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Abstract 

Coronaviruses are enveloped RNA viruses capable of causing a spectrum of diseases 

including respiratory, enteric, and/or systemic diseases in a wide variety of hosts. The major structural 

proteins of coronaviruses include the nucleocapsid (N), spike (S), membrane (M), and envelope (E) 

proteins. The viral Spike protein largely determines host range and tissue/cellular tropism and is 

responsible for promoting fusion of the viral and host cell membranes, leading to cell entry and 

infection. A literature review of coronaviruses in companion animals is included in this thesis (Chapter 

1), which highlights the virology, epidemiology, clinical and pathologic features of coronaviruses of the 

cat, ferret, dog, horse, and alpaca. 

Feline infectious peritonitis (FIP) is one of the most complex and interesting viral diseases of 

domestic cats, caused be the FIP virus (FIPV), a biotype of feline coronavirus (FCoV). FIP has an immune-

mediated pathogenesis involving multiple host and virologic factors. FIP presents as a spectrum of 

clinical signs including cavitary effusions, anorexia, persistent fever, lymphopenia, and lesions of 

pyogranulomatous vasculitis and peri-vasculitis that may or may not include central nervous system or 

ocular involvement. Untreated, FIP is generally considered to be fatal once clinical signs appear. 

 FCoV includes two biotypes, feline enteric coronavirus (FECV) and FIPV. FIPV spreads 

systemically and is thought to arise from a discrete set of mutations in the more benign FECV, which is 

confined to the alimentary tract. These coronaviruses are further classified into serotypes I and II based 

on Spike-associated antigenic differences. Serotype II FCoV initially arose as the result of a series of 

recombination events between feline and canine coronavirus (CCoV) and is the less prevalent serotype 

naturally circulating in feline populations worldwide. As a result of recombination, the serotype II FIPV 

Spike protein has its origin in CCoV, which serves as the viral ligand for cell entry.  

Although FIPV serotype I is the more prevalent viral serotype in cats with naturally occurring FIP, 

serotype II has been more extensively studied in vitro due to the relative ease in propagating this virus in 
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tissue culture systems. Consequently, more is known about the biology of serotype II FIPV than the 

more biologically relevant serotype I. Serotype II FIPV utilizes the cell surface protein feline 

aminopeptidase N, the ligand of the viral Spike protein, while the receptor for serotype I remains 

unknown. An understanding of viral receptor biology is a key facet in decoding viral pathogenesis, 

informing mechanisms of disease, viral dissemination, and potential vaccine strategies. The recent 

development of a feline cell line that effectively propagates serotype I FIPV, FCWF-4 CU, offers an 

opportunity to expand our understanding of serotype I FIPV biology. FCWF-4 CU is a culture adapted 

feline cell line derived from FCWF-4 cells available through the ATCC. Importantly, these two FCWF cell 

lines are variably permissive to the propagation of serotype I and II FIPV. In Chapter 2, we determined 

the targeted gene expression patterns in four feline cell lines, utilized normal feline tissues to determine 

the immunohistochemical expression patterns of two known coronavirus receptors, ACE2 and DC-SIGN, 

and compared the global transcriptomes of the two closely related FCWF-4 cell lines. We identified six 

differentially expressed transcripts with potential to explain the differential FIPV replication kinetics. 

The discovery of effective, available, and affordable antiviral treatments has been a focus of 

veterinary research for more than 10 years and recent advances in antiviral therapies for HIV, hepatitis C 

virus, ebolavirus and SARS CoV-2 have paved the way for similar advances for FCoV. In Chapter 3, we 

screened 90 putative antiviral compounds for efficacy and cytotoxicity against FIPV serotype II (WSU-79-

1146) using real-time RT-PCR based screens and identified 26 compounds with antiviral activity against 

FIPV representing differing drug classes and mechanisms of action. Further, based on the success of 

combinatorial therapy strategies in human patients with HIV or hepatitis C, we strategically combined 

different antiviral compounds in order to identify additive or synergistic effects (combined 

anticoronaviral therapy, or CACT). Although we demonstrated additive and/or synergistic effects for 

several antiviral combinations, ultimately a select few monotherapies demonstrated superior efficacy 

overall. In Chapter 4, we reapproached antiviral assessment using an improved biological colorimetric 
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assay and compared the antiviral efficacies of GC376, nirmatrelvir, remdesivir, GS-441524, molnupiravir 

(EIDD-2801), and b-D-N4-hydroxycytidine (EIDD-1931) against both serotype I and II FIPV, as 

monotherapies and CACT. We also determined the pharmacokinetic properties of three antiviral 

compounds, molnupiravir, GS-441524, and remdesivir in cats in vivo as a step towards establishing dose 

in an antiviral treatment protocol for clinical use.  

 An understanding of viral cell entry, dissemination and persistence are concepts that are also 

relevant to viral-vectored gene therapy. As a parallel adjunct study to the coronavirus projects, we 

created a lentiviral-vectored gene therapy approach to treating cats with chronic renal disease-

associated anemia. Chronic renal disease (CRD) is a common disease of aged cats, often associated with 

clinically significant nonregenerative anemia as a result of reduced renal production of erythropoietin 

(EPO). Multiple approaches to the management of CRD-associated anemia have been attempted, 

including the use of gene therapy. In Chapter 5, we designed a series of third-generation lentivirus-

based vectors to encode and produce the native feEPO protein in tissue culture experiments and in 

rodent models in vivo. The vectors were designed to include a pharmacologic safety mechanism through 

the incorporation of the “suicide gene” HSV-TK.  This gene product allows for the pharmacologic 

termination of the therapeutic effect in the event of supraphysiologic polycythemia.  We hypothesized 

that cells transduced in vitro by a lentiviral vector encoding native feline erythropoietin would express 

feEPO mRNA and biologically active feEPO protein and that this expression could be terminated by the 

administration of ganciclovir (GCV, the nontoxic substrate of HSV-TK). The in vitro assays facilitated 

optimization of the vector for three in vivo studies in rats and genetically modified anemic mice in which 

we demonstrated a significant elevation of blood packed cell volume in treated animals relative to 

control animals.  
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Chapter 1: Review of coronavirus infections in companion animals: virology, epidemiology, 
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ABSTRACT 

Chronic renal disease (CRD) is a common disease of aged cats, often associated with 

clinically significant nonregenerative anemia as a result of reduced renal production of 

erythropoietin (EPO). Multiple medical approaches have been attempted to manage feline CRD-

associated anemia including periodic blood transfusions, parenteral treatment with recombinant 

EPO, and a variety of gene therapy strategies. We designed a series of third-generation 

lentivirus-based vectors to encode and produce the feline EPO (feEPO) gene product in tissue 

culture cells in vitro and in rodent models in vivo. These vectors incorporated a genetic 

mechanism to facilitate the pharmacologic termination of the therapeutic effect in the event of 
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supraphysiologic polycythemia, the herpes simplex virus thymidine kinase (HSV-TK) “suicide 

gene”. We hypothesized that feline cells transduced in vitro by a lentiviral vector encoding 

native feline erythropoietin would express feEPO mRNA and biologically active feEPO protein 

and that this expression could be terminated by the administration of ganciclovir (GCV, the 

nontoxic substrate of HSV-TK). The in vitro assays facilitated optimization of the vector for in 

vivo studies in mice and rats in which we demonstrated a progressive, lentiviral dose-dependent 

significant elevation of blood packed cell volume (PCV) in treated animals. Despite in vitro 

evidence supporting functional efficacy of the suicide gene, administration of GCV in vivo did 

not abrogate the elevated PCV effect of the lentiviral vector. 

   

INTRODUCTION 

Gene therapy involves the transfer of genetic material for a broad range of therapeutic 

applications including cancer, tissue regeneration and functional gene replacement[1-4]. 

Although more limited in its use in veterinary medicine relative to human medicine, it continues 

to gain attention  in veterinary medicine, with a recent review identifying particular areas of gene 

therapy applications, including cardiovascular disease, ocular disease, neoplasia, skin disease, 

and blood/hematopoietic disorders, such as anemia secondary to chronic renal disease, among 

others[5]. Chronic renal disease (CRD) is a common, progressive disease reported in up to 50% 

of aged domestic cats[6]. Although the pathogenesis is not completely understood, the causes of 

CRD are numerous, inter-related, and complex with disease development thought to be an 

outcome of a combination of genetic, environmental, and individual animal factors[7-11]. Cats 

presenting with chronic CRD are typically older animals with clinical evidence of weight loss, 

altered kidney size and shape, dehydration, polyuria, and polydipsia. Abnormalities in serum 
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chemistry panels and urinalyses typically include azotemia, hyperphosphatemia, and 

unconcentrated urine in the face of dehydration (isosthenuria)[12]. Grossly, affected kidneys are 

typically small and have an irregular to spherical shape with surface pitting. Histologically, CRD 

lesions are generally restricted to the tubulointerstitial compartment with variable secondary 

involvement of glomeruli[13]. Microscopic lesions often include an interstitial mononuclear cell 

infiltrate, tubular degeneration, tubular loss, and interstitial fibrosis with a loss of renal 

parenchyma[13].  

With progression of CRD, approximately 30-65% of affected cats will develop a 

clinically significant nonregenerative anemia[14, 15]. Anemia secondary to CRD is a result of 

decreased production of kidney-associated erythropoietin (EPO), the principal hormonal 

regulator of erythropoiesis. Spliced feline EPO mRNA is 579 nucleotides long (GenBank 

accession #JQ413414.1) and encodes a 192 amino acid protein (30-40 kD, GenBank accession 

#AFN85670.1) produced by peritubular fibroblast-like cells in the kidney[16-19]. CRD-

associated reduction in EPO production results in a loss of bone marrow erythroid progenitor 

cells and nonregenerative anemia characterized by decreased reticulocyte production and 

decreased packed cell volume (PCV) of circulating red blood cells [20, 21].   

Therapeutic approaches to CRD-associated nonregenerative anemia include whole blood 

transfusions, parenteral administration of exogenous recombinant EPO (replacement therapy), 

and a variety of gene therapy strategies utilizing either non-viral (plasmid) or viral vectors 

encoding the EPO transgene. Cats have been successfully treated parenterally with human 

erythropoietin (EPOGEN, epoetin alfa, Amgen) and longer-acting darbepoetin (Aranesp, 

darbepoetin alpha, Amgen)[22, 23]. However, this approach often requires repeated injections 

and the therapeutic response can become attenuated over time, possibly as a result of antibody 
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production directed against the human EPO transprotein[22, 23]. Approximately 25-30% of cats 

treated with EPOGEN develop pure red cell aplasia (PRCA), a severe adverse event in which 

neutralizing antibodies produced against the human EPO transprotein cross-react and neutralize 

endogenous feline EPO resulting in a severe and progressive anemia[22]. A recombinant feline-

specific EPO protein product was developed[24] in an attempt to avoid the immunologic 

complications associated with administration of the human specific transprotein. Investigators 

found that administration of this exogenous feline specific EPO reestablished erythropoiesis in 

most cats with CRD, although the risk of PRCA was not eliminated[24]. 

The use of viral vectors offers improved efficiency of gene delivery (transduction) and 

can be engineered to target specific cell types. Disadvantages of viral vectors include a more 

complex production process, potential limitations in packaging capacity, and certain 

immunologic obstacles[3, 25, 26]. Several published studies have explored the use of adeno-

associated viral vectors as a method to deliver and produce native feline EPO in cats. In one 

study involving six clinically normal cats, administration of a recombinant adeno-associated viral 

(rAAV) vector encoding the feline EPO gene resulted in a dose-responsive and statistically 

significant increase in mean PCV from 31.2% to 59.5% approximately 6-8 weeks post-treatment 

[27].  A separate study involving a different rAAV vector also reported an increase in the PCV of 

the treated cats, however, several adverse events occurred including the development of PRCA 

in one cat and persistent erythrocytosis in a second animal that failed to respond to surgical 

excision of the injection site[28]. These rAAV studies lacked a predictable therapeutic response 

and method of reliably terminating the effect of the feEPO transgene. Importantly, the reported 

sequence of the feline EPO transgene utilized in both of these studies had a single nucleotide 

misincorporation resulting in an amino acid substitution at the 44th codon of the feline EPO gene 
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(glycine for glutamic acid)[29]. Whether this amino acid misincorporation had any effect in the 

study outcome is unknown. 

To the authors’ knowledge, there are no peer-reviewed studies focused on the parenteral 

administration of plasmid DNA encoding the feline EPO gene as a therapeutic approach to CRD-

associated anemia. Plasmid vectors encoding feline EPO are attractive in that the method is 

relatively inexpensive and plasmids can be designed to encode large amounts of genetic material. 

However, the efficiency of gene transfer with plasmid-based therapies can be poor[25].  

Optimal gene therapy approaches for cats with CRD-associated anemia should induce a 

persistent and physiologically appropriate effect, eliminating the need for frequent therapeutic 

injections to maintain normal PCV. The inclusion of additional safety mechanisms within the 

viral vector, so-called suicide genes, facilitate the pharmacologically mediated and selective 

elimination of the vector-transduced cells. In the event of an adverse supraphysiologic response 

(excessively elevated PCV), the suicide gene product (Herpes simplex virus thymidine kinase, 

HSV-TK) phosphorylates the non-toxic prodrug ganciclovir (GCV) into the cytotoxic metabolite 

GCV triphosphate. GCV triphosphate is subsequently incorporated into host cell genomic DNA 

during cell replication, thereby inhibiting DNA synthesis and resulting in apoptosis of the 

transduced cell[30]. Therefore, in the event of supraphysiologic polycythemia, the administration 

of GCV results in targeted cell death of the transduced cells [31, 32]. 

Third generation lentiviral vectors are capable of efficiently packaging a relatively large 

transgene (approximately 9 kb), permanently integrate into the host cell genome, can transduce 

both dividing and non-dividing cells, can be pseudotyped to selectively transduce specific cell 

types and have not been reported to be associated with insertional mutagenic events[33-35]. 

Permanent integration of the vector into the host genome is beneficial in that the introduced 
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(transduced) transgene functions like host cell genetic material and is passed on to daughter cells 

during subsequent cell divisions. As a result, the incorporation of the transgene into the host 

genome should facilitate a persistent therapeutic effect. 

We have previously reported on the efficacy of a lentiviral vector system encoding native 

feline EPO using in vitro assays[29]. In this previous work, feline peripheral blood mononuclear 

cells, human 293H cells, and feline CRFK cells were transduced with a lentiviral vector 

encoding the native feline EPO cDNA; transcription of feline EPO mRNA and production of 

bioactive feline EPO protein were confirmed using multiple techniques[29]. Here we describe 

the further optimization of the vector construct, including promoter selection and the 

incorporation of a tandemly expressed HSV-TK gene as a safety mechanism for terminating the 

effect. We document the efficacy and safety of the lentiviral gene therapy strategy in a variety of 

cell types in vitro. These in vitro studies were followed by a series of in vivo experiments in 

multiple rodent models, including normal rats and genetically modified EPO-deficient anemic 

mice.   

 

METHODS and MATERIALS 

Design and packaging of lentiviral vectors 

Feline EPO (feEPO) mRNA was previously PCR-amplified from feline renal tissue-

derived RNA and the resulting reverse transcribed cDNA was incorporated into an initial 

lentiviral vector system, referred to here as Vector A [29]. The feEPO gene (cDNA) was 

subsequently utilized in the design and construction of three third-generation, replication-

defective lentiviral vectors, Vectors B, C and D. A UC Davis Biological Use Authorization 

(BUA; #895) was approved for the use of lentiviral vectors A, B, C, and D. 
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The plasmid encoded feEPO cDNA was confirmed by sequencing (GenBank JQ413414). 

The construct design was similar for Vector B, C and D but varied in the promoter regulating 

feEPO transgene expression (Fig 1). All of the lentiviral vectors feature a HIV-derived and gene-

deleted backbone with one of three internal promoters regulating expression of feEPO: the 

constitutively active human cytomegalovirus immediate-early enhancer and promoter (CMV, 

Vector B), a hypoxia-inducible promoter (9X- hypoxia response element (HRE)-SV40 mini, 

Vector C), or the early promoter of simian virus 40 (SV40, Vector D). 

The CMV promotor is a commonly used element for the production of high levels of 

recombinant protein[36, 37]. The CMV promoter is a powerful, constitutively active promoter; 

however, a potential disadvantage is that it is prone to transcriptional silencing over time after 

transduction (attenuation of promoter effect), suspected to be a result of promoter 

methylation[36, 38-40]. Given that reduced oxygenation and delivery of blood to the kidney is a 

key signal in the induction of renal erythropoietin production, the hypoxia-inducible promoter 

(9X-HRE-SV40 mini) is a rational and physiologically relevant synthetic promoter [41, 42]. 

Hypothetically, this promoter should function as an oxygen-regulated promoter for the 

physiologically appropriate production of erythropoietin in vivo- once sufficient EPO production 

occurs and anemia resolves, promoter function should cease. The SV40 promoter (Vector D) was 

selected as a constitutively active promoter with moderately attenuated function relative to the 

CMV promoter[43].  

All three of the promoters were situated directly 5’ to the cloned feEPO gene (cDNA) 

which was linked through an internal ribosome entry site (IRES) to the herpes simplex virus 

thymidine kinase gene (suicide gene) [44]. A Control Vector was also designed based on the 

HIV-derived backbone and featured the EF1A promoter regulating expression of the reporter 
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gene mCherry (Figure 1). The Control Vector also featured a second internal promoter (CMV) 

regulating expression of the enhanced green fluorescent protein (EGFP) and an antibiotic 

resistance gene (puromycin-N-acetyltransferase gene, Puro) linked to EGFP through an 

autocleaving 2A site[45]. The plasmid constructs for each vector were assembled by 

VectorBuilder (VectorBuilder.com) and confirmed by sequencing.   

 Plasmid constructs were packaged into pseudotyped (VSV-G), single-cycle infectious 

lentiviral particles using a set of packaging plasmids (Invitrogen) transfected into human 293FT 

cells as described previously[29] and were utilized for all of the Vector B and C in vitro studies. 

For Vector D in vitro and in vivo rodent experiments, infectious lentiviral vectors were packaged 

and titered by VectorBuilder as transducing units per mL (TU/mL). Ultra-purified lentiviral 

vectors were shipped frozen from VectorBuilder on dry ice to Davis, California in HBSS buffer. 

 

 

Figure 1. Vector construct schematics. Vector B, C, and D with different promoter sequences 

regulating transcription of the feline EPO and HSV TK genes. 

 

RNA isolation and RT-PCR assays 
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 For in vitro experiments using Vector B and C, RNA was isolated using TRIzol reagent 

(Invitrogen) and further processed with the RNeasy Kit (Qiagen). RNA was DNase treated 

(TURBO DNase, Ambion) and reverse transcribed to complimentary DNA (cDNA) using the 

First Strand cDNA Synthesis System (Origene) following the manufacturers’ protocols. Standard 

RT-PCR was performed to determine the presence of feline EPO mRNA using the primers EPO 

short forward 5’- AAC CTC TGC TGC TCC ACT CC and EPO reverse 5’- CCT GTC TCC 

TCT TCG GCA GGC and Invitrogen’s recombinant Taq DNA polymerase following the 

manufacturer’s protocol for a 50 µL reaction. Expected amplicon size is 130 bp. Cycling 

conditions as follows; 95°C for 2 min followed by 40 cycles of 95°C for 15 s, 56°C for 30 s, 

72°C for 30 s, and a final extension step of 72°C for 5 min.  PCR amplicons were 

electrophoresed on 1% agarose gels, stained with ethidium bromide and digitally imaged.  

 For experiments utilizing Vector D, total cell-associated RNA was isolated with the 

PureLink RNA mini kit (Thermo Fisher Scientific), DNase treated, and reverse transcribed as 

described above. Quantitative reverse transcription PCR (RT-qPCR) was utilized to determine 

copy number for feline EPO and feline glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

using Applied Biosystems’ QuantStudio 3 Real-Time PCR System and PowerUp SYBR Green 

Master Mix, following the manufacturer’s protocol for a 10 µL reaction. The primers utilized for 

amplifying the feline EPO gene were EPO forward 5’- AAC CTC TGC TGC TCC ACT CC, 

EPO reverse ‘5- TCA CCT GTC TCC TCT TCG GCA G (amplicon size of 130 bp).  RT-qPCR 

was performed concurrently for amplifying the feline housekeeping gene GAPDH using the 

following primers: GAPDH forward 5’- AAA TTC CAC GGC ACA GTC AAG, and GAPDH 

reverse 5’- TGA TGG GCT TTC CAT TGA TGA primers (amplicon size of 61 bp) [46]. 

Cycling conditions for both feline EPO and feline GAPDH amplicons were 50°C for 2 min, 
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95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 58°C for 30s and 72°C for 1 min. The 

final step for both reactions included a dissociation curve to evaluate specificity of primer 

binding. All PCR reactions were performed in triplicate alongside a water template negative 

control, a reaction lacking reverse transcriptase (RT-) and a positive control reaction using feline 

EPO and feline GAPDH plasmid DNA. The resulting feline EPO copy number was normalized 

to 106 copies of feline GAPDH as described previously [46]. 

 A set of three primers was utilized for genotyping the EPO-deficient anemic mice, 

facilitating the differentiation of wildtype, heterozygous and homozygous EPO disrupted 

animals. The 3 genotyping primers were used in a set of two real time PCR reactions and each 

reaction included a water template as a negative control and positive controls (DNA controls 

from previously genotyped wildtype, heterozygous, and homozygous EPO disrupted mice). 

Wildtype murine EPO primers included mEPO forward – 5’-CGC ACA CAC AGC TTC ACC C 

and mEPO reverse – 5’-CTG TAG GGC CAG ATC ACC. The primers for the EPO disrupted 

gene included the mEPO forward primer paired with the SV40T reverse primer – 5’-GCC TAG 

GCC TCC AAA AAA GC. The wildtype PCR cycling conditions were as follows: 50°C for 2 

min, 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 56°C for 15 s, 72°C for 15 s. The 

EPO disrupted PCR cycling conditions were as follows: 50°C for 2 min, 95°C for 2 min, 

followed by 40 cycles of 95°C for 15 s,63°C for 15 s, 72°C for 15 s. The final step for both 

reactions included a dissociation curve to evaluate specificity of primer binding. Expected 

amplicon sizes for mice with the wildtype EPO amplicon were 228 bp and 200 bp for mice with 

the EPO disrupted genotype (SV40-mutant amplicon). Heterozygous mice possessing both a 

wildtype murine EPO allele and an EPO disrupted allele were expected to exhibit both 

amplicons.  
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Detection of feEPO protein using western blot assays 

A series of western blot (WB) assays were performed to identify the presence of feEPO 

protein in tissue culture cells and/or culture supernatants. For each WB, controls included 5 µL 

(10 U) of human recombinant EPO protein (Epoeitin alpha, EPOGEN, positive control) and 

lysates from non-transfected/non-transduced cells (negative control). 

Either cell lysates, culture supernatants or both were collected for WB analyses. Cultured 

cells were detached from the plate with 0.25% Trypsin-EDTA (Gibco), washed with phosphate-

buffered saline (PBS; Gibco), centrifuged at 500 g for 5 min and resuspended in lysis buffer 

(150mM NaCl, 50 mM Tris base, 1% NP-40, 0.25% deoxycolic acid, 0.1% SDS, pH 7.4) and 

protease inhibitor complex (PIC; Thermo Scientific). Cell lysate samples were then incubated on 

ice for 30 min, centrifuged at 16,000g for 10 min, and the cleared extract transferred to a new 

tube. Culture supernatants were centrifuged at 500g for 5 min, transferred to a clean tube, and 

centrifuged at 3000g for 5 min before storage in -20°C prior to WB analysis.  

In preparation for electrophoresis, 13 µL of extracted protein or processed supernatant 

was mixed with 5 µL of 4X LDS Sample Buffer RunBlue (Abcam) and 2µL of 10X DTT 

Reducer RunBlue (Abcam). Lysate samples were incubated for 10 min at 70°C. The molecular 

weight marker, cell lysates, culture supernatant samples, positive and negative control samples 

were electrophoresed on a 4-20% SurePAGE, Bis-Tris polyacrylamide gel (GenScript) at 150 V 

for 50 min using a PowerPack 200 Universal Power Supply (BioRad) and then transferred to a 

PVDF membrane (BioRad) using a Mini-PROTEAN Tetra electrophoresis system (BioRad) at 

5°C for 12 hours at 50 V with constant stirring. The PVDF membrane was washed three times 

with tris-buffered saline 0.1% tween-20 (TBS-T) and placed in blocking buffer consisting of 
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TBS-T 5% non-fat dry milk for 1 hour at room temperature. The PVDF membrane was washed 

three times with TBS-T before incubation with rabbit anti-human erythropoietin antibody (Bio 

Rad) at a dilution of 1:1000, rocking overnight at 5°C. The membrane was subsequently washed 

three times with 10mL of TBS-T prior to incubation with a goat anti-rabbit IgG-HRP 

Immunopure antibody (Thermo Fisher Scientific) at a dilution of 1:10,000 for one hour at room 

temperature. Antibodies were diluted in TBS-T with 5% bovine serum albumin. 

For experiments utilizing Vectors B and C, protein-antibody interactions were treated 

with Pierce SuperSignal WestPico Chemiluminescent Substrate (Perbio Science) enhanced 

chemiluminescence reagent and visualized via autoradiograph using Kodak BioMax MS Film 

and developed using a medical film processor (Konika Minolta Medical & Graphic). For 

experiments utilizing Vector D, the blots were treated with Prometheus ProSignal Femto 

Chemiluminescent HRP substrate (Genesee Scientific) and imaged with a Protein Simple 

FluorChem E System. 

 

MTT assay 

An MTT cell-proliferation bioassay was utilized to evaluate the bioactivity of the feline 

EPO transprotein in culture supernatants derived from transduced feline PBMCs. In this assay, 

proliferation of the human TF-1 erythroblastic leukemia cell line (ATCC) is induced by the 

presence of EPO protein and proliferation is detected by absorbance (optical density) using a 

plate reader. The assay was performed according to a previously published protocol[29].  

Untreated cells served as a negative control. Supernatants derived from control (untransfected) 

and Vector B transduced cells (MOI of 5) were collected on days 4, 6, and 12. The MTT assays 
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were performed in triplicate for each sample and the optical density of the wells was determined 

at 595 nm using a Thermomax microplate reader (Molecular Devices). 

 

Statistics 

For the MTT assay, Student’s t-tests were performed for each sample time point 

comparing the control and transduced samples. For the in vivo studies where there were more 

than two treatment groups involved, a one-way ANOVA was performed for each dataset 

(timepoint) in order to identify significant differences between the three treatment groups 

followed by Tukey’s multiple comparisons test. When only two experimental groups were 

present, a Student’s t-test was performed for each dataset timepoint. Significance was defined as 

p £ 0.05. 

 

In vitro Vector B experiments 

A series of in vitro experiments were performed in human and feline cells to assess 

feEPO mRNA and bioactive protein production in cells treated with Vector B. In an initial 

plasmid DNA transfection experiment, human embryonal kidney (HEK) 293FT cells (Thermo 

Fisher Scientific) were cultured in 10 cm diameter culture dishes (Corning) in complete 

Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplemented with 10% fetal bovine 

serum (FBS; Gemini Bio) and 1x penicillin/streptomycin (P/S; Gibco) to approximately 90% 

confluency in 37°C and 5% CO2. Sixty µL of Lipofectamine 2000 (Thermo Fisher Scientific) 

was combined with 1.5 mL of DMEM and incubated at room temperature for 5 minutes. 

Twenty-four µg of Vector B plasmid DNA was added to the DMEM/Lipofectamine 2000 

reagent and incubated at room temperature for 20 minutes. The mixture was then added to the 
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293FT cells and incubated for 24 hours in 37°C and 5% CO2. Untreated 293FT cells served as 

negative control samples. The culture media was then replaced with complete DMEM and 

incubated for an additional 24 hours. Media was centrifuged at 500g for 5 min, transferred to a 

new tube, and centrifuged at 3000 g for 5 min before storage in -20°C prior to WB analysis. The 

remaining adherent 293FT cells were detached with trypsin-EDTA (Gibco), washed with 8 mL 

of PBS (Gibco), and centrifuged at 500g for 5 min, washed in 10 mL PBS and enumerated using 

a hemacytometer. Thirty million cells were processed for evaluation of feEPO protein expression 

using WB analysis as described previously. 

In a subsequent transduction experiment with human 293H cells (Gibco), cells were 

plated at 2 x 106 cells per well in a 6-well tissue culture plate (Corning) in complete DMEM. 

Cells were transduced with Vector B lentivirus at either 0.1 MOI, 0.01 MOI, or 0 MOI (negative 

control). Transduced cells were incubated for 72 hours in 37°C 5% CO2 at which point 

supernatant and cell lysates were harvested for WB analyses as described previously. 

Freshly isolated feline peripheral blood mononuclear cells (fePBMC) were transduced 

with Vector B and assessed for feEPO mRNA production (RT-qPCR), protein production (WB) 

and bioactivity of the feEPO transprotein (MTT assay).  Briefly, feline specific pathogen-free 

(SPF) PBMC were isolated by density centrifugation using Hystopaque-1077 (Sigma-

Aldrich)[47]. Four x 106 PBMC were added to a 25 cm2 tissue culture flask (Corning) with 

complete peripheral blood leukocyte (PBL) media consisting of Roswell Park Memorial Institute 

(RPMI) 1640 Medium (Gibco) with 10% fetal bovine serum (FBS, Gemini Bio), 1x 

Penicillin/Streptomycin (Gibco), 1% L-Glutamine (Gibco), 1% HEPES (Gibco), 100 U/mL 

recombinant human IL-2 (Hoffman-La Roche), 0.05 mM 2-Mercaptoethanol (MP Biomedicals). 

FePBMC were transduced (infected) with Vector B lentivirus at an MOI of 5. Non-transduced 
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fePBMC cultured under the same conditions served as a negative control. Samples of culture 

supernatant were collected on days 4, 6, and 12 after transduction. After the final collection of 

supernatants on day 12, the remaining culture cells were detached with 0.25% Trypsin-EDTA 

(Gibco), washed in PBS (Gibco) and enumerated using a hemacytometer. Two million cells were 

used for RNA processing and subsequent RT-qPCR analysis for the detection of feEPO mRNA 

as described while the remaining cells were lysed and processed for WB analysis as described. 

Negative controls were non-transduced cells and recombinant human EPO protein (Epoietin 

alpha, EPOGEN) was used as a positive control. 

 

In vitro Vector C experiments 

A series of in vitro experiments were performed in human and feline cells to assess the 

hypoxia-associated regulation of feEPO expression in Vector C. Human 293T cells (ATCC) 

were grown to confluency in four 25 cm2 tissue culture flasks. In two of the flasks, 

Lipofectamine 2000 (Thermo Fisher Scientific) was used to transfect 8 µg of Vector C plasmid 

DNA following the manufacturer’s protocol. The transfected culture flasks were incubated 

overnight at 37°C and then expanded into 75 cm2 culture flasks. One non-transfected control 

flask and one Vector C-transfected flask were incubated in normoxic conditions (37°C, ~21% 

O2, 5% CO2), while the other non-transfected control and Vector C transfected flask were 

incubated in a hypoxia chamber (Stemcell Technologies) for 72 hours (37°C, 1% O2, 5% CO2). 

Culture supernatants were then collected, and cells were processed for WB and RT-qPCR 

analyses, as described.  

 In a subsequent transduction experiment using feline cells, 4.0 x 106 fePBMCs were 

cultured in four T-25 tissue culture flasks with complete PBL media and 5 ug/mL concanavalin 
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A (ConA) (Sigma-Aldrich) under previously described normoxic and hypoxic conditions for 48 

hours. One normoxic and one hypoxic flask were transduced with 2.0 x 107 viral particles each 

(Vector C, MOI 5). The remaining two flasks served as controls. One set of infected and control 

flasks were incubated under normoxic conditions while the other set was incubated under 

hypoxic conditions, as described above. Cell culture supernatants were harvested 24- and 72-

hours post-transduction via centrifugation at 500 g for 5 min and the culture media was replaced 

with fresh media. On day 12 post-transduction, both cells and supernatants were harvested. Two 

million cells were used for DNA and RNA extraction using QIAGEN’s AllPrep DNA/RNA Kit 

and 3 x 106 cells were processed for protein extraction (WB analysis). Isolated total cellular 

RNA was used for RT-qPCR analysis of feEPO mRNA production as well as GAPDH 

expression, as described previously. 

 

In vitro Vector D experiments 

An in vitro experiment was performed to evaluate the Vector D SV40 promoter-regulated 

expression of feEPO and to assess functionality of the HSV-TK suicide gene system. Crandell-

Rees Feline Kidney (CRFK) cells were cultured in DMEM/10%FBS in 12-well tissue culture 

plates (Corning) at a concentration of 4.5 x 105 cells per well and incubated at 37°C and 5% 

CO2.  Experimental groups included i) non-transduced CRFK control cells, ii) CRFK cells 

transduced with the Control Vector lentivirus (MOI of 10), iii) CRFK cells transduced with 

Vector D lentivirus (MOI of 10), and iv) CRFK cells transduced with Vector D lentivirus (MOI 

of 10) and subsequently treated with ganciclovir (GCV, ThermoFisher) at a concentration of 25 

µM, 24 hours post-transduction for 3 consecutive days. The concentration of GCV utilized was 

based on the determination of cytotoxicity for GCV used alone with CRFK cells, which was not 
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observed at 25 µM (50% cytotoxicity concentration [CC50] determined to be 52.3 µM). All 

experimental conditions were carried out in triplicate wells. Cells were transduced 24 hours after 

plating the CRFK cells by aspirating off the culture media and replacing with the appropriate 

amount of Vector D or Control Vector lentivirus diluted in 2 mL fresh media.  

An inverted fluorescent microscope (Life technologies, EVOS digital inverted 

microscope and cell imaging system) was used to visualize cell morphology at 24-, 48-, 72-, and 

96-hour post-transduction using bright-field illumination. Visual assessment was performed to 

assess cytotoxicity in the wells treated with GCV. For wells transduced with the Control Vector, 

GFP and mCherry fluorescence was used to confirm lentiviral transduction of CRFK cells 

qualitatively.  

At each timepoint (24-, 48-, 72-, and 96-hours post-transduction), supernatants were 

aspirated from the wells and centrifuged at 500g for 5 min, transferred to a new tube, and 

centrifuged at 3000g for 5 min before storage in -20°C prior to determination of feEPO protein 

production via WB analyses as previously described. All of WB analyses utilized the same 

volume culture supernatant from wells seeded with a constant cell density. After processing the 

supernatant, cell-associated RNA was collected from the cells in the same wells, as described 

previously using PureLink (Invitrogen) RNA Mini Kit and following the manufacturer’s 

instructions. Isolated RNA was stored at -80°C until utilized for feEPO and GAPDH RT-qPCR 

reactions, as described above.  

 

In vivo rodent experiments  

In order to demonstrate the in vivo efficacy, longevity of effect, and safety of the feEPO 

lentiviral gene therapy system, a series of rodent studies were performed. An initial pilot study 
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using Fischer rats was followed by a series of lentiviral dose-escalation studies utilizing 

genetically modified EPO-deficient (disrupted EPO gene) anemic mice. For these experiments, 

packaged, concentrated and ultra-purified Vector D (1.94 x 109 TU/mL) and Control Vector 

(8.52 x 108 TU/mL) lentivirus were obtained from VectorBuilder.  

 

Rat study 

A pilot rat study was performed in order to demonstrate the in vivo efficacy of Vector D 

(UC Davis Institutional Animal Care and Use Committee [IACUC] #19202; Biological Use 

Authorization [BUA] #R2033). Eight 15-week-old female Fischer rats (Charles River) between 

147 and 183 grams in weight were randomized into three experimental groups: (Group A) Vector 

D plasmid DNA-treated (n=3), (Group B) inoculated with Vector D lentivirus (n=3), and (Group 

C) untreated control rats (n=2). Group A rats were injected intramuscularly (IM) into the 

hamstring muscles of the right caudal thigh with 100 ug sterile Vector D plasmid DNA diluted in 

Tris EDTA (TE) buffer (70 µL). Group B rats were each injected with 6.32 x 105 TU Vector D 

divided into two injection sites (180 µL divided between right and left caudal thigh). The 

remaining two rats (Group C) served as untreated controls.  

Using either a sterile #10 scalpel blade or a lancet (Medipoint) to create a small nick in 

the tail tip, peripheral blood samples were obtained once per week and loaded into one or two 

heparinized capillary tubes (Fisher Scientific). For each peripheral blood sample, the red blood 

cell packed cell volume (PCV) was determined by centrifuging the capillary tubes at 12,000g for 

5 minutes (Beckman Microfuge 11) and determining the percentage of packed RBC in the total 

blood volume (PCV). The peripheral PCV was determined for each rat for the two weeks prior to 

treatment in order to establish baseline values. The peripheral PCV and body weights were 
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assessed on a weekly basis for each animal over a period of 12 weeks post-inoculation. All of the 

in vivo experimental manipulations were approved and in alignment with the UC Davis Office of 

Research and IACUC.  

At the 12-week terminus of the experiment, the rats were euthanized by isoflurane 

anesthesia followed by CO2 asphyxiation and whole blood exsanguination via cardiocentesis (no 

anticoagulant; approximately 3-5 mL blood obtained per rat). The terminal blood sample was 

allowed to clot, serum separated, and the serum frozen at -80°C. Unclotted terminal whole blood 

was also collected into heparinized capillary tubes and utilized for a final PCV determination. A 

complete necropsy was performed for each rat with tissues collected and preserved in 10% 

neutral buffered formalin (NBF). Targeted fresh tissue samples (spleen, liver, kidney, and 

skeletal muscle of the caudal thigh) were frozen and archived in RNALater (Ambion) at -80°C. 

Formalin-fixed tissues were fixed for 24-72 hours, routinely sectioned, embedded into paraffin 

blocks using standard protocols, stained with hematoxylin and eosin, and examined 

microscopically by a board-certified pathologist (SEC).   

 

Genetically modified anemic mouse studies 

A series of in vivo studies using an EPO-deficient mouse model was approved and carried 

out under the UC Davis IACUC protocol #20925 and a Biological Use Authorization (BUA 

R2033). A mixed colony of wild type (WT), heterozygous (Het), and homozygous (Hom) 

genetically EPO-deficient mice (EPO-tagh) was obtained as a gift of Dr. J. Solnick (UC Davis) 

originally sourced from France (N. Voituron)[48]. The EPO-tagh mice have the gene encoding 

the SV40 Large T antigen integrated into and disrupting the regulatory sequence of the 

endogenous murine EPO gene resulting in targeted disruption of murine erythropoietin 
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expression and subsequent chronic anemia[48, 49]. Mice were maintained in a vivarium 

managed by the UC Davis Teaching and Research Animal Care Services (TRACS) where the 

mice were bred in order to produce the required number of EPO-deficient mice (homozygous 

EPO disruption) for the two murine studies detailed below. Founder mice were genotyped using 

PCR by the Solnick laboratory, who provided 15 mice total. The mice were genotyped by 

obtaining an approximately 1-2 mm long tail tip between 19 and 21 days of age for DNA 

isolation using the QIAamp DNA mini kit (Qiagen) following the manufacturer’s protocol for 

DNA purification from tissues. Isolated DNA samples were stored in microcentrifuge tubes at -

20°C prior to PCR analysis. Mice were genotyped using qPCR as described previously and were 

phenotyped in parallel using their tail blood to determine blood PCV. Wildtype mice have a PCV 

of approximately 55%, heterozygous mice approximately 40%, and homozygous EPO-tagh mice 

have a PCV of approximately 20%[50]. Two of the founder mice were determined to be WT 

(lacking a disrupted EPO gene), six were homozygous EPO-deficient (EPO-tagh), and seven of 

the mice were heterozygous for the disrupted EPO gene. 

 

Murine experiment #1 

The initial murine study was performed to evaluate the efficacy of feEPO transduction 

and longevity of effect when inoculated with a high dose of Vector D lentivirus (vector to body 

weight ratio, relative to the rat study). All of the mice were approximately 13 weeks old at 

initiation of the experiment. Twenty-four genetically confirmed homozygous EPO-deficient mice 

with an average PCV of approximately 20% were divided into two groups: Group A mice were 

inoculated intramuscularly with Vector D lentivirus (16 mice, 10 males and 6 females) and 

Group B mice were inoculated intramuscularly with Control Vector lentivirus (8 mice, 5 female 
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and 3 males).  Group A mice each received 7.75 x 107 transducing units (TU) Vector D in a total 

volume of 50 µL diluted with sterile phosphate buffered saline (PBS) delivered into the right 

hamstring musculature. Group B mice each received 8.5 x 106 TU Control Vector diluted with 

sterile PBS in a total volume of 50 µL also delivered into the hamstring musculature of the right 

thigh.    

Mouse behavior and body weight were serially assessed, and peripheral blood was 

collected from the tail tip into heparinized hematocrit tubes, centrifuged at 12,000g for 5 minutes 

(Beckman Microfuge 11), and a peripheral blood PCV was determined for each animal on a 

weekly basis. At the end of the nine-week study, the mice were euthanized using isoflurane 

anesthesia followed by CO2 asphyxiation and cardiac exsanguination (approximately 0.5 to 1 mL 

per mouse). Terminal blood was used to determine PCV, and serum separated by centrifugation 

and serum stored at -80°C. A complete necropsy was performed for all animals and tissues were 

preserved in 10% neutral buffered formalin (NBF). Select tissues (caudal thigh skeletal muscle, 

spleen, liver, and kidney) were collected fresh in 700 µL RNAlater solution (Ambion) and a 

duplicate set of tissues was archived at -80°C. Tissues collected in formalin were fixed for a 

minimum of 24 hours prior to trimming into cassettes, embedded in paraffin wax, cut into 4 µM 

sections, mounted on glass slides, and stained with hematoxylin and eosin (HE) for histologic 

evaluation. For bone marrow evaluation, both right and left femora were fixed in 10% NBF for a 

minimum of 24 hours and then decalcified in 15% formic acid for approximately 48 to 72 hours 

prior to processing for histologic evaluation as described above. All murine tissues were 

examined by a board-certified veterinary pathologist (SEC).  

 

Murine experiment #2 
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In the second murine experiment, the inoculating dose of Vector D lentivirus was 

increased to 1x108 TU/mouse, one group of mice received a second dose of the lentiviral vector 

(same amount as initial), and the in vivo functionality of the HSV-TK suicide gene was assessed 

via the intraperitoneal administration of the GCV substrate. This murine study was approved 

under the UC Davis IACUC #22226 and BUA R2033.  

Fifteen genetically confirmed EPO-deficient anemic mice were randomly divided into 

three groups of 5 animals each: Group A control mice were inoculated with Control Vector 

lentivirus (two females, three males), Group B mice were inoculated with two serial doses of 

Vector D lentivirus (two females, three males), and Group C mice were inoculated with a single 

dose of Vector D lentivirus followed by GCV treatment (two males, three females).  

The inoculating doses of both the Control Vector and Vector D lentiviruses were 

increased to 1x108 TU/mouse, administered intramuscularly in the same manner and location as 

the first murine study with Group A control mice receiving the Control Vector diluted in sterile 

PBS in a total volume of 39 µL and Group B and C mice receiving Vector D in a volume of 53 

µL. Peripheral blood was obtained from the tail tip and PCV determined along with body weight 

on a weekly basis. Each Group B mouse was re-inoculated with a second dose of Vector D 

lentivirus (1x108 TU/mouse) when an individual animal’s PCV fell below 25%. Based on 

published protocols [51], Group C mice received 50 mg/kg of GCV (Hospira, reconstituted with 

sterile water) beginning three weeks after inoculation with Vector D for five consecutive days 

via the intraperitoneal route. At the time of GCV treatment in Group C mice, the PCV was 

determined to be elevated relative to the control animals and averaged 47.4%. Re-inoculated 

Group B mice were euthanized at 5 weeks post-reinoculation. Group C mice were euthanized 

when their PCV values dropped below 25%, aside from one mouse, which was maintained to 31 
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weeks post-inoculation (PCV of 28% at time of euthanasia). Mice were euthanized using 

isoflurane anesthesia followed by CO2 asphyxiation and cardiac exsanguination when their PCV 

had returned to near baseline (PCV <25%).  A complete necropsy, tissue collection and 

histologic examination were performed for each mouse as described for the first murine study. 

 

RESULTS 

Transfection and transduction experiments using Vector B 

 WB analyses of cell lysates and supernatants from human 293FT cells transfected with 

Vector B plasmid demonstrate feEPO protein production within both the culture supernatant and 

the cell lysates (Fig 2A, lanes 3 and 5). An appropriate-sized feline EPO protein band was 

detected in the positive control lane (Fig 2A, faint band, lane 1, human rEPO) and was not 

detected in the untransfected negative control samples (Fig 2A, supernatant and cell lysate, lanes 

2 and 4). 

 For 293FT cells transduced with Vector B lentivirus at an MOI of 0.1 or 0.01, feEPO 

protein was detected within the culture supernatants (Fig 2B, lanes 4 and 6) but was not detected 

in the cell lysates (Fig 2B, lanes 3 and 5). These results suggest that once feEPO protein is 

produced in Vector B transduced cells, it is secreted into the extracellular fluid. A qualitatively 

greater amount of feEPO protein was detected in supernatants derived from cells transduced at 

an MOI of 0.1 relative to 0.01 (the same volume of supernatant was utilized for each assay). 

Feline EPO protein was not detected in the non-transduced negative control samples (Fig 2B, 

lanes 1 and 2) and an appropriate-sized band was detected in the positive control sample (Fig 2B, 

human rEPO protein, lane 7). 



 99 

 

Figure 2. Western blot images demonstrating protein detection in 293FT cells. (A) 293FT cells 

transfected with Vector B plasmid. Lane 1- human rEPO (EPOGEN; positive control), lane 2- 

untransfected control cell supernatant, lane 3- culture supernatant from Vector B-transfected 

cells, lane 4- untransfected control cell lysate, lane 5- cell lysate from Vector B-transfected cells. 

(B) 293FT cells transduced with Vector B infectious viral particles. Lanes 1, 3, and 5- cell 

lysates, lanes 2, 4, and 6- supernatant, lane 7- human rEPO (EPOGEN; positive control). 

Arrowhead for A and B: 34 kDa (approximate size of EPO protein). 

 

Feline PBMC transduced with Vector B lentivirus transiently produce feEPO mRNA and 

bioactive feEPO protein. Feline EPO mRNA (Fig 3A, lane 3) and protein (Fig 3B, lanes 2 and 3) 

were detected in the cell-associated RNA (standard RT-PCR, cDNA) and supernatant (WB, 

protein) of feEPO transduced cells 4 days post infection, but not at 6- or 12-days post infection 

(data for 6- and 12-days post infection are not shown for RT-PCR reaction). The results for the 

positive and negative controls (standard RT-PCR and WB assays) were appropriate. Feline EPO 

protein bioactivity was detectable in supernatants derived from the transduced PBMC at days 4 

and 6, but not day 12 relative to control supernatants (MTT assay, Figure 3C). Collectively, these 
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results suggest that fePBMC transduced with Vector B produces feEPO mRNA and biologically 

active protein and that the CMV promoter function of Vector B becomes attenuated over time.  

  

Figure 3. Feline PBMCs transduced with Vector B. (A) Gel image from feEPO standard RT-

PCR demonstrating detection of cell-associated feEPO mRNA (cDNA). Lane 1- molecular 

weight marker, lane 2- negative control water template, lane 3- feEPO-transduced PBMCs, lane 

4- RT- (negative control); arrowhead = 130 bp. (B) Western blot image demonstrating feEPO 

protein detection in the supernatant of transduced PBMCs. Lane 1- negative control/non-

transduced cells, lane 2- supernatant derived from transduced PBMCs on day 4, lane 3- 

supernatant derived from transduced PBMCs on day 4 at 1:2 dilution, lane 4- supernatant derived 

from negative control/non-transduced cells, lane 5- supernatant derived from transduced PBMCs 

on day 6, lane 6- supernatant derived from negative control/non-transduced cells on day 12, lane 

7- supernatant derived from transduced PBMCs on day 12, and lane 8- positive control (human 

rEPO, EPOGEN). Arrowhead: 34 kDa (approximate size of EPO protein). (C) MTT assay 

absorbance values demonstrating transient EPO bioactivity (cell replication). Day 4 and day 6, p 

= 0.0007 and p = 0.026, respectively.   
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Infection experiments using Vector C in human and feline cells 

Using Vector C, feEPO mRNA was detectable in both human 293T (transfected) and 

fePBMC (transduced) and feEPO protein was detected in supernatants derived from transduced 

fePBMC cultured in either normoxic or hypoxic conditions (Fig 4). Cell associated RNA derived 

from 293T cells transfected with Vector C and cultured under normoxic (lane 4) or hypoxic (lane 

6) conditions demonstrate feEPO mRNA expression (Fig 4A). Cell associated RNA derived 

from fePBMCs transduced with Vector C lentivirus also demonstrate feEPO mRNA 

transcription under both normoxic (lane 4) and hypoxic (lane 6) conditions with no appreciable 

difference in signal intensity (Fig 4B). Control GAPDH reactions were appropriate (data not 

shown). 

 In fePBMC transduced with Vector C lentivirus, feEPO protein is detectable in 

supernatants (Fig 4C) under both normoxic and hypoxic culture conditions. Feline EPO protein 

was not detected in supernatants from control cells. For the treated supernatant samples (same 

volume added per lane), there is subjectively less feEPO protein in the samples derived from 

normoxic (lane 3) vs hypoxic (lane 5) culture conditions, suggesting some functionality of the 

HRE promoter (oxygenation-associated regulation).  
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Figure 4. Vector C transfection and transduction of 293T cells. (A) RT-PCR gel electrophoresis 

for feEPO mRNA from Vector C-transfected PBMCs under normoxic and hypoxic conditions. 

Lane 1- molecular weight marker, lane 2- water control template (negative control), lane 3- 

normoxic control, lane 4- normoxic transfected with Vector C, lane 5- hypoxic control, and lane 

6- hypoxic transfected with Vector C. (B) RT-PCR for feEPO mRNA 4 days post-transduction 

of fePBMCs with Vector C. Lane 1- MWM, lane 2- water control template, lane 3- hypoxic 

control, lane 4- hypoxia transduction with Vector C, lane 5- normoxic control, lane 6- normoxic 

transduction with Vector C. Expected amplicon size is 130 bp (arrowhead). (C) WB assay for 

EPO protein in supernatants-derived from transduced fePBMCs. Lane 1- positive control (human 

rEPO, EPOGEN), lane 2- normoxic control, lane 3- normoxic transduced with Vector C, lane 4- 

hypoxic control, lane 5- hypoxic transduced with Vector C. 

 

Vector D transduction of feline CRFK cells  
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The efficient transduction of feline CRFK cells by the Control Vector (MOI 10) was 

confirmed using immunofluorescent microscopy. CRFK cells exhibited cytoplasmic GFP 

immunofluorescence in approximately 80-90% of the cells, confirming cell transduction (Fig 5a, 

data for mCherry not shown). Visual evaluation of CRFK cells at 96 hours post Vector D 

transduction and treated with GCV (bottom right of Fig 5A) demonstrate morphologic evidence 

of cytotoxicity seen as rounding and occasional detachment of cells. These findings suggest that 

the CRFK cells were effectively transduced with Vector D lentivirus and that the HSV-TK gene 

product converted GCV into its toxic metabolite. Transduced CRFK cells that were not treated 

with GCV at the same time point do not demonstrate morphologic evidence of cytotoxicity 

(uniform monolayer of spindle cohesive cells, upper left and lower left of Fig 5A).  

CRFK cells transduced with Vector D lentivirus (MOI 10) exhibit pronounced expression 

of feEPO mRNA at each time point (24-96 hours), regardless of whether the cells were treated 

with GCV (real-time RT-PCR, Fig 5B). However, in a WB assay performed with the samples in 

parallel, supernatants from CRFK cells transduced with Vector D lentivirus demonstrate 

progressively increased production of feEPO protein over time (24-96 hours post transduction) 

which becomes markedly attenuated with GCV treatment (Fig 5C). EPO protein was not 

detected in CRFK cells transduced with the Control Vector (Vector) nor the non-transduced 

CRFK cells (CRFK) and an appropriate-sized band was detected for the EPO positive control 

lane. 

 These results indicate that GCV treatment abrogated feEPO protein production but did 

not have an apparent attenuating effect on feEPO mRNA production. A definitive explanation 

for this discordant result was not determined; however, it is possible that transduced cells 

undergoing apoptosis as a result of GCV treatment had inhibition of protein synthesis, a feature 
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known to occur in the face of apoptosis[52]. All of WB analyses were derived from the same 

volume of supernatant from wells seeded with a constant cell seeding density to control for 

protein amounts.  

 

 

Figure 5. Vector D transduction (MOI 10) of CRFK cells. (A) Representative images of non-

transduced CRFK cells and those transduced with Vector D lentivirus with or without GCV 

treatment 96 hours post-transduction. (B) Feline EPO mRNA copy numbers detected per 1 x 106 

copies of GAPDH from cell-associated derived RNA from CRFK cells transduced with Vector D 

or uninfected cells (CRFK). (C) Western blot image showing EPO protein detection from 

supernatants from the transduced CRFK cells. An appropriately sized band detected for the 

positive control (EPOGEN), and no bands detected for the Vector Control and non-transduced 

CRFK cells. 

 

Rats treated with Vector D lentivirus have a significant but transient increase in blood PCV 
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Fisher rats inoculated intramuscularly with Vector D lentivirus demonstrated a significant 

increase in blood PCV relative to uninoculated control animals and rats treated with Vector D 

plasmid DNA (Fig 6). The PCV effect was statistically significant relative to the two other 

groups, but was transient, persisting for only two weeks post inoculation. The mean PCV values 

at one- and two-weeks post-treatment were 52.3, 59.2, and 50.3% for the uninoculated control, 

Vector D lentivirus treated, and plasmid DNA-treated groups at 1-week post-treatment, and 51.2, 

58.0, and 51.3%, for week 2 post-treatment, respectively. These results provide evidence that 

inoculation with Vector D lentivirus results in a transient increase in PCV in normal rats in vivo. 

After the two-week time point there was no significant differences in PCV detected between the 

three groups. No significant changes in behavior or weight gain/loss were identified in any of the 

study animals, although one rat in the plasmid-treated group died prematurely for an 

undetermined reason two days prior to the termination of the experiment.  

 

 

Figure 6.  Mean PCV values vs. time for the different rat treatment groups (error bars +/- 

standard deviation). A significant difference between the treatment groups is identified at one- 
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and two-weeks post-treatment (ANOVA, p=0.026). A Tukey’s multiple comparisons test 

identified a significant difference in the mean PCV values between the Vector D treatment group 

and the plasmid treatment group (p=0.03) and no statistical significance when comparing the 

control group against the Vector D plasmid-treated group (p=0.07). 

 

Histologic evaluation of the rat tissues collected at the termination of the study did not 

identify any pathologic trends in the rats and no significant lesions were identified within the 

pelvic limb musculature from the injection sites in any of the experimental groups (Figure7A). 

Two rats, one control animal and one plasmid-treated animal, had mild focal lesions of myositis 

or myodegeneration in the inoculation site of the caudal hindlimb musculature characterized by a 

mild mononuclear inflammation or focal myocyte degeneration and regeneration. These lesions 

in the skeletal muscle were considered to be incidental (Fig 7B). One rat in the plasmid-treatment 

group died idiopathically two days prior to euthanizing the remaining rats. The cause of death for 

this animal was not determined from either the subsequent gross or microscopic examinations.   
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Figure 7. Representative histologic images from the injected pelvic limb musculature of control 

and experimental rats. (A) Representative images from control, plasmid and Vector D-treated 

rats demonstrating normal skeletal musculature. Images at 200x magnification, hematoxylin and 

eosin (HE) stain. (B) Histologic images of rare incidental lesions identified within the injected 

musculature of the Control (myositis) and plasmid-treated (myocyte degeneration/regeneration) 

rats. Images at 400x magnification, HE stain. 

 

EPO-deficient anemic mice treated with Vector D lentivirus demonstrate a significant and 

variably persistent increase in blood PCV relative to control animals 

For the genetically EPO-deficient anemic mouse studies, mouse genotypes were 

confirmed by demonstrating that the individuals enrolled in the study were homozygous for the 

SV40 transgene inserted into the murine EPO promoter allele (homozygous EPO disrupted). The 

DNA from each group (e.g., WT, Het, and Hom) were utilized in PCR reactions with either 
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primers designed to amplify the WT murine EPO gene or the SV40 mutant gene. Figure 8A 

demonstrates mouse genotyping- agarose gel electrophoresis of PCR amplicons using DNA 

obtained from wild type mouse (WT, PCR amplicon only evident with wildtype primers), 

heterozygous mouse (Het, PCR amplicons present with both WT and SV40 mutant primers) and 

homozygous mutant mouse (Hom, PCR amplicon only evident with the SV40 mutant primers).  

In the preliminary murine study (experiment #1), the inoculating dose of Vector D 

lentivirus was 7.75 x 107 TU/mouse.  PCV values were determined for two weeks prior to 

transduction. Anemic mice treated intramuscularly with Vector D lentivirus had a significantly 

increased mean PCV relative to control mice treated with the Control Vector lentivirus that 

persisted for 5 weeks post-inoculation (mean PCV values for treated vs. untreated mice +/- 

standard deviation, Fig 8B).  However, two of the Vector D-treated mice had elevated PCV 

values out to week nine post-inoculation relative to the untreated animals in the Control group.  

 

 

Figure 8. Genotyping of mice and effect of Vector D lentivirus inoculation on EPO-deficient 

mouse PCV. (A) Agarose gel electrophoresis depicting PCR genotyping results for wildtype 

mice (WT), heterozygous mice (Het) and for mice homozygous for disrupted EPO (Hom).  All 

of the mice have the appropriate-sized PCR amplicons.  A negative control (H2O, water 

template) was used for both sets of primers. (B) Mean blood PCV for mice treated with either the 
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Control Vector or Vector D lentivirus over time. Mice treated with Vector D had significantly 

elevated mean PCV for weeks 1 through 5 compared to control mice (Student’s t-test, p=0.0002, 

0.0001, 0.0001, 0.0001, and 0.0292, respectively). 

 

The second murine study was designed to determine i) the effect of a higher inoculating 

dose of Vector D lentivirus (1 x 108 TU/mouse), ii) the effect of a second administration of 

Vector D lentivirus after the PCV returned to near baseline (< 25%), and iii) the functionality of 

the HSV-TK suicide gene system through the in vivo administration of GCV three weeks after 

initial Vector D administration.  Similar to the result of the first murine study, mice treated with 

the escalated dose of Vector D lentivirus had a significantly elevated PCV relative to control 

mice for five weeks post inoculation (Fig 9A). However, the magnitude of the effect on PCV 

between the two studies was markedly different. For the first study, the lentivirus-treated group 

had a 51% mean increase in PCV (30.25%) over the control group, while in the second study, 

there was a 144% increase in mean PCV (47%) relative to the control group (at peak elevation in 

PCV, 3 weeks post-inoculation).    

Interestingly, for mice reinoculated with the same dose of Vector D lentivirus (Group B), 

serial weekly PCV assessments failed to identify any evidence that the second dose of Vector D 

resulted in an increase in PCV relative to control animals (Fig 9B). A single reinoculated mouse 

exhibited lethargy, pale mucous membranes, and progressive weight loss. PCV analyses 

demonstrated a progressive and profound anemia for this animal. The mouse was euthanized four 

weeks post-reinoculation (4% PCV nadir at time of euthanasia). Histologic evaluation of the 

mouse’s tissues identified an increase in brown intracytoplasmic pigment within macrophages of 

the spleen consistent with blood-derived hemosiderin deposition (Fig 9C). The bone marrow had 



 110 

a marked decrease in hematopoietic precursor cellularity consistent with a non-regenerative 

anemia. The few hematopoietic cells that were identified were most consistent with myeloid 

lineage cells rather than erythroid precursors (Fig 9C). These clinical and pathological findings 

are consistent with the development of red cell aplasia and associated splenic sequestration of 

hemosiderin.  

 

Figure 9. EPO-deficient mice administered Vector D once and then readministered Vector D 

after PCV returns to baseline. (A) PCV over time post-administration of Vector D once. Bar with 

asterisks represents weeks in which there was significant difference in PCV between the two 

groups. (Student’s t-test, weeks 2 through 6 post-administration, p=<0.0001, 0.0002, 0.0002, 
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0.0019, and 0.0087, respectively). (B) PCV for the same mice after receiving a second dose of 

Vector D lentivirus indicating no increase in PCV relative to control animals. The red arrow 

indicates a single mouse with a steadily declining PCV after re-administration of Vector D and 

the time point of euthanasia (4 weeks post Vector D readministration). (C) Representative 

histologic images with high power insets of spleen and tibia with bone marrow from a control 

group mouse (left images) and mouse that developed red cell aplasia (right images). 

 

The third objective of murine experiment #2, to test the effect of the HSV-TK suicide 

gene through the in vivo intraperitoneal administration of GCV, was assessed 3 weeks after 

administration of Vector D lentivirus. At 3 weeks post inoculation, while the mean PCV was still 

elevated relative to control mice (47.4% vs 20%), this murine cohort was treated 

intraperitoneally for 5 consecutive days with 50 mg GCV/kg body weight. A precipitous decline 

in PCV was not identified in the GCV-treated mice suggesting that the administered dose of 

GCV did not abrogate the effect of Vector D lentivirus. Unexpectedly, two of the Vector D 

inoculated and subsequent GCV-treated mice had a markedly prolonged elevation in PCV values 

relative to the non-GCV treated mice (Group B), with one GCV-treated mouse maintaining an 

elevation in PCV for 7.5 months post treatment (Fig 10A).    

Histologic evaluation of tissues collected from male mice treated with GCV 

demonstrated bilateral, severe, tubular degeneration and atrophy within the seminiferous tubules 

of the testes. These lesions were characterized by loss of germ cells (spermatogonia) with 

preservation of supportive Sertoli cells (Fig 10B). No gross or microscopic lesions were 

identified within the female mice receiving GCV and no other relevant or significant histologic 

findings were identified in any of the mouse groups. GCV is known to cause tubular 
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degeneration and atrophy of spermatogonia[53]. The histological findings of testicular tubular 

degeneration confirm that the GCV was properly administered at a pharmacologically 

appropriate dose but still failed to abrogate the effect of Vector D gene therapy.  

Figure 10. Mice receiving Vector D at time point Week 0 and PCV over time. (A) Red arrow 

indicates time point at which one group (+GCV) received ganciclovir for 5 consecutive days 

intraperitoneally at 50 mg/kg. (B) Histologic images with higher power images (insets) of the 

testis from a control mouse (left) and severe tubular degeneration and atrophy in an experimental 

mouse that received GCV treatment. 
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DISCUSSION 

 This study builds on previous results demonstrating the effectiveness of a replication-

defective lentiviral gene therapy vector as a method of efficiently delivering the feEPO gene in 

vitro [29].  A set of replication defective, third generation lentiviral vectors with different 

promoters regulating expression of the feEPO gene and suicide gene HSV-TK were serially 

generated and functionally evaluated in vitro. Treatment of human and feline cells with Vector 

B, utilizing the potent and constitutively active CMV promoter regulating feEPO expression, 

resulted in expression of feEPO mRNA and protein. However, feEPO expression attenuated over 

time. Studies indicate that the powerful CMV promoter can be methylated and transcriptionally 

silenced by the transfected/transduced host cell [54, 55]. As a result, we concluded that the CMV 

promoter may not be ideal and the functionality of other promoters regulating feEPO expression 

was explored.  

In mammals, EPO expression in health is physiologically regulated by oxygen levels, 

predominantly in the cells of the renal interstitium. Promoter hypoxia-response elements function 

as oxygen-sensing regulatory elements that has the potential to attenuate transcription when 

adequate erythropoiesis and tissue oxygenation are achieved. Here we found that Vector C, 

utilizing a synthetic hypoxia-response promoter (9X HRE) seemed to function constitutively 

when evaluated with RT-PCR (feEPO mRNA production) while feEPO protein production 

appeared to be minimally affected by the hypoxic conditions (subjectively reduced protein 

production in cells incubated in normoxic conditions relative to hypoxic culture conditions). 

These results were not considered to be sufficiently impressive to warrant in vivo experiments, 

and an alternative promoter was sought for the rodent studies.   
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Vector D features the constitutively active SV40 promoter which is functionally 

attenuated relative to the CMV promoter. Prior studies have shown more stable, long term 

transgene expression with the SV40 promoter relative to with the CMV promoter[43]. We 

confirmed successful lentiviral vector transduction via fluorescence (Control vector), feEPO 

mRNA detection in Vector D transduced cells, and feEPO protein production using WB 

analyses. Further, we demonstrated a marked decrease in feEPO protein production in Vector D 

transduced CRFK cells that were subsequently treated with GCV relative to cells that were not 

treated with GCV. These findings suggest that the HSV-TK suicide gene functioned as 

anticipated by either killing the transduced cells or inhibiting protein production. Interestingly, 

GCV-treated cells did not demonstrate a commensurate reduction in feEPO mRNA production. 

An explanation for this finding was not conclusively determined. The Vector D transduced cells 

treated with GCV demonstrated cytological evidence of cytotoxicity, however, extensive cell 

death was not identified (loss of cell monolayer). However, in order for GCV to cause cell death, 

the cell must be undergoing active cell division. In the confluent monolayers of Vector D 

transduced cells, cell division may have been minimal. Further, it is possible that the in vitro 3-

day GCV dosing regimen was only marginally adequate, and a more prolonged dosing regimen 

would be more optimal. It has also been shown that mRNA expression does not always correlate 

with protein expression as protein expression can also be regulated at the level of translation[56]. 

Cells undergoing apoptosis can also have substantial inhibition of protein synthesis[52]. 

Based on the in vitro tissue culture studies, the project was extended to a pilot rat study in 

vivo. We found that rats inoculated with Vector D lentivirus had a significant, but transient 

increase in PCV relative to untreated rats and rats treated with Vector D plasmid DNA. The 
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results of this pilot rat study provided an impetus for moving forward with Vector D lentivirus 

into additional rodent models. 

To better evaluate the efficacy and persistence of Vector D treatment, a more biologically 

relevant anemic mouse model was utilized in a series of in vivo experiments. The genetically 

modified anemic mice treated (inoculated/transduced) with Vector D lentivirus had a statistically 

significant but transient increase in blood PCV relative to control mice. For the rats, the 

maximum effect was an increase in average PCV from approximately 50% to 58% (16% 

increase over control), while for murine study #1, PCV rose from approximately 20% to 30% 

(51% increase), and in murine study #2 the PCV rose from approximately 20% to 47 (144% 

increase). These magnitudinal differences in PCV are likely a reflection of the progressive 

lentiviral dose escalation with each new study with the rats receiving 3.81 x 103 TU per gram (g) 

of body weight (BW), the mice in the first murine experiment receiving 3.15 x 106 TU/g of BW, 

and the mice in the final murine study receiving 4.30 x 106 TU/g of BW.  

The gradual attenuation of the PCV augmentation over time in vivo may have several 

possible explanations, including host-directed immune-mediated destruction of the feline specific 

EPO transprotein, eventual loss or destruction of the transduced skeletal myocytes, or loss of 

signaling efficiency by the feEPO transprotein in these xenogenic rodent models. Transduced 

cells can signal to the host immune system that transgenic material has been detected resulting in 

destruction of the transduced cells[57]. There is generally high sequence conservation of the 

erythropoietin gene among mammals[58] with the feline EPO gene (ENSFCAG00000006850) 

being 81.25% similar to mouse (Mus musculus; ENSMUSG00000029711) and 82.29% similar to 

rat (Rattus norvegicus; ENSRNOG00000001412). An immunologic attack on transduced cells is 

less likely to be the mechanism of attenuation in the rodents based on a lack of histopathologic 
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lesions detected in the inoculated muscle tissue; however, it cannot be completely ruled out as it 

remains possible that focal myocyte inflammation or loss was not adequately sampled or 

examined microscopically. Attempts to validate an ELISA in order to detect serum antibodies in 

the inoculated rodents directed against recombinant feline EPO (Kingfisher Biotech) were not 

successful (data not shown). 

 Similar to other studies delivering feline EPO to cats using an AAV vector, the 

development of pure red cell aplasia appears to have occurred in a single mouse when 

administered a second dose of Vector D lentivirus. We suspect that the profound anemia (PCV 

4%) resulted from the development of murine antibodies directed against the feline EPO product 

which subsequently cross-neutralized the endogenous mouse EPO (produced at very low levels 

in the EPO disrupted transgenic mice). However, we do not anticipate that immunologic 

clearance will be a significant problem in cats treated with their own native feEPO gene. 

 We identified in vitro evidence that the construct HSV-TK/GCV suicide gene system 

abrogated feEPO protein production when transduced CRFK cells were treated with GCV. 

However, decreased blood PCV was not observed in vivo in Vector D inoculated mice that were 

subsequently treated with GCV intraperitoneally. However, the HSV-TK/GCV system is 

designed to function in replicating cells as the GCV end product (GCV triphosphate) gets 

incorporated into DNA during cell replication leading to the inhibition of DNA synthesis and 

resulting in cell death[59, 60]. Therefore, skeletal myocytes may not represent the ideal 

transduction target as myocytes are generally long-lived with limited ongoing cell replication. 

Further, the histologic evidence of degeneration and cell death in the replicating germ cells of the 

testes confirmed that GCV was successfully administered as GCV is known to be toxic for these 

germ cells. Endogenous mammalian TK, which has been shown to be synthesized at a 10-fold 
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greater rate in cells in S phase compared to G1 phase[61], makes highly mitotic cells (such as 

germ cells in the testes) particularly sensitive to the drug, ganciclovir[62].  

 Collectively, these results provide a justification for a lentiviral gene therapy approach to 

treating non-regenerative anemia associated with chronic renal disease in cats.  
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 Despite many decades of study, feline infectious peritonitis (FIP) continues to be a challenging, 

fascinating, and clinically frustrating viral disease of domestic cats. Multiple facets of feline coronaviral 

virology, disease immunopathogenesis, and antiviral treatment strategies remain to be fully explained. 

The goals of this dissertation were: i) investigate FIPV serotype I cell receptor usage using RNA 

expression in variably permissive cell lines and immunohistochemistry studies using archived feline 

tissues, ii) compare and contrast FIPV serotype I and II replication kinetics in feline cells, iii) identify  

antiviral compounds effective against FIPV serotype I and II replication, and iv) perform pharmacokinetic 

analyses on select antiviral agents in healthy, SPF cats in vivo (in order to establish therapeutic dose). A 

parallel lentiviral gene therapy project was carried out using both in vitro cell lines and in vivo animal 

models that also explored viral cell entry, dissemination, and persistence in the host cells and rodents. 

We developed and tested a lentiviral-vectored gene therapy system with the ultimate goal of treating 

cats with chronic renal disease-associated anemia.  

 To achieve these objectives, in Chapter 2, serotype I and II FIPV were propagated in a selection 

of feline cells in order to document differential replication kinetics between the two tissue-culture 

adapted FIP viral serotypes. In these studies, we contrasted the gene expression profiles for multiple 

known coronavirus receptors in the variably FIPV permissive cell types FCWF4- CU and FCWF-4. The 

primary cell receptor for FIPV serotype II has been previously determined to be feline aminopeptidase N 

(feAPN), while the primary cell receptor for FIPV serotype I is currently unknown. The recent 

development of a feline cell line that efficiently propagates FIPV serotype I (FCWF-4 CU) contrasted to 

the marginally permissive and closely related FCWF-4 cell line provides an in vitro system for leveraging 

information from the differential viral replication patterns. We determined the global gene expression 

patterns (RNAseq) for these two feline cell lines and identified six differentially expressed transcripts 

with potential to explain the differential replication efficiencies. Candidate differentially expressed 
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cellular genes include cathepsin S and C, transmembrane serine protease 7 (TMPRSS7), rhomboid-like 2 

serine endopeptidase (RHBDL2), ephrin A1, and ephrin B2. 

 Although dramatic pharmaceutical advances have been made recently in antiviral therapies for 

a number of infectious agents, there still remains a lack of affordable, readily available and licensed 

antiviral treatments for FIP. Although currently only obtained through “black market” channels in North 

America and Europe, the nucleoside analog GS-441524 nevertheless remains one of the most effective 

antiviral therapies for use in cats with naturally occurring FIP. Unfortunately, there are currently 

multiple regulatory challenges to the legal use of GS-441524 in veterinary settings. Therefore, in Chapter 

3, we screened 90 putative antiviral compounds for efficacy against FIPV serotype II (WSU-79-1146) 

using real-time RT-PCR based assays and identified 26 compounds with antiviral activity representing 

differing drug classes and mechanisms of action. In addition, we approached antiviral assessment in 

Chapter 4 using an optimized biological colorimetric assay to compare the efficacy of the protease 

inhibitors, GC376 and nirmatrelvir and the nucleoside/nucleotide analogs, remdesivir, GS-441524, 

molnupiravir (MPV; EIDD-2801), and b-D-N4-hydroxycytidine (NHC; EIDD-1931) against both FIPV 

serotype I and II as monotherapies as well as in strategic combined therapies. We found GS-441524, 

remdesivir (RDV), MPV, GC376, nirmatrelvir, and NHC to be potent inhibitors of replication for both viral 

serotypes and that all of the tested antiviral compounds predictably demonstrated lower EC50 values for 

FIPV I relative to FIPV II. Three select antiviral combinations, each including a nucleoside analog 

combined with a viral protease inhibitor, were assessed against FIPV serotype II to determine evidence 

for additive and/or synergistic antiviral effects. Compound synergy was identified for all three of the 

antiviral combinations, which included (1) nirmatrelvir combined with MPV, (2) GC376 combined with 

RDV, and (3) nirmatrelvir combined with RDV. The antiviral efficacy against both serotypes coupled with 

antiviral synergy supports the proposed application for combined therapy in cats with naturally 
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occurring FIP, particularly those cats with more challenging clinical presentations (brain and/or eye) or 

refractory disease (treatment failure). 

As an additional step towards establishing effective and rational clinical therapy, we also 

determined the pharmacokinetic properties (metabolism) of molnupiravir (MPV), GS-441524, and 

remdesivir (RDV) administered orally and/or intravenously. Similar to what has been identified in 

humans, we found that MPV is rapidly metabolized in feline plasma in vivo to the metabolite NHC. We 

detected the NHC metabolite at early timepoints in the 24-hour time period and at markedly higher 

levels than the administered prodrug, MPV. There was sufficient oral bioavailability of MPV to yield 

serum levels of the active metabolite, NHC, greater than the half maximal concentration (EC50) when 

administered at 10 mg/kg. For GS-441524 and RDV, there was sufficient oral bioavailability, which yields 

therapeutic plasma levels of GS-441524 for treatment of FIP when administered at 25 mg/kg (both 

compounds).  

As a parallel adjunct study in Chapter 5, we created a lentiviral-vectored gene therapy system as 

a model for treating cats with chronic renal disease (CRD)-associated anemia. CRD is a common 

condition in aged cats that results from a reduced renal production of erythropoietin (EPO). We 

designed a series of replication defective, third-generation lentivirus-based vectors to encode and 

produce the native feEPO protein in tissue culture experiments and in multiple rodent models in vivo. 

The vectors were designed to include a genetic-pharmacologic safety mechanism through the 

incorporation of the “suicide gene” HSV-TK in the gene therapy vector. The HSV-TK gene product allows 

for the pharmacologic termination of the therapeutic effect in the event of supraphysiologic 

polycythemia. Using an optimized lentiviral vector encoding the feline EPO gene we (i) demonstrated 

successful transduction of human and feline cells in vitro via the detection of bioactive feEPO mRNA 

transcripts using real-time RT-PCR and protein production (western blot), (ii) demonstrated the in vivo 

relevance of this method in a rat pilot study through the documentation of elevated packed cell volumes 
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(PCV) in treated rats, and (iii) demonstrated a prolonged and magnitudinally greater effect on PCV in a 

more biologically-relevant EPO-deficient anemic mouse model. Collectively, the results of these gene 

therapy studies provide a justification for a lentiviral gene therapy approach to treating non-

regenerative anemia associated with CRD in cats. 
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