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ABSTRACT OF DISSERTATION

THE CYTOKINE RESPONSE TO MUCOSALLY TRANSMITTED FELINE 

IMMUNODEFICIENCY VIRUS INFECTION

Understanding the immune response to retroviral infections is critical to the 

rational design of prevention and intervention strategies. The studies reported herein 

were designed to help understand the interaction of feline immunodeficiency virus (FIV) 

and the initial host immune response. In addition, we have begun to explore the use of 

adenoviral-mediated expression of murine interleukin 12 (mIL12) as a means to shift the 

immune response to favor host control of FIV.

We were able to document a significant increase in the T lymphocyte production of 

interleukin 10 (IL10) in both the spleen and colic lymph nodes of infected cats at four 

weeks post rectal infection (PI). At ten weeks PI, the high levels of IL10 were 

maintained yet the level of IFNy in CD8+ T cells had increased to an even greater extent 

thereby normalizing the T cell IFNy.ILlO ratio. The normalization of this ratio 

corresponded with a significant reduction in viral RNA levels in both the spleen and the 

colic lymph node T cells. Macrophage production of interleukin 6 (IL6) was increased 

by 10 weeks PI and this was correlated with the rising macrophage viral RNA levels 

noted at this timepoint.

To explore the significance of the early rise in interlukin 10, we utilized murine IL12 as a 

means to preferentially induce a strong cell-mediated immune response. Recombinant 

mIL12 augmented mitogen-induced proliferation of feline PBMC and induced the 

production of feline IFNy in vitro. Cats treated with varying doses of mIL12 

intraperitoneally developed dose-related hematotoxicities typical of those seen in mice.

A replication defective adenoviral vector expressing mIL12 was shown to productively
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infect feline cells and produce biologically active mIL12. Intraperitoneal adenovirus- 

mediated mIL12 delivery resulted in the systemic induction of feline IFNy and, in a 

preliminary experiment, appears to have delayed the rise in plasma FIV RNA levels in 

mucosally infected cats. Future experiments are planned to expand upon these findings 

and to further define the significance of the early ILlO-dominated cytokine response to 

FIV infection.

Paul R. Avery 
Pathology Department 

Colorado State University 
Fort Collins, Colorado, 80523 

Summer 2002
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INTRODUCTION

Human immunodeficiency virus (HIV)

In the twenty years since it was first identified, HIV has become the fourth largest killer 

in the world (1). An estimated 60 million people have been infected with the virus since 

it was identified and 40 million people are currently infected (1). Despite the global 

impact of HIV and the intensive investigation of the virus and its lifecycle, our 

understanding of the immune response towards HIV is still incomplete. There are 

numerous, often conflicting, reports attempting to document the cytokine response to 

HIV during the natural course of infection.

Mucosal HIV Infection

The vast majority of HIV infections are acquired through sexual contact (2) (3) making 

examination of the early mucosal immune response to the virus particularly important. It 

is likely that critical aspects of the early local immune response can determine whether or 

not the infection becomes productive or influence the rapidity with which the infection 

progresses to clinical disease. Because these early events are difficult to study in 

naturally occurring HIV, animal models such as feline immunodeficiency virus (FIV) and 

simian immunodeficiency virus (SIV) serve important roles (4) (5) (6).

Feline immunodeficiency virus

FIV was identified in the mid 1980s and the clinical disease syndrome induced by the 

virus was shown to be extremely similar to that caused by HIV (7) (8). The acute phase 

in both viral infections is marked by high viral loads, lymphadenopathy, flu-like 

symptoms and early declines in the circulating CD4+ T cells (9) (10) (11). Analogous to 

HIV infection, the majority of FIV-infected cats enter a clinically asymptomatic period 

spanning several years, which is then followed by a period of progressive 

immunodeficiency ultimately culminating in resurgence of viremia and opportunistic 

infections (11) (12) (13) (14). The association between FIV and HIV has been further 

strengthened by recent evidence that FIV utilizes the co-receptor CXCR4 shown to be 

critical for infection with T cell tropic strains of HIV (15).

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Mucosal FIV infection

The importance of the rectal and vaginal mucosal routes in the transmission of HIV 

prompted the search for similar modeling systems in FIV infection. FIV has been 

isolated from the saliva and semen of infected cats (16) (17) and has been transmitted via 

artificial insemination(18), suggesting mucosal routes may play a role in natural 

horizontal transmission. Work in our laboratory has established the oral, vaginal and 

rectal routes as viable means to transmit both cell-free and cell-associated FIV (19) (20) 

(6). These transmission routes allow us to study the immune response to the virus during 

and immediately following transit through mucosal barriers as models for sexually 

transmitted HIV infection.

Type 1 vs. type 2 cytokine patterns

The dichotomy of Thl and Th2 cytokine responses within the CD4+ T cells of mice laid 

the groundwork for understanding how cytokines can shape the initial immune response 

to pathogens (21, 22). The initial focus on CD4+ T cells has expanded to include the 

cytokine contributions of all cells involved in the immune response and has given rise to 

the terms type 1 and type 2 (23). A type 1 immune response includes the cytokines 

interferon-gamma (IFNy), interleukin 2 (IL2), tumor necrosis factor alpha (TNFa) and 

interleukin 12 (IL12) and is generally considered to be responsible for a strong cell- 

mediated immune response, whereas a type 2 response includes interleukin 4 (IL4), 

interleukin 5 (IL5), interleukin 6 (IL6), interleukin 10 (IL10) and interleukin 13 (IL13) 

and drives a dominant humoral immune response. This distinction is not absolute as 

certain immunoglobulin subclasses such as IgG2a are potently produced during a type 1 

response (24). In general, IL4 and IL12 are thought to be the early initiators of type 2 

and type 1 responses respectively (25). The cellular source of this initial IL4 production 

has remained somewhat elusive, whereas IL12 is produced by professional antigen 

presenting cells such as dendritic cells or macrophages. The initiation of one type of 

cytokine response tends to be self-propagating and inhibits the development of the other, 

thereby allowing one pathway to predominate in an immune response.

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Blurring o f the type 1 vs. type 2 dichotomy:

Despite the clear distinction between type 1 and type 2 cytokine responses in inbred 

strains of mice and the documented antagonism between each type of response, the 

dichotomy in naturally occurring diseases is less absolute. IL12 stimulates the potent 

production of the fellow type 1 cytokine IFNy but it has also been shown to induce high 

levels of the type 2 cytokine IL10 (26). Individual clones of CD4+ T cells and CD8+ T 

cells have been shown to produce high levels of both IFNy and IL10 indicating 

independent gene regulation (26). The simultaneous production of high levels of IL10 

and IFNy has also been reported in human patients with Lyme disease (Borrelia 

burgdorferi) (27) and tuberculosis (28). IL10, in its role of dampening type 1 responses, 

may be required to modulate the intensity of the IFNy-driven cell-mediated immune 

response (29) (30) (31). It has therefore been suggested that it is the balance rather than 

the absolute levels of type 1 or type 2 cytokines that is critical in determining disease 

outcome.

The early cytokine response

Studies examining a wide array of pathogens have demonstrated how crucial the initial 

cytokine response to the organism is in determining disease outcome. A prominent 

example is the protozoal parasite Leishmania major, which causes self-limiting or 

progressive disease depending on the inbred mouse strain used. This divergence in 

pathogenesis has been linked to the natural tendency of each mouse strain to produce a 

type 1 or type 2 cytokine response (32). Recombinant IL12 administered to normally 

susceptible strains of mice can result in parasite clearance, but only if given during the 

first seven days post-infection (33). This early window of cytokine plasticity also exists 

in malarial infection with Plasmodium chabaudi. As with Leishmania, there are 

susceptible and resistant inbred strains of mice and resistance correlates with the early 

production of the type 1 cytokines IFNy and IL12 (34). If IL12 is administered one day 

before or at the time of malaria challenge, increased levels of IFNy and TN Fa are 

induced and the typically susceptible mice are able to clear the parasite (35). This 

illustrates the critical role of cytokine balance in immune response priming.
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The cytokine response in anti-viral immunity

Cytokines produced mainly by T lymphocytes and macrophages play a critical role in 

antiviral immune responses (36) (37) (38). A robust type 1 cytokine response early in a 

viral infection appears to be an important component in clearing virus infected cells from 

the body. The mechanisms of cytokine induced antiviral responses are varied and include 

alterations of MHC molecule and costimulatory molecule expression as well as direct 

activation or deactivation of immune cells (39). IFNy stimulates the production of nitric 

oxide (NO) by activated macrophages, which has been shown to play a significant role in 

the response to ectromelia virus (40), herpes simplex virus 1 (41), Epstein Barr virus (42) 

and coxsackie virus (43). Type 1 cytokines, such as IFNy and TNFa, can also directly 

inhibit viral replication (44).

Cytokine responses to HIV

The evidence for dichotomous cytokine responses in murine models of infectious disease 

spurred investigation into the cytokine response in HIV infection. There are several, 

often conflicting, reports about the existence of a type 1 to type 2 cytokine switch 

emerging during the progression of the chronic phase of HIV infection (45) (46) (47). 

Many studies have found the cytokine response during the chronic stages to be a mixture 

of type 1 and type 2 cytokines (48) (49) although an imbalance between the two cytokine 

responses appears to exist. Decreased production of IFNy (50) or increased production of 

IL10 (51) has been associated with increased risk of disease progression and death. 

Recent data demonstrate that the relative balance of CD4+ T cell production of IL10 vs. 

IFNy correlates with active replication and progression of disease and that highly active 

anti-retroviral treatment (HAART) decreases viral loads, shifting the balance towards 

IFNy production (52). Adding IL12 or blocking IL10 restores the in vitro responsiveness 

of HIV+ cells to antigen, indicating that inhibition of typel cytokines contributes to the 

immunologic defects of chronic HIV infection.

It is more difficult to study the acute phases of HIV-infection, as patients are often not 

identified immediately after exposure. The balance of cytokines during early HIV
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infection has been described in a small number of papers. Individuals who had been 

HIV-infected for >3 but <12 months had increased PBMC-associated IL4 and IL10 with 

concurrent decreases in IFNy and IL12 (53). Other studies examining peripheral blood 

during the acute phase of HIV infection have demonstrated early increases in TNFa (54) 

or IFNy, IL10 and TNFa (55). Differences in methodologies and patient classification 

may be contributing to the lack of consensus in these studies but, to date, there has been 

no clear cut cytokine pattern identified during acute HIV infection.

Rare reports of cytokine production within lymphoid tissue of HIV+ people exist. A 

lymph node biopsy obtained during seroconversion revealed increases in IFNy, IL10 and 

IL6 suggesting a mixed typel and type 2 cytokine response (56). A larger study 

involving lymph node tissue from 14 HIV+ people revealed an increase in both IFNy and 

IL10 that persisted throughout all stages of established infection (49). A study in which 

IL10 was not examined, identified an increase in IFNy in lymph node CD8+ T cells (57). 

These studies of lymph node cytokine production identify the simultaneous increases in 

IFNy and IL10, a condition described as a type 0 or a mixed cytokine response.

Cytokine responses to SIV

The SIV model has been used to examine tissue cytokine responses that tend to be less 

accessible in HIV-infected people. All of the current data comes from infection systems 

in which the virus was administered via the intravenous route (IV). One study has 

documented the mild increase in PBMC-associated IL6 levels beginning 1 week PI which 

corresponded with peak viral replication (58). Other groups have compared ne/-deleted 

or truncated viruses with their more pathogenic counterparts. One of these studies 

showed that the attenuated virus induced both IFNy and IL10 while the pathogenic virus 

induced only IL10 in PBMC during the acute phase (59). Other groups have shown that 

there is less IL12 production and more IL10 and IL4 production in the lymphoid tissues 

of macaques infected with the pathogenic strain of virus than with the n<?/-deleted form 

(60). In addition, a /ie/-deleted virus engineered to produce IFNy replicated to a much 

lower viral level when compared to the parent n<?/-deleted virus (61). A final study with
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relevance to the expression of IFNy showed that, with a low-dose IV challenge, there was 

an inverse relationship between lymph node levels of IFNy and SIV antigenemia (62). 

When a higher dose of virus was administered, large increases in IFNy were noted which 

showed no relationship with viral antigen levels. The authors speculated that some of the 

increase in IFNy may have been coming from natural killer cells activated by the large 

viral challenge and therefore may not be reflective of acquired T cell responses (62). This 

hypothesis was supported by a concurrent increase in lymph node IFN a, which is a 

known NK cell activator. As a whole, the above SIV studies support the notion that the 

induction of type 1 cytokines is inhibited to some degree by pathogenic strains of SIV 

while type 2 cytokine production is augmented. This work also suggests that the IV route 

of infection may not be the most appropriate system to model naturally acquired HIV- 

infection.

Cytokine responses to FIV

Few studies examining the cytokine response in FIV infection have been conducted but 

these few studies provide some insight. Early work with FIV demonstrated increases in 

interleukin 6 (IL6) (63) (64), TNFa and interleukin 1 (IL1) (64) in chronically infected 

cats. Alveolar macrophages from acutely infected cats have been shown to produce 

increased levels of TNFa, IL6 and IL10 (65). IL2 levels have been shown to not differ 

significantly between naive and FIV-infected cats (66) (64) (67). Two groups have 

documented simultaneously increased levels of IFNy and IL10 in FIV-infected cats, one 

within weeks of viral challenge (67) and one during the chronic phase of infection (66). 

The overall pattern of cytokine responses to FIV infection has not fit neatly into a typel 

or type 2 response, yet in a co-infection system with Toxoplama gondii, an elevated 

IL10/IL12 ratio was predictive of poor control of toxoplasmosis (68) suggesting that here 

may be a cytokine imbalance which inhibits type 1 cytokine responses.

Interleukin 12

Interleukin 12, initially identified as a factor secreted by Epstein-Barr virus transformed 

B cells, has subsequently been shown to be one of the most potent stimulators of the cell- 

mediated immune response (69-71). IL12 initiates a typel cytokine response via the
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induction of IFNy from T cells and natural killer cells (NK) thereby augmenting cell- 

mediated cytotoxicity (72). Although it was first identified in B cells, the most 

biologically relevant producers of IL12 are monocyte/macrophages and dendritic cells 

(73, 74). IL12 is produced as a heterodimer in response to bacteria/bacterial products, 

endotoxins, intracellular parasites and CD40 ligation (71) (73) (75). Thus either direct 

contact with microbial products or activated T cells can lead antigen presenting cells such 

as macrophages and dendritic cells to release IL12.

IL12 is critical in the early host control/containment of many intracellular pathogens 

including Toxoplasma gondii (76), Listeria monocytogenes (77), Leishmania major (78) 

and Mycobacterium tuberculosis (79). Early intervention with IL12 has shown the 

pivotal role it plays in the control of some viral infections. Low doses of IL12 early in 

the infection of mice with lymphocytic choriomeningitis virus (LCMV) result in 

increases in splenic CD8+ T cell numbers and decreased viral levels (38). IL12-induced 

decreases in viral replication have also been demonstrated in murine models of 

cytomegalovirus virus (80), hepatitis B virus (81), encephalomyocarditis virus (82) and 

the murine acquired immunodeficiency (MAIDS) virus infection (83).

Preventing or decreasing IL12 production would seem an ideal way for a virus to 

circumvent the host immune response. The infection of human monocytes in vitro and 

rhesus macaques in vivo with measles virus leads to the ablation of IL12 production, 

which may be an important means of viral escape and the generalized 

immunosuppression seen in measles virus infection (84) (85). Hepatitis C virus, which 

frequently causes persistent infection and can lead to substantial liver disease, has been 

shown to specifically inhibit IL12 production from macrophages at what appears to be 

the transcriptional level (86). PBMC from HIV-infected patients have been shown to 

produce one fifth the IL 12 of control PBMC when stimulated with Staphylococcus 

aureus in vitro (87). The mechanism for this IL12 inhibition remains unclear but may 

relate to the overproduction of IL10 (88).
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Interleukin 10

IL10 was initially described as a factor secreted by murine Th2 cells that inhibited 

IFNy production (89). IL10 has since been shown to have a variety of inhibitory effects 

on activated macrophages including the inhibition of nitric oxide production (90), the 

reduction in the surface expression of MHC class II molecules (91) and CD80/CD86 

costimulatory molecules (92). In addition to blocking IFNy production, IL10 has been 

shown to inhibit the production of IL12 and TNFa in monocytes (89, 93, 94). IL10 can 

also decrease IL12 production and costimulatory molecule expression on dendritic cells, 

the most potent initiators of an immune response (95, 96).

Adenoviral delivery ofIL12

Replication-defective adenoviruses have been shown to be effective vehicles for the in 

vivo delivery of inserted DNA(97). Several adenoviral vectors that encode for both the 

p35 and p40 portion of the murine IL12 heterodimer have been developed and shown to 

produce biologically active IL12. (98) (99) (100). Much of the in vivo work with these 

vectors has focused on augmentation of cell-mediated immunity against murine tumors, 

where variable degrees of tumor reduction have been documented (101) (102) (103) 

(104). There are reports of the in vivo efficacy of adenovirus-IL12 vectors in decreasing 

mortality or infection rates in murine models of Leishmania major (105), Klebsiella 

pneumoniae (106) and Toxoplasma gondii (107) infection.

Dissertation research

Our understanding of the cytokine response to lentiviral infections remains far from 

complete. A detailed analysis of the early cytokine events that accompany mucosally 

transmitted FTV may help to explain some of the ways in which the virus escapes initial 

immune containment. This information could be crucial in the development of cytokine- 

based intervention or vaccine enhancement strategies for both FIV and HIV.

The first aim of this work was simply to develop an efficient and reliable means of 

detecting multiple cytokines in feline tissue samples. PCR-based methodologies exist
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(108) (109) but are reagent and labor intensive when studying multiple cytokines from 

multiple tissues. Because the ribonuclease protection assay has proven to be a useful and 

efficient assay for RNA detection, we endeavored to develop this technology for the 

detection of feline cytokines.

A second major objective was to analyze the cytokines produced in the early stages after 

rectal mucosal transmission of FIVB2542 and to determine whether cellular or tissue 

specific responses were detectable. By examining two time points post-infection, we 

hoped to document the evolution of the acute cytokine response. We hypothesized that 

an early type 2 cytokine response would accompany the rapid rise in initial viral 

replication.

Our final goal was to attempt to influence the host’s ability to control initial viral 

replication by administering IL12, thereby driving a more effective cell-mediated 

immune response. Adenoviral gene delivery systems were targeted as an efficient and 

self-limiting means to administer IL12.
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CHAPTER ONE

DEVELOPMENT OF A RIBONUCLEASE PROTECTION ASSAY TO DETECT

FELINE CYTOKINES

INTRODUCTION

Current methods to quantify feline cytokines

Although feline immunodeficiency virus infection (FIV) in cats is a potentially valuable 

animal model of human lentiviral infection, the reagents and methods necessary to 

explore the interactions o f FIV with the feline immune system are deficient. The 

standard ELISA-based techniques to measure feline cytokines do not exist and would 

require the generation and purification of antibodies to the individual cytokines. 

However, a quantitative competitive reverse transcription polymerase chain reaction 

(QC-RT-PCR) assay has been developed to measure feline interferon gamma (IFNy), 

tumor necrosis alpha (TNFa), interleukin 2 (IL2), interleukin 4 (IL4), interleukin 6 (IL6), 

interleukin 10 (IL10) and interleukin 12 (IL12) (1). This assay has been shown to be a 

sensitive and quantifiable method to measure cytokine messages in feline infectious 

diseases. (2) (3).

The QC-RT-PCR assay relies on the addition of known concentrations o f a fragment of 

DNA that encodes an internally truncated version of the cytokine to be assayed. The 

native PCR product can then be distinguished from the concurrently amplified 

competitive fragment based on size differential on an agarose gel. The concentration at 

which the competitive fragment and the native product are amplified to an equivalent 

amount can be used to determine the amount of cytokine message in the sample (Figure 

1.1). To normalize the amount o f cytokine message between samples, the housekeeping 

gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is used. The result is then 

expressed as a ratio o f cytokine message to GAPDH message.
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Competitor

Cytokine

573 bp

Figure 1.1: Two representative QC-RT-PCR reactions showing dilutions of input
competitive DNA (upper bands) and increasing quantities of native DNA (lower bands). 
The point o f equivalence o f the two products can be calculated based on relative band 
intensities.

The fragment o f DNA encoding all o f the competitive sequences was provided to our 

laboratory by Dr. Mary Tompkins (Raleigh, NC) and was used in the initial pilot 

experiments. It soon became apparent that, while reliable, the use of this technique 

would require extremely large numbers of individual PCR reactions to quantify all the 

cytokines in the many samples. It was because of the potential time and expense 

involved with RT-PCR that we decided to develop a multiplex ribonuclease protection 

assay (RPA) for the measurement o f feline cytokines. An additional attractive feature of 

the RPA is that, because no amplification steps are involved, more reliable quantification 

of products is possible (4).

Ribonuclease Protection Assay

The ribonuclease protection assay has been shown to be a very sensitive and specific 

method of detecting messenger RNAs (5) (6) (4). The assay involves the hybridization of 

a 32P-labeled antisense RNA probe to the target RNA. This double stranded RNA, unlike 

the excess probe and unhybridized RNA, is then protected from RNase degradation and 

can be resolved by denaturing polyacrylamide gel electrophoresis. The amount of 

protected mRNA can be quantified using a phosphoimager (Amersham Biosciences, 

Piscataway, NJ) and related ImageQuant™ software. This technique has been applied in 

myriad human and murine diseases to measure cytokines, chemokines and other 

parameters o f immune function (7) (8).
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Cytokines

The sequences for most of the feline cytokines that we were interested in quantifying 

were part o f the GenBank database, thereby allowing for the rapid generation of 

sequence-specific primers. We were fortunate to obtain sequence data directly from 

other investigators to complete the panel of needed cytokines. IFNy, IL2 and TNFa were 

chosen as prototypical type 1 cytokines produced by T lymphocytes that have been 

shown to play an important role in viral infections (9) (10). IL4 and IL10 were chosen as 

what are generally considered to be prominent members o f the T cell type 2 cytokine 

family (11) (12). Macrophages have been shown to constitutively express IL10, TNFa 

and IL6, all of which can influence viral replication (13) (14). Additionally, we chose 

IL12 because of the demonstrated ability of it to orchestrate a type 1 cytokine response to 

many infectious agents (15). Both the p40 and p35 subunits were included because the 

production o f non-functional p40 homodimers occurs (16) (17) and the regulation for 

each subunit has been shown to differ (18).

MATERIALS AND METHODS

Cytokine Sequence Data and Primer Design

The sequences for feline IFNy (accession #X86972), TNFa (X54000), IL2 (LI9402), 

IL10 (U39569), IL6 (D13227), IFNp (AB021707) were all available on the GenBank 

database. The partial sequences for feline IL12 and IL4 were kindly provided by Dr. 

Gregg Dean (NC State, Raleigh, NC). A partial sequence for feline GAPDH was 

generated by amplifying GAPDH with species consensus primers (1) and then by 

sequencing the product (Macromolecular Resources, Fort Collins, CO).

Primers pairs were generated using MacVector 7.0 Software (Genetics Computer Group. 

Madison, WI) with the following basic restrictions; 45-55% G+C content, Tm 55-80° C, 

3 or less contiguous bonds between each primer and 4 or less contiguous bonds between 

either primer and the product. Primer pairs were chosen so that the various cytokine 

products would differ enough in size to be resolved on a polyacrylamide gel (Table 1.1).
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Multiple primer pairs were tested before an IL12 product could be generated. The 

ultimately successful pair were generated based on a Gen Bank sequence (U83185, 

U83184) which was posted by Dr. Hans Lutz, Zurich, Switzerland during the period of 

assay development.

Table 1.1: Feline cytokine RPA probe sets and protected product sizes.

Product size Product size
T Cell Probes (BPs) Macrophage Probes (BPs)
IL10 369 IL6 422
IFNy 302 IL10 369
TNFa 253 IL12 p35 315
IL4 230 TNFa 253
IL2 191 IFNp 204
GAPDH 93 IL12 p40 163

GAPDH 93

The selected primer pairs were as follows:

IFNy; 5,-TTCGCTTTCCAGCTTTGCAT-3\ 5 ’-CTGG AGCTGGTATTTA AC A A-3 ’

TNFa; 5’-TGGCCTGCAACTAATCAACC-3’, 5’-GTGTGGAAGGACATCCTTGG-3’

1FNP;5 ’-TCTCGAAGTCTTTGCTTCAGC AC-3 ’, 5 ’-GAGGTTCTGTTCAAGTTCACCAGG-3 ’ 

IL2; 5’-ACTGACTCTTATACTCGTCAC-3’, 5’-GTCAATTCTGTGGCCTTCTTG-3’

IL4; 5 ’-GGTCTGCTT ACT AGC ATTT ACC A-3 ’, 5’-GGTGGAGCAGTTGTGATGTG-3’

IL6; 5 ’-GC AG A AAAC A ACCTG AATCTTCCG-3 ’, 5’-GAGAAAGGAATGCCCGTGAAC-3! 

IL10; 5 ’-G AGG ACCC AG AC ATC A A AC-3 ’, 5’-AGAGGTATGACCGGGTTCTCCAA-3’ 

IL12p35;5’-AGGAATGTTCCAGTGCCTCAAC-3’,5’CACCTGGTACATCTTCAAGTCCTC-3’ 

IL12p40; 5’-ACCAGCAGCTTCTTCATCAGGG-3’,5’-GGACCTGTACGCCAAATGTTAA-3’

Sample collection and cell isolation

Peripheral blood was collected from specific pathogen free (SPF) cats via jugular 

venipuncture under ketamine anesthesia. Peripheral blood mononuclear cells (PBMC) 

were isolated via density gradient centrifugation (Histopaque 1077; Sigma, St. Louis, 

MO). The cells were cultured at a concentration of 4 x 106 cells/ml in lymphocyte 

culture medium (LBT) composed of RPMI i640 supplemented with 10% fetal calf serum
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(Hyclone Laboratories, Logan, UT), 2% glutamine, 1% penicillin/streptomycin and 5 

ug/ml concanavillin A (ConA) or Phorbol 12-myristate 13-acetate (PMA) (Sigma, St. 

Louis,MO) and ionomycin (Sigma). PBMC were cultured for 2 hrs at 37° C with 5% 

CO2. This incubation protocol had been shown to maximally induce the cytokines of 

interest. In order to produce adequate quantities of IL6, IFN0 and IL12, the ConA was 

replaced by 1 pg/ml of lipopolysaccharide (LPS) and the cells were incubated for 4 hrs at 

37° C.

Macrophage cultures were set up so that, after 1 hr at 37° C, the non-adherent cells were 

washed off the plates with PBS. The adherent cells were cultured for an additional 5 

days in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma) supplemented with 10% 

fetal bovine serum and 1% penicillin/streptomycin. The five day incubation period 

allowed for daily washes to remove lymphocytes. Purity was assessed by staining 

cytospin preparations (Shandon, Cheshire, England) with the macrophage marker 

Mac387 (Serotec, Raleigh, NC).

Splenic tissue and mesenteric and colonic lymph node samples were obtained from naive 

cats immediately after euthanasia and snap frozen in liquid nitrogen. The samples were 

stored at -70° C until use.

cDNA Synthesis

RNA was extracted from the cells and tissues using Trizol™ (Invitrogen, Carlsbad, CA) 

according to the manufacturers instructions. One microgram of total RNA was then 

reverse transcribed using the cDNA Cycle Kit (Invitrogen) and the DNA product was 

brought up to a volume of 100 pL in distilled water.

Polymerase Chain Reaction

Hot start PCR was performed using Ampliwax PCR Gems (Perkin Elmer Corp., 

Norwalk, CT) in a total reaction volume of 50 pL. Thirty five cycles o f 94° C for 15
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seconds, 55° C for 20 seconds and 72° C for 30 seconds were carried out in a reaction 

mixture containing 3 raM MgCb, 200 pM each dNTP, IX Gene Amp PCR buffer (Perkin 

Elmer Corp), 1 pM of each primer and 2.5 units o f Pfu polymerase(Stratagene, Cedar 

Creek, TX). PCR products were run on 1.5% Seakem LE agarose gels (BMA, Rockland, 

ME) which were subsequently stained with ethidium bromide. The PCR products were 

excised from the agarose gels and purified using GenElute spin columns (Supelco, 

Bellafonte, PA).

Cloning of PCR Products

The gel purified PCR products were cloned into the pCR-Script Amp SK+ vector 

(Stratagene, La Jolla, CA) and streaked out onto Luria Broth (LB) plates containing 50 

pg/ml ampicillin. White-appearing colonies were amplified in 10 mis o f LB media and 

the resultant broths were pelleted for sequencing from both sides of the plasmid cloning 

sites (Macromolecular Resources, Fort Collins, CO). The sequencing allowed the 

selection o f plasmids containing high fidelity inserts oriented in the anti-sense direction 

from the T7 promoter. High scale purification of the selected clones was then performed 

using MIDI Prep kits (Qiagen, Valencia, CA).

Ribonuclease Protection Assay

Plasmids encoding the appropriate cytokines were linearized using Notl (New England 

Biolabs, Beverly. MA) and gel purified using spin columns (Supelco, Bellafonte, PA). 

Probe cocktails were prepared for the analysis of T cell cytokines and macrophage 

cytokines as outlined above with each probe present at a concentration o f 5 ng/uL.

The probe sets were labeled with 32P UTP using the Riboquant™ multi-probe RNase 

protection system (PharMingen, San Diego, CA). Briefly, the RNA probes were 

synthesized using T7 RNA polymerase at 37° C for 1 hr. The reaction was terminated by 

the addition o f 2 units o f DNase for an additional 30 minutes. The probes were then 

subjected to phenol/chloroform extraction followed by precipitation with 4 M ammonium
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acetate and 100% ethanol. After an additional wash with 90% ethanol, the probes were 

air dried for 30 minutes. The probe mixture was resuspended in 50 pL of hybridization 

buffer and the activity was quantified in a scintillation counter. The probe mixture was 

used at a final concentration of 3 X I05 Cherenkov counts/pL.

RNA samples were derived from Histopaque 1077 (Sigma) separated PBMC or snap 

frozen lymph nodes and spleens from healthy cats. The PBMC were incubated with 

ConA as described above and RNA was extracted with Trizol™ reagent (Invitrogen). 

One, 2 and 4 pg aliquots of total PBMC RNA were lyophilized in a Speed Vac 

concentrator (Savant, Farmingdale, NY). The tissue samples (50 pg) were pulverized in 

1 ml o f Trizol™ solution (Invitrogen) and 2, 5 and 10 pg of RNA was lyophilized.

Eight microliters of hybridization buffer was added to the samples and they were gently 

vortexed for 3 minutes. Two microliters of labeled probe was added to each sample and 

a drop of mineral oil was placed over each sample. The sample tubes were placed in a 

heat block set to 90° C and allowed to slowly ramp down to a temperature of 56° C where 

they remained for 12-18 hrs. At the end of the incubation, the temperature of the heat 

block was further reduced to 37° C and the samples remained at this temperature for 15 

minutes.

The samples were then incubated with 1 pL of RNase A + T1 mixture for 45 minutes at 

30 C to digest any unhybridized RNA. After an additional 15 minute incubation at 37° C 

with Proteinase K, the samples were extracted with Tris-saturated phenol and 

chloroform:isoamyl alcohol. The samples were then precipitated with 4 M ammonium 

acetate and ice-cold ethanol. The samples were allowed to air dry completely for 

approximately 45 minutes at which point they were re-suspended in 5 pL of 1X loading 

buffer. The samples were heated at 90° C for 3 minutes and then immediately placed on 

ice.

A denaturing 8% polyacrylamide sequencing gel was prepared and prerun at 40 volts for 

45 minutes. The samples were loaded onto the gel along with a 1:150 dilution of the
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probe mixture and run at 50 volts for 2 hours. An aliquot of a commercially prepared 

murine chemokine probe mixture (Pharmingen) was included to provide a molecular size 

marker. The gel was dried onto filter paper using the Speed Vac system and loaded into a 

radiograph film cassette (Dupont, Wilmington, DE) or a Phosphor screen (Amersham 

Biosciences, Piscataway, NJ). The film cassettes were incubated for 48-72 hrs at -70° C 

whereas the Phosphor screens were incubated at room temperature for 72-96 hrs. 

Individual band intensity was determined using ImageQuant software (Amersham 

Biosciences, Piscataway, NJ) and all results were expressed as a ratio of cytokine to 

GAPDH.

Five PBMC samples and 5 macrophage samples were randomly chosen and analyzed two 

times using different preparations of the T cell probe set or the macrophage probe set 

respectively. Correlations between the two sample runs were calculated and Fisher’s r to 

z transformation used to determine significance at a level of p<0.05 (StatView, Adept 

Scientific, Bethesda, MD).

RESULTS 

Preparation of RPA Probe Sets

Each pair of selected primers produced clear, individual bands of the appropriate size 

(data not shown). Stimulating PBMC with LPS was necessary in order to amplify 1L12, 

IL6 and IFNp.

Because there were difficulties consistently amplifying IL12 and IL6 using Pfu 

polymerase, Taq polymerase was used. Despite the theoretical reduction in amplification 

fidelity, the Taq polymerase produced PCR products o f the appropriate sequence. These 

amplimers were cloned into the TOPO-TA vector (Invitrogen) following the 

manufacturer’s instructions.
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Multiple clones containing the IFNy and IL6 inserts were sequenced. All contained the 

insert in the opposite orientation necessary to generate an anti-sense product using the T7 

promoter. There was no obvious explanation for the directional insertion of a blunt 

ended, Pfu-generated, PCR product. It is possible that, although they are truncated 

sequences, that the plasmid product in the sense orientation was toxic to the bacteria 

preventing their growth. In order to proceed with assay development, Notl and BamHl 

(New England Biolabs, Beverly, MA) were used to excise the complete IFNy and IL6 

insert out o f the pCR-script vector. The excised DNA band was then directionally 

inserted into the TOPO-TA vector (Invitrogen) so that an antisense product could be 

generated with the T7 promoter.

Ribonuclease Protection Assay

T cell Probe Set

The T cell probe set (IL10, IFNy, TNFa, IL4, IL2 and GAPDH) consistently produced 

protected fragments o f the appropriate size for IL10, IFNy, TNFa, IL2 and GAPDH 

when ConA stimulated PBMC were used as the RNA source (Figure 1.2). The 

specificity o f the protected RNA fragments was determined based on the size of the 

resolved band. The size of the product was determined by direct comparison to the 

known sizes o f the included murine chemokine probe set as well as by generating a 

standard curve and plotting log nucleotide length against migration distance on semi-log 

paper (5) One to two micrograms of total RNA was sufficient to produce readily 

identifiable protected RNA cytokine bands. Dilutional series of input RNA resulted in 

proportional decreases in the signal strength of GAPDH, validating its use in sample 

quantification (Figure 1.3).
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Figure 1.2: Representative Ribonuclease Protection Assay o f mitogen-stimulated feline 
lymphocytes. Peripheral blood mononuclear cells were stimulated for 4 hrs with 5 pg/ml 
ConA and total RNA was extracted. Two micrograms o f total RNA was used for each 
hybridization reaction.
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Figure 1.3: The ribonuclease protection assay (RPA) detection of the housekeeping gene 
GAPDH appears to be linear over the range of 0.3 to 9.0 pg of total RNA. Two samples 
from feline lymph nodes were diluted and assayed via RPA.

Snap frozen, unstimulated lymph node tissue from naive cats consistently demonstrated a 

more restricted cytokine profile. Without mitogen stimulation, IL10 and TNFa bands 

could be resolved but a minimum of 6-9 pg of total RNA was generally required before 

bands were visible. When bulk lymph node cells were cultured with either ConA or 

PMA/ionomycin, all o f the cytokines except IL4 could be readily resolved. Faint bands 

corresponding to IL4 could be seen in samples originating from the mesenteric or colonic 

lymph nodes.

interleukin 4

Because protected RNA corresponding to IL4 could not be demonstrated in stimulated 

PBMC and only weak bands were seen in lymph nodes draining the GI tract, we 

performed a brief experiment to confirm the identity of the weak bands. A separate probe 

set was synthesized that was identical to the T cell set except the plasmid encoding IL4 

was excluded. When samples from the colonic lymph nodes were analyzed with both 

probe sets, the presumed IL4 bands were only present in the samples probed with the 

complete set (Figure 1.4). This experiment demonstrated that the faint bands were in fact 

specific for IL4.
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Figure 1.4: Interleukin 4 can be detected in the colonic lymph nodes o f cats. Two 
samples were assayed with probe sets lacking (-) or including (+) the IL4 probe. 
Suspensions o f lymph node cells were cultured with 5 pg/ml ConA for four hours and 
RNA was extracted. Two micrograms o f RNA were added to each hybridization 
reaction. Intereukin 4 was not detected in similarly treated peripheral blood mononuclear 
cells.
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Macrophage Probe Set

The macrophage probe set consistently produced protected fragments of the appropriate 

size for IL6, IL10, TNFa and GAPDH (Figure 1.5). IFNp and both p40 and p35 subunits 

of IL12 were generally below the limits of reliable detection, although very faint bands of 

the appropriate size could occasionally be seen. The number o f background bands was 

increased in the macrophage RPA samples but specific protected bands were identified 

by plotting log nucleotide length against migration distance on semi-log paper. In 

addition, T cell samples generated with the T cell probe set were run on the same gels for 

size comparison.

Phosporimager Analysis

Once the probe sets were established and the RPA methodology refined using exposure 

to plain radiographic film, we shifted to using Phosphor screens (Amersham 

Biosciences). Exposure times were comparable between the two capture systems 

although, extending the exposure time beyond that of the radiograph film, improved the 

clarity of the image. The optimum exposure time within the Phosphor cassette was 

determined to be 72 to 96 hrs.
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Figure 1.5: A representative Ribonuclease Protection Assay o f adherence-purified feline 
macrophages. Peripheral blood mononuclear cells were allowed to adhere for 1 hr, plates 
were washed and the adherent cells were cultured for an additional 5 days. Total RNA 
was extracted and 4 pg was used for each hybridization reaction.
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Reproducibility

Sample measurements repeated two times with different batches of either macrophage or 

T cell probe sets were highly correlated with an R value of 0.952 (p<0.0001) (Figure 1.6).

3.5

CO
2.5

0 .5 1 1.5 2 2.5 3 3.5 4
Probe Set A

Figure 1.6: There is a high correlation between cytokine values obtained when the assay 
is repeated with two different generations of probe mixture. Values for both T cell 
cytokines and macrophage cytokines are included. R=0.952, p<0.0001.

DISCUSSION

We generated a ribonuclease protection assay that can simultaneously quantify 5-6 feline 

cytokines per 1-2 pg of RNA sample. As many as 24 RNA samples could be run per 

assay. The existing QC-RT-PCR assay for cytokines would require 1008 individual PCR 

reactions in order to quantify the same number o f cytokines as one RPA. The RPA has 

the added advantage of not introducing the potential artifacts of multiple rounds of 

amplification which can be seen with PCR (4). The RPA produced repeatable results 

even when new probe mixtures were synthesized de novo, an important feature for long­

term in vivo studies.
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One limitation of the assay is the prolonged exposure time which extends the total assay 

time to 5-6 days, but this issue is less concerning when one calculates that the time 

necessary to quantify the same 144 cytokine samples using QC-RT-PCR is similar. The 

assay also appears to be less sensitive than RT-PCR which may necessitate mitogen 

stimulation when the total amount of sample RNA is limited. The inability to detect 

macrophage IL12 and INFp may be a reflection of the culture conditions used to generate 

relatively pure populations of macrophages. The addition of LPS might increase message 

levels sufficiently to allow quantification.

Current applications of RPA cytokine quantification include toxicology (19), 

rheumatology (20), transplantation (21), oncology (22) in addition to infectious diseases 

(23) (8). Future directions with this assay may include conversion to a non-radioisotopic 

detection method which would decrease regulatory and safety issues as well as allow the 

storage of stably labeled probe sets. On balance, the ability of this RPA assay to 

specifically, reproducibly and efficiently quantify feline cytokines makes it a valuable 

tool to study the feline immune response.

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



REFERENCES

1. Rottman, J., E. Freeman, S. Tonkonogy, and M. Tompkins. 1995. A reverse 

transcription-polymerase chain reaction technique to detect feline cytokine genes. 

Veterinary Immunology and Pathology 45:1.

2. Levy, J.K., J.W. Ritchey, J.B. Rottman, M.G. Davidson, Y.H. Liang, H.L. Jordan, 

W.A. Tompkins, and M.B. Tompkins. 1998. Elevated interleukin- 10-to- 

interleukin-12 ratio in feline immunodeficiency virus-infected cats predicts loss of 

type 1 immunity to Toxoplasma gondii. J  Infect Dis 178, no. 2:503.

3. Liang, Y., L.C. Hudson, J.K. Levy, J.W. Ritchey, W.A. Tompkins, and M.B. 

Tompkins. 2000. T cells overexpressing interferon-gamma and interleukin-10 are 

found in both the thymus and secondary lymphoid tissues of feline 

immunodeficiency virus-infected cats. J  Infect Dis 181, no. 2:564.

4. Rottman, J.B. 2002. The ribonuclease protection assay: a powerful tool for the 

veterinary pathologist. Veterinary Pathology 39, no. 1:2.

5. Gilman, M. 1993. Ribonuclease Protection Assay. In Current protocols in 

Molecular Biology, vol. 1. F.M. Ausubel, editor. John Wiley and Sons, Inc., New 

York. 4.7.1.

6. Plath, A., F. Peters, and R. Einspanier. 1996. Detection and quantitation of 

specific mRNAs by ribonuclease protection assay using denaturing horizontal 

polyacrylamide electrophoresis. Electrophoresis 17, no. 3:471.

7. Muller, K., S. Ehlers, W. Solbach, and T. Laskay. 2001. Novel multi-probe RNase 

protection assay sets for the detection of murine chemokine gene expression. J  

Immunol Methods 249, no. 1-2:155.

8. Stalder, A.K., and I.L. Campbell. 1994. Simultaneous analysis o f multiple 

cytokine receptor mRNAs by RNase protection assay in LPS-induced 

endotoxemia. Lymphokine Cytokine Res 13, no. 2:107.

9. Berger, D.P., Homann.D., and M.B.A. Oldstone. 2000. Defining parameters for 

successful immunocytotherapy of persistent viral infection. Virology 266:257.

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10. Khatissian, E., V. Monceaux, M. Cumont, L. Montagnier, B. Hurtrel, and L. 

Chakrabarti. 1996. Interferon-gamma expression in macaque lymph nodes during 

primary infection with simian immunodeficiency virus. Cytokine 8, no. 11:844.

11. Meroni, L., D. Trabattoni, C. Balotta, C. Riva, A. Gori, M. Moroni, M. Villa, M. 

Clerici, and M. Galli. 1995. Evidence for type 2 cytokine production and 

lymphocyte activation in the early pahses o f HIV-1 infection. AIDS 10:23.

12. Ralph, P., I. Nakoinz, A. Sampson-Johannes, S. Fong, D. Lowe, H.Y. Min, and L. 

Lin. 1992. IL10; T lymphocyte inhibitor of human blood cell production of IL-1 

and tumor necrosis factor. Journal o f  Immunology 148:808.

13. Takeshita, S., E.C. Breen, M. Ivashchenko, P.G. Nishanain, T. Kishimoto, D.L. 

Vredevoe, and O. Martinez-Maza. 1995. Induction o f IL-6 and IL-10 production 

by recombinant HIV-1 envelope glycoprotein 41 in the THP-1 human monocytic 

cell line. Cellular Immunology 165, no. 2:234.

14. Rabbi, M.F., A. Finnegan, L. Al-Harthi, S. Song, and K.A. Roebuck. 1998. 

Interleukin-10 enhances tumor necrosis factor-alpha activation of HIV-1 

transcription in latently infected T cells. Journal o f  Acquired Immune Deficiency 

Syndrome and Human Retroviruses 19, no. 4:321.

15. Trinchieri, G. 1994. Interleukin 12: a cytokine produced by antigen-presenting 

cells with immunoregulatory functions in the generation of T-helper cells type 1 

and cytotoxic lymphocytes. Blood 84, no. 12:4008.

16. Heinzel, F.P., A.M. Hujer, F.N. Ahmed, and R.M. Rerko. 1997. In vivo 

production and function o f IL-12 p40 homodimers. Journal o f  Immunology 158, 

no. 9:4381.

17. Ling, P., M.K. Gately, U. Gubler, A.S. Stem, P. Lin, K. Hollfelder, C. Su, Y.C. 

Pan, and J. Hakimi. 1995. Human IL-12 p40 homodimer binds to the IL-12 

receptor but does not mediate biologic activity. Journal o f  Immunology 154. no. 

1:116.

18. Bette, M., S.C. Jin, T. Germann, M.K. Schafer, E. Weihe, E. Rude, and B. 

Fleischer. 1994. Differential expression of mRNA encoding interleukin-12 p35 

and p40 subunits in situ. European Journal o f  Immunology 24, no. 10:2435.

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19. Bhandari, N., and R.P. Sharma. 2002. Fumonisin B(1 )-induced alterations in 

cytokine expression and apoptosis signaling genes in mouse liver and kidney after 

acute exposure. Toxicology 172, no. 2:81.

20. Scola, M.P., S.D. Thompson, H.I. Brunner, M.K. Tsoras, D. Witte, D. Van, A.A. 

Grom, M.H. Passo, and D.N. Glass. 2002. Interferon-gamma:interleukin 4 ratios 

and associated type 1 cytokines expression in juvenile rheumatoid arthritis 

synovial tissue. Journal o f  Rheumatology 29, no. 2:369.

21. Mannon, R.B., K. Roberts, P. Ruiz, V. Laubach, and T.M. Coffman. 1999. 

Inducible nitric oxide synthase promotes cytokine expression in cardiac allografts 

but is not required for efficient rejection. Journal o f  Heart and Lung 

Transplantation 18, no. 9:819.

22. Takahashi, K., S. Tanaka, and A. Ichikawa. 2001. Effect o f cimetidine on 

intratumoral cytokine expression in an experimental tumor. Biochemical and 

Biophysical Research Communications 281, no. 5:1113.

23. Sauder, C., and J.C. de la Torre. 1999. Cytokine expression in the rat central 

nervous system following perinatal Boma disease virus infection. Journal o f  

Neuroimmunology 96, no. 1:29.

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER TWO

TISSUE CYTOKINE RESPONSES TO MUCOSAL INFECTION WITH FELINE 

IMMUNODEFICIENCY VIRUS SUBTYPE B

INTRODUCTION

FIV was recognized as a feline pathogen in the years immediately after HIV emerged in 

the first cohorts o f homosexual men (1). While there are some differences between the 

two viruses in terms of the breadth o f cellular targets and genomic complexity, the two 

lentiviruses produce a clinical disease course that is virtually identical. Both HIV and 

FIV induce an acute flu-like illness characterized by lymphadenopathy, high levels of 

circulating virus and declines in circulating CD4+ T cells which, after a period of weeks, 

gives way to a long clinically asymptomatic period (2) (3) (4) (5). After several years of 

clinical latency, both viruses induce a terminal period of clinical immunodeficiency with 

wasting and opportunistic infections (6) (7).

The cytokines elaborated early in a variety of infectious diseases are critical to the course 

of infection. A cytokine response dominated by interferon-gamma (IFNy), tumor 

necrosis factor alpha (TNFa) and interleukin 12 (IL12) (type 1) has been shown to be 

important in the clearance of intracellular pathogens including viruses (8) (9) (10). These 

cytokines are instrumental in establishing cytotoxic T lymphocytes (CTL) and several 

studies have shown a correlation between the emergence of CTL and the reduction of 

circulating HIV and SIV (11) (12) (13). Type 2 cytokines (interleukin 4 (IL4). 

interleukin 10 (IL10), interleukin 13 (IL13)) have been shown to antagonize the 

production and effects of type 1 cytokines and it has been postulated that they play a role 

in viral escape from immune surveillance (8). Contradictory data has been generated to 

both establish and refute the notion that the cytokine response to HIV moves from a type 

1 response to a type 2 response during the progression to immunologic deterioration and 

clinical AIDS (14) (15) (16) (17) (18).
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Studying the early events in naturally occurring HIV infection can be quite difficult as 

information concerning the exact timing of infection and seroconversion is usually 

lacking. In addition, the majority of the viral replication occurs within the lymphoid 

tissues and sampling these sites in people requires invasive surgical procedures. It was 

our plan to use a rectal mucosal transmission model of FIV to simulate the early 

transmission o f HIV and to necropsy cats at serial time points to determine the tissue 

cytokine response to the virus. In order to further explore the cellular source o f the 

cytokines we purified CD4 and CD8-positive T cells as well as macrophages from each 

lymphoid organ.

MATERIALS AND METHODS 

Animals and sample collection

Sixteen week old cats from a specific pathogen-free (SPF) breeding colony maintained at 

Colorado State University (Fort Collins, CO) were inoculated by atraumatic exposure of 

the rectal mucosa with 1 ml of either 200 TCIDso/ml (50% tissue culture infective dose; 

n=4) or 1 ml of 400 TCIDso/ml cell-free infectious FIV-B supernatant (n=10). Age- 

matched control cats received 1 ml o f cell-free non-infectious cell culture medium 

(n=15). The inoculations were repeated 24 hrs after the first exposure. Blood collection 

was performed under ketamine anesthesia every 5 days until FIV proviral DNA was 

detected by PCR and then collections were performed every 14 days. Six FIV infected 

and 7 naive controls were euthanized at four weeks post-inoculation (PI). The remaining 

8 FIV-infected and 8 nai've controls were sacrificed at ten weeks PI.

Blood was collected immediately prior to euthanasia and then a necropsy was performed. 

The colic lymph nodes and a portion o f the spleen were collected immediately following 

euthanasia and placed in ice cold Hanks’ Balanced Salt Solution (GIBCO, Grand Island, 

NY) containing DNase.
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Virus inocula

The first cell-free cell culture virus inoculum (200 TCIDso/ml) was generated by the 

coculture of naive feline peripheral blood mononuclear cells (PBMC) with PBMC from a 

cat acutely infected with FIV-B via the intravenous route. The second cell culture 

inoculum (400 TCIDso/ml) was generated by the coculture of naive PBMC with the 

PBMC from a pool of 3 cats acutely infected with FIV-B via the rectal mucosal route. 

Infectivity o f the supernatants was determined via titration and aliquots were frozen at -  

70° C.

Processing of PBMC and tissue

PBMC were separated by density gradient centrifugation (Histopaque 1077, Sigma, St. 

Louis, MO). Colic lymph nodes and spleen were mechanically dispersed by passage 

through a fine wire mesh and resuspended in cold Hanks’ Balanced Salt Solution 

(GIBCO). The erythrocytes from the splenic samples were lysed by incubation in 5 mis 

of ACK lysis buffer for 10 minutes. The isolated cells were washed three times in sterile 

Dulbecco’s phosphate buffered saline (PBS) (GIBCO) and placed in LBT media 

containing Phorbol 12-myristate 13-acetate (PMA) (Sigma, St. Louis, MO) and 

ionomycin (Sigma) at a concentration of 4 x 106 cells/ml. PMA/ionomycin replaced 

ConA as the mitogen in these experiments in order to avoid the cellular clumping induced 

by ConA prior to magnetic separation. After 2 hrs o f incubation at 37° C, the non­

adherent cells were washed three times in PBS. The adherent cells were cultured for an 

additional 5 days in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma) 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin.

Magnetic purification of cells

The isolated cells were resuspended in 1 ml of PBS supplemented with 2% fetal bovine 

serum (FBS) (HyClone, Logan, UT) and 4 jig of murine IgG for 30 minutes at 4° C. The 

cells were washed two times with PBS and resuspended in 800 pL PBS 2% FBS. FITC-
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conjugated antibodies to either feline CD4 (Hoover Laboratory) or CD8 (Southern 

Biotechnology, Birmingham, AL) were added and the cells were incubated at 4° C for an 

additional 30 minutes. After washing the cells three times they were resuspended in 800 

pL of PBS 2% FBS with 40 pL of anti-FITC magnetic beads (Miltenyi Biotec, 

Auburn,CA) and incubated for 15 minutes at 4° C. The cells were washed one time in 

PBS and reusupended in 500 pL of degassed PBS supplemented with 2mM EDTA and 

0.5% bovine serum albumin (separation buffer).

MACS LS separation columns were placed in a MidiMACS Separation Unit (Miltenyi 

Biotec) and pre-loaded with 3 ml of cold, degassed separation buffer. The cell 

suspensions were applied to individual LS columns and washed three times with 3 ml of 

degassed separation buffer. The columns were removed from the MidiMACS unit and 5 

mis of separation buffer was applied and pushed through the column with the supplied 

plunger. The eluted cells were pelleted and resuspended in 500 pL of separation buffer 

and the above procedure was repeated with a new LS separation column. Cells were 

quantified in the final eluants and 1 x 105 cells were stained with the same FITC-labeled 

antibody used to sort and a PE-labeled antibody for either CD4 or CD8 and a tricolor- 

labeled antibody for B220 (BD Pharmingen, San Diego, CA). Flow cytometry with a 

EPICS XL-MCL (Coulter, Hialeah, FL) was performed to assess the final purity of the 

sorted cells. The remaining cells were lysed in 1 ml o f Trizol Reagent (GIBCO BRL, 

Grand Island, NY) and stored at -70° C until further processing according to the 

manufacturers instructions. The adherence-purified macrophages were similarly lysed 

with Trizol directly in the culture flasks. The RNA was lyophilized in 2 pg aliquots 

using a Speed Vac concentrator (Savant, Farmingdale, NY) immediately prior to 

performing the ribonuclease protection assay (RPA).

Ribonuclease Protection Assay

Two probes sets were developed for feline cytokines. The set used with RNA from 

purified CD4+ and CD8+ T cells consisted of probes for IL10, IFNy, TNFa, IL4, IL2 and 

the housekeeping gene glyceraldehydes-3-phosphate dehydrogenase (GAPDH). The set
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used with RNA from macrophages consisted o f IL6, IL10, TNFa, IL12 p40 and p35, 

interferon-beta (IFNji) and GAPDH.

The probe sets were labeled with 32P UTP using the Riboquant™ multi-probe RNase 

protection system (BD PharMingen). Briefly, the RNA probes were synthesized using 

T7 RNA polymerase at 37° C for lhr. The reaction was terminated by the addition of 2 

units o f DNase for an additional 30 minutes. The probes were then subjected to 

phenol/chloroform extraction followed by precipitation with 4 M ammonium acetate and 

100% ethanol. After an additional wash with 90% ethanol, the probes were air dried for 

30 minutes. The probe mixture was resuspended in 50 pL o f hybridization buffer and the 

activity was quantified in a scintillation counter. The probe mixture was used at a final 

concentration of 3 X I05 Cherenkov counts/pL. Eight microliters of hybridization buffer 

was added to the lyophilized samples and they were gently vortexed for 3 minutes. Two 

microliters o f labeled probe was added to each sample and a drop of mineral oil was 

placed over each sample. The sample tubes were placed in a heat block set to 90° C and 

allowed to slowly ramp down to a temperature of 56° C where they remained for 12-18 

hrs. At the end of the incubation, the temperature of the heat block was further reduced 

to 37° C and the samples remained at this temperature for 15 minutes.

The samples were then incubated with 1 pL of RNase A + T1 mixture for 45 minutes at 

30° C to digest any unhybridized RNA. After an additional 15 minute incubation at 37° 

C with Proteinase K, the samples were extracted with Tris-saturated phenol and 

chloroform:isoamyl alcohol. The samples were then precipitated with 4 M ammonium 

acetate and ice-cold ethanol. The samples were allowed to air dry completely for 

approximately 45 minutes at which point they were re-suspended in 5 pL of 1X loading 

buffer. The samples were heated at 90° C for 3 minutes and then immediately placed on 

ice.

A denaturing 8% polyacrylamide sequencing gel was prepared and run at 40 volts for 45 

minutes. The samples were loaded onto the gel along with a 1:150 dilution of the probe 

mixture and run at 50 volts for 2 hours. The gel was dried onto filter paper using the

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Speed Vac system and loaded into a Phosphor screen (Amersham Biosciences, 

Piscataway, NJ) and incubated at room temperature for 72-96 hrs. Individual band 

intensity was determined using ImageQuant software (Amersham Biosciences) and all 

results expressed as a ratio o f cytokine to GAPDH.

DNA PCR for provirus detection

DNA was extracted from PBMC using the QIAamp blood kit (Qiagen, Chatsworth, CA). 

One microgram of DNA was amplified by nested PCR using FIV gag primers. First 

round primers were Gagl29: 5’-CGTAACTACAGGACGAGAACCTGG-3’ and 

Gag802: 5’-CCAACTTTCCCAATGCTTCAAG-3' and second round primers were 

Gag3: 5 ’ -TTGACCC AAAAATGGTGTCC A-3 ’ and Gag4: 5’-

TTCTGCTTGTTGTTCTTGAGT-3’ resulting in a 293 bp product. For both first and 

second round reactions, hot start polymerase chain reaction was performed with 

Ampliwax PCR gems (Perkin Elmer, Norwalk, CT). Each round consisted o f 35 cycles 

of 94° C for 15 seconds, 55° C (first round) or 60° C (second round) for 20 seconds and 

72° C for 30 seconds. The first and second round reaction mixtures contained 3 mM 

MgC12 200 pM o f each dNTP, IX Gene Amp 10X PCR buffer II (Perkin Elmer), 2.5 

units AmpliTaq DNA polymerase (Perkin Elmer) and 0.1 pM of each first round primer 

or 0.05 pM of each second round primer. Product was visualized on a 1.2% agarose gel 

stained with ethidium bromide. Amplimer specificity has been previously shown via 

Southern blot analysis (19).

RT-PCR for viral RNA

Viral RNA levels in plasma and tissue were quantified using a quantitative competitive 

reverse transcriptase PCR (QC-RT-PCR) assay based on the method described by Diehl 

et al (20) (21). A single round, 40 cycle reaction was run as described above using the 

primers Gag3 and Gag4. Three fold serial dilutions of competitor RNA containing from 

106- 103'6 copies were added to viral RNA samples. Ethidium bromide stained amplimers 

were quantified using Alphalmager1 M software (Alpha Innotech, San Leandro, CA) and
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the point of equivalence of competitor and virus was determined. Input amounts of RNA 

consisted of 25 pL of Alsever’s (Sigma) plasma and 25 ng of total tissue RNA per PCR 

reaction.

FIV antigen ELISA

Productive in vitro infection was assessed by capsid antigen (p26) capture ELISA 

described by Dreitz et al (22) performed on macrophage supernatants. Optical densities 

(OD), measured by absorbance at A450, were recorded using a Dynatech 5000MRTM 

microplate reader (Dynatech Corp., Chantilly, VA). Positive reactions were defined as 

those with a minimum OD of 0.1 and at least twice that o f negative control supernatants 

run in parallel.

Statistical Analysis

Data were analysed with StatView software (Adept Scientific, Bethesda, MD). Samples 

were determined to be normally distributed using the Kolmogorov-Smimov test. 

Comparisons were made using a two-tailed Student’s t test with significance defined as 

p<0.05. Correlations were calculated and p values determined using Fisher’s r to z 

transformation with significance defined as a p<0.05.

RESULTS

Rectal mucosal infection

Thirty cats were inoculated with 2 doses o f FIVB2542 via the rectal mucosal route. 

Overall, PBMC from 14 of the 30 cats became DNA PCR positive (47% rate of infection) 

beginning 14-22 days PI. The pool of virus generated from cats acutely infected via the 

rectal route did not demonstrate any augmented ability to subsequently cross the rectal 

mucosa i.e. 4 of 9 cats (44%) became PCR positive. Five exposed, PCR-negative cats 

were euthanized to search for potential virus in tissues and virus was not detectable via 

DNA or RT-PCR in any tissue sampled (not shown).

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Purity o f  sorted cell populations

The purity of the magnetically sorted CD8+ lymphocytes was consistently >94%, with 

some samples reaching 98% purity. The sorted CD4+ lymphocytes ranged from 91-97% 

pure with the majority falling in the 94-96% range. Adherence purified macrophages 

were 89-92% pure based on cytochemical staining for the marker MAC387 (Serotec Inc, 

Raleigh, NC).

Cytokine patterns in naive cats

PMA/ionomycin-stimulated CD4+ lymphocytes produce significantly higher levels of 

IL2 and IL10 RNA when compared to stimulated CD8+ lymphocytes in both the colonic 

lymph node and spleen (Figure 2.1a and 2.1b). TNFa levels were consistently higher in 

the CD4+ lymphocytes than the CD8+ lymphocytes but only in the colonic lymph node 

(Figure 2.1c). Using the RPA detection method, IL4 was only detectable in the CD4+ 

lymphocytes of the colonic lymph node (data not shown).

Cytokines at four weeks post infection 

Lymphocytes

Four weeks PI, IL10 was the only cytokine message in infected cats that differed 

significantly from that in controls. This was true for IL10 in CD8+ T cells of the colonic 

lymph node and for both CD4+ and CD8+ T cells o f the spleen (Figure 2.2). IFNy, 

TNFa, IL2 and IL4 levels did not differ between FIV+ and control cats (data not shown).
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Figure 2.1a: Mitogen-stimulated CD4+ T cells produce more IL2 message than CD8+ T cells in the spleen 
and colonic lymph node o f naive cats. Cytokine RNA was measured via a ribonuclease protection assay on 
cells that had been stimulated for 2 hrs with PMA/ionomycin. Significant differences exist between CD4 
and CD8+ T cells in both colonic lymph node and spleen p<0.01, two-tailed Student’s T test.

J  Colonic LN 
S  Spleen

CD4 CD8

Figure 2.1b: Mitogen-stimulated CD4+ T cells produce more IL10 message than CD8+ T cells in the 
spleen and colonic lymph node of naTve cats. Cytokine RNA was measured via a ribonuclease protection 
assay on cells that had been stimulated for 2 hrs with PMA/ionomycin. Significant differences exist 
between CD4 and CD8+ T cells in the colonic lymph node p<0.001 and in the spleen p<0.05. two-tailed 
Student’s T test.

|  Colonic LN  

B  Spleen

Figure 2.1c: Colonic CD4+ T cells produce more TNFa message than CD8+ T cells in naTve cats 
while no difference is noted in the spleen. Cytokine RNA was measured via a ribonuclease protection 
assay on cells that had been stimulated for 2 hrs with PMA/ionomycin. Differences between CD4 and 
CD8+ T cells in the colonic lymph node p<0.001, two-tailed Student’s T test.
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Figure 2.2: IL10 RNA levels are increased in CD4+ T cells o f  the spleen and in CD8+ T 
cells o f  both spleen and colonic lymph node. Cytokine RNA was analyzed via RPA from 
CD4 and CD8+ T cells in the colonic lymph node and spleen 4 weeks post-infection with 
FIVB or sham inoculation. Differences were significant in colonic LN and splenic CD8+ 
T cells (p<0.01) and splenic CD4+ T cells (p<0.05), two-tailed Student’s T test.

Macrophages

The number o f  macrophages present in colonic lymph nodes was sufficiently low to 

preclude the evaluation o f  cytokines in the vast majority o f cats. Two o f the week 10 

control cats did have sufficient numbers macrophages in their colonic lymph nodes but 

comparisons between infected and naive cats were not possible.

The spleen yielded sufficient numbers o f macrophages in 24 o f the 29 cats. Interleukin 6, 

IL10 and TNFa were the only cytokines detectable in the adherence-purified 

macrophages. Interleukin 12 and IFNP were consistently below the limits o f  detection 

(not shown). There were no statistically significant differences in the cytokine RNA 

levels o f  FIV+ macrophages when compared to those o f controls (not shown).

Cytokines at ten weeks post infection 

Lymphocytes

IL10 levels in FIV-infected cats remained significantly elevated over controls in both 

CD4+ T cells and CD8+ T cells in the colonic lymph node and spleen at 10 weeks PI
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(Figure 2.3). By 10 weeks PI, a highly significant difference in the levels o f  IFNy in the 

CD8+ lymphocyte population was detected between FIV+ and control cats (Figure 2.4). 

This rise in IFNy was not seen in the CD4+ T cells o f  infected cats. There were no 

differences in TNFa or IL2 levels in either lymphocyte population in the spleen or 

colonic lymph node (not shown).

I  Colonic, CD4 control 
H  Colonic, CD4ETV 
|  Colonic, CD8 control 
H  Colonic, CD8FTV 
|  Spleen, CD4 control 
HI Spleen, CD4 FIV 
|  Spleen, CD8 control 
|H Spleen, CD8 ETV

Sample SN A

Figure 2.3: IL10 RNA levels are increased in CD4 and CD8+ T cells in both the colonic 
lymph node and spleen taken at 10 weeks post rectal inoculation with FIVB or media. 
Cytokine RNA was analyzed via ribonuclease protection assay. Differences were 
significant in colonic LN and splenic CD4 and CD8+ T cells p<0.01, two-tailed Student’s 
T test.

Colonic, CD4 control 
Colonic, CD4 FIV 
Colonic, CD8 control 
Colonic, CD8 FIV 
Spleen, CD4 control 
Spleen, CD4 FTV 
Spleen, CD8 control 
Spleen, CD8 FTV

Sample RNA
Figure 2.4: IFNy RNA levels are increased in CD8+ T cells in the colonic lymph node 
and spleen taken at 10 weeks post rectal inoculation with FIVB or media. Cytokine RNA 
was analyzed via ribonuclease protection assay. Differences were significant in colonic 
LN and splenic CD8+ T cells p<0.01,two-tailed Student’s T test. There was no 
difference in the CD4+ T cells.
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The early and persistent rise o f IL10 followed by an even larger increase in IFNy at 10 

weeks PI resulted in a significantly decreased IFNy/ILlO ratio within the CD8+ T cells at 

4 weeks PI which returned to normal by 10 weeks PI (Figure 2.5a). This is in contrast to 

the pattern o f viral tissue RNA levels seen in Figure 2.5b.
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Figure 2.5a: The IFNy/ILlO ratio decreases between 4 and 10 weeks post rectal 
inoculation with FIV in both colonic and splenic CD8+ T cells. Cytokine RNA was 
measured using a ribonuclease protection assay. There is a significant difference 
between Control and Four wks p<0.01 and between Four and Ten wks p<0.001, two- 
tailed Student’s T test.
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Figure 2.5b: Viral RNA levels decrease between 4 and 10 weeks post rectal inoculation 
with FIV in CD4 and CD8+ T cells in both the spleen and colonic lymph node. Virus was 
measured using QC-RT-PCR. There is a significant difference between Four and Ten 
wks in all populations. CD4 Colonic, CD4 Spleen, CD8 Colonic p<0.001, CD8 Spleen 
p<0.05, two-tailed Student’s T test
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Macrophages

Interleukin 6 levels were significantly increased in the splenic macrophages o f  FI V+ cats 

at week 10 PI (Figure 2.6a). Both TNFa and IL10 remained unchanged (not shown).

Control FIV

Figure 2.6a: IL6 RNA levels are increased in macrophages 10 weeks after rectal 
inoculation. Cytokine RNA was analyzed via RPA from adherence-purified splenic 
macrophages taken 10 weeks post infection with FIVB or sham inoculation. p<0.05, two- 
tailed Student’s T test.

6

g  Four wks 
B  Ten wks

Figure 2.6b: Viral RNA levels increase in adherence-purified splenic macrophages 
between 4 and 10 weeks post FIV infection. Macrophage viral levels were measured by 
QC-RT-PCR. There is a significant difference between 4 and 10 weeks PI, p<0.01 two- 
tailed Student’s T test.
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Virus Levels

Viral RNA levels within the plasma o f infected cats were quite high (7.7 x 105 to 4.7 x 

106 viral copies/ml) at 4 weeks PI but significantly decreased by 10 weeks PI (Figure 

2.7). This reduction over time was mirrored in the tissue CD4 and CD8+ T cell viral 

levels in both colonic lymph node and spleen (Figure 2.5b). At 10 weeks PI there was 

more viral RNA in the spleen than in the colonic lymph node (Figure 2.5b). Within the 

spleen, there was significantly more viral RNA in the CD8+ than in CD4+ T cell 

population (Figure 2.5b).
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Figure 2.7: Plasma viral RNA levels decrease between 4 and 10 weeks post FIV 
infection. Plasma RNA levels were determined by quantitative competitive reverse 
transcriptase PCR (QC-RT-PCR) at four and ten weeks post rectal inoculation with 
FIVB. p<0.05, two-tailed Student’s T test.

The pattern o f viral RNA in splenic macrophages was opposite that in lymphocytes and 

plasma. Macrophage viral RNA levels significantly increased to very high levels 

between weeks 4 and 10 PI (Figure 2.6b). Interestingly, no viral antigen could be 

detected in the supernatants from any o f the infected macrophage cultures (not shown).
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Cytokines and viral levels

There were no significant correlations between cytokine levels and virus levels in 

infected CD4+ or CD8+ T cells. Macrophage IL6 levels were correlated with the amount 

o f viral RNA within macrophages (r=0.889, p<0.05) (Figure 2.8).
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Figure 2.8: IL6 RNA levels correlate with viral RNA levels within the macrophages 
o f  the spleen at 4 and 10 weeks post rectal inoculation o f FIVB. Macrophage viral 
levels were measured by QC-RT-PCR, cytokine message was analyzed via RPA. 
R=0.889 p<0.05

DISCUSSION

The rate o f rectal FIVB2542 transmission was lower than would have been expected 

based on initial studies in our laboratory(23). The present study, along with concurrent 

work in this laboratory (24), have indicated that the true transmission rate is 

approximately 50%. This rate appeared to be independent o f the tissue culture infectious 

dose (TCID) calculated with each supernatant pool. In addition, in vivo passage o f the 

virus via the rectal route did not appear to increase the ability o f  the virus pool to cross 

the rectal mucosa. This implies that crossing the rectal mucosa does not in itself select 

for virus subtypes with altered tropism, as has been postulated for HIV-transmission (25) 

(26). The early viral stocks used to infect cats had been stored at -70° C for a period o f 2
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years. We generated two new viral stocks to guard against declining infectivity with 

storage yet saw no difference in rate of infection. Low-level or transient viremia has 

been seen in macaques rectally inoculated with SIV (27). We euthanized several 

exposed, PCR-negative cats and were unable to detect any evidence of a tissue virus 

reservoir. The intact rectal mucosa appears to provide a relatively effective barrier 

against retroviral transmission and the transmission rates seen in sexually exposed people 

likely reflect repeated exposures and/or minor mechanical trauma to the mucosa.

The drop in tissue viral levels within the lymphocyte subsets between weeks 4 and 10 PI 

mirrored the plasma viral pattern that we saw in this experiment and in previous work in 

this laboratory using the rectal route of infection (23). This would lead to the assumption 

that viral production within the CD4 and CD8+ T cells in the lymphoid tissue 

compartments directly contributes to the circulating pool of virus. While HIV can infect 

CD8+ T cells in some situations (28), CD8+ T cells are not considered one of the major 

cellular targets. FIV has been described as infecting CD8+ T cells yet this study 

documents for the first time that CD8+ T cell associated virus can actually exceed that of 

CD4+ T cell virus at certain times PI. Although FIV is known to infect B cells (29), the 

contribution of B lymphocytes to tissue virus levels was not examined in this study. The 

pattern of viral RNA levels in the macrophages was opposite to that seen in the 

lymphocytes. An earlier study of FIV infection utilizing RNA in situ hybridization has 

documented the progressive increase in macrophage-associated virus during the early 

weeks to months post-infection (30). Monocyte/macrophages have been implicated as a 

major source of persistent HIV infection particularly in those patients being treated with 

highly active anti-retroviral treatment (HAART) (31). The ability o f the virus to maintain 

low level replication in the long-lived population of monocytes is thought to contribute to 

the escape of immune clearance (32). Despite the high levels of viral RNA that we 

documented in the adherence-purified macrophages, we were unable to detect viral 

antigen in the supernatants. There is precedent for the adherence-stimulated up-regulation 

of FIV viral RNA synthesis in macrophages without concurrent release of virus (33), 

suggesting that these cells may be a persistent source of low level virus infection. 

Chronically HIV-infected human promonocytic cell lines have also shown increased viral
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replication with activation and differentiation to macrophages (34) (35). The ability of 

FIV to shift from the predominant infection of lymphocytes to macrophages may 

represent an in vivo evolution of tropism in order to avoid the apparent immune-mediated 

decrease in virus levels seen in the lymphocytes.

The general cytokine induction patterns seen in mitogen-stimulated naive lymphoid cells 

mirrors that seen in other species. That feline CD4+ lymphocytes produce more IL2, IL4 

and IL10 than CD8+ lymphocytes is consistent with data from human studies (36) (37). 

Detectable IL4 only in the colonic lymph node CD4 + T cells likely reflects the cytokine 

environment o f the gastrointestinal mucosa. It has been shown that the intraepithelial 

lymphocytes o f the murine large intestine express 6-10 fold more IL4 than those found in 

the small intestine and that IL4 is the predominant cytokine secreted in the large 

intestine(38).

The cytokine pattern at four weeks post FIV infection is one dominated by IL10 produced 

by lymphocytes in both the colonic lymph node and the spleen. IL10 was initially 

described as a factor secreted by murine Th2 cells that inhibited the production of 

IFNy (39). It has since been shown to have a variety of inhibitory effects on activated 

macrophages including the inhibition of nitric oxide production (40), the reduction in the 

surface expression o f MHC class II molecules (41) and CD80/CD86 costimulatory 

molecules (42). In addition to blocking IFNy production, IL10 has also been shown to 

inhibit the production of IL12 and TNFa in monocytes (43) (44) (45). Dendritic cells 

have been shown to be the most potent initiators of an immune response and IL10 can 

decrease IL12 production and costimulatory molecule expression on these cells as well 

(46) (47).

IL10 has also been shown to inhibit the production o f many chemokines including MIP- 

la ,  M IP-ip and RANTES all of which have been shown to have anti-viral activity in 

HIV infection (48) (49). IL10 also upregulates the expression of CCR1, CCR2 and 

CCR5 on monocytes which have been shown to be co-receptors for macrophage tropic 

strains of HIV (50). There is evidence that FIV may be able to use CCR3 to enter cells
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(51). The effect of IL10 on levels o f feline CCR3 has not yet been investigated and how 

these chemokines play a role in controlling FIV infection remains to be elucidated.

Elevations of IL10 have been reported in HIV-infected patients in all stages of infection

(52) (53). Many HIV+ people have demonstrable defects in proliferative recall responses 

to HIV as well as non-HIV proteins such as tetanus toxoid and influenza (54). The in 

vitro neutralization o f IL10 restores the defective recall responses in patients who have 

between 200-500 CD4 cells/pl (55) indicating that IL10 is playing a role in the 

generalized dampening of the immune response in HIV.

In addition to Thl and Th2 CD4+ T cells, other T cells with distinct cytokine secretion 

patterns have been described. A subset of lymphocytes that produce high levels of IL10 

have been termed Trl cells (56) (57). Recent work provided the first evidence of 

pathogen-specific Trl cells that express large quantities of IL10 in a murine model of 

Bordetella pertussis infection (58). The pathogen-derived molecule was shown to 

specifically inhibit IL12 and augment IL10 production from dendritic cells, which then 

directed naive T cells into the Trl subtype. Type 1 cytokine responses were inhibited by 

the increased levels o f IL10 in this system. Circulating Trl cells have been demonstrated 

in HIV-infected people and the numbers of Trl cells were significantly higher in those 

patients with active replication or progressive disease (59). Although dendritic cells were 

not examined in the current work, this model for pathogen-specific skewing of dendritic 

cell cytokine production is an attractive explanation for the early ILlO-dominated 

response in FIV infection.

The sum total o f the above described effects of IL10 on monocyte/macrophages and 

dendritic cells would be to decrease their ability to direct a viral-specific cell-mediated 

immune response while potentially increasing their susceptibility to lentiviral infection. 

Any impaired ability to mount a cell-mediated immune response, shown to be critical for 

control of HIV and SIV replication (11), would be advantageous to the virus. The fact 

that we have detected a selective increase in IL10 during peak FIV replication provides
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indirect evidence that FIV may exploit the immunosuppressive effects of IL10 to 

establish a persistent infection.

The cytokine response at 10 weeks post FIV infection evolves into what has been 

described as a type 0 response with elevations in both IL10 and IFNy. A significant 

elevation in IFNy was only documented in the CD8 positive population in both the 

colonic lymph node and spleen while both CD4 and CD8+ T cells maintained the 

elevated production of 1L10. With the RPA methodology that we employed, it is not 

possible to discern whether individual CD8+ T cells produced both IL10 and IFNy or 

whether the increase in IFNy is a result of a separate, expanding population of viral 

effector cells. A technique such as intracellular staining for IFNy and IL10 and 

subsequent flow cytometry for cell phenotype would be required to answer this question. 

A recent study examining IFNy production in PBMC from HIV+ patients demonstrated 

that the increased IFNy levels were found only in the CD8+ lymphocytes and, more 

specifically, in CD8+CD28- cells (60). Cells with this phenotype have been shown to be 

effective cytolytic cells in HIV (61) and cytomegalovirus infections (62). Increasing 

levels of CD8+ T cell IFNy as FIV levels are dropping raises this possibility that viral- 

specific CTL are emerging between 4 and 10 weeks. This would be consistent with 

observations in SIV and HIV infections in which the initial control o f viremia is 

correlated with the emergence of viral peptide specific CTL (11) (63) (12) (13).

At first glance, the concept of a single population of CD8+ T cells capable of producing 

both IFNy and IL10 seems contradictory. Nevertheless, CD8+ T cells producing both 

cytokines have emerged as a distinct phenomenon in several infectious diseases. 

Leishmania major infection in mice provides a dramatic example of how disease outcome 

can be altered by the type of cytokine response generated (64). Even though Leishmania- 

resistant strains of mice generate a strong type cytokine response dominated by IFNy and 

IL12, they are generally unable to completely clear the parasite (65) (66). In these 

persistent dermal lesions, up to 25% of the T cells secreting IFNy are also secreting IL10 

(67). The administration of anti-IL-10 receptor antibody to mice resulted in the sterile
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cure of the parasite indicating that IL10 plays a significant role in preventing cure despite 

the concurrent presence of IFNy (67). T cell clones producing both IFNy and 1L10 have 

also been documented in human infections with Mycobacterium tuberculosis{6%) and 

Borrelia burgdorferi (69). The dual-producing clones are seen in the bronchoalveolar 

lavage fluid of pulmonary tuberculosis patients yet are not present in the peripheral blood 

suggesting that they are important at the site of active infection/inflammation (68). The 

production of both cytokines was shown to be IL 12-dependent in the B. burgdorferi 

model system, consistent with the data showing that IL12 can stimulate CD4 and CD8+ T 

cells to produce both IFNy and IL10 (70). IL10 has been shown to be a potent inhibitor 

of inflammatory responses and the concurrent presence of IL10 and IFNy is thought to be 

one means by which the host prevents uncontrolled inflammation (71). This may be a 

cytokine pattern that intracellular pathogens such as FIV have evolved to exploit as a 

means o f maintaining persistent, chronic infection.

While we cannot determine from our current data whether the delayed rise in CD8+ T 

cell production o f IFNy is due to an emerging population of virus effector cells or from a 

subset of T cells capable o f producing both IL10 and IFNy, the rise in IFNy and 

subsequent restoration of the IFNy:IL10 ratio is temporally associated with a decreasing 

viral load. It is becoming more apparent that it is the relative proportions of cytokines 

rather than the absolute production of type 1 or type 2 cytokines that influence disease 

progression. Recent work in HIV infected people has confirmed this principle by 

showing that the relative balance of CD4+ T cell production o f IL10 vs. IFNy correlates 

with active replication and progression of disease and that highly active anti-retroviral 

treatment (HAART) can decrease viral loads and shift the balance towards IFNy 

production(59). Our findings in the FIV model corroborate these findings in that the 

balance of IL10 versus IFNy shifted back to a more normal ratio in CD8+ T cells as viral 

levels came under initial host control.

The elevated IL6 seen at 10 weeks PI in the macrophages is a phenomenon described in 

many viral infections. IL6 has been shown to be elevated in HIV infection, (72) SIV (73) 

(74) and FIV (75) (76) infection. The in vitro infection of monocytes with HIV induces
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IL6 production (77) which has been shown to be mediated by binding o f the envelope 

glycoprotein 41 (gp41) (78). In addition, HIV infection has been shown to have a 

priming effect whereby increased amounts of IL6 are produced by subsequent ligation of 

the CD40 receptor (79). The intravenous infection of macaques with SIV has been 

shown to lead to a rapid rise in PBMC and peripheral lymph node levels o f IL6 (73) (74) 

whereas people naturally infected with HIV via the mucosal route tend to have a more 

delayed increase associated with the transition into the chronic phase of infection (17).

IL6 has the ability to increase the production of HIV in chronically infected ex vivo 

monocytes and in macrophages infected in vitro(%0). Despite the ability o f IL6 to 

increase viral replication in monocytes, lymphocyte HIV replication appears to be 

unaffected (80). The increase in macrophage HIV production occurs at the post- 

transcriptional level, increasing HIV proteins and RT activity without the accumulation 

of viral RNA (80). The feline macrophage cultures that we examined at 10 weeks PI had 

very high levels o f intracellular viral RNA but undetectable levels o f viral antigen in the 

supernatants. The correlation between macrophage IL6 levels and macrophage viral RNA 

levels in our cats supports the notion that the two may be linked but, either IL6 acts to 

stimulate viral replication via a different mechanism in feline macrophages, or it is the 

infection of the macrophages that has induced high levels o f IL6.

In summary, we have documented an early ILlO-dominated cytokine response in both 

CD4 and CD8+ T cells during mucosal FIV infection. The ILlO-dominated phase 

correlated with the period of peak viral replication. This cytokine response evolved to 

include concurrent increases in CD8+ T cell production of IFNy, which was temporally 

related to decreasing lymphocyte and plasma virus levels. A delayed increase in 

macrophage IL6 production was associated with a shift to increased macrophage 

infectivity. Determining the functional significance of these cytokine changes on the 

documented downregulation of viral replication is a subject for further study. The 

apparent shift in cellular infection pattern from lymphocytes to macrophages introduces 

the possibility that FIV cellular tropism may be evolving during the acute immune 

response, a possibility that will be explored in future experiments.
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CHAPTER THREE

THE EFFECT OF RECOMBINANT INTERLEUKIN 12 ON INITIAL CONTROL

OF FIV INFECTION

INTRODUCTION

Interleukin 12 (IL12), initially identified as a factor secreted by Epstein-Barr virus 

transformed B cells, has subsequently been shown to be one of the most potent 

stimulators o f the cell-mediated immune response (1) (2) (3). IL12 initiates a type 1 

cytokine response via the induction of interferon gamma (IFNy) from T cells and natural 

killer cells (NK) thereby augmenting cell-mediated cytotoxicity (4). IL12 plays a crucial 

role in the development of specific immunity to many intracellular pathogens, including 

Toxoplasma gondii (5), Listeria monocytogenes (6), Leishmania major (7) and 

Mycobacterium tuberculosis (8).

The role o f IL12 in lentiviral infections is less well defined but there is accumulating 

evidence that defective production of IL12 may play a role in establishing and 

maintaining long term infection. Impaired production of IL12 has been documented in 

HIV-infected people and the in vitro addition of IL12 can restore HIV-specific cell- 

mediated immune responses in these patients (9) (10) (11). In addition, the co­

administration o f IL12 with various vaccine candidates, has been shown to enhance the 

cell-mediated immune response to HIV antigens (12). These data suggest that the early 

addition o f IL12 may be beneficial in host control of lentiviral replication.

The goals in this study were to determine whether the currently available recombinant 

lL12s (murine and human) have cross-reactive activity in feline cells and whether the 

early administration o f IL12 could alter the replication kinetics o f FIV infection. Our 

previous documentation of a strong ILlO-dominated immune response during peak 

replication of FIV (P. Avery, unpublished data) provided us a relevant system to explore 

the effects of early type 1 cytokine intervention.
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MATERIALS AND METHODS

Recombinant Interleukin 12

Recombinant murine and human IL12 were kindly provided by the Dr. J. Sypek (The 

Genetics Institute, Andover, Mass). A total o f 20 pg of murine and 40 pg of human IL12 

were stored at -70° C until use.

Adenoviruses

Replication-defective adenoviruses were kindly provided by Dr. Frank Graham 

(AdMEM12R and AdCA35, McMaster University, Ontario, Canada), Dr. Savio Woo 

(Adv.mIL12, Mount Sinai School of Medicine, New York, NY) and Dr. Jesus Prieto 

(RAdIL12 and AdLacZ, University of Navarra, Pamplona, Spain). The plaque-purified 

viral stocks were stored at -70° C until use. All three vectors have deletions of the El 

and E3 region of the adenovirus where the p35 and p40 subunits of murine IL12 have 

been inserted. Both of the vectors AdMEM12R and RAdIL12 are under the influence of 

the murine cytomegalovirus (CMV) promoter while Adv.mIL12 utilizes the Rous 

sarcoma virus (RSV) long terminal repeat promoter. AdCA35 and AdLacZ are identical 

to the IL 12-expressing vectors from their respective laboratories except the LacZ gene is 

inserted in place o f the IL12 p35 and p40 genes.

FIV inoculum

Cell-free cell culture virus inoculum (200 TCIDjo/ml) was generated by the co-culture of 

naive feline PBMC with PBMC from a cat acutely infected with FIV-B 2542 via the 

intravenous route. Infectivity of the supernatants was determined via titration and aliquots 

were stored in liquid nitrogen. This stock of virus was shown to infect 4/4 cats when 1 

ml was administered oral-nasally.
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Cells and cell lines

Feline peripheral blood mononuclear cells (PBMC) were separated by density gradient 

centrifugation (Histopaque 1077, Sigma, St. Louis, MO). The cells were cultured at a 

concentration of 4 x 106 cells/ml in lymphocyte culture medium (LBT) composed of 

RPMI 1640 supplemented with 10% fetal calf serum (HyClone Laboratories, Logan, 

UT), 2% glutamine, 1% penicillin/streptomycin and 5 pg/ml concanavillin A (ConA). 

Crandell feline kidney cell line (CrFK) cells (13) were cultured in 6 well multiwell plates 

(Becton Dickinson, Franklin Lakes, NJ) in Dulbecco’s Modified Eagle’s Medium 

(DMEM) (Sigma) supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin. Feline lymphocyte endothelial cell line (FLE) was derived in 

this laboratory from adherent cells within a feline lymph node. These cells were also 

cultured in DMEM (Sigma) supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin. 293 cells (transformed human embryonic kidney cells) (ATCC, 

Manassas, VA) were cultured at 3 x 106 cells/ml in Joklik-modified minimum essential 

medium (Gibco BRL, Grand island, NY) with 10% fetal bovine serum and 1% 

penicillin/streptomycin.

FIV antigen ELISA

Productive in vitro infection was assessed by capsid antigen (p26) capture ELISA 

described by Dreitz et al (14) performed on macrophage/PBMC supernatants. Optical 

densities (OD), measured by absorbance at A 4 5 0 ,  were recorded using a Dynatech 

5000MRTM microplate reader (Dynatech Corp., Chantilly, VA). Positive reactions were 

defined as those with a minimum OD of 0.1 and at least twice that o f negative control 

supernatants run in parallel.
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Reverse Transcriptase Activity

Reverse transcriptase (RT) activity was measured using the protocol o f Goldstein et al 

(15) in 96 well plates. Fifteen microliters of clarified supernatant were used in each 

reaction and incorporated 32P was measured with a Microbeta plate reader (Wallac).

Nitric oxide detection

Tissue culture supernatants or serum samples were evaluated for the presence of NO2- as 

previously described (16). Briefly, samples were mixed with an equal volume of Griess 

reagent (Sigma, St. Louis, MO) and incubated at room temperature for 15 minutes. 

Plates were read at A550 in an automatic plate reader (Molecular Devices). NaN02 was 

used to generate a standard curve.

IL-12 induced proliferation

Feline PBMC were cultured in 96 well plates at a concentration of 2 x 106 cells/ml in 200 

pL of LBT media supplemented with 5 pg/ml ConA for 48 hrs. Recombinant mIL12 or 

hIL12 was added at a concentration of 0, 0.5, 2,5, 10 or 20 U/ml for an additional 12 hrs. 

Each well was pulsed with 10 pCi o f tritiated thymidine (NEN), and incubated for an 

additional 12 hrs. The plates were harvested onto membranes using a Microbeta 

Harvestor (Wallac) and incorporated thymidine was detected using Microbeta Microsoft 

Workstation 2.6 software (Wallac) and expressed as counts per minute (CPM).

In vitro induction of cytokines

Feline PBMC were cultured in six well plates at a concentration of 4 x 106 cells/ml in 

LBT supplemented with 5 pg/ml ConA for 48 hrs. Recombinant murine IL12 was added 

at concentrations of 0, 5 or 10 U/ml and the cells were cultured for an additional 12-24 

hrs. The non-adherent cells were removed and washed once with 10 mis sterile 

phosphate-buffered saline (PBS). One ml of Trizol™ (Invitrogen, Carlsbad, CA) was
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added to the culture wells and pipetted up and down several times. The same Trizol was 

then used to lyse the pelleted cells. The cellular lysates were stored at -70° C until 

further processing according to the manufacturer’s instructions. RNA was quantified via 

spectrophotometer and 2 pg aliquots were lyophilized in a Speed Vac concentrator 

(Savant, Farmingdale, NY).

In vivo administration of recombinant mIL12

Four 6 month old female cats were inoculated intraperitoneally with 0, 1.0,2.5 or 5 pg of 

recombinant mIL12 in a total volume of 200 pL of sterile PBS. The cats were 

anesthetized with subcutaneous ketamine/acepromazine and received the injections every 

other day for a total of 4 doses. Blood was collected via jugular venipuncture every 2 

days for the first 8 days and every 5 days thereafter. The cats receiving 0 and 2.5 pg of 

mIL12 were euthanized at day 8 post initiation whereas the cats receiving 1 and 5 pg of 

mIL12 were euthanized at day 30 post initiation. Blood, spleen, colonic and mesenteric 

lymph nodes were collected at necropsy.

In vitro adenoviral infection

Cell lines were cultured as described above. When cells were approximately 80% 

confluent, the culture media was taken off and adenovirus at a multiplicity of infection of 

30 (MOI) was added in 500 pL of PBS. The plates were incubated at room temperature 

with periodic rocking for 30 minutes at which point fresh media was added and the plates 

were returned to 37° C. Cell culture supernatants were collected at 24 and 48 hours post 

inoculation.

ELISA for murine IL12

MaxiSorp™ 96 well plates (Nalge Nunc International, Denmark) were incubated for 12 

hrs at 4 C with 8 pg/ml of the anti-mouse IL12 antibody G297-289 (BD PharMingen, 

Torrey Pines, CA) in 100 pL of 0.1 M sodium bicarbonate. The plates were then washed
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8 times in an Auto-strip plate washer (Bio-Tek Instruments, Winooski, VT). 200 pL of 

PBS with 10% goat serum was added and the plates were incubated at room temperature 

(RT) for 4 hrs. The contents o f the plates were emptied over a sink and 100 pL of the 

samples was added. The plates were then incubated at 4° C for 12 hrs after which they 

were washed again 8 times. The secondary biotinylated anti-IL12 antibody C17.8 (BD 

PharMingen) was added at a concentration o f 0.5 pg/ml and incubated at RT for 45 

minutes. The plates were washed an additional 8 times and streptavidin-horse radish 

peroxidase (BD PharMingen) was added at a concentration of 0.5 pg/ml for an additional 

30 minutes at RT. Plates were washed for a final 8 times and equal portions of TMB 

peroxidase substrate and peroxidase solution (Kirkegaard and Perry, Gaithersburg, MD) 

were added for 10 minutes at which point the reaction was stopped by adding 100 pL of 

0.1 M phosphoric acid. Optical densities were determined on a plate reader at a 

wavelength o f 450 nm (DynaTech, Chantilly, VA). A standard curve was generated 

using 2 fold dilutions of recombinant murine IL12 (BD Pharmingen) starting with 5 

ng/ml.

Adenoviral supernatant stimulation of feline PBMC

Feline PBMC were cultured at a concentration of 4 x 106 cells/ml in LBT media 

supplemented with 5 pg/ml ConA for 48 hrs. 10, 50 or 100 pL of supernatants from 

adenovirally infected CrFK cells was added to the PBMC and they were cultured for an 

additional 24 hrs. Both adherent and non-adherent cells were lysed with Trizol™ and the 

lysates were stored at -70° C until further processing via the manufacturers instructions.

In vitro effects of adenoviral IL12 on FIV replication

Feline macrophages were purified from 4 x 106 cells/ml o f PBMC by adherence for 1 hr 

at 37° C. The adherent cells were cultured for an additional 2 days in DMEM 

supplemented with 10% fetal bovine serum, penicillin/streptomycin and 100 U/ml human 

granulocyte-monocyte colony stimulating factor (GMCSF). The plates were washed two 

times with PBS and infected with either AdMEMR12 or AdLacZ at a MOI of 10 and 30.
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The macrophages were incubated for an additional 12 hrs at which point, fresh, 

autologous, non-adherent PBMC were added at a concentration o f 2 x 106 cells/ml and 

the cells were subsequently cultured in LBT media without GMCSF. 24 hrs later, 

FIVB2452 cell-free supernatants were added to the cultures at a dilution o f 1:64 or 1:512 

based on previous titration assays. Wells cultured with virus-free media served as 

negative controls. After 24 hrs, cells were washed lx  with PBS to remove any remaining 

virus and supernatants were monitored every two days for levels o f mIL12, p26 antigen 

(14), reverse transcriptase (RT) activity and cell viability was monitored via trypan blue 

exclusion.

Adenoviral infection of cats

One cat each was inoculated oral-nasally with 1 x 1010 plaque forming units (pfus), 1 x 

109 pfus or 1 x 108 pfus o f RAdIL12 in 500 pL PBS. An additional cat was inoculated 

with 1 x 109 pfus AdLacZ. Blood was collected at 24 and 48 hrs PI and spleen and 

retropharyngeal lymph nodes were collected at necropsy at 48 hrs PL

Three cats were inoculated intraperitoneally with 1 x 109 pfus of AdMEM12R in 100 pL 

of PBS while one cat was inoculated with 1 x 109 pfus AdLacZ. Blood was collected at 

24, 48 and 72 hrs PI for serum determination of mIL12 as well as complete blood counts 

(CBC).

Three cats were inoculated with 1 x 109 pfus AdMEM12R via the intraperitoneal route 

and two cats were inoculated with 1 x 109 pfus AdMEME12R via the oral-nasal route. 

An additional three control cats received 1 x 109 pfus Ad LacZ intraperitoneally and two 

cats received 1 x 109 pfus oral-nasally. All cats were bled at 6 and 12 hrs PI and one cat 

each from the AdIL12 group and AdLacZ group was bled and necropsied at 12 and 24 

hrs PI. Two additional cats from each intraperitoneal group were bled and necropsied at 

48 hrs PI. Tonsil, spleen and colonic lymph nodes were collected from all cats and snap 

frozen in liquid nitrogen.
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Three cats were inoculated with 1 x 109 pfus AdMEM12R and three control cats were 

inoculated with 1 x 109 pfus AdLacZ via the intraperitoneal route. Twenty-four hrs later, 

all cats were challenged oral-nasally with 0.8 mis o f FIVB2542 cell-free supernatant (300 

TCID). The cats were bled every 4 days for the first 4 weeks o f the study to examine 

serum levels o f mIL12 and to determine the presence o f pro-viral DNA. Plasma was 

frozen at -70  C from each time-point for viral RNA quantification. Complete blood 

counts were performed every 8 days to monitor hematologic parameters.

RESULTS

In vitro effects of recombinant IL12

Proliferation

Both recombinant murine and human IL12 augmented ConA-induced proliferation in 

both feline PBMC and lymph node cells (Figure 3.1). There was a dose-related increase 

in proliferation up to 2.5 U o f IL 12/ml.
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Figure 3.1: Recombinant human and murine IL12 augment proliferation in ConA- 
primed feline PBMC. Cells were stimulated for 48 hrs with 5 pg/ml ConA followed by 
12 hrs with rIL12.
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Cytokine production

There was a dose responsive induction o f  feline IFNy in cultures treated with either 

recombinant murine or human IL12. Interleukin 10 levels were unchanged over the 

doses o f  IL12 used (Figure 3.2).
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Figure 3.2: Recombinant murine IL12 induces in vitro IFNy production in feline PBMC 
without inducing IL10. Cells were stimulated with conA for 48 hrs followed by 20 U of 
mIL12 for an additional 12 hrs. IFNy was measured using QC-RT-PCR. Results 
representative o f  4 individual experiments.

In vivo effects of recombinant IL12

Toxicity

Cats tolerated all three doses o f recombinant murine IL12 without evidence o f illness. 

There was no evidence o f  pyrexia, anorexia and all cats continued to gain weight. There 

were no abnormalities including induction o f liver enzymes seen on blood biochemical 

panels submitted throughout the study. All o f  the cats receiving IL12 had a marked drop 

in both neutrophil and red blood cell (RBC) numbers within 2 days o f  the initial dose 

(Figures 3.3a and 3.3b). Both parameters continued to decline throughout the treatment 

period reaching a nadir at the time o f the last injection. There was a gradual recovery o f 

both parameters in the cats that were followed for an additional 3 weeks post treatment.
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Neutrophil Numbers
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Figure 3.3a: In vivo inoculation o f recombinant IL12 induces transient neutropenia in 
cats. Cats were inoculated with one o f three doses o f  rIL12 intraperitoneally every other 
day starting on Day 1 for a total o f  five doses. All cats remained clinically asymptomatic.
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Figure 3.3b: Red blood cell numbers decrease transiently in cats treated with rIL12. 
Cats were treated as described in Figure 3a and developed a rapid decrease in circulating 
red blood cell numbers.
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Cytokine induction

The intraperitoneal administration o f  mIL12 induced transient increases in IFNy 

production in ConA-stimulated PBMC (Figure 3.4). Levels o f IFNy declined to 

pretreatment levels within 48 hrs o f  discontinuing IL12 administration. Analysis o f 

mesenteric, colonic and splenic lymphoid tissue obtained 72 hrs post treatment failed to 

reveal significant differences in IFNy levels between the control cat and the cat receiving 

2.5 pg o f mIL12 (data not shown).

3 T

Day 2 Day 6 Day 8

Figure 3.4: in vivo mIL12 primes feline PBMC to produce IFNy. One cat received PBS 
and one cat received 2.5 pg/ml recombinant mIL12 via the intraperitoneal route. 
Injections were administered every other day beginning on Day 0 and ending on Day 6. 
PBMC were purified and stimulated for 2 hrs with PMA/ionomycin and RNA was 
extracted for cytokine analysis via RPA.

In vitro adenoviral infection of feline cells

Murine IL12 production

In vitro infection o f CrFK, FLE and human 293 cells at a MOI o f 30 with AdMEM12R 

resulted in the production and release o f  murine IL12 (Figure 3.5). AdMEM12R-infected
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CrFK cell supernatants contained substantially more mIL12 than CrFK cells infected 

with Adv.mIL12 or RAdIL12 (Figure 3.6).
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Figure 3.5: AdMEM12R infection o f feline cells results in the production o f  mIL12. 
Crandell feline kidney (CrFK) cells, feline lymphocyte endothelial (FLE) cells and 
human 293 cells were infected with AdMEM12R at a MOI o f  30. Twenty-four hours 
later supernatant levels o f  murine IL12 were determined by sandwich ELISA.
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Figure 3.6: AdMEM12R produces more murine IL12 in feline cells than other 
adenoviral vectors. Crandell feline kidney cells were infected at a MOI o f 30 with 
various adenoviruses expressing mIL12. Supernatant mIL12 levels were measured 24 hrs 
later by ELISA. Inset demonstrates low, yet detectable, mIL12 in all IL12 vectors.
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Supernatant-induction o f  feline IFNy

Supernatants from AdMEM12R-infected CrFK cells induced the production o f IFNy 

from mitogen-activated feline PBMC whereas AdLacZ-infected CrFK supernatants had 

no effect (Figure 3.7). There were no differences in the RNA levels o f  IL10 and TNFa 

between the two groups.

■ CrFK AdLacZ
■ CrFK AdIL12

Figure 3.7: Supernatants from AdMEM12R-infected feline cells induce IFNy production 
in feline PBMC. Feline CrFK cells were infected with AdMEM12R or AdLacZ (MOI 
30) for 24 hrs at which point supernatant was collected. ConA stimulated feline PBMC 
were cultured with 10 pL o f AdMEMIL12 or AdLacZ infected supernatant for 12 hours. 
Cytokines were measured by ribonuclease protection assay.

In vitro effects of adenoviral IL12 on FIV replication

Feline macrophages infected with AdMEMR12 at a MOI o f either 10 or 30 produced 

detectable levels o f  mIL12 for the first 7 days or 15 days o f culture, respectively. Feline 

macrophages expressing mIL12 had the effect o f delaying and diminishing the degree o f 

FIV replication in PBMC in vitro. In the AdMEM12R-treated cultures there was an 

increase in the time necessary to detect viral antigen in the supernatant (Figure 3.8) and 

detectable RT activity was delayed and decreased (Figure 3.9). Cell viability assessed by 

trypan blue exclusion was the same between groups (not shown). NO2- was not detected
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in the supernatants at days 2, 4, 6 or 12 post AdMEM12R infection (data not shown). 

Thus, macrophages primed to produce mIL12 are able to alter the kinetics o f  subsequent 

FIV infection o f PBMC.
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Figure 3.8: Macrophages producing mIL12 alter the kinetics o f p26 antigen release 
during in vitro FIV infection. Feline macrophages were pre-infected with 10 or 30 MOI 
o f AdMEM12R or 30 MOI o f AdLacZ and 24 hours later autologous PBMC were added. 
The cells were infected with FIVB2542 cell-free supernatants 24 hrs later. FIV p26 
ELISA was performed on supernatants beginning 6 days after FIV infection.
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Figure 3.9: Macrophages producing mIL12 decrease reverse transcriptase activity during 
in vitro FIV infection. Feline macrophages were infected with Adenovirus and FIV as 
described in Figure 8. IL12 levels were monitored by ELISA and reverse transcriptase 
activity (RT) was monitored by the incorporation o f radioactive dTTP.
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In vivo effects o f adenoviral IL12

Serum mIL12 levels

In all cats treated with AdMEM12R via the intraperitoneal route, acute elevations in 

serum murine IL12 were detected. In the initial study, the peak appeared to be 24 hrs 

post inoculation with a dramatic decrease by 48 hrs PI and a return to baseline by 72 hrs 

PI (Figure 3.10a). Subsequent studies examining earlier time points demonstrated that 

serum mIL12 could be detected as early as 6 hrs PI and levels were still rising up to 24 

hrs PI (Figure 3.10b). Cats treated with AdMEM12R via the oral-nasal route had 

undetectable levels o f  mIL12 up to 48 hrs PI (data not shown). These studies 

demonstrate the rapid dissemination o f mIL12 after IP infection, yet suggest a more 

limited expression after oral-nasal exposure.
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Figure 3.10a: AdMEM12R infection results in the in vivo production o f m ILl2. Three 
cats were inoculated with 1 x 109 plus of AdMEM 12 or AdLacZ via the intraperitoneal 
route. Blood was collected every 24 hrs and serum mIL12 levels were assayed by 
ELISA.

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1200

1000

1  800 
'5b 
“  600
JNNs 400

200

2 6 12 24
Hours post inoculation

-*-A dM E M 12R  
■ ■—AdLacZ 

i  AdLacZ 
—m— AdMEM 12R

Figure 3.10b: AdMEM12R infection leads to the rapid release o f mIL12. Cats were 
infected with either 1 x 109 pfos o f  AdMEM 12R or AdLacZ via the intraperitoneal route 
and serum mIL12 levels monitored with ELISA 2 ,6 ,1 2  and 24 hrs later.
Toxicity

All cats treated with either AdMEM 12R or AdLacZ remained asymptomatic without any 

clinical evidence o f adverse effects. All cats treated with AdMEM12R via the 

intraperitoneal route developed the same acute decrease in neutrophil and red blood cell 

numbers as seen in the recombinant IL12 treated cats (Figure 3.1 la, 3.1 lb). In addition, 

platelet numbers showed a similar acute reduction (Figure 3.1 lc). All three hematologic 

parameters returned to normal during the three week study period. By contrast, cats 

treated with AdMEM 12R via the oral-nasal route had no demonstrable hematologic 

abnormalities. These findings again demonstrate the differences in systemic expression 

o f AdenoIL12 given by the two routes.
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Figure 3.11a: Adenoviral delivery o f mIL12 in vivo results in rapid, transient 
neutropenia. Three cats (C52,53,62) were infected with 1 x 109 pfus o f  AdMEM12R IP 
while 3 cats (C51,59,60) were infected with 1 x 109 pfus AdLacZ. Neutrophils were 
quantified using an automated counter and manual differential. The lower end o f the 
normal reference range is delineated.
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Figure 3.11b: Adenoviral delivery o f mIL12 in vivo results in the rapid induction of 
transient anemia. Three cats (52,53,62) were infected with 1 x 109 pfus o f AdMEM12R 
IP while 3 cats (51,59,60) were infected with 1 x 109 pfus AdLacZ. The packed cell 
volume o f red blood cells was measured on an automated counter. The lower end o f the 
normal reference range is delineated.
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Figure 3.11c: Adenoviral delivery o f mIL12 in vivo results in the rapid induction of 
transient thrombocytopenia. Three cats (C52,53,62) were infected with 1 x 109 pfus o f 
AdMEM12R IP while 3 cats (C51,59,60) were infected with 1 x 109 pfus AdLacZ IP. 
Platelets were quantified using an automated counter and platelet clumping was ruled 
with a manual inspection o f a peripheral blood smear. The lower end o f the normal 
reference range is delineated.

Serum NO2- concentrations

There was no detectable NO2- in any o f  the sera tested (data not shown).

Cytokine induction 

Tumor necrosis factor alpha

Cats treated with AdMEM 12R or AdLacZ via the oral-nasal route had increased levels o f 

TNFa in the tonsil at 24 hrs PI but not at 12 hrs PI (Figure 3.12a). This was true in the 

tonsil o f  the IP treated cats as well although the cat treated with AdLacZ appears to have 

had an earlier rise at 12 hrs (Figure 3.12b). The levels o f  TNFa within the spleen and 

colonic lymph nodes o f  cats treated with AdMEM 12R and AdLAcZ by either route were 

more variable without any apparent trends (not shown). There appears to be a non­

specific rise in TNFa that is secondary to the administration o f the adenovirus.
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Figure 3.12a: Oral-nasal administration o f AdMEM12 results in detectable levels o f 
IFNg in the tonsil. Two cats were inoculated with 1 x 109 pfus AdMEM12R and two 
cats were inoculated with 1 x 109 pfus o f AdLacZ via the oral-nasal route. One cat from 
each group was euthanized at 12 and 24 hrs PI and cytokine RNA levels were measured 
in the tonsil using a ribonuclease protection assay._______________________
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Figure 3.12b: Intraperitoneal administration ofAdMEM12R results in detectable IFNy 
and mild increases in IL10 in the tonsil. Two cats were inoculated with 1 x 109 pfus 
AdMEM12R and two cats were inoculated with 1 x 109 pfus o f AdLacZ via the 
intraperitoneal route. One cat from each group was euthanized at 12 and 24 hrs PI and 
cytokine RNA levels were measured in the tonsil using a ribonuclease protection assay.
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Interleukin 10

IL10 levels were moderately increased in the spleen o f AdMEM12R treated cats as 

compared with AdLacZ treated cats. This was particularly evident in the IP-treated cats 

and appeared to occur as early as 12 hrs PI (Figure 3.13a). The increases in the oral- 

nasal-treated cats were more modest and did not occur until 24 hrs PI (Figure 3.13b). 

There were mild increases in IL10 in the tonsils o f  AdMEM12R cats treated by either IP 

or oral-nasal routes. The AdMEM12R cats treated via the IP route had increased IL10 as 

compared with the AdLacZ cats at 12 and 24 hrs PI in the colonic lymph node whereas 

there were no differences seen in the oral-nasal treated cats (Figures 3.14a and 3.14b). 

Both routes o f administration o f  adenovirus IL12 appear to have produced increases in 

local and systemic IL10 production.

Figure 3.13a: Intraperitoneal administration o f AdMEM12R results in detectable IFNy 
and increases in IL10 in the spleen. Three cats were inoculated with 1 x 109 plus 
AdMEM12R and three cats were inoculated with 1 x 109 pfiis o f AdLacZ via the 
intraperitoneal route. One cat from each groupswas euthanized at 12,24 and 48 hrs PI 
and cytokine RNA levels were measured in the spleen using a ribonuclease protection 
assay.
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Figure 3.13 b: Oral-nasal administration o f AdMEM12R results in detectable IFNy and 
mild increases in IL10 in the spleen. Two cats were inoculated with 1 x 109 pfus 
AdMEM12R and two cats were inoculated with 1 x 109 pfus o f AdLacZ via the oral- 
nasal route. One cat from each group was euthanized at 12 and 24 hrs PI and cytokine 
RNA levels were measured in the spleen using a ribonuclease protection assay.
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Figure 3.14a: Intraperitoneal administration o f AdMEM12R results in detectable 
IFNy in the colonic lymph node. Three cats were inoculated with 1 x 109 pfos 
AdMEM12R and three cats were inoculated with 1 x 109 pfus o f AdLacZ via the 
intraperitoneal route. One cat from each group was euthanized at 12, 24 and 48 hrs PI 
and cytokine RNA levels were measured in the spleen using a ribonuclease protection 
assay. The colonic lymph node from a naive cat served as a negative control.
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Figure 3.14b: Oral-nasal administration o f AdMEM12R appears to have no effect on 
cytokine production in the colonic lymph node. Two cats were inoculated with 1 x 109 
pfus AdMEM12R and two cats were inoculated with 1 x 109 pfus o f AdLacZ via the 
oral-nasal route. One cat from each group was euthanized at 12 and 24 hrs PI and 
cytokine RNA levels were measured in the spleen using a ribonuclease protection assay. 
The colonic lymph node from a naive cat served as a negative control.

Interferon-gamma

IFNy was detected in the tonsils o f  AdMEM12R cats treated via either route at 24 hrs PI 

but not before (Figures 3.12a and 3.12b). There was no IFNy detected in the colonic 

lymph node o f the oral-nasal-treated cats whereas IP treatment resulted in the detection o f 

IFNy in the AdMEM12R treated cats beginning at 24 hrs PI (Figures 3.14a and 3.14b). 

IFNy was detectable at low levels in the spleens o f AdLacZ treated cats at 24 hrs PI but 

was present at higher levels in the AdMEM12R treated cats and persisted through 48 hrs 

in the IP AdMEM12R-treated cats (Figures 3.13a and 3.13b). The induction o f IFNy was 

either restricted to AdMEM12R-treated cats or augmented in cats treated with 

AdMEM12R.

Statistical analysis was not feasible given the low number o f animals used in this pilot 

study.
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Effects o f  concurrent FIVB infection

All three AdMEM12R treated cats had detectable levels o f  mIL12 in the serum by 24 hrs 

PI with a decrease to undetectable by 72 hrs PI (Figure 3.15). After oral-nasal exposure 

to FIVB, one o f the three AdLacZ treated cats became DNA PCR positive in PBMC by 

10 days post FIVB infection while two o f three AdMEM12R treated cats became DNA 

PCR positive by 20 days PI. The AdLAcZ treated cat had plasma viral RNA levels o f 

1000 copies/ml at 16 days PI and 1.46 x 106 copies/ml 21 days PI. The two AdMEM12R 

cats both had undetectable plasma viral RNA levels at days 16 and 21 PI (Figure 3.16). 

All three cats had undetectable levels o f  viral RNA yet remained viral DNA PCR positive 

when assayed 8 weeks later. Thus, despite small numbers o f infected animals and 

incomplete follow-up, adenoviral delivery o f mIL12 may have altered the kinetics o f in 

vivo FIV replication.

2500

2000 '

500 *

pre 24 48 72

Hours post inoculation

Figure 3.15: Intraperitoneal, but not oral-nasal, inoculation o f AdMEM12R results in 
detectable serum mIL12 levels. Cats were inoculated with 1 x 109 pfus AdMEM12R and 
serum levels o f mIL12 were monitored by ELISA.
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Figure 3.16: AdMEM12R pre-treatment delays the detection o f  plasma viral RNA after 
FIV infection. One cat was inoculated with AdLAcZ and two cats were inoculated with 
AdMEM12R via the intraperitoneal route. Twenty-four hours later they were challenged 
with cell-free FIVB2542 supernatants via the oral-nasal route. All three cats were 
positive for FIV provirus at the time points shown. Viral RNA was quantified using QC-

Data from our laboratory (P. Avery, manuscript in preparation) have shown that 

interleukin 10 (IL10) dominates the early response to mucosally acquired FIV infection. 

Although IL10 has recently been shown to have more pleotropic effects than initially 

thought, it has several well-described inhibitory effects on the cell-mediated immune 

response. This fact, coupled with the notable lack o f antiviral IFNy or TNFa induction, 

lead us to speculate that FIV was exploiting cytokines to inhibit the cell-mediated 

immune response during the critical early stage of viral infection.

The role o f interleukin 12 (IL12) in driving a strong type 1, cell-mediated immune 

response has been demonstrated in many infectious diseases in murine systems. 

Supplying or augmenting the production o f IL12 in the early phases o f protozoal, 

bacterial or viral infections can tip the balance o f the immune response allowing the 

clearance o f the infectious agent. Our goals in this study were to investigate the cross­

species efficacy o f murine IL12 in cats and begin to investigate the role o f early IL12 

intervention in the control o f  mucosal FIV infection.

RT-PCR.

DISCUSSION
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We have provided evidence that murine IL12 can induce the production o f feline IFNy in 

vitro and both IFNy and IL10 in vivo. This data is consistent with published work in the 

both murine and human systems. Stimulation of isolated PBMC results in the production 

of IFNy only (17) whereas, stimulation with IL12 during antigen specific expansion, 

results in the production of both IFNy and IL10 (18) (19). Mice treated with mIL12 in 

vivo produce increased amounts of both IFNy and IL10 (20). The simultaneous induction 

o f both cytokines has been documented within individual T cell clones (18). Given that 

IL10 can inhibit the production of IFNy (21), this work shows that these cytokines can 

also be independently regulated in the same cell. It is thought that the dual induction of 

IL10 and IFNy may allow fine control over the magnitude of the cell-mediated immune 

response to a given pathogen.

We have demonstrated that adenoviral vectors will replicate in feline cells despite the fact 

that there are no known natural adenoviral infections of cats. Several replication 

defective adenoviral vectors produced mIL12 in feline cell lines although AdMEM12R 

produced far more than the others tested. The levels of mIL12 released into the 

supernatants 24 PI of CrFK and FLE cell lines are within the range seen with 

ADMEM12R infection of some murine cell lines (22). The explanation for decreased 

IL12 production in the RSV driven construct Adv.mIL12 is likely related to promoter 

efficiency. Adenoviral constructs using the CMV promoter have been shown in several 

systems to produce more product than RSV driven constructs (23) (24) (25). Other 

investigators have documented cell-specific differences in the strength of CMV versus 

RSV driven transcription (26). Either mechanism may be playing a role in the in vitro 

CrFK comparisons performed in this study. AdMEM12R and RAdIL12 both utilize the 

murine CMV promoter and have both IL12 subunits in the El region separated by the 

encephalomyocarditis virus internal ribosome entry site promoter but the differences in 

mIL12 production may be related to differences in the virus vectors themselves (27).

The mIL12 released by AdMEM12R-infected cells has biologic activity in feline PBMC 

as evidenced by the induction of IFNy. When controlling for the amount of mIL12 added 

to PBMC, it appears that the mIL12 released by the adenovirus may have a lower
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biological activity than the recombinant mIL12. A stimulus o f 6.5 ng/ml recombinant 

mIL12 induced 0.775 of IFNy/GAPDH in feline PBMC whereas 12.5 ng/ml of 

AdMEM12R-produced mlL12 induced 0.045 of IFNy/GAPDH in feline PBMC. These 

comparisons were not made using PBMC from the same cat due to the time elapsed 

between the use of recombinant mIL12 and the AdMEM12R vector so some individual 

response variation cannot be completely ruled out. Nevertheless, the IFNy responses to 

AdMEM12R supernatants have generally been in this lower range. It is also possible that 

the adenoviral-packaged mIL12 may consist of some non-functional p40 homodimers but 

this would not explain the discrepancy as the sandwich ELISA used to quantify the 

adenoviral-derived mIL12 requires that both p35 and p40 subunits be present.

The kinetics o f the release of mIL12 into the serum of IP-treated cats was similar to that 

seen in adenovirus IL12-infected mice. The peak in mice has been reported to occur 

approximately 24 hrs after inoculation with a rapid drop off to very low levels by 72 hrs 

PI(28). IL12 levels were very low by 48 hrs PI and undetectable by 72 hrs PI in our cats. 

The slightly increased rate of clearance may be due to the fact that AdMEM12R contains 

the murine CMV promoter whereas most of the work done in mice has utilized human 

CMV-driven constructs. Murine CMV driven adenoviruses exhibit an earlier peak of 

expression than human CMV driven constructs (29).

The magnitude of serum mIL12 induction after IP injection in cats is difficult to compare 

to that in mice as data are not published with this particular vector. The AdMEM12R 

vector has been shown to produce up to a six-fold increase in mIL12 production in vitro 

when compared with a human CMV driven construct (AdmIL-12.1) produced by the 

same laboratory (29). The AdmIL12.1 construct produces 128 ng/ml mIL12 in mice 

when given IP at a dose of 1 x 109 pfus/ml whereas we saw 1-6 pg/ml o f mIL12 using 

AdMEM12R at the same dose in our cats (28). If the increased replication efficiency 

seen in vitro is recapitulated in vivo, the levels of mIL12 that we have documented in cats 

may be similar to those seen in similarly treated mice. The fact that we only saw mild 

hematologic toxicities in cats with such high levels of IL12 expression adds indirect 

evidence to the suspicion of decreased biologic activity.
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The hematologic toxicities that we observed in mIL12-treated cats have been 

characterized in both murine and non-human primates systems (30) (31) (32). The 

changes that we observed are most consistent with those seen in mIL12 treated mice, 

which develop neutropenia, anemia and thrombocytopenia (31). The treated mice also 

developed a transient lymphopenia, which we did not observe in the treated cats. 

Treatment of non-human primates with recombinant human IL12 also induces a transient 

thrombocytopenia, anemia and lymphopenia but neutrophil numbers tend to increase 

(33). While the mechanism behind the hematotoxicity is not completely clear, it appears 

to be a combination of bone marrow suppression and peripheral destruction of cells. It 

has been clearly shown to be IFNy-dependent by examining the response in IFNy knock­

out mice (30). This suggests that we are inducing increased levels o f feline IFNy within 

the bone marrow in mIL12-treated cats.

Interleukin-12 given at high doses can actually impair the immune response as has been 

seen in lymphocytic choriomeningitis virus (LCMV) infection where high levels of IL-12 

lead to higher viral loads and decreased cytotoxic T lymphocyte (CTL) responses(34). 

These inhibitory effects have been shown to be dependent of the induction of nitric oxide 

(NO2-) (27, 35). We examined NO2- levels in the serum from cats treated with 

AdMEM12R and, despite the induction of high circulating levels of mIL12, we were 

unable to detect any. Although we were unable to demonstrate any induction of nitric 

oxide, the measurement of inducible nitric oxide synthase (iNOS) may provide a more 

sensitive means of detecting increased nitric oxide in serum samples.

The brief increase in mitogen-stimulated IFNy production seen in the PBMC of 

recombinant mIL12 treated cats is typical of that seen in mice. Mice treated for 5 

consecutive days with mIL12 had elevations in PBMC-derived IFNy that returned to 

baseline within 2 days of discontinuing treatment (36). We were unable to document any 

increase in tissue IFNy RNA but the samples were taken 72 hrs after discontinuing the 

mIL12 injections so any potential increase may have resolved by that time-point. When 

we examined AdMEM12R treated cats during the acute phase of the adenoviral infection,
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we were able to demonstrate increases in IFNy and IL10 levels as compared to AdLacZ 

treated cats. The induction of IL10 and IFNy was the most notable in the spleen of IP 

infected mice where there was a sustained increase in IL10 beginning at 12 hrs and 

induction of IFNy beginning at 24 hrs. In a similar fashion, IFNy was detectable and 

IL10 appeared increased in the more distant lymphoid tissue, the tonsil, in IP infected 

cats suggesting a disseminated response. There were also increases in TNFa but there 

was no difference between the two groups of adenovirus and adenoviral infections alone 

can induce TNFa release (37). There appear to be mild increases of IFNy and IL10 in the 

tonsil and spleen o f cats inoculated with AdMEM12R oral-nasally suggesting that this 

may be a viable means to deliver IL12 to mucosal tissues. The effect was not seen in the 

colonic lymph nodes. The small overall animal number and individual cats at each time- 

point warrant caution in interpreting the data but the results are consistent with a systemic 

effect o f IL12 within 24 hrs after IP infection and a more modest and focal response after 

oral-nasal administration.

The in vitro production of mIL12 by feline macrophages led to a delay and decrease in 

subsequent reverse transcriptase (RT) levels produced by in vitro FIV-infected PBMC. 

There is precedent for this antiviral effect in similar experiments performed with HIV. 

Human macrophage cultures infected with HIV were co-cultured with autologous PBMC 

with and without recombinant human IL12. The addition of hIL12 resulted in a 75-90% 

reduction in RT activity which was IFNy-dependent (38). We did not measure IFNy in 

this study but our previous work with adenoviral-expressed mIL12 would support the 

notion that IFNy was induced in these cultures. Interferon-y has been shown to be a 

potent activator o f macrophages and can stimulate the release of H2O2, proteases and 

inducible nitric oxide synthase, all o f which are important in the clearance of intracellular 

pathogens (39). We were unable to detect increased nitric oxide in the supernatants of 

AdMEM 12R-infected cultures despite the fact that the Greiss reaction has been validated 

in feline culture systems(40).

The dose o f FIVB pool chosen to inoculate cats via the oral-nasal route had previously 

been shown to infect 4/4 cats (C. Mathiason, unpublished results). The 50% infectivity
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seen in the 6 inoculated cats in this study was disappointing but not surprising given the 

variability we have seen when attempting to infect cats across a mucosal barrier. The 

intact rectal and oral mucosa appear to present a formidable mechanical barrier to FIV 

infection.

The early proviral data was prematurely interpreted as a failure of early IL12 intervention 

to alter the course o f infection. That 1/3 control cats and 2/3 IL12-treated cats became 

infected within the time period typical for this route of infection suggested no effect. It 

was not until stored plasma samples were analyzed for viral RNA levels that a potential 

difference between the two groups was identified. There was a delay in the ability to 

detect both viral DNA and RNA in the AdMEM12R pretreated cats. Unfortunately, the 

plasma was not processed until several weeks after the DNA samples and critical sample 

time-points were missed. We do not know if, in addition to a delay, there was an overall 

decrease in level o f plasma viremia in the IL12 treated cats. Recent work giving twice 

weekly injections of rhesus 1L12 in the S1V system showed that, while there was no delay 

in the induction of plasma viremia, the magnitude was significantly decreased in rILl 2- 

treated macaques(41). The lack o f any delay may be explained by the fact that these 

macaques were inoculated intravenously whereas our cats may have been able to control 

the more localized inoculum for some period of time before dissemination to the plasma. 

While no protection from infection was seen in the SIV study, survival was significantly 

prolonged in the IL12-treated monkeys and tissue pro-viral levels were significantly 

decreased out to 58 weeks PI (41). Tissue viral levels will be examined in our cats to 

further explore this phenomenon. Clearly, this experiment will have to be repeated with 

larger numbers of animals and closer monitoring during the acute phase in order to 

document any potential benefit of adenoviral-delivered IL12.

In summary, the present studies demonstrate that murine IL12 has relevant biologic 

activity in feline cells and cats in vivo. In addition, adenoviral delivery appears to be a 

viable means of administering murine IL12 to cats. Further work needs to be done to 

explore the potential down regulation of early FIV replication in vivo and to examine the 

long term consequences o f such intervention on viral control and disease outcome.
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CONCLUSIONS AND FUTURE DIRECTIONS

The data presented in this dissertation provide some interesting answers to the questions 

surrounding the cytokine response in the acute phase of FIV infection. Like most 

research however, these answers raise further questions. Instead of being definitive, this 

work provides a framework for future studies exploring the issues of cytokine induction 

from a more mechanistic angle.

The ribonuclease protection assay has proven to be a reliable and sensitive means of 

measuring feline cytokines. Areas of future exploration with this assay would include 

more optimization in an attempt to detect feline interleukin 12 (IL12). As the T cell 

cytokine assay benefited from mitogen stimulation, so too may the macrophage RPA. 

The ability of FIV-positive and negative macrophages to respond to lipopolysaccharide 

might offer insight into the basal levels of EL12 production during infection.

The early, selective rise in T cell IL10 production that we noted is somewhat unusual in 

the context of work published with SIV and HIV. To the best of my knowledge, all of 

the cytokine data available from SIV studies involves intravenous viral inoculation. It 

seems likely that this massive, systemic influx of virus could lead to altered cytokine 

kinetics. The length of a potential ILlO-dominated phase may be dramatically shortened 

or bypassed altogether. Work with tissue samples during the acute phases of HIV 

infection will likely continue to be difficult and hampered by the imprecise nature of the 

exposure. If FIV is responsible for the induction of IL10, it provides one attractive 

explanation of the ability of the vims to escape immune containment.

The fundamental question raised by the IL 10 data is at what level in the virus-host 

interaction is this skewing of cytokine profile occurring? Examination of tissue cytokine 

profiles in the days following infection would help determine how rapidly IL10 is 

induced. It seems likely that, as has been shown in other models of infectious disease, 

early viral interactions with dendritic cells are important in generating subsequent T cell
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cytokine profiles. Are the CD4+ T cells that are producing high levels of IL10 equivalent 

to the Trl cells documented in people? Work is ongoing in this laboratory to isolate 

feline dendritic cells and it would be interesting to see what cytokines are induced by in 

vitro exposure to virus. Does FIV block or decrease dendritic cell IL12 production as a 

means of inducing high levels of IL10?

The data demonstrating simultaneous increases in IFNy and IL10 at 10 weeks post 

infection is consistent with several of the studies in FIV, SIV and HIV mentioned 

throughout the thesis. This work identifies CD8+ T cells as the population with increased 

levels of both IFNy and IL10. The studies documenting elevations in both cytokines have 

generally been conducted with lymphoid tissues samples, which would seem to have 

particular relevance given that viral replication is occurring in these sites. The notion of 

the simultaneous increases in cytokines that have been traditionally considered 

antagonistic is gaining more widespread acceptance in several models of infectious 

disease. Our data support the concept that cytokine responses to infectious diseases are 

generally more complex than the Thl/Th2 dichotomy would suggest. Relevant questions 

from this portion of the thesis center around the exact identity of the CD8+ T cells. Is it 

the same cell producing both IL10 and IFNy or are we seeing a delayed rise in anti-viral, 

IFNy-producing CD8+ T cells?

Antibodies to feline IFNy have just become commercially available and could be adapted 

to intracellular cytokine staining. We have documented a restricted MHC class I 

repertoire in our closed breeding colony and have begun to develop class I/peptide 

tetramer complexes to label viral specific CD8+ T cells. In addition, ELISPOT 

technology has been refined for feline samples in another laboratory. Techniques such as 

these may allow us to answer some of the questions surrounding the evolution of this 

delayed production of IFNy by CD8+ T cells.

The adenoviral delivery of IL12 obviously has a lot more room for exploration. The 

early pilot study data is encouraging and we have shown cross-species efficacy. A larger 

adenoviral pretreatment/FIV infection experiment is set to begin in the next few weeks.
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Viral levels will be monitored more closely to document any potential effect of the IL12 

on viral replication kinetics. Any documentation of IL12-induced decreases in viral 

replication would help substantiate our proposed role of IL10 in the early inhibition of the 

anti-viral immune response. Adenoviral gene delivery could be also be exploited in 

peptide vaccine approaches. As mentioned previously, peptide/tetramer work has begun 

in this laboratory and the identification of immunodominant peptides could be used to 

construct FIV peptide/IL12 expressing adenoviruses for vaccine studies.
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