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ABSTRACT 

Jaedike, A. K. Generation of monoclonal antibodies to ferret immune cell proteins in 
support of the ferret model to study human influenza infection. MS in Microbiology, 
August 2019, 72pp. (P. Wilker) 
 
Influenza is a highly contagious viral pathogen that causes respiratory illness in humans 
and animals. It is a major public health threat, resulting in three to five million yearly 
illnesses and up to 300,000 deaths worldwide. While the basic characteristics of this 
disease have been identified, there are still a variety of factors that remain unclear. The 
use of animal models to study influenza allows an accurate representation of influenza 
illness in humans. With animal models, there are limitations including size, maintenance 
costs, and clinical manifestations compared to a human infection. One of the best animal 
options is the ferret. Ferrets are small, have similar respiratory anatomy to humans, and 
can transmit influenza viruses between animals. The ability to use the ferret as a model to 
study influenza is hindered due to the limited availability of reagents. In order to study 
the immune response to influenza, reagents like monoclonal antibodies are needed. 
Monoclonal antibodies are useful for studying the immune response, including influenza 
pathogenesis, immune cell responders, and vaccine efficacy. The object of this study is to 
generate antibodies specific for ferret immune cell proteins to study influenza and other 
diseases.  
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INTRODUCTION 

Everyday there are newly emerging infectious diseases posing significant risks to 

public health. Influenza virus, a common respiratory pathogen, continues to be one of 

them. The virus spreads throughout the world causing seasonal epidemics which have 

resulted in three to five million yearly cases of severe illness and an average of 300,000 

deaths per year. These figures can rise dramatically during pandemic years (Center for 

Disease Control, 2013).  From 1976 to 2006, flu-associated deaths ranged from 3,000 to 

49,000 people the United States alone (Thompson et al., 2010). Additionally, we are 

reminded every few years of the threat of novel influenza viruses that are lurking in 

poultry and zoonotic populations. In 2013 an emerging avian influenza threat in the 

reassorted H7N9 virus became apparent in regions of China (Jun Liu, 2014). This surge 

in human infections has caused worldwide attention and continues to be monitored 

closely by public health officials (Uyeki et al., 2017). 

Influenza is spread from person-to-person via aerosol droplets. It primarily affects 

the upper respiratory tissues and the virus replicates in the nose, throat, and lungs of the 

infected individual. Infection is characterized by rapid onset of high fever, dry cough, 

fatigue, and general malaise lasting from 5-7 days. The majority of healthy individuals 

recover within one week without requiring medical attention; however, influenza can 

cause severe illness or death in immunocompromised individuals (Center for Disease 

Control, 2013). 
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Overview of Influenza viruses 

 Influenza viruses are highly contagious viral pathogens that can cause mild to 

severe respiratory illness in humans. They are members of the Orthomyxoviridae family 

and are characterized by a segmented, negative-sense RNA genome enveloped in a 

helical nucleocapsid (Medina & Garcia-Sastre, 2011). The virion shape is pleomorphic, 

with both spherical and filamentous forms identified (Calder, Wasilewski, Berriman, & 

Rosenthal, 2010). Influenza viruses can be further classified into four types (A, B, C, and 

D) based on the antigenic differences in their nucleoprotein and matrix surface proteins 

(Noda, 2011). Influenza type D does not cause human infection. Each of the other three 

types of influenza are known to cause human illness, with influenza A virus (IAV) and 

influenza B virus (IBV) predominating. Influenza C virus (ICV) is associated with rare, 

mild respiratory illness. 

The genome of influenza virus consists of seven or eight separate single-stranded, 

negative-sense RNA segments that encode 11-12 viral proteins, the majority of which are 

necessary for viral replication (FIG.1, Nelson & Holmes, 2007). The virus acquires a 

membrane envelope containing two types of glycoproteins, the hemagglutinin (HA) and 

the neuraminidase (NA) proteins, by budding through the host plasma membrane 

(O'Donnell & Subbarao, 2011).  

Influenza A and Influenza B are virtually indistinguishable based on their virion 

structure and organization (Nicole M. Bouvier & Palese, 2008). Both IAV and IBV have 

eight viral RNA segments, while ICV has a seven-segment genome. The general genomic 

organization of ICV is similar to that IAV and IBV, except the HA and NA proteins are 

replaced by a protein known as hemagglutinin-esterase-fusion protein (HEF), which 
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essentially functions the same as the HA and NA proteins of IAV and IBV (Wang & 

Veit, 2016).  

  

 

Figure 1. The structure of an influenza virus.  The genome of an influenza A or B virus 
consists of eight genomic segments. The virus is composed of the nucleocapsid (NP), 
surrounding layer of M1 protein, and the membrane envelope, which contains the HA, 
NA and M2 proteins. Additionally, there are several polymerase binding proteins 
including Polymerase Basic 1 and 2 (PB1/PB2), Polymerase Acidic (PA) and viral non-
structural proteins (NS). Influenza C has only seven segments including the 
hemagglutinin-esterase-fusion (HEF) protein, which replaces the HA and NA proteins. 
Adapted from Nelson, et. al. 2007. 
 

Influenza type B 

Both IAV and IBV are known to cause significant illness in humans, however 

unlike the broad host range of IAV, IBV are known to circulate only in humans and seals 

(Baigent & McCauley, 2003). Currently, there are two major lineages of IBV circulating, 

the B/Victoria/2/1987-like and B/Yamagata/16/1988-like lineages (Velkov, 2013). 

Influenza B viruses can cause morbidity and mortality in humans but are generally not 

associated with pandemics, likely due to the limited host range and lack of diverse animal 
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reservoirs.  Type B infections are typically less severe, but can occasionally become life-

threatening, especially in children and the immune-compromised (McCullers & Hayden, 

2012). The complications and clinical manifestations in IBV are slightly altered 

compared to IAV. While typical flu symptoms do occur, other atypical presentations such 

as excess nasal discharge, abdominal pain, and gastrointestinal problems have been 

correlated with type B  (Daley, Nallusamy, & Isaacs, 2000). Recent evidence has linked 

IBV to fatal infections that are typically associated with limited co-bacterial infection and 

alarming rates of cardiac injury in children (Paddock et al., 2012). Overall disease 

association with IBV is much less studied than the predominating IAV, and this recent 

evidence may shift current research to focus on the epidemiological aspects of IBV.   

Influenza type C 

Unlike IAV and IBV, ICV is much less common (Baigent & McCauley, 2003). 

Influenza C virus is only known to infect humans and pigs. It typically causes a mild 

respiratory tract illness, but has also been shown to cause severe respiratory tract 

infections associated with bronchitis and pneumonia, particularly in young children 

(Katagiri, Ohizumi, & Homma, 1983). Due to the relatively low numbers of ICV 

infections, it is the least studied of the three types and typically is not tested for in a 

standard clinical lab setting.  

Influenza type A 

While both IBV and ICV play a role in human morbidity and mortality, IAV will 

be the primary focus for this study.  IAV causes the majority of human influenza 

illnesses. Type A influenza viruses have been isolated from many animals, including 

humans, pigs, horses, and birds. Aquatic birds appear to be the natural reservoir for all 
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influenza A viruses [but not bat influenza, H17N10 or H18N11], indicated by both 

phylogenetic studies and the lack of disease due to influenza viruses in wild aquatic birds 

such as gulls, shorebirds, and ducks (Horimoto & Kawaoka, 2005). 

 While structurally similar to types B and C, IAV differs in that it can be further 

subtyped based on antigenic differences of the hemagglutinin (HA) and neuraminidase 

(NA) outer membrane glycoproteins. Currently there are 18 HA and 11 NA known 

subtypes of influenza A (Olsen et al., 2006). HA has an important role in determining 

host tropism based on its binding preference for α-2,6 or α-2,3-linked sialic acid resides 

on host cells.  

Sialic acid residues are widely distributed on a variety of different cell types and 

play a major role in determining tissue tropism. There are different chemical linkages of 

sialic acid which play a role in the affinity for influenza viruses and the ability of 

influenza to infect those cells. Sialic acid is a general term for a derivative of neuraminic 

acid. The numbering of the sialic acid structures starts at the carboxylate carbon and 

continues around the carbon chain. The α-2,3 and α-2,6-sialic acid receptors consist of a 

neuraminic acid molecule linked, via an oxygen atom, to a galactose molecule. The 

carbon atom at which the two molecules are linked gives the terms α-2,3 and α-2,6. The 

α-2,3-sialic acid receptor has the carbon atom at position 2 of the neuraminic acid connected 

via an oxygen atom to carbon atom 3 of the hexose of galactose. In contrast, the α-2,6-

linkage is joined at carbon atom 6 of the hexose of galactose (FIG 2). 
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Figure 2. The differences between an α-2,3 and α-2,6-linkage in sialic acid receptors. 
The α-2,3-linkage shows that the carbon atom at position 2 of the sialic acid hexose is 
connected via an oxygen atom to carbon atom 3 of the hexose of galactose. In contrast, 
the α-2,6-linkage is joined at carbon atom 6 of the hexose of galactose.  

 

 In terms of influenza infection, the HA outer membrane protein recognizes and 

binds to sialic acid residues on the membrane of cells found in the respiratory tract. 

Typically, influenza viruses of avian descent preferentially bind to sialic acids with an α-

2,3-linkage, which is one of the major sialic acids on epithelial cells of wild aquatic birds like 

the duck (Ito et al., 1998). In contrast, human influenza viruses preferentially attach to sialic 

acids using an α-2,6-linkage, which is the major type of sialic acid present on epithelial cells 

in the human upper respiratory tract. Alpha-2,3-linked sialic acids are found on ciliated 

epithelial cells, including those in the human respiratory tract, and also on some epithelial 

cells in the lower respiratory tract (Matrosovich et al., 2000). The HA protein also has a 

specific cleavage site that must be cleaved by host proteases to facilitate fusion of the 

influenza virion with the host cell membrane. The amino acid sequence of this cleavage 

site also helps dictate characteristics such as tissue tropism and spread of the disease 

(Medina & Garcia-Sastre, 2011). The HA protein of most human influenza viruses is 

cleaved by host proteases that are only expressed in the respiratory tract. 
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Antigenic changes 

Changes in the antigenic composition of influenza viruses can occur by two main 

mechanisms called antigenic drift and antigenic shift. Antigenic drift occurs when there 

are gradual changes in the genotype. Mutations that produce changes in the HA and NA 

glycoproteins allow selective advantages to the virus by allowing them to evade pre-

existing immunity; changes in prevalence of viruses with certain genotypes is due to 

selection. As the host immune system begins to form a productive response to influenza 

infection, the virus is subjected to selective pressures that confer an advantage to variant 

viruses that are not efficiently recognized by host antibodies. Mutations occur as the 

result of the low-fidelity viral RNA-dependent RNA polymerase, which can introduce 

amino acid substitutions in viral proteins which subsequently may no longer be 

recognized as well by previously generated immune defenses (Zambon, 1999). Antigenic 

drift is regularly occurring with all three types of influenza.  

In contrast, antigenic shift occurs when there is a major reassortment of viral 

genes, generating a completely novel virus. Changes due to antigenic shift create viruses 

with new combinations of the HA and/or NA proteins which results in viruses that are so 

antigenically distinct from any other previously encountered virus, it is no longer 

recognized by previously generated adaptive immune components. This occurs when two 

or more different strains of influenza infect the same cell, creating a novel virus with 

properties from each of the parent strains (FIG 3, (Suarez & Schultz-Cherry, 2000)). This 

is one of the ways the virus can cross the species barrier. The 2009 H1N1 outbreak, for 

example, was a result of a reassortment between human, avian, and swine viruses (G. J. 
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Smith et al., 2009). The creation of a novel virus can have devastating effects on an 

immunologically naïve human population and can cause pandemics.  

 

Figure 3.  Antigenic shift. Antigenic shift occurs when multiple strains of IAV rearrange 
gene segments to create a novel virus. 
 
 

Influenza pandemics of past and present 

Historically, influenza pandemics have wreaked havoc worldwide. The most 

notable influenza outbreak dates back to the 1918 Spanish H1N1 influenza. The virus 

affected nearly 500 million people and claimed more than 25 million lives (Johnson & 

Mueller, 2002). The 1918 Spanish pandemic was, in part, extremely devastating due to 

the unusually high mortality rate among healthy adults (Tumpey et al., 2005). The 

pathogenicity of the 1918 strain has been studied upon reconstruction of the virus in 

present day. Studies have shown that no other human influenza strain tested has the same 

unusually high level of virulence as the 1918 strain (Tumpey et al., 2005).  

While less severe, influenza pandemics continued to strike every few decades. 

The 1957 H2N2 Asian influenza originated in China when a human IAV and aquatic bird 

IAV recombined to create a novel H2N2 antigenic subtype. It primarily affected elderly 
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adults and the immune compromised individuals. The worldwide death toll ranged from 1 

to 4 million people (Kilbourne, 2006). A few years later, another modern-day influenza 

pandemic occurred with the 1968 H3N2 Hong Kong influenza. This new subtype 

appeared to be due to a reassortment involving the previous Asian H2N2 strain, and 

caused less severity for individuals in surrounding countries, suggesting the prior strain 

elicited some degree of cross-protective immunity. This pandemic had less mortality, 

with approximately 750,000 deaths reported (Kilbourne, 2006). Descendent viruses of the 

H3N2 strain continue to circulate and cause illness during seasonal epidemics.   

Another noteworthy influenza event was the 2009 H1N1 outbreak, also known as 

the “Swine flu” due to its origination from pigs. The H1N1 outbreak affected over 214 

countries and is reported to have caused at least 18,000 deaths, although the number of 

reported deaths is probably a gross-underestimate (Jain et al., 2009). Although the virus 

did not cause high levels of mortality, the virus was virulent enough to target a group of 

typically resistant individuals-young healthy adults.  

Furthermore, concerns continue over the recent emergence of highly pathogenic 

H5N1 and H7N9 avian influenza viruses. In late 2003 and early 2004, a newly emergent 

highly pathogenic avian influenza H5N1 caused outbreaks of infections in poultry in 

China and several other eastern Asian countries. (Li et al., 2004) Since those reports in 

poultry, rare, sporadic human infections with this virus have been reported in Asia, 

Africa, Europe, and recently North America. Human infections with Asian H5N1 viruses 

have been associated with severe disease and death. Currently, the H5N1 virus is 

associated with mortality rates nearing 60% (Baigent & McCauley, 2003). 
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In 2013 the first reported human infections from H7N9 were reported in China. 

The virus continues to circulate in poultry causing seasonal epidemics in that region. 

Currently, there isn’t strong evidence of sustained human-to-human spread. If that 

changes, the risk for a new pandemic is extremely high. The CDC Influenza Risk 

Assessment Tool (IRAT) puts the Asian H7N9 influenza virus at the highest risk to cause 

a pandemic and poses the greatest risk to severely impact public health if it were to 

achieve sustained human-to-human transmission. (Prevention, 2018) 

Influenza’s current public health threat 

These events, along with historical evidence suggesting major pandemics occur 

roughly every 10-40 years, shows that continual monitoring and study of influenza 

pathogenesis is essential. The CDC works with several public health laboratories across 

the country to monitor, identify and subtype the majority of influenza positive patients, 

via the Weekly U.S Influenza Surveillance Report (Flu View). This network provides 

valuable information in regards to the predominant circulating strains, morbidity and 

mortality reports, pediatric cases, hospitalizations, and geographic information 

(Prevention, 2018). 

While the ability of the virus to continuously change is a concern, even more 

alarming is new evidence showing that the spread of influenza virus can occur by simply 

breathing (Yan et al., 2018). Typically, the virus replicates in the nose, throat, and lungs 

of the infected individual. Infection is characterized by rapid onset of high fever, dry 

cough, fatigue, and general malaise lasting from 5-7 days. The majority of healthy 

individuals recover within one week without requiring medical attention; however, 

influenza can cause severe illness or death in immunocompromised individuals (Center 
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for Disease Control, 2013). Novel influenza viruses are particularly devastating as they 

can cause even young, healthy adults to have deadly infections. 

Animal models to study influenza infection 

While the pathogenicity of influenza and the illness it causes has been extensively 

studied, there are still many factors that are not well understood, including the 

predominating immune cell types upon infection and the properties that allow 

transmissibility (Maines et al., 2006). The use of animal models to study influenza allows 

a more accurate representation of influenza illness in vivo than simply studying the virus 

in cell culture, for example. Small mammals are most commonly used for the study of 

influenza, primarily mice, ferrets, and guinea pigs (Belser, Katz, & Tumpey, 2011).  

The mouse model to study influenza infection 

Mice have traditionally been the most practical choice due to their relative 

abundance, small size, low costs, wide availability of reagents and availability of 

knockout and transgenic strains (Maines et al., 2009). However, there are a few 

disadvantages with the use of mice for influenza research. Since mice are not a natural 

host of the virus, human IAV isolates are typically unable to efficiently replicate in mice 

without adaptation. The clinical manifestations of infection in mice are not the same as 

observed in humans. Typically mice show little to no rhinitis and often only display signs 

such as weight loss and malaise (N. M. Bouvier & Lowen, 2010). Another attribute to 

consider is the fact that the predominating sialic acid residue in the mice upper 

respiratory tract is the α2,3-linkage. Since humans have predominantly α2,6-linkages in 

the upper respiratory tract, this creates difficulty in understanding the infection and 

affinity of influenza virus for human cells. Lastly, mice are unable to transmit the virus 
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from one individual to the next, which hinders the ability to study viral transmission 

(Lowen, Mubareka, Tumpey, Garcia-Sastre, & Palese, 2006).  

The guinea pig model to study influenza. 

Guinea pigs are another animal model that has been utilized to study influenza 

infection.  Unlike mice, guinea pigs are much more susceptible to human influenza 

strains and viruses do not require prior adaptation. They also show signs similar to 

humans such as respiratory manifestations and mucus in the nasal passages (N. M. 

Bouvier & Lowen, 2010). Guinea pigs, however, do not exhibit other typical signs such 

as weight loss, lethargy, coughing, or sneezing. Guinea pigs are also relatively large and 

are more costly, requiring larger housing units and larger initial and continuing 

maintenance fees (Y. P. Sun et al., 2010). 

The ferret model to study influenza infection. 

The ferret has become a preferred small animal model to study influenza. It was 

observed in 1933 that the ferret showed very similar signs to a typical human infection, 

including rhinitis (H. Smith & Sweet, 1988). A typical infection in the ferret model 

closely resembles the clinical signs seen in human illness, including upper respiratory 

illness, sneezing, and general malaise (Maher & DeStefano, 2004). Unlike mice, ferrets 

can naturally transmit influenza types A and B. This allows the ability to study 

transmission within a population, as they are susceptible to infection with human 

influenza isolates. The ferret has characteristics which resemble humans such as similar 

distribution and type of sialic acid receptors within the respiratory tract as well as similar 

lung anatomy (Belser et al., 2011). Other beneficial factors include a long trachea to 

study upper and lower respiratory infections and a large enough body to easily monitor 
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parameters such as blood pressure, temperature, and pulse. Lastly, they are one of the 

only animal models to elicit a febrile response to influenza infection (Table 1, Ball, 

2006). 

 
Table 1. Clinical, laboratory and virological features shared by humans and small 
mammalian models following influenza virus infection. 

 
  Blue shading represents advantageous characteristics of a model. Table adapted from Belser, et. al. 2011. 

 

As with all animal models, the ferret does have its own set of disadvantages. 

Ferrets are larger animals, which in turn cost more to house initially as well as maintain 

compared to smaller mammals. Because of their large size and social characteristics, 

ferrets often have special housing requirements and need extra care. Lastly, there is a 

major lack of availability in reagents, such as monoclonal antibodies, to study aspects of 

influenza infection in the ferret as compared to other small mammals. 
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Studying the human immune response to infection 

The lack of reagents for use in ferrets as an animal model to study immune 

responses against influenza significantly dampers current research. To truly understand 

the impact of this disease, it’s important to understand the response of the human immune 

system upon infection. One of the ways to understand the immune response is by 

studying how the immune response contributes to viral control and clearance, as well as 

the how immune response can contribute to pathology and illness severity under some 

circumstances.  

Antibodies are the principle correlate of immune protection against influenza 

virus infection. Antibodies are a member of a family of molecules known as 

immunoglobulins, which are part of the human humoral immune response. They are host 

proteins produced in response to foreign molecules or organisms, also known as antigens. 

This response is a key mechanism used by a host organism for protection against the 

mechanism of action of foreign antigens.  

Antibodies are produced by B-lymphocytes carrying specific receptors which can 

recognize and bind the antigenic determinants of the foreign molecules. As one 

component of the adaptive immune response, B cells bind antigens via B cell receptors, 

which are essentially a cell surface-expressed version of an antibody molecule. B cell 

recognition of a specific antigenic epitope stimulates a process of cell division and 

differentiation, and ultimately produces a population of antibody producing plasma cells 

and long-lived memory cells. The binding of the antibody to the epitope is highly 

specific, as the antibody will only recognize a very specific sequence of amino acids 

within the epitope. The binding of the antibody to the antigen creates an immune cascade 
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leading to complement-mediated lysis, opsonization, viral neutralization by steric 

hindrance and blocking the ability of viral amino acids from being able to bind to host 

cell receptors. Additionally, it can induce antibody dependent cell-mediated cytotoxicity, 

allowing effector cells such as natural killer (NK) cells, to lyse a target cell whose 

membrane-surface antigens have been bound by antibodies. 

While antibodies are a critical component of the host immune response to 

influenza virus infection, a fully effective immune defense requires the coordinated 

activities of a variety of dedicated immune cell subsets, including T cells, monocytes, 

macrophages, dendritic cells, and neutrophils. 

Antibodies can also be applied as research reagents to study host immune 

responses to infection. In this context, monoclonal antibodies are typically applied. 

Monoclonal antibodies are antibodies that have been derived from a single B cell clone, 

selected based on its ability to recognize a single specific epitope. Monoclonal antibodies 

are important research tools as they allow one to detect, purify, and study the interactions 

between an antigen and the antibody. By using monoclonal antibodies generated to 

recognize specific markers of different immune cell subsets, one can learn valuable 

information regarding the kinetics and magnitude of cellular immune responses. For 

example, by creating a monoclonal antibody that specifically recognizes the CD8 

glycoprotein, one can study the role of CD8+ cytotoxic T cells (also known as killer T 

cells,) during influenza virus infection. The generation of monoclonal antibodies is 

critical to further understand variables such as type and quantity of responding cells, the 

phase within the infection when they predominate, and how responses may differ 

according to the influenza virus strain under consideration. This information could 
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provide evidence to support further analysis including overall pathogenesis, possible 

transmission mechanisms, and vaccine efficacy.  

Currently, the use of the ferret animal model remains hindered due to the lack of 

monoclonal antibodies available. In the past, alternative approaches have been used to 

utilize the ferret animal model to study influenza, including molecular cloning of ferret 

inflammatory cytokines such as interferon-gamma, and production of reagents for 

determining cytokine levels using quantitative RT-PCR  (Nakata, Itou, & Sakai, 2008; 

Rennie et al., 2007; Svitek, Rudd, Obojes, Pillet, & von Messling, 2008). There has been 

some limited success with monoclonal antibodies generated against human, mouse, and 

mink proteins that have cross-reactivity with ferret orthologs, but the results have shown 

inconsistent and/or low binding patterns as well as problems co-staining CD antigens and 

cytokines (Chen, Pedersen, Gram-Nielsen, & Aasted, 1997; Rutigliano et al., 2008). To 

use both in vivo and in vitro techniques to study the human immune response to 

influenza, ferret monoclonal antibody reagents need to be produced and readily available.  

Objectives of this Study 

Developing these reagents allows further investigation of influenza and other 

similar respiratory diseases using the ferret as an ideal animal model to study these 

interactions The main goal of my research was to develop and characterize monoclonal 

antibody reagents to study the mammalian immune response to influenza utilizing the 

ferret animal model. The lack of reagents which are readily available for research make 

the ferret animal model less robust for immunological studies. By developing these 

reagents, the ferret could be applied as a better model to study human immune responses 

to influenza.  
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There were two main objectives to this study. The first objective was to immunize 

mice with purified ferret peripheral blood mononuclear cells (PBMCs) to elicit antibody 

responses and generate monoclonal antibodies. This was used as a more general, non-

specific approach to creating monoclonal antibodies to any immune cell marker being 

expressed on ferret PBMCs. 

The second objective utilized molecular methods to clone specific ferret immune 

cell proteins into various plasmids to be used as immunogens in downstream 

applications. This approach was similar to the first, however it used a more specified 

approach with targeted ferret immune cell markers (Table 2). 

 

Table 2. Potential cell marker targets for monoclonal antibody generation. The markers include 
ferret CD4, CD8, and CD19. These markers are important for multiple immune cell 
functions involved in both the adaptive and cell mediated immune responses.  

Potential cell marker targets for monoclonal antibody generation 

Target Expression Pattern Significance 

Ferret CD4 CD4+ helper T cells Essential for B cell antibody class 
switching, activation, and growth 
of cytotoxic T cells, and 
maximizing bactericidal activity 
of phagocytes 
 

Ferret CD8 CD8+ cytotoxic T cells Recognized MHC class I on killer 
T cells to release cytotoxins, 
trigger the caspase cascade, and 
trigger apoptosis that leads to 
viral neutralization. 

Ferret CD19 B lymphocytes Acts as a B cell co-receptor in 
conjunction with CD21 and 
CD81. 
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MATERIALS AND METHODS 

Ferret blood collection 

A pair of female ferrets were housed at UW-La Crosse. Ferrets were utilized for 

blood draws as a source of material for mouse immunizations and downstream antibody 

screening. The ferrets were placed in an induction chamber and anaesthetized with 

isofluorane. After undergoing light anesthesia, they were weighed and placed on a 

heating pad, with continuous flow of 2.5%-3.5% isofluorane via face mask to maintain 

sedation. The maximum volume of blood that was drawn from the ferrets did not exceed 

1% of total weight within a 2-week period according to the approved Institutional Animal 

Care and Use Committee (IACUC) protocol. Blood was drawn from the jugular vein 

using a 20- to 25-gauge needle to collect the sample into a 10 mL syringe pre-loaded with 

an appropriate volume of heparin sulfate anticoagulant. 

Isolation of Peripheral Blood Mononuclear Cells 

 After collection of fresh heparinized ferret blood, blood was spun at 1800 RPM 

for 20 minutes to isolate its different cellular components. The buffy coat was collected 

and mixed with an equal volume of phosphate buffered saline (PBS) and carefully 

overlaid onto Histopaque-1077®, a polysucrose and sodium diatrizoate density gradient 

that allows isolation of mononuclear cells. The solution was spun at 1800 RPM for 30 

minutes with lowered acceleration and deceleration to allow a clean separation of 

mononuclear cells (FIG. 4). The mononuclear cells were isolated and washed with PBS 

twice to remove any residual Histopaque-1077®. 
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Figure 4. Histopaque-1077® density gradient for isolation and separation of 
mononuclear cells. The upper most layer contains PBS, with a band of isolated 
mononuclear cells directly below it sitting on top of the Histopaque-1077 gradient 
solution. Polymorphonuclear cells and red blood cells pellet at the bottom. 

 
Mouse immunizations 

Specific pathogen-free BALB/c mice for immunizations were purchased from 

Harlan Laboratories and housed at UW-La Crosse. After ferret blood collection, 

peripheral blood mononuclear cells (PBMCs) were purified from the whole blood as 

described above in order to prepare a ferret cell suspension for immunization. For the 

primary immunization, PBMCs were counted via hemocytometer and suspended in 

sterile PBS. Approximately 5x106 cells and an equal volume of Freund’s complete 

adjuvant (CFA) were drawn into two separate leur-lock syringes and mixed together via a 

dual-ended emulsification hub until an emulsion was formed. The emulsion consisting of 

approximately 5x106 cells per mouse were transferred to a sterile 1 ml syringe with a 26 
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gauge needle for subcutaneous injection. A total volume of 0.2 ml was injected as two 

separate injections, 0.1 ml on each side of the mouse. For subsequent immunizations, 

mice were boosted using the same cell preparation with the exception of Freund’s 

incomplete adjuvant for the CFA, every 2-4 weeks post initial immunization. The final 

boost was an intra-vascular (IV) immunization with the same number of cells in sterile 

PBS, approximately 3-5 days prior to spleen harvest (Table 3). Mice were sacrificed upon 

completion of the immunization process to extract the spleen. Mice were weighed and 

euthanized via carbon dioxide overdose. Heart blood was collected immediately after 

euthanization to be used as a positive control for downstream flow cytometry screening 

applications. Lastly, the spleen was removed for hybridoma generation. 

 

Table 3. Immunization schedule used for first round of mouse immunizations and 
hybridoma generation. 
  

Immunization Schedule 

Day 0 Initial immunization; CFA 

Day 42 First boost, IFA 

Day 64 Second boost, IFA 

Day 68 Final IV boost, PBS 

Day 72 Euthanization, heart bleed, spleen extraction 

Complete Freund’s adjuvant (CFA); incomplete Freund’s adjuvant (IFA); phosphate buffered saline (PBS) 

 

Hybridoma preparation 

 Prior to the day of fusion, myeloma cells were grown in Dulbecco’s Modified 

Eagle Medium (DMEM) with 10% fetal bovine serum (FBS), Penicillin/Streptomycin/L-
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glutamine, Sodium Pyruvate, Minimum Essential Media Non-Essential Amino Acids 

Solution (MEM NEAA) and HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid)). On the day of the fusion, the mouse spleen was removed, manipulated and flushed 

with DMEM until all splenocytes had been extracted from the tissue. Myeloma cells 

grown and splenocytes were counted via hemocytometer using a trypan blue stain. A 

fusion ratio of 1:1 myeloma cell to splenocyte was used. Appropriate volumes of 

splenocytes and myeloma cells were combined into a single tube and spun together at 

1300 RPM for 10 minutes. To fuse the cell membranes, cells were resuspended with 

polyethylene glycol (PEG) warmed to 37°C. Polyethylene glycol was added at a volume 

of 0.1 ml per 3x107 cells, drop wise, over a period of 1 minute while stirring. Following 

the PEG addition, the same procedure was repeated using complete DMEM warmed to 

37°C. Finally, complete DMEM was added at a volume of 0.7 ml per 3x107 cells over a 

3-minute period, drop wise while stirring. The cells were immediately spun at 1300 RPM 

for 10 minutes and resuspended in the appropriate volume of complete DMEM with the 

addition of 20% FBS, 10% cloning supplement (Roche Hybridoma Fusion and Cloning 

Supplement®), and hypoxanthine aminopterin thymidine (HAT). The cells were plated 

into 96-well plates for 7-10 days until sufficient growth was present. Wells were visually 

inspected and any wells showing hybridoma colony growth (FIG. 5) were noted. 
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Figure 5. Hybridoma colony.96-well plate viewed at 4X magnification showing a 
moderately sized hybridoma colony among cellular debris.  
 

Flow cytometry for screening positive wells 

 In order to determine whether the hybridoma colonies were producing antibodies 

to ferret proteins, supernatant was removed and screened using flow cytometry. On the 

day of the screen, ferret blood was drawn and PBMCs were isolated as previously 

described. Wells showing hybridoma cell colonies had a small portion of supernatant 

removed and approximately 2x105 PBMCs were added to both the sample supernatant 

and controls (Table 4). The mixture was incubated for 30 minutes on ice. Cells were 

washed with FACS buffer (1% bovine serum albumin in PBS) and then stained using 

fluorescein (FITC)-conjugated AffiniPure F(ab)2 fragment goat anti-mouse IgG for both 

heavy and light chains. After addition of the secondary antibody, the cells were incubated 

for 30-45 minutes on ice and washed.  The samples were then fixed with a 1:1 

formalin:PBS solution and remained refrigerated until analyzed by flow cytometry.  
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Table 4. Flow cytometry controls. Controls used for flow cytometry analysis to 
determine positive and negative clones as well as background noise and cross-reactivity 
due to the limited specificity of the secondary antibody.  
 

Flow Cytometry Controls 

Positive Control Serum from mice immunized with 
ferret PBMC’s.  

Negative Control Serum from non-immunized mice 

Negative Control + Background Noise: 
Unstained PBMCs 

Ferret PBMCs with no antibody 

Negative Control + Background Noise: 
Stained PBMCs 

Ferret PBMCs with secondary 
antibody 

 
 
 

Hybridoma cloning 
 Any hybridomas secreting antibody against ferret proteins were cloned via limited 

dilution into 96-well plates in order to obtain monoclonality at approximately 1 cell per 

well. Subsequent plates were continually screened and retested via the above methods. 

Upon single clonality and continued production of antibody to ferret proteins, clones 

were grown in individual cell culture flasks for larger scale antibody collection. 

Antibody purification 

In order to characterize the antibodies and determine specificity, the antibodies 

were purified using a Pierce™ Chromatography Protein G Cartridge (prod. #89926), an 

affinity column composed of Protein G covalently coupled to 6% cross-linked Sepharose 

beads. The engineered Protein G contains three IgG-binding regions of native Protein G. 

After adding purified supernatant, the antibodies were bound to the Sepharose beads and 

the unbound media components were flushed through the column and discarded. The 

bound antibodies were then eluted using a low pH elution buffer solution.  
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The antibodies were further washed by undergoing a buffer exchange dialysis 

with sterile PBS using the Thermo Scientific™ Slide-A-Lyzer® Dialysis kit to remove 

excess salts and to restore the antibodies to their physiological conditions.  

Antibody Characterization and Biotin Labeling 

Upon completion of the purification process, the antibodies were characterized. 

The initial method of characterization was via flow cytometry. The purified antibody was 

mixed with ferret PBMCs to determine the patterns of binding as described previously. 

Due to the cross-reactive nature of the secondary antibody, the monoclonal antibodies 

needed to be biotin-labeled to reduce background noise. Antibodies were labeled using 

the MACS Miltenyi Biotec® One-step Antibody Biotinylation Kit and retested via flow 

cytometry, instead using a BD-Pharmigen™ FITC-conjugated streptavidin to replace the 

secondary antibody. 

Antibody Characterization using Whole Blood 

Biotin-labeled antibodies were also tested against whole blood to gain further 

insight in to the binding patterns. Ferret whole blood was mixed with PBS and spun for 5 

minutes at 5000 rpm. The plasma/PBS layer was removed via vacuum. Purified, biotin-

labeled antibody, along with positive and negative controls, were mixed with whole ferret 

blood and incubated on ice for 30 minutes. The suspension was then washed with FACS 

buffer and spun at 5000 rpm for 5 minutes. The pellet was resuspended with FITC-

conjugated streptavidin and allowed to incubate on ice for 30-45 minutes. The suspension 

was washed again with FACS buffer, spun, and resuspended with FACSLyse lysing 

solution. The cells were incubated with lysing solution for 4 minutes at room temperature 

while gently mixing. The cells were then spun to remove red blood cell debris and 
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washed with FACS buffer. Lastly, the remaining cells were resuspended in the formalin 

fixative solution for flow cytometry analysis.  

SDS-PAGE and Western Blot Analysis 

SDS-PAGE and Western blot analysis was performed in order to determine the 

estimated molecular mass of the antigens detected by the purified monoclonal antibodies.  

Ferret PBMCs were isolated as previously described, lysed, and diluted with sample 

buffer prior to running on precast gels (Bio-Rad Mini-Protean® TGX™ Gels, 4-15%). 

The proteins were then transferred to a nitrocellulose membrane which was then blocked 

with 5% non-fat dry milk/TBST blocking buffer overnight. The membrane was washed 

and incubated with the purified monoclonal antibodies generated from the hybridoma 

procedure. After incubation, the membrane was washed and incubated with the secondary 

antibody, rabbit anti-mouse IgG/IgM heavy and light chain-conjugated to horseradish 

peroxidase. The blot was incubated with Pierce® ECL Plus Western Blotting Substrate, 

covered in plastic, and exposed on x-ray film. The film was developed and fixed for 

analysis.  

Ferret blood preparation, RNA extraction and cDNA preparation 

The initial ferret blood draw and PBMC isolation for this approach was identical 

to the procedure listed above for the first objective. The GenElute® Mammalian Total 

RNA Miniprep Kit was used to isolate total RNA from ferret mononuclear cells. The 

isolated RNA was then reverse transcribed to complementary DNA (cDNA) using the 

Invitrogen® SuperScript III cDNA Synthesis kit. 
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PCR amplification and protein purification 

 The synthesized cDNA was used as a template for PCR to amplify and purify the 

ferret genes of interest. Primers were generated for the genes of interest by utilizing the 

NCBI and Ensembl databases to collect genome information and utilizing genetic 

software to create the best suited primers.  Initially, using the newly constructed ferret 

cDNA, the Promega® GoTaq PCR Kit was used for amplification and the sample was 

run on a 1% agarose gel in order to verify successful amplification. After verification, a 

high-fidelity PCR using the Bio-rad® iProof High Fidelity PCR Kit was completed and 

ran on a 1% agarose gel. The gel was visualized using a low wavelength light box and the 

desired protein band was excised from the gel and purified using the Qiagen® Gel 

Extraction Kit.  

TOPO Cloning and transformation 

 The purified genes were then cloned into the TOPO™ plasmid vector for 

subcloning (FIG 6). The TOPO™ plasmid allows a quick and easy blunt ended cloning 

process. Using the Zero Blunt TOPO™ PCR Cloning Kit, the genes were cloned into the 

vector and transformed into chemically competetent E. coli DH5α using Luria Broth (LB) 

agar plates with the addition of kanamycin. The plates were incubated overnight at 37°C. 

Colonies from the successful transformation were plated onto LB agar with kanamycin 

and a colony PCR was done using the GoTaq PCR kit with the same primers as the initial 

reactions. This was done to verify successful cloning into the TOPO plasmid. After 

verification from the colony PCR, the plasmids from the appropriate colonies on the 

master plate were grown overnight in LB broth with kanamycin in a shaking 37°C 
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incubator. The samples were then purified and concentrated using the Qiagen® MiniPrep 

Kit.  

Restriction enzyme digest 

For further verification of successful cloning, the samples underwent a restriction 

enzyme digest using an EcoRI restriction enzyme. Plasmids were mixed with EcoRI and 

incubated for 2 hours at 37°C while shaking and ran on a 1% agarose gel to confirm 

bands for both the insert and the TOPO™ vector. The TOPO™ plasmid subcloning 

method verified the gene of interest could be successfully cloned, allowed us to produce a 

stock of plasmids containing our genes of interest, and could also be used as a positive 

control for downstream PCR applications. 

pBABE-puro plasmid preparation: adding restriction ends 

 After the genes had been successfully subcloned into the TOPO™ plasmid, the 

miniprepped DNA was used as a template for another PCR. This time the primers 

generated were the same sequences as used for all previous PCR, but with the addition of 

EcoRI and BamHI restriction sequences added to the ends. This allowed amplification of 

the desired product with the additional restriction enzyme ends in order to have site-

directed insertion into the pBABE-puro plasmid (FIG 7). The PCR products were run on 

a 1% agarose gel, excised, and the DNA extracted and purified from the gel. The 

products will be purified using the Qiagen® Gel extraction kit.  

pBABE-puro plasmid preparation: restriction enzyme digest, ligation, and 

verification 

 A restriction enzyme digest was done on the purified DNA as well as the pBABE-

puro plasmid vector using EcoRI and BamHI restriction enzymes. This cut both the insert 
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and vector for easy cohesive ligation. The digestion products were then ran on a 1% 

agarose gel, excised and extracted from the gel, and purified using the Qiagen® Gel 

extraction kit.  

 The purified digested products were ligated together using the Eco RI restriction 

enzyme buffer and T4 DNA ligase. The insert to vector molar ratio ranged from 

approximately 3:1 to 5:1. The resulting ligation mix was incubated at 37°C for 2 hours 

while shaking and transformed directly into chemically competent E. coli DH5α. The 

transformed bacteria were plated onto LB agar plates with the addition of ampicillin and 

incubated overnight at 37°C. A colony PCR was done using the GoTaq PCR kit and same 

primers as the initial reactions to verify successful cloning into the pBABE-puro plasmid. 

After verification from the colony PCR, the plasmids from the appropriate colonies were 

grown overnight in LB broth with ampicillin in a shaking 37°C incubator. The samples 

were then purified and concentrated using the Qiagen® MiniPrep Kit.  

To verify successful cloning, a GoTaq PCR was done using both the insert and 

vector primers to ensure both are present. Furthermore, another restriction enzyme digest 

was done as previously described. Once all procedures verified successful cloning, the 

samples were sequenced. 

Sequencing of pBABE-puro plasmids 

 To determine if there had been any loss of sequence conservation throughout the 

molecular process, the plasmids were sequenced. Using the purified plasmids, 25ng of 

product was mixed with the appropriate primers (done in duplicate, 1 primer per reaction) 

and Big Dye Reagent and ran were run on the thermal cycler. The DNA was precipitated 
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with ethanol and sent for sequence analysis. After sequence verification, the plasmids 

were then ready for downstream applications.  

 

Figure 6. PCR Blunt II-TOPO Plasmid. Adapted from Thermo Fischer.  

 

Figure 7. pBABE-puro Plasmid. Adapted from Addgene.  

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCPnHoKDY7McCFYGXgAodiroG1w&url=https://www.thermofisher.com/order/catalog/product/K280002&psig=AFQjCNG58dU-SMiX195lzG-w-MclRbB3vA&ust=1441982144968258
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RESULTS 

Part I.  

Hybridoma generation and flow cytometric analysis of ferret peripheral blood 

mononuclear cells to screen monoclonal antibodies 

 The initial screen showed a total of 151 growth-positive wells produced using 

splenocytes from mice immunized with purified ferret PBMCs. Each of these wells 

showing growth of hybridoma colonies had a portion of supernatant removed in order to 

screen for reactivity against ferret immune cells. After staining the cells, all samples were 

analyzed via flow cytometry.  

Gating 

Unstained ferret peripheral blood mononuclear cells were gated to exclude dead 

cells and analyzed to visualize the forward and side scatter patterns of white blood cell 

subpopulations. Unstained PBMC’s showed distinct populations of lymphocytes (84%), 

monocytes (5%) and neutrophils (2%) (FIG. 8). These percentages are consistent with 

expectations of cellular populations in peripheral blood mononuclear cells compared to 

humans. Lymphocytes (including T-cells, B-cells, and NK cells,) typically make up 70-

90% of the population of PBMC’s, followed by  monocytes at 10-30%, and lastly 

dendritic cells at 1-2% (Miyahira, 2018). It should be noted that the small population of 

neutrophils is due to not 100% effective gradient separation and exclusion, along with the 

potential of a small population of basophils which may be less dense than then PBMC 

fraction.
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To distinctly investigate mononuclear cells, samples were gated and fluorescence 

was analyzed by comparing scatterplots of positive and negative control mouse sera 

(FIG. 9). First, unstained PBMC’s were used as a control to create a gate to isolate only 

mononuclear cells (FIG. 9 A) and exclude analysis of dead cells. This gate consisted 

primarily of lymphocytes and monocytes. The PBMC gate was then further analyzed by 

comparing the fluorescence versus side scatter of negative control mouse serum (FIG.9 

B) which contained mouse serum not immunized with ferret protein, and positive control 

mouse serum (FIG. 9 C) from mice immunized with ferret PBMCs as previously 

described. It’s clear that there is a population of cells with increased background 

fluorescence that may be due to a variety of factors such as auto fluorescence or non-

specific binding. 

 

 
 

Figure 8. Unstained peripheral blood mononuclear cells showing WBC subpopulations. 
Side scatter (SSC-A) is plotted against forward scatter (FSC-A). The WBC’s are gated, 
and within that gate, populations of lymphocytes, monocytes, and neutrophils are labeled. 
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Monoclonal antibody clones reacting to ferret PBMC’s 

The first flow cytometric screening of the hybridoma supernatants showed a total 

of five clones showing reactivity to ferret peripheral blood mononuclear cells (FIG 9). 

These clones ranged from 49.4% to 82.6% FITC-positive. For comparison, the negative 

control was only 18.3% positive and the positive control was 82.9% positive. It should be 

noted that there is variance in the number of events from clone to clone, which may be 

due to a variety of factors including excessive dead cells, too much antibody causing the 

cells to lyse, or potentially a procedural step within the staining protocol that may be 

detrimental to the cells. Additionally, the percentage of fluorescence may also correlate 

with the ferret antigen the monoclonal antibody is reacting to and the density within the 

sample. Lymphocytes, for example, would have a higher population of cells within the 

sample and therefore a higher percentage of fluorescent-positive cells, in comparison to 

something like dendritic cells, since lymphocytes make up the majority of the PBMC 

population. 

The five positive hybridoma colonies from the initial screen above (3C3, 1E9, 

3A7, 1B3, and 1D10) were high antibody-producing clones that were selected for and 

expanded in DMEM to be subcloned by limiting dilution in a 96 well plate. Each clone 

was diluted into a single 96-well plate and after visual analysis, those which maintained 

good growth of hybridoma colonies had supernatant removed to be re-screened via the 

flow cytometer.  From this second analysis, five new sub-clones (3A7 B6, 3A7 E3, 1E9 

A5, 1B3 D6, and 1D10 C3) were chosen for further investigation. These clones showed 

strong reactivity and high levels of fluorescence when comparing to the positive and 

negative controls (FIG 10.) The ranges of percent FITC-positive cells could be correlated 
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to the markers and/or cell types that those clones were reacting to. Those which have a 

higher percentage of fluorescence, such as clone 1D10, may suggest that this monoclonal 

antibody is binding to an antigen that is found on several cell types within the PBMC 

population, therefore it would have increased fluorescence. Clones 3A7 B6, 3A7 E3, and 

1B3 D6 have very similar percentages which may indicate reactivity to a similar marker 

that is less ubiquitous, suggesting there is reaction to a smaller subset of cells.  

Interesting, clone 1E9 A8 showed reactivity but at a much lower percentage than 

the other clones, which could indicate a reaction to a much smaller subset of cells, such 

as monocytes, for example. Upon further investigation, it appears that there may be two 

populations of cells. Unfortunately, this clone did not perform well enough upon 

subcloning and was not able to be analyzed further.  
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Figure 9. Gating methodology. PBMCs were gated (A). The PBMCs were then further gated according to the negative control mouse 
serum (B), and positive control mouse serum (C) to use fluorescence as a marker of reactivity. A higher percentage of FITC-Positive 
correlates to stronger reactivity. Initial clones showing reactivity to ferret peripheral blood mononuclear cells. Side scatter (SSC-A) is 
plotted against fluorescence (FL1-A) and lymphocytes and monocytes have been gated as previously described. (D-H) Clones 3C3, 
3A7, 1E9, 1B3, and 1D10 respectively, have PBMC’s gated and percent FITC positive shown. 
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Figure 10. Sub-clones testing positive by binding to ferret peripheral blood mononuclear 
cells. Side scatter (SSC-A) is plotted against fluorescence (FL1-A), PBMCs were initially 
gated followed by gating the FITC-positive cells based off of positive control mouse 
serum. A) Negative control mouse serum from non-immunized mouse B). Positive 
control mouse serum from immunized mouse. C-G) Clones 3A7 B6, 3A7 E3, 1E9 A5, 
1B3 D6, and 1D10 C3 respectively, showing reactivity to ferret peripheral blood 
mononuclear cells.  
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Monoclonal antibodies 3A7 B6, 1B3 D6 react strongly with ferret peripheral blood 
mononuclear cells 

Of the five positive hybridoma clones generated, two of these appeared to be 

reacting the strongest and growing well in cell culture. These hybridomas, 3A7 B6 and 

1B3 D6, were grown to high densities, purified, and concentrated via Protein G 

Sepharose column. While attempting to gain further insight into the nature of these two 

clones, it was discovered that there was significant background noise and cross-reactivity 

with the secondary antibody being used (FIG. 11). As shown in in Figure 11A, in the 

absence of a secondary antibody there was essentially no fluorescence. However, by 

adding the secondary antibody (FIG. 11 B), the number of cells showing fluorescence 

increased by roughly 10%. It should also be noted that both samples had the same 

number of events being analyzed. This indicates that there was something particularly 

within the secondary antibody that was reacting non-specifically. Unwanted background 

cell staining in flow cytometry can be a problem, especially when detecting novel or 

rare populations of cells. An isotype control is an antibody raised against an antigen 

not present on the cell type being analyzed. The secondary antibody used in these 

assays was AffiniPure F(ab)2 Fragment Goat Anti-Mouse IgG (H+L). The purified F(ab)2 

fragment should aid in reducing non-specific binding due to the loss of Fc receptor-

mediated binding of the secondary antibody. Additionally, cells were washed with FACS 

buffer containing bovine serum albumin. The excess protein in the buffer should also aid 

in reducing non-specific binding. These factors make identifying weakly positive samples 

more difficult, and hinder the ability to identify the specific subset of cells that the 

monoclonal antibodies are binding to. A second round of flow cytometry using a 
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secondary antibody with similar specificity, but different manufacturer, showed slightly 

improved resolution but the cross reaction was still present.  

A new approach was used in order to reduce the non-specific reactions. Peripheral 

blood mononuclear cells were analyzed as unstained, stained with mouse secondary 

antibody, and also using FITC-conjugated streptavidin (FIG. 12). This analysis showed 

that the use of FITC-conjugated streptavidin greatly reduced the amount of background 

noise and showed essentially the same results as unstained cells.  

 

 

 
Figure 11. Flow cytometer analysis showing cross-reactivity of the secondary antibody. 
Side scatter (SSC-A) is plotted against forward scatter fluorescence (FL1-A). Samples 
have been gated to include only PBMCs (lymphocytes and monocytes). A) Unstained 
PBMC’s with no secondary antibody added. B) PBMC’s with Goat Anti-Mouse IgG 
(H+L). 
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Figure 12. Flow cytometer analysis comparing unlabeled PBMCs with the secondary 
antibody to the FITC-conjugated streptavidin (SA-FITC). Side scatter (SSC-A) is plotted 
against forward scatter fluorescence (FL1-A). Samples have been gated to include only 
lymphocytes and monocytes. A) Peripheral blood mononuclear cells unstained. B) 
Peripheral blood mononuclear cells (non-labeled) stained with the mouse secondary 
antibody. C) Peripheral blood mononuclear cells (non-labeled) stained with SA-FITC. 

 

 The use of biotin-labeling for the monoclonal antibodies decreased the amount of 

false-positive reactivity when comparing the use of the mouse secondary antibody versus 

the FITC-conjugated streptavidin (FIG. 13). For clone 3A7 B6 (13 C-D), the use of SA-

FITC showed a reduction in fluorescence from 74.0% with the mouse secondary antibody 

to 64.3% with SA-FITC. As shown in Figure 13 E-F, clone 1B3 D6 showed a reduction 

in fluorescence from 72.9% using the mouse secondary antibody to 62.5% using SA-

FITC. These results correlate with our prior findings that the mouse secondary antibody 

was adding approximately 10% more fluorescence due to non-specific binding and 

further validates that using biotin labeled antibody is superior.   
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Figure 13. Flow cytometer analysis showing results of biotin labeled antibody and FITC-
conjugated streptavidin (SA-FITC) in comparison with the mouse secondary antibody. 
Side scatter (SSC-A) is plotted against forward scatter fluorescence (FL1-A). Samples 
have been gated to include only lymphocytes and monocytes. A-B) Positive and negative 
controls. C) Clone 3A7 B6 labeled with biotin and stained with SA-FITC. D) Clone 3A7 
B6 labeled with biotin and stained with mouse secondary antibody. E) Clone 1B3 D6 
labeled with biotin and stained with SA-FITC. F) 1B3 D6 labeled with biotin and stained 
with mouse secondary antibody.  
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SDS-PAGE and Western Blot analysis of monoclonal antibodies 3A7 and 1B3 

SDS-PAGE and Western blot analysis was performed to determine the estimated 

molecular mass of the antigens detected by the purified monoclonal antibodies.  Initial 

analysis showed significant background noise due to the mouse secondary antibody as 

seen previously, resulting in a multitude of bands (data not shown). This made it virtually 

impossible to distinguish any further characterization of the monoclonal antibodies. Due 

to the limited amount of monoclonal antibody that was able to be produced, the 

procedure was unable to be repeated using biotin-labeled antibody and streptavidin-FITC.  

Repeated hybridoma generation and flow cytometric analysis of ferret 

peripheral blood mononuclear cells to screen monoclonal antibodies 

After the initial hybridoma procedure, a second round of immunizations was 

performed and the hybridoma generation process was repeated in order to look for clones 

with alternate specificity.  After repeating the procedure, over 300 hybridomas were 

generated from mice immunized with purified ferret PBMCs. Each of these wells 

showing hybridoma colonies had a portion of supernatant removed to screen for 

specificity against ferret immune cells. After staining the antibodies, all samples were 

analyzed via flow cytometry. Samples were gated accordingly to isolate lymphocytes and 

monocytes (PBMCs) and FITC-positive samples according to positive and negative 

control mouse serum. After repeating this experiment, an additional 6 clones were found 

to have specificity to ferret PBMCs. Due to time constraints, no further analysis was done 

on these clones. The clones produced from this experiment have been frozen and have 

potential for further studies analyzing the generation of monoclonal antibodies to ferret 

PBMCs.   
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Part II.  

Ferret CD antigens cloned into TOPO, pBABE-puro plasmids 

Ferret CD antigens CD4, CD8, and CD19 were cloned successfully into both the TOPO 

and pBABE-puro plasmids and sequence data was verified (FIG. 14). 

 

 

Figure 14. Simplified images of plasmid vectors showing major genes and insert cloning 
sites. A) PCR-Blunt II TOPO plasmid. B) pBABE-puro plasmid.  

 

Proposed Future Uses 

Due to time restraints, the pBABE-puro vectors containing the genes of interest 

were not used for further studies. The original plan was to generate these plasmids to 

ultimately use with packaging vectors pUMVC and pCMV-VSV-G to be used as a 

retroviral delivery system to infect a mouse cell line. These cells would then be used for 

the immunization procedures to create a target immune response. The details of this 

approach are discussed further in the next section. 
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DISCUSSION 

The use of small animal models like the ferret allow the study of complex 

pathogen-host interactions that is not possible in vitro (Belser et al., 2018; W. Sun et al., 

2019). For influenza virus, a respiratory pathogen capable of causing mild to life-

threatening illnesses, these models have contributed invaluable information toward the 

understanding and control of human infection. The main objective of my research was to 

generate monoclonal antibodies to ferret immune cell markers to aid in the use of the 

ferret as a model to study influenza infection. By the end of my work, I successfully went 

through three rounds of immunizations, hybridoma generations, and screenings. Over 400 

growth-positive wells were found, and a total of 12 clones were isolated. Due to time and 

resource limitations, only a handful of clones were chosen each round to undergo further 

analysis. Two of those clones were further characterized and found to bind to a marker 

that was fairly ubiquitous on the surface of many cell types. The remaining clones were 

stored for future studies. In addition, the goal of generating monoclonal antibodies using 

a more targeted approach, was started by creating plasmids containing ferret CD4, CD8, 

and CD19. These plasmids can be used for further applications of this work.  

While there was limited success with the utility of the antibodies created from this 

work, the knowledge gained including working with ferrets, generating hybridomas, and 

the various molecular methods involved were invaluable.  
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Ferret blood collection 

Throughout the process of this study, ferret blood was collected for mouse 

immunizations as well as the screening of hybridomas and monoclonal antibodies. For 

our experiments it was necessary to collect fresh blood for each assay in order to obtain 

good quality results. This presented some limitations.  

The blood collection process was time consuming and often difficult. Traditional 

methods of drawing ferret blood include using the cephalic vein, the jugular vein, the 

lateral saphenous vein, and the dorsal metatarsal vein (Hem, Smith, & Solberg, 1998). 

Alternatively, the caudal artery of the tail can be used but is not typically recommended. 

Initially, ferret blood was drawn primarily using the jugular vein. This was difficult due 

to the nature of the ferret’s fatty, dense tissue and slippery coat as well as the inability to 

visually distinguish the vein. Using the jugular vein was inefficient and often required 

multiple needle sticks for the ferret, increasing the time under anesthesia and causing 

more soreness around the area. We attempted to use the lateral saphenous vein, however 

blood flow to this area is much slower and the vessels are smaller, resulting in the blood 

coagulating too quickly before reaching the syringe.  

As a final attempt to improve upon our efforts, the caudal artery was used. This 

can be discouraged as the process can be more painful for the ferret when conscious. For 

our experiments, the ferret was under anesthesia, so this did not affect the comfort of the 

animal. The caudal artery proved to be the most efficient area for drawing blood for our 

purposes. The artery is relatively easy to identify and the blood flowed quickly enough to 

limit coagulation. For future ferret blood draws, the caudal artery of the tail appears to be 

the quickest and most efficient method for drawing blood.  
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Isolating peripheral blood mononuclear cells 

Isolation of peripheral blood mononuclear cells was fairly successful using the 

Histopaque-1077® density gradient overlay method. There was some variability in 

success of isolation in regards to cell separation and density that was dependent on the 

diet of the ferret and the duration of time since their last meal. When drawing blood 

closer to meal time, it was noted that the blood layers were not as distinct in comparison 

to those times when they had not been fed. Utilizing a lowered acceleration and 

deceleration to allow a clean separation of mononuclear cells was also vital in gaining 

good separation.  Using room-temperature Histopaque-1077® also resulted in optimal 

resolution of mononuclear cells.   

Mouse Immunizations 

The mouse immunization process was largely dependent on the amount of ferret 

blood collected and successful isolation of peripheral blood mononuclear cells. Due to 

the previously discussed issues with ferret blood collection, fewer mice were able to be 

immunized and ultimately boosted due to constraints on the amount of blood we were 

able to collect. Additionally, the amount of time between boosts was not always a 

consistent 2-week interval due to both the lack of ferret blood drawn as well as the 

inability to draw blood at some of the time points. For example, the time between the first 

and second boost from the first round of hybridoma generation was over 3 weeks. This 

may have resulted in some loss of immune response from the ferrets. It’s also important 

to note that titers were not performed. For future studies, it would be important to add this 

additional step to determine if more boosts should be done prior to spleen harvest.  
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Whole blood analysis of monoclonal antibodies 

Whole blood analysis using the FACSlyse® solution utilizes the ability of a 

lysing solution to lyse red blood cells and allow direct immunofluorescence staining of 

white blood cells with monoclonal antibodies for flow cytometric analysis. This 

procedure was performed with limited success and the data is not shown. While we did 

see an increase in the amount of polymorphonuclear cells, there were not as many as 

expected. This could be due to a variety of factors. One of these includes the use of 

heparin sulfate as the anticoagulant. According to the manufacturer’s protocol, the 

anticoagulant of choice is EDTA, and there is limited information in regards to the 

performance of this product with alternative options.  

Furthermore, there appeared to be a large amount of red blood cells remaining 

after the lysis. This made it more difficult to distinguish leukocyte populations. The 

protocol may need to be adjusted in the future to produce better red blood cell lysis by 

increasing the concentration of lysis buffer to cell volume. It should also be noted that per 

label, the ability of this buffer to lyse red blood cells from animals other than mice has 

not yet been determined.  

Hybridoma production 

One of the main challenges during the hybridoma production phase was how to 

effectively and quickly handle the multitude of clones within multiple plates of 

hybridomas. With large numbers of hybridomas, it’s important to not only harvest the 

supernatant to screen, but also keep the cells viable. While doing so, one must identify 

the most useful antibody-secreting colonies capable of binding to ferret antigens while 

limiting cell death, over-growth of fibroblasts and other cells that are destructive to the 



46 
 

hybridoma colony. It’s also necessary to reduce those cells that will out-compete the 

hybridoma cells and ultimately cause their demise. Contamination is also an on-going 

concern throughout the process.  

Poor growth and reduced ability to upscale antibody production 

While subcloning the hybridomas did allow us to increase the number of 

hybridoma cells, due to the slow growth of the hybridomas it was difficult to generate 

high concentrations of antibody. While in cell culture, all cells remained on HAT media, 

as weening off the media caused a rapid decline in cell growth. Even with the addition of 

aminopterin, the cells were not rapidly flourishing. They did continue to stay viable and 

produce antibody, however due to the slow growth and limited cellular reproduction, it 

took several weeks to have sufficient antibody for use in assays. 

One reason hybridomas tend to die out is due to genetic instability, including 

segregated and/or loss of chromosomes (Engleman, 1985). It’s also common for clones to 

simply stop growing or revert into fibroblasts. Alternatively, it’s possible that after the 

serial dilution the cells were not monoclonal. In that case, it’s possible that another clone 

had a growth advantage and was able to out-compete the clone that was producing 

monoclonal antibody to ferret antigen.  

While growth was slow, production of antibody was also low. As shown by Lee 

et. al, loss of productivity can sometimes be attributed to the presence of non-producing 

hybridomas known as NP cells. These NP cells maintain viability but essentially stop 

producing antibody. They tend to have a growth advantage over normal, monoclonal 

antibody-producing cells. One solution to prevent loss of antibody is entrapment in 

calcium alginate beads (Lee & Palsson, 1993).  
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For future practices, cell media could be optimized to aid in the growth of the 

hybridoma cells. The use of insulin added to the media has been shown to improve the 

long-term cultivation of hybridoma cells (Glynn, 1989). Additionally, human endothelial 

culture supernates are useful in supporting single cell growth and low dilutions (Astaldi 

Gc Fau - Janssen et al.). 

Flow cytometric analysis of ferret peripheral blood mononuclear cells and controls 

In order to determine which clones were positively responding to ferret PBMCs, 

control mouse sera was utilized. Isolated mononuclear cells (PBMCs) alone were used as 

a negative control to understand the general cell pattern and to determine background 

autofluorescence. Before switching to biotin-labeled monoclonal antibodies, secondary 

antibody controls were used as well. The secondary antibody control included PBMCs 

alone with only the secondary antibody to determine non-specific binding. This was 

useful in determining the false positive nature of our original secondary antibody. The 

positive control for this experiment utilized fresh mouse serum that was collected 

immediately upon euthanization. It should be noted that this control was still used 

throughout downstream flow cytometry analysis as after switching to using biotin-labeled 

monoclonal antibodies and SA-FITC. After switching to biotin-labeled monoclonal 

antibodies, this control essentially became a second negative control. The true negative 

control for this experiment included mouse serum from a non-immunized mouse. The 

negative control showed limited specificity to the ferret PBMCs we were testing.  

While these controls worked well, there are additional steps that could be done in 

the future. To gain a better understanding of amount of dead versus live cells, an 

additional cell viability control using a nuclear stain would allow better differentiation. 
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After fixation dead cells can no longer be entirely separated using forward scatter/side 

scatter characteristics alone. This is often difficult to do with fixed or permeabilized cells, 

however a substance such as 7-AAD (7-aminoactinomycin D) with a fluorescent marker 

along with the use of AD (actinomycin D) with no fluorescent marker would allow you to 

better acknowledge live versus dead cells. This nucleic acid binding due works by 

binding to double stranded nucleic acid. Dead cells are excluded as they no longer allow 

the dye to permeate.   

Cross reactivity of secondary antibodies 

Throughout the experiment, there were constant cross reactivity problems due to 

the secondary antibody that was used. The secondary antibody, Affini Pure FITC-

conjugated Goat anti-mouse IgG F(ab)2 heavy and light chain, was chosen specifically to 

reduce this. It is common to see non-specific binding when using whole immunoglobulin 

due to non-specific binding of the Fc region to various receptors on phagocytes and other 

leukocytes. In this instance, the Fc receptor has been removed to avoid this problem.  

Another common concern is natural and endogenous antibodies. This can become 

a problem when using secondary antibodies produced in the same species as the primary 

antibody. In order to limit this, the secondary antibody chosen was produced in a 

different species (goat). Since it is unlikely that the cross reactivity that was present was 

due to Fc receptor binding or endogenous antibodies, it’s necessary to look into other 

possible reasons.  
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Electrostatic and hydrophobic forces 

 Due to the nature of the antibody, it is possible that electrostatic and/or 

hydrophobic forces were causing the unwanted interaction. Proteins are generally 

hydrophobic to confer stability within the tertiary structure. Additionally proteins become 

increasingly hydrophobic after fixation with aldehyde-containing reagents such as 

formalin, which was used in the fixative prior to running flow cytometry. This can be 

avoided with the addition of blocking reagents. In this case, small amounts of ferret 

serum was added (10% ferret serum added to the FACS buffer) to help reduce the cross 

reaction. There was a small improvement, however there was still noticeable cross 

reactivity remaining within the negative control serum.   

Glycolipid interactions on the cell membranes and blocking with serum 

 All cell types will have some ability to bind to proteins, particularly antibodies, 

due to various interactions and cell surface receptors. While the addition of ferret serum 

should help block some of these interactions, it is possible that there was not a high 

enough concentration of serum added to completely inhibit these interactions. Because 

only small volumes of ferret blood were able to be collected at a given time, it was not 

possible to add more than 10% ferret serum to the washing buffer. In the future, if there 

was more ferret blood available, increasing the amount of serum could help improve this 

issue. Others have seen success blocking with bovine serum albumin or dry milk, 

however the labeled secondary anti-goat will significantly cross-react with bovine IgG 

since goat and sheep are very closely related to cow (Karol, Reichlin, & Noble, 1978). 
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There is also a chance of contamination of bovine IgG within the BSA that would only 

create more background noise. 

Dead cells 

 During the staining procedure, some of the white blood cells will die prior to 

being run on the flow cytometer. Dead cells have been shown to non-specifically bind to 

antibodies (Kuonen F, 2010). Because after fixation dead cells cannot be entirely 

separated using forward scatter/side scatter characteristics alone, a live/dead 

differentiation would show whether a population of dead cells was responsible for the 

cross-reaction being seen with the secondary antibody.  

Increased antibody concentration 

 It’s possible that using too high of a concentration of secondary antibody could 

increase non-specific binding and lead to a loss in the separation of positive cells from 

background noise and cross- reactivity. In order to avoid this, secondary antibody was 

serially diluted until an appropriate concentration was found. In the future, other options 

such as titrating the antibody or increasing the concentration or ratio of monoclonal 

antibody to secondary antibody could be adjusted to find the optimal concentrations.  

Directly label primary antibody 

 Ideally, it would be possible to label the monoclonal antibodies that were 

generated with a flourochrome to negate the use of a secondary antibody. This process is 

costly and difficult, and can be harsh on already weak monoclonal antibodies. Because of 

these reasons, direct labeling of the monoclonal antibody was not feasible.  
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Biotin labeling primary antibodies 

Since various secondary antibodies continued to show cross-reactivity and direct 

primary labeling was not an option, the purified monoclonal antibodies were labeled with 

biotin. Because the biotin-streptavidin interaction is one of the strongest known bonds, 

this should greatly reduce any background noise and non-specific binding. This option 

was efficient at reducing the amount of false-positives within the negative control and 

showed improvements in reducing non-specific binding. While this option worked well, 

there were a few downfalls. Reagents for labeling with biotin can be costly. Second, the 

amount of primary monoclonal antibody needed was difficult to achieve as previously 

mentioned. The process of generating enough antibody, purifying, and labeling with 

biotin is extremely time consuming. By optimizing the cell culture and finding a biotin 

labeling kit that was able to label larger concentrations of antibody, this approach would 

be highly efficient at reducing non-specific binding seen with traditional secondary 

antibodies.  

SDS-PAGE, Western Blotting, and Immunoprecipitation  

While the flow cytometer is a great tool to understand the binding patterns of the 

monoclonal antibodies that were generated, we can learn additional valuable information 

but determine the molecular mass of the antigen. This can give further insight into what 

cell marker the antibodies are recognizing.  

As previously discussed, it was difficult to obtain large quantities of monoclonal 

antibody. This made downstream analysis a challenge. A single SDS-PAGE/Western 

Blot was performed, but a higher concentration of primary antibody is necessary to fully 

comprehend its binding preference. Ideally, larger quantities of antibody could be grown 
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and biotin labeled and an immunoprecipitation could be performed instead. An 

immunoprecipitation allows you to study a single protein (for example, the target antigen 

of the monoclonal antibody that was generated) to investigate its identity, structure, and 

expression patterns (Johansen & Svensson, 1998). This would allow us to characterize 

the monoclonal antibodies generated in a much more specific way.  

Further characterization of clones 

Upon completion of the second round of hybridoma generation, a large population 

of hybridomas producing antibody to ferret PBMCs were isolated. Due to time 

constraints, these hybridomas were not characterized any further. These frozen 

hybridomas have lots of potential for further studies looking into finding hybridomas 

producing antibody to valuable immune system cell markers.  

Future projects: an alternative approach 

An alternative approach utilizing molecular methods was originally discussed to 

increase generation of monoclonal antibodies and to increase the likelihood of clone 

specificity. While the original approach allowed the mice to form an immune response to 

some of the immune cell markers we were interested in, overall there were many 

additional cellular components within the immunization mixture from a foreign cell line 

that resulted in a generalized non-specific response, as seen by the non-specific binding 

patterns using whole ferret blood. A molecular-based approach could make this process 

more efficient and allow a reduction in non-specific immune responses.  
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Cloning ferret genes into TOPO and pBABE-puro plasmids for storage and 

retroviral production  

 The idea behind the alternative molecular approach begins by cloning specific 

ferret immune cell genes into plasmids. In this situation, ferret RNA can be extracted 

from whole ferret blood and reverse transcribed to create a cDNA template. The cDNA 

template is then used for downstream amplification and insertion into various plasmids. 

The Blunt-II TOPO plasmid works as a quick and easy first step vector for blunt-ended 

DNA products to ensure PCR product stability. The TOPO plasmid can then also be 

easily transformed into chemically competent E. coli DH5α to serve as a vector for long 

term storage or to be enzymatically digested and ligated into other vectors, such as the 

pBABE-puro plasmid.  

The pBABE-puro plasmid is a retroviral vector which allows expression of the 

gene of interest into a mammalian cell line using ampicillin and puromycin selection.  

This viral vector system is derived from Moloney murine leukemia virus (MMLV.) The 

pBABE-puro (pBABE) vector provides important viral components such as the viral 

package signal, transcription and processing elements along with the gene of interest. 

Once the gene or genes of interested have been cloned in pBABE, the pBABE plasmid 

along with packaging vectors pUMVC (including the gag and pol genes) and pCMV-

VSV-G allow expression via a coinfection. This results in all necessary components for 

production of replication-incompetent retroviruses  

Furthermore, using a mammalian cell line, such as 293T cells, would allow 

sufficient retroviral development and growth for downstream purposes. 
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Using a retroviral vector expression system: Transduction and immunization 

The use of retroviral vector systems allows the ability to transfer exogenous genes 

into a mammalian cell line. Ideally, using puromycin as a selectable marker will allow 

only those cells expressing the gene of interest to survive. Once the retroviruses have 

been generated and produced at a large enough quantity, they can be isolated and used to 

infect a mouse cell line. These cells would then be used for future immunizations.  

Overall this process of transfecting the retroviral expression vectors in a 

packaging cell line, isolating viral particles, and infection of target cell lines results in a 

reduction of non-specific immune responses to other cellular components and a better 

response to the cloned genes of interest. 

Expression of ferret CD antigens on mouse cells to screen hybridomas 

Additionally, after the immunization and hybridoma generation processes have 

been completed, this cell line infected with retrovirus can also be used as a screening tool 

to aid in identification of hybridomas producing monoclonal antibodies to the gene(s) of 

interest. This would allow a more specific approach to identification in comparison to 

looking at shifts in the flow cytometry patterns and fluorescence alone. 

 The remainder of the process of hybridomas generation and monoclonal antibody 

production would be similar to what was performed above, however this approach 

drastically improves the ability to drive the mice to create an immune response specific to 

the cellular markers of interest. 

An alternative approach: shortcomings 

While this alternative approach potentially allows a more specific approach, 

success of this approach is heavily dependent on surface expression of these cellular 
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markers for the process to be useful. Studies have shown varied success with expression 

of these markers, even with the use of puromycin selection. 

Even though the cloning process should be fairly fool-proof, there were some 

difficulties cloning from the TOPO plasmid into the pBABE-puro vector. This could be 

due to loss of product during the restriction enzyme digest process, incorrect vector to 

insert molar ratios, or inefficient ligation. There were also inefficiencies with the 

transformation into chemically competent E. coli DH5α, potentially due to inadequate 

antibiotic concentration or loss of competency within the cells.  

Additionally, some immune cell markers are difficult to clone due to low 

expression numbers in vivo 

Lastly, at this time there are still many components of the ferret immune system 

that have yet to be understood, creating more unknowns and more trial and error. 
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CONCLUSIONS 

Influenza continues to cause worldwide morbidity and mortality. The ability to 

better comprehend this disease is paramount in maintaining the upper hand. By creating 

novel reagents, such as monoclonal antibodies, we are better able to further investigate 

influenza and other respiratory pathogens using the ferret as an ideal animal model to 

study these interactions.  

Two approaches were discussed to fulfill this goal. While the first approach takes 

a less specific path, the overall plan has fewer shortcomings. Utilizing non-specific ferret 

mononuclear cells allows a greater chance for the mice to elicit an immunological 

response to one or more ferret cell proteins. The methods used for this approach are 

sound and have been successfully completed in prior studies. The downfall of this 

approach, however, is that the anticipated results are unknown. While the odds of a 

successful hybridoma producing antibody to some ferret protein are greater, the type of 

protein being targeted is unclear. This approach will require further downstream analysis 

and characterization in order to fully identify the antibody being produced. 

 The alternative approach removes some of the uncertainty by allowing us to use a 

more specific path. By generating a mouse cell line to express a protein of our interest, 

we are creating a more definitive and targeted response. The second approach has its own 

downfalls, though, as the expression of protein on the BALB/c cell line may be too low to 

elicit a detectable immune response. 
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Since the end of this study, there have been many advances in the field of ferret-based 

research. The Broad Institute is currently working on the ferret genome project – a 

comprehensive genome sequencing project aimed at providing important resources to the ferret 

scientific community. The Broad Institute has sequenced a single female ferret, and additionally 

is currently sequencing transcriptomes from a full panel of adult ferret tissues as well as doing 

single nucleotide polymorphism (SNP) discovery projects with 80 diverse ferrets along with full 

genome SNP discovery of a subset of 9 ferrets (Broad Institute, 2011) 

 Additionally, commercial reagents are available from a variety of vendors that allow you 

to purchase ferret-based reagents, such as monoclonal antibodies and purified ferret proteins.  

 Lastly, other scientists are continuing to work on creating ferret-based reagents to help 

the scientific community. Layton et. al. was able to generate anti-ferret CD4 monoclonal 

antibodies for the characterization of T lymphocytes (Layton et al., 2017).  

While these advances are beneficial, the need for these reagents will continue as we aim 

to study the on-going pandemic potential and cellular immunological responses to influenza 

infection. 
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