETosis can lead to thrombosis, inßammation,
and multiple organ failure in patients with sepsis and has been correlated with disease
severity [6]. Increased cfDNA is also associated with systemic inßammation and disease
severity in humans with different types of liver injury [ 7], in part through the deleterious ef-
fects of exaggerated neutrophil recruitment and activation. Interestingly, in a mouse model
of liver injury, intravenous administration of DNase I decreased cfDNA and signiÞcantly
decreased liver injury [ 7]. Similarly, administration of DNase or a NETosis inhibitor (PAD4
inhibitor) in an infant mouse model of sepsis decreased sepsis severity [ 2]. These data show
cfDNA is not only a potential biomarker, but also a potential therapeutic target.

In equine medicine, cfDNA has been explored as a potential biomarker for Equine
Recurrent Uveitis (ERU) [8], osteoarthritis, colic, systemic inßammatory response syn-
drome (SIRS), and sepsis, with varying results [4,5,7Ð9]. In a clinical study, Fingerhut
et al. found that cfDNA was increased in serum from horses with ERU compared to
healthy controls [ 8]. In an induced model of equine osteoarthritis, Panizzi et al. found that
joint ßuid cfDNA, but not plasma cfDNA, was signiÞcantly increased at 4 and 9 weeks
post-induction, compared to controls [ 10]. In a prospective clinical study in foals, Colmer
et al. found no signiÞcant association between cfDNA and culture status, sepsis score,
neonatal systemic inßammatory response score (NSIRS), or foal survival. In a prospective
clinical study, Bayless et al. showed that compared to healthy horses, plasma cfDNA was
elevated in horses presenting for emergency conditions, and speciÞcally in horses with
colic. Importantly, in the same study, Bayless et al. showed a matrix effect of equine plasma,
including signiÞcant autoßuorescence and non-speciÞc ßuorescent dye binding, interfered
with accurate Qubit TM measurement of plasma cfDNA. These authors concluded that
accurate ßuorescent measurement of plasma cfDNA in adult horses required extraction.
Since the Qubit does not numerically calculate for extraction, a correction formula has been
developed and validated [ 5].

The QubitTM Fluorometer (Invitrogen, Thermo Fisher ScientiÞc) is a compact, tabletop
ßuorometric device that uses Qubit TM Assays for the quantitation of DNA, RNA, mi-
croRNA, and protein, and has been used in numerous cfDNA studies in various species. It
is currently unknown whether Qubit measurement of cfDNA in foal plasma is both reliable
and accurate. Therefore, the primary objectives of the current study were to investigate
foal plasma for potential matrix effect during Qubit measurement of cfDNA, and, depend-
ing on results of objective 1, to determine whether neat and/or extracted plasma cfDNA
concentrations are signiÞcantly different in healthy, sick non-septic (SNS) or septic foals.
We hypothesized that matrix effect would interfere with accurate Qubit-measurement of
cfDNA in foal plasma. Further, we hypothesized that extracted cfDNA concentrations,
and/or cfDNA:neutrophil ratio, would be elevated in septic foals compared to healthy or
SNS foals.

2. Materials and Methods

For this study, we utilized frozen, banked plasma samples from a previously approved
study (North Carolina State University Institutional Animal Care and Use Committee,
20-534). Consent was obtained from all clients at the time of sample collection. Signalment,
physical examination, hematology, and biochemistry Þndings at admission, primary diag-
nosis, sepsis score [11], and survival to hospital discharge were recorded for all patients.
Samples were selected if they met the inclusion criteria of being <7 days of age, had a
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primary diagnosis, an assigned sepsis score, and were banked during the study period of
2020Ð2023. Foals were grouped into healthy (clinically healthy, sepsis score! 5 ± negative
blood culture), SNS (sepsis score of 6Ð11 and negative for clinically relevant organisms on
blood culture), or septic (sepsis score " 12 ± positive blood culture). Blood culture was not
available for all cases.

2.1. Sample Collection and Processing

Samples were obtained from the jugular vein of 60 foals (<7 days of age). For hospital-
ized cases, samples were obtained on admission when foals presented to The University
of Iowa, North Carolina State University, or Hagyard Equine Medical Center from the
years 2020Ð2023. Some samples were also collected from healthy foals (<7 days of age)
born to the NC State CVM teaching herd. Blood was collected into EDTA vacutainer tubes
and immediately plasma was separated by centrifugation at 2300 g at room temperature.
Plasma was harvested taking extreme care not to disturb the buffy coat and 1.5 mL aliquots
were frozen at # 80 $C until thawing and DNA extraction.

2.2. CfDNA Measurements on Neat Plasma

Cell-free DNA was measured from thawed plasma using a commercial kit (DNeasy
Blood and Tissue Kit; Qiagen, Germantown, MD, USA). 10 µL of plasma was added to
190µL of Qubit 1 % dsDNA HS working solution. Samples were vortexed for 3Ð5 s and
incubated in a dark drawer for two minutes. After incubation, samples were immediately
read in triplicate, waiting 1 min between repeat readings of the same tube. Cell-free
DNA was determined from the standard curve generated by serial dilution of ( E. coli
bacteriophage) DNA standards. Phosphate buffered saline was used as a negative control.

2.3. CfDNA Measurements on Extracted Plasma

DNA was extracted from thawed plasma using a commercial kit (DNeasy Blood and
Tissue Kit; Qiagen, Germantown, MD, USA). In brief, 250 µL of plasma was added to a
proteinase and buffer mixture and then vortexed. Samples were then incubated at 56 $C
for 10 min. After incubating, >96% ethanol was added and mixed. The mixture was then
pipetted into a DNeasy spin column placed in a 2 mL collection tube and centrifuged at
6000% g for 1 min. This process was repeated an additional two times. After the third
centrifugation, the spin column was transferred to a new 1.5 mL microcentrifuge tube
and the DNA was eluted by adding 50 µL of Buffer AE to the center of the spin column
membrane. After incubation for 5 min, the column was spun a Þnal time and cfDNA was
read from the eluted sample as described above.

2.4. Cell-Free DNA Measurement

Immediately after processing under each of the above conditions, concentrations of
DNA were measured using a compact benchtop ßuorometer according to manufacturer
instructions (Qubit 4; Invitrogen, Thermo Fisher ScientiÞc, Waltham, MA, USA). The
concentration of DNA in each sample was automatically calculated by the ßuorometer
algorithm based on ßuorescence and dilution ratio. The DNA concentration reported by
the instrument was converted to cfDNA concentration in the extracted plasma sample
using the following equation.

[cfDNA ]plasma =
[cfDNA ]extracted sample % elution volume

volume of extracted plasma
(1)

2.5. Inter-Assay and Intra-Assay Agreement

In brief, intra-assay coefÞcient of variation (CV) was determined by measuring cfDNA
concentrations Þve times on the same day in six neat plasma samples. Inter-assay CV
was determined by measuring cfDNA concentrations in six neat plasma samples on three
consecutive days.
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2.6. Linearity of Dilution

To assess for linearity of dilution, neat and extracted plasma from three foals was
individually diluted using molecular biology grade water and the DNase-treated plasma.
Dilutions were made as follows: 0:100, 10:90, 20:80, 30:70, 40:60, 50:50, 60:40, 70:30, 80:20,
90:10, 100:0. All dilutions were made to total 30 µL. Cell-free DNA concentrations were
determined as in prior steps.

2.7. NonspeciÞc Dye Fluorescence

Plasma samples from 6 healthy foals, 2 SNS foals, and 4 septic foals were treated with
Turbo DNase to investigate nonspeciÞc dye ßuorescence. Brießy, 250µL of neat plasma,
or 25 µL of extracted plasma, were treated with Turbo DNase (Roche, Basel, Switzerland)
that was prepared according to manufacturer instructions. Samples were then incubated
at 37 ! C for 30 min. Cell-free DNA concentration was then measured as in previous steps.
Turbo DNase activity was conÞrmed by degradation of a known stock DNA sample.

2.8. Autoßuorescence

To assess the degree of autoßuorescence, cfDNA concentration was measured as in
previous steps in six plasma samples (two from each foal group), but without the addition
of the dsDNA reagent.

2.9. cfDNA to Neutrophil Ratio

For all included foals, extracted cfDNA, health status, and neutrophil count were
recorded. The following equation was used to determine an extracted cfDNA to neutrophil
ratio.

[cfDNA ]plasma/Neutrophil Count (2)

2.10. Data Analysis

Prior to starting the study, sample size calculation was performed based on plasma
extracted cfDNA concentrations previously obtained from adult horses. It was determined
that we would need to enroll at least 15 foals in each clinical group to detect a minimum
difference in means of 3 ng/mL cfDNA, based on a one-way ANOVA with a Type I error
rate ! = 0.05 and Power, 1" " = 0.80, with an estimated standard deviation of 5 ng/mL.
Data normality was assessed using ShapiroÐWilk test. For non-parametric data, KruskalÐ
Wallis or Spearman r tests were used. For parametric data, Pearson r test was used. All
analyses were performed using GraphPad Prism V 10. SigniÞcance was set atp < 0.05 or a
conÞdence interval of 95% for all analyses.

3. Results
3.1. Animals

Samples were collected from a total of 60 foals that met the inclusion criteria for the
study between January 2020 and December 2023 (Supplemental Table S1). There were
23 (38%)healthy foals with an average age of 36.4 h (range 24Ð80 h), 17 (28%) septic foals
with an average age of 63.5 h (range 24Ð120 h), and 20 SNS (33%) with an average age of
31.6 h (range 0Ð240 h). Of the 60 foals, 31 were colts (52%), 26 were Þllies (43%), and 3 were
not recorded. All foals included in the study were 0Ð5 days of age. A total of 56/60 (93%)
foals survived to discharge (23 healthy, 14 septic, 20 SNS).

3.2. Qubit cfDNA Measurement Precision and Accuracy

CoefÞcient of variation (CV) and linearity of dilution of Qubit measured cfDNA in foal
plasma were moderately good to excellent, suggesting reasonable precision and accuracy.
Mean intra- and inter-assay CV for measurements of neat plasma cfDNA concentration
were 3.4% and 12.95%, respectively (Table1). Cell-free DNA concentration in dilutions of
neat plasma samples demonstrated a high linearity ( p < 0.0001) (Figure1). However, there
was no signiÞcant correlation between extracted and neat plasma cfDNA concentrations
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in samples from healthy, SNS, or septic foals (Figure 2). Neat and extracted samples from
each group of foals were treated with Turbo DNase and cfDNA measurement was repeated.
In extracted cfDNA samples, Turbo DNase treatment resulted in 100% elimination of
ßuorescence, as expected (Supplemental Table S2). In neat plasma samples, elimination of
ßuorescent signal was variable, with DNA signal in most samples degraded by 80Ð95%,
but signal in one sample degraded by as little as 9% (Table 2). Autoßuorescence of samples,
determined by measuring ßuorescence of samples without the addition of the dsDNA
dye, was present in all samples and accounted for 22Ð87% of the cfDNA ÒconcentrationÓ,
depending on the sample (Table 2). Together these data show that Qubit ßuorescence
measurement of cfDNA concentration in neat foal plasma is precise but not necessarily
accurate, while Qubit measurement of extracted cfDNA is both precise and accurate.

Table 1. Intra- and Inter-assay agreements when measured Þve times during one day and over a
three-day period.

Sample Intra-Assay CV Inter-Assay CV

1 (SNS) 2.54% 9.55%
2 (Healthy) 4.37% 18.07%
3 (Septic) 1.75% 7.08%
4 (SNS) 2.14% 10.78%

5 (Healthy) 1.88% 15.74%
6 (Healthy) 7.75% 16.50%

Average 3.4% 12.95%
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Figure 1. Actual vs. predicted dilutions of Qubit-measured cfDNA in neat foal plasma repeated for
three foals. (A) Healthy, ( B) Sick not Septic, (C) Septic.
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Figure 2. Correlation between neat and extracted cfDNA samples in ( A) healthy, (B) Septic not Sick
and (C) Septic foals. ns = not signiÞcant.
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Table 2. Neat plasma cfDNA concentrations before and after treatment with Turbo DNase and
autoßuorescence as measured with no DNA reagent added. (% degraded = ((neat plasma cfDNA !
turbo DNA treated)/neat plasma cfDNA) " 100); (% autoßuorescence = (autoßuorescence/cfDNA
before Turbo DNase) " 100).

Sample
cfDNA before Turbo

DNase (ng/mL)
cfDNA after Turbo

DNase (ng/mL)
% Degraded Autoßuorescence % Autoßuorescence

1 (Healthy) 720.6 29.8 95.9% -- --
2 (Healthy) 411 374 9% 195 47.4%
3 (Healthy) 466 -- -- 255 54.7%
4 (Healthy) 370 42.4 88.54% -- --
5 (Healthy) 668 29.8 95.54% -- --
6 (Healthy) 454 374 17.62% -- --

7 (SNS) 526.6 32 93.9% 121 22.98%
8 (SNS) 310 43 86.1% 272 87.7%

9 (Septic) 382 42.4 88.9% 255 66.8%
10 (Septic) 875 103 88.2% 332 37.9%
11 (Septic) 492 32 93.50% -- --
12 (Septic) 568 103 81.87% -- --
Average -- -- 76.3% -- 52.9%

3.3. Plasma cfDNA and cfDNA:Neutrophil Ratios in Healthy, SNS and Septic Foals

Extracted cfDNA concentrations, rather than neat, were used for all group comparisons
due to the potential lack of accuracy of cfDNA concentration measurement in neat foal
plasma. There were no signiÞcant differences in extracted cfDNA concentrations between
groups of foals (p > 0.05) (Table3, Figure 3). Further, there was no signiÞcant difference
in neutrophil numbers (Supplemental Table S3) or cfDNA:neutrophil ratios compared
between healthy, SNS, and septic foals (Table4, Figure 4). Five foals (3 healthy and 2 septic)
were excluded from neutrophil analysis due to lack of available data.

Table 3. Cell-free DNA concentrations in 60 hospitalized neonatal foals. SS = sepsis score. (Blood
culture criteria excluded).

Foal Category
Median (Range) cfDNA

(ng/mL)
95% ConÞdence Interval

Healthy (SS # 5) (n = 23) 83.2 (5.28 to 358.1) 31.34 to 103.2
Sick non-septic (SS 6Ð11) (n = 17) 57.2 (2.92 to 297.4) 13.3 to 88.6

Septic (SS$ 12) (n = 20) 48.73 (6.44 to 562.7) 22.2 to 89.46

Table 4. cfDNA:neutrophil count ratios in 55 hospitalized neonatal foals. SS = sepsis score (Blood
culture criteria excluded).

Foal Category
Median (Range)

cfDNA:Neutrophil Ratio
95% ConÞdence Interval

Healthy (SS # 5) (n = 21) 0.01265 (0.001272 to 0.06156) 0.004979 to 0.02337

Sick non-septic (SS 6Ð11) (n = 17) 0.007179 (0.0003255 to 0.03511) 0.002522 to 0.01878

Septic (SS$ 12) (n = 17) 0.008 (0.001844 to 0.08487) 0.003341 to 0.02235
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Figure 3. Comparison of extracted cfDNA concentrations of healthy, septic and sick not septic (SNS)
foals. SigniÞcance set atp < 0.05. ns = not signiÞcant.
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Figure 4. Comparison of cfDNA: neutrophil ratio for healthy, septic and sick not septic (SNS) foals.
SigniÞcance set atp < 0.05. ns = not signiÞcant.

4. Discussion

Cell-free DNA was measured in neat plasma, and following DNA extraction with a
commercial kit, using the Qubit 4 ßuorometer and 1 ! dsDNA HS assay kit, from 60 foals.
Assay precision and linearity of dilution were moderately good to excellent for neat plasma.
Cell-free DNA concentrations in paired neat and extracted plasma were not correlated in
healthy, SNS, or septic samples, and individual samples from all groups exhibited varying
degrees of non-speciÞc dye binding and autoßuoresence when cfDNA was measured in
neat plasma. There was no signiÞcant difference found in plasma cfDNA concentrations,
or cfDNA:neutrophil ratios, between healthy, SNS or septic foal groups. Our data show
that matrix effect interferes with accurate Qubit measurement of cfDNA in foal plasma and
supports previous Þndings suggesting that extraction is necessary when evaluating cfDNA
concentrations in equine plasma [5]. Our data also support previous Þndings that plasma
cfDNA concentrations are not associated with sepsis diagnosis in foals [ 9].

Initial analysis of Qubit measured cfDNA concentration in neat foal plasma showed
high linearity of dilution and relatively low coefÞcient of variation (Figure 1, Table 1),
consistent with previous reports in humans, dogs, and horses [ 5,12]. These Þndings would
appear to support ßuorescence measurement of cfDNA concentration in neat foal plasma
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as accurate, precise, and stable over time. However, further investigation showed poor
correlation between cfDNA concentrations in neat plasma and extracted samples from both
SNS and septic foal groups, suggesting a lack of accuracy of cfDNA measurement in neat
plasma samples from sick foals. Given this, samples were further evaluated for non-speciÞc
dye binding and autoßuorescence.

While the Qubit manufacturer has shown that the dsDNA reagent has excellent
speciÞcity, there is the potential for the dsDNA reagent to interact with off-target molecules
in plasma. We analyzed 6 foal samples, 2 from each group, for non-speciÞc dye binding
by measuring cfDNA concentration (ßuorescence) before and after DNA degradation by
exogenous Turbo DNase. (Activity of Turbo DNase was conÞrmed by 100% degradation
of signal in extracted samples; Supplemental Table S1.) In 5 of the 6 neat plasma samples,
% degradation was relatively high, ranging from 86Ð96%. However, in one sample from
a septic foal, % degradation was only 9%, suggesting a signiÞcant percentage of the
ßuorescent signal was coming from either off-target dye binding or autoßuorescence.
Plasma autoßuorescence due to high bilirubin has been previously reported for both dogs
and horses [5,13]. Autoßuorescence of neat foal plasma was investigated by measuring
cfDNA concentration in the absence of dsDNA reagent. Six out of 6 samples, 2 from each
group, exhibited autoßuorescence that ranged from approximately 23% to 87% of the neat
cfDNA measurement.

While there is the potential for variability in efÞciency of DNA extraction, the mea-
sured DNA concentrations in our starting samples were well within the manufacturer
recommendations, and extraction is the standard for human studies analyzing plasma
cfDNA [ 14Ð16]. We did not investigate linearity of dilution in extracted cfDNA samples
because there is no matrix that would potentially interfere with cfDNA measurement. We
did not investigate coefÞcient of variation in extracted samples due to the small sample
volume created from the extraction process and acknowledge that future investigation with
larger sample volumes may be beneÞcial.

Extraction of cfDNA is not indicated in every species. In dogs, it was concluded that
extraction offers no advantage over neat measurement [17]. However, in studies inves-
tigating cfDNA in human patients, it is common to extract cfDNA from plasma prior to
quantiÞcation and additional analysis [ 15,18,19]. Extraction removes plasma matrix com-
ponents such as clotting factors and large proteins as well as analytes such as hemoglobin
and bilirubin that can contribute to non-speciÞc dye binding and/or autoßuorescence. In
human medicine, there are efforts to promote cfDNA extraction as a more reliable and
easily standardized method of cfDNA analysis across studies [ 14]. Results from our current
study in foals, and our previous study in adult horses, indicate that extraction is necessary
for accurate Qubit quantiÞcation of cfDNA in equine plasma. Other commonly reported
methods of cfDNA quantiÞcation include spectrophotometry and plate-based ßuorescence
assays [20]. Unfortunately, these methods require specialized equipment and would have
limited utility as a point-of-care method of cfDNA measurement and were therefore not the
focus of this investigation. However, given the limitations of cfDNA measurement with the
Qubit, future studies should include investigation of the precision and accuracy of other
methods of cfDNA quantiÞcation.

Our results show that cfDNA was not signiÞcantly different in this population of
septic, SNS, and healthy foals, which is somewhat surprising given the previous evidence
for cfDNA as a useful biomarker for sepsis in other species. A recent systematic review
and metanalysis (18 independent studies) of cfDNA measurement in human patients
showed that cfDNA levels were signiÞcantly higher in patients with sepsis, and that cfDNA
was a useful sepsis biomarker. SpeciÞcally, cfDNA level was found to have a pooled
sensitivity of 0.81 and speciÞcity of 0.72 for the identiÞcation of sepsis in critically ill
patients, and a pooled area under the receiver operating characteristic curve (AUC) of
0.76 for prediction of mortality [ 21]. Cell-free DNA has also been associated with sepsis
and systemic inßammation in veterinary species. Dogs presenting for sepsis or trauma
had signiÞcantly higher levels of plasma cfDNA compared to healthy dogs [ 12]. Plasma
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cfDNA was signiÞcantly elevated in pigs and mice with experimentally induced sepsis [ 22].
Plasma cfDNA (extracted) was also higher in adult horses presented for colic compared to
healthy horses, and in colic patients with SIRS ! 2 compared to non-SIRS colic cases [19].
While the Þndings of the current study differ from these previous Þndings on cfDNA,
they do corroborate another recent study that also showed no difference in cfDNA in
septic, sick non-septic, and healthy foals [9], albeit using neat plasma samples. There are
immunological differences between neonatal foals and adult horses that could explain
differences between this study and our previous Þndings [ 23]. Both phagocytosis and
oxidative burst are reduced in healthy foals from birth to 3 months of age [ 24]. Phagocytic
capacity of neutrophils was further decreased in septic and sick non-septic foals compared
to healthy foals [ 25]. To our knowledge, the capacity of foal neutrophils to perform NETosis
has not been evaluated. In human infants, several studies have shown decreased or delayed
NETosis ability [ 26,27]. Despite this, markers of NETs, including cfDNA, were found to
be increased in human infants with sepsis and levels of NETs were positively correlated
with sepsis severity [ 2]. The same does not appear to hold true for foals. Given the fact
that suicidal NETosis is dependent on the oxidative burst [ 28] and foals less than 3 months
old have decreased oxidative burst capacity, it would make sense that NETosis capacity
is decreased in foals. Interestingly, one previous study showed that plasma transfusion
in septic foals increased neutrophil phagocytosis and oxidative burst, and that serum IgG
was positively correlated with oxidative burst [ 29]. Given that many septic foals present
for failure/partial failure of passive transfer of immunity, measurement of cfDNA after
plasma transfusion, rather than before, may be more representative of severity of systemic
inßammation and sepsis and should be considered as a direction for further research.

Our study found no signiÞcant difference in cfDNA:neutrophil ratio between healthy,
SNS, and septic foals. This ratio was investigated because neutrophil release of extracelluar
traps (NETs) is a prominent source of plasma cfDNA during sepsis, sepsis is known to
affect numbers of circulating neutrophils, and low neutrophils (i.e., a degenerative left
shift (DLS)) has been identiÞed as a negative prognostic indicator for sepsis in veterinary
species. Indeed, Burton et al. found that dogs with a DLS were almost twice as likely
to die or be euthanized as diagnosis-matched controls without a DLS [ 30]. In a separate
study, Burton et al. found that cats with a DLS within 24 h of hospital admission were
1.57 times more likely to die or be euthanized than cats without a DLS [ 31]. Gayle et al.
found that foals with neutrophil counts > 4.0 " 109/L had increased odds of survival [ 32].
Given the evidence associating neutrophil numbers and sepsis severity, we hypothesized
that cfDNA relative to neutrophil number might provide a better indicator of neutrophil
activation and cfDNA from NETosis than plasma concentration alone. Indeed, an increased
cfDNA:neutrophil ratio was associated with non-survival in dogs with sepsis [ 33]. While
we found no signiÞcant difference in cfDNA:neutrophil ratio between groups in this study,
very few of our cases had low neutrophils and our rate of non-survival was low. Premature
foals can also have low white blood cell counts unrelated to sepsis [ 34], which complicates
the comparison of cfDNA:neutrophil ratio as an indicator of sepsis between SNS and septic
groups. In future studies, it would be ideal to include cases with a wider range of sepsis
severity and outcomes and revisit comparison of absolute and relative cfDNA values.

One limitation of our study was small sample size. Inclusion of more sick and septic
foals would allow foals to be grouped by diagnosis to elucidate if infectious conditions (i.e.,
diarrhea) have higher cfDNA concentrations than non-infectious conditions (i.e., neonatal
maladjustment syndrome). For this study, a sepsis score was used to classify foals into their
groups. Because of known variability in sepsis score performance across institutions [ 35]
and high rates of false negatives with blood culture [ 36], it is possible that foals were
misclassiÞed, particularly in SNS vs. septic groups. We also elected to include clinically
healthy foals with positive blood culture in the healthy group due to the known potential
for false positive blood culture in foals [ 37]. While we felt the most likely cause for positive
blood cultures in our healthy foals was contamination during sample collection, transient
bacteremia has been reported in healthy foals <12 h of age [37] and could potentially affect
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innate immune responses such as NETosis. NSIRS is another scoring system available for
diagnosis and prognosis of severe illness in neonatal foals. NSIRS has similar reported
sensitivity and speciÞcity for sepsis diagnosis in foals as the modiÞed sepsis score used
in this study [ 38]. Although we did not evaluate correlation between NSIRS and cfDNA,
Colmer et al. found no association between NSIRS and plasma cfDNA in a population
of hospitalized foals, with the caveat that they measured cfDNA concentrations in neat
plasma. Another limitation of this study is that only one method of cfDNA measurement,
Qubit ßuorescence, was utilized. We focused on this form of measurement because of the
compact and affordable characteristics of the Qubit device and the potential for stall-side
application. In future studies, measurements such as SYTOX green and spectrophotometry
should be utilized for comparison. Additionally, cfDNA is only one marker for NETosis and
other markers for future research could include myeloperoxidase, CitH3 and neutrophil
elastase. Finally, although all foals included in this study were 5 days of age or less, groups
were not age matched to the day, and prematurity and gestational age created additional
variables potentially impacting the immune function of foals included in this study.

The data from this study offer support for continued investigation of the pathology of
NETosis in foals and clinical markers of NETosis in foals, as they appear to differ from adult
horses and other species. It is currently unknown whether this difference contributes to the
pathophysiology of common diseases in foals such as pneumonia or sepsis. As the extracted
plasma cfDNA concentrations from septic foals varied widely, future investigations should
target longitudinal cfDNA measurements to determine the impact of timing, stage of sepsis,
or response to treatment on cfDNA, and other markers of NETosis, in neonatal foals.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/vetsci11080346/s1 , Table S1: Demographics Table. FPT = Failure of
passive transfer of immunity, NMS = neonatal maladjustment syndrome. Table S2: Extracted cfDNA
concentrations before and after treatment with Turbo DNase. (% degraded = ((Extracted cfDNA
! turbo DNA treated)/Extracted cfDNA) " 100). Table S3: Neutrophil counts in 55 hospitalized
neonatal foals. SS = sepsis score. (Blood culture criteria excluded).
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