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CHAPTER I

ANTITHYMOCYTE GLOBULIN TREATMENT OF RETROVIRUS-INDUCED 
FELINE ERYTHROID APLASIA: IN VIVO AND IN VITRO STUDIES

INTRODUCTION
Feline leukemia virus (FeLV) is an exogenous type C retrovirus 

capable of inducing several cytoproliferative and cytosuppressive 
syndromes of the feline hemic-lymphatic system. The more common 
effects of the virus are severe immunosuppression, leukemia, lymph­
oma, myeloproliferative disease, and erythroid aplasia (EA) (2). 
There are three subgroups (serotypes) of FeLV, designated FeLV-A, 
FeLV-B, and FeLV-C. These subgroups are defined by virus-interfer­
ence and neutralization, and reflect differences in the env gene 
product, gp70 (1). The presence or absence of specific subgroups 
alters the disease potential of a particular virus isolate. Only a 
few naturally occurring isolates are capable of inducing EA and these 
all contain FeLV-C (3,4,20) . Although EA is associated with FeLV-C, 
biologically or molecularly cloned FeLV-C does not induce EA without 
the presence of FeLV-A except in newborn kittens (5,10,18). The 
Kawakami-Theilen strain of FeLV (FeLV-KT) contains a mixture of 
FeLV-A, B, and C subgroups. It consistently induces EA characterized 
by rapid depletion of erythroid progenitors without a corresponding



effect on the number of colony-forming units granulocyte-macrophage 
(CFU-GM) in the bone marrow (4,6,10,20). The pathogenesis of FeLV- 
induced EA is unknown. Possible mechanisms include direct effects of 
the virus on erythroid progenitors or critical accessory cells as 
well as immunologic elimination. EA caused by FeLV represents a 
unique model of virally induced selective inhibition of erythro- 
poiesis.

Currently, 50% to 70% of human patients with aplastic anemia 
(AA) are successfully treated with antithymocyte globulin (ATG) 
(7,8,9). Additionally, there are several case reports describing 
successful treatment of pure red cell aplasia (PRCA) with ATG. 
(11,12,15,26). However, the mechanism of action of ATG is unknown, 
and attempts to establish pretreatment predictors for its success 
have, with the exception of one report, failed (13). Contrary to 
expectations the number of circulating lymphocytes, ratios of various 
subclasses of T-cells, or the presence of activated circulating 
lymphocytes are not useful in identifying patients likely to recover 
with ATG treatment (14,15). Although generally considered to exert 
its effect via dimtunosuppression or T-cell lysis, ATG may be able to 
stimulate hematopoiesis by augmenting release of growth factors from 
marrow accessory cells or by directly stimulating progenitors (16,17, 
23).

The objective of these studies was to evaluate ATG prospectively 
as a treatment of PRCA in a reproducible model with an established 
retroviral etiology. We examined the effects of ATG in vivo on 
hematopoiesis in normal cats and in cats with FeLV-induced EA,



specifically quantifying erythrocytic and granulocytic progenitors, 
changes in marrow differential cell percentages, and alterations in 
hematologic parameters of the peripheral blood. Normal goat globulin 
(NG) was administered to anemic cats to evaluate the specificity of 
ATG-induced changes (21,22). In vitro studies were performed testing 
the ability of ATG or NG to enhance erythroid progenitor numbers frcm 
low density bone marrow mononuclear cells of cats infected with FeLV 
pre- and post-inoculation. Both continuous exposure incubation and 
short-term incubation with complement were used as treatments to 
attempt to reverse EA, to determine if autoreactive lymphocytes 
suppressing erythropoiesis are present, and to attempt prediction of 
responders prior to in vivo treatment.



4

MATERIALS AND METHODS 
Animals. All cats were obtained at 6 to 8 weeks of age from a 

specific pathogen free (SPF) breeding colony maintained by the 
Department of Veterinary Pathobiology, The Ohio State University. 
This colony is uniformly free of infection and immunity to FeLV. The 
cats were tranquilized with intramuscular ketamine hydrochloride 
prior to bone marrow or blood collection and prior to treatment. 
Infected cats were pretreated with methyl prednisolone (5 mg/kg) to 
enhance their susceptibility to productive FeLV infection.

Preparation of Goat Anti-Fe1ine-Thymocyte Globulin (ATG) and 
Goat Normal Globulin (NG) . Thymuses frcm 4-6 month old SPF cats were 
collected asceptically, minced, and passaged through stainless steel 
mesh to obtain a single cell suspension. Thymocytes were washed 
three times in Hank's balanced salt solution (HBSS) (Gibco Labora­
tories, Grand Island, NY) and depleted of thymic macrophages and 
epithelial cells by incubation for one hour in a nylon wool column 
previously equilibrated with fetal bovine serum. Thymocytes were 
eluted and washed once with HBSS.

Pre-immunization serum was collected and pooled from two adult 
goats for preparation of NG. Each goat was injected intravenously

7with 10 thymocytes/kg on two occasions 14 days apart. The goat 
-anti-feline thymocyte serum was collected 10 days following the 
second injection and pooled. The sera were heat-inactivated at 56°C 
for one hour and were fractionated by sequential precipitation with 
equal volumes of 80% and 90% saturated ammonium sulfate at pH 7.0 and



roam temperature. The final precipitate was suspended in distilled 
water and dialyzed against 0.85% NaCl at pH 8 until ammonium sulfate 
could no longer be detected in the dialysate using barium chloride. 
Both ATG and NG were extensively adsorbed with packed feline red 
blood cells for in vivo use. Because of cytotoxicity for normal 
hematopoietic progenitors (25), portions of ATG and NG for in vitro 
experiments additionally were adsorbed against normal feline bone 
marrow mononuclear cells (BMMC) for in vitro experiments. Protein 
concentration of adsorbed ATG and NG was determined using the 
modified Biuret method (Dart Total Protein, Coulter Electronics, 
Inc., Hialeah, EL). Protein composition was determined by agarose 
electrophoresis (Coming Electrophoresis System, American Scientific 
Products, McGaw Park, IL). Both ATG and NG consisted of at least 85% 
gamma globulin.

ATG functional activity was tested using skin allografts and
complement-dependent thymocyte cytotoxicity as previously described
(24) . ATG administered intramuscularly at 50 mg/kg daily for 5 days
extended allograft viability to 20 to 24 days in two cats compared to
7 to 9 days in NG treated and untreated controls. Skin autografts
were used as viability controls in all graft experiments. Cytotoxic
activity was evaluated using serial twofold dilutions of ATG or NG in

4a microti ter plate, adding 5 x 10 heterologous feline thymocytes 
(prepared as described above), incubating for one hour, adding 10% 
rabbit complement in serum prescreened for low toxicity, and incubat­
ing at room temperature for 30 minutes. Trypan blue was added, 200 
cells were counted, and the percentage of viable and dead cells



determined for each dilution. The specific cytotoxicity titer was 
defined as the inverse of the dilution at which 50% of thymocytes 
were killed. The cytotoxicity titer of ATG used in vivo exceeded 
5120/mg. A titer of greater than 640 has been reported to be 
necessary for maximal immunosuppression (27). Two yg ATG adsorbed

5with BMMC consistently killed 100% of 1 x 10 feline thymocytes, 
while 100 yg NG failed to kill thymocytes in the cytotoxicity assay. 
Neither BMMC adsorbed ATG or NG suppressed normal bone marrow 
progenitor growth in clonal assays.

Viral Inoculum. The FeLV inoculum was prepared from equal 
volumes of serum and BMMC lysate pooled from cats with anemia induced 
by in vivo passage of FeLV-KT as described (20). The FeLV infectiv- 
ity titer of the inoculum was assessed by the S+/L- focus induction 
assay as described previously (20). Cats were infected by intraperi-

5toneal injection of 0.4 ml inoculum containing 1 x 10 FFU FeLV-KT.
Experimental Groups - In Vivo Studies. Six to 8 week old 

kittens from several litters were randomly assigned to one of four in 
vivo treatment groups. ATG group cats (n-4) were inoculated with 
FeLV-KT and treated with ATG after anemia developed; NG group cats 
(n=4) were inoculated with FeLV-KT and treated with NG after anemia 
developed; anemia control group cats (n=4) were inoculated with 
FeLV-KT and not treated; ATG normal group cats (n=3) were normal cats 
administered ATG. ATG or NG treatment of anemic cats was initiated 
between 4 and 6 weeks post-inoculation (PI) When an individual cat's 
packed cell volume (PCV) was less than 0.25. Both ATG and NG were 
administered intravenously at 50 mg/kg/day for 8 days followed by a



similar dosage once weekly for a total treatment time of 8 weeks. 
Transfusions of 20 ml of washed packed heterologous feline RBCs were 
administered when an individual cat's PCV was less than 0.10. No cat 
received more than two transfusions. Blood was collected pre­
inoculation and weekly PI fron each cat to perform complete hemograms 
(Coulter S plus IV, Coulter Electronics Inc., Hialeah, FL) and 
reticulocyte counts, and to evaluate circulating leukocytes for the 
presence of FeLV using an indirect iitmunofluorescence for FeLV p27 as 
modified by Hoover et al. (28). Bone marrow was aspirated pre­
inoculation and biweekly PI and post-treatment from either the 
proximal humerus or the proximal femur. No bone was sampled more 
than twice and samples from the same bone were collected no less than 
8 weeks apart. Samples were aspirated into a syringe containing 2 ml 
of 0.75% sodium citrate in phosphate buffered saline and placed 
immediately on ice.

Bone Marrow Cytologic Examination. Smears of bone marrow aspir­
ates were made after each collection and stained with Wright-Giemsa 
stain. Five hundred nucleated cells were counted and designated as 
myeloid, erythroid, or lymphocytic. The erythroid precursors were 
quantified as the percentage of all nucleated cells counted excluding 
lymphocytes. Lymphocytes were counted as the percentage of all 
nucleated cells.

Low Density Bone Marrow Mononuclear Cell Separation (LDBMMC) . 
Whole marrow cell suspensions were diluted to 20 ml with of-MEM 
(Gibco) in 16 x 95 ran polystyrene tubes and underlayered with an 
equal volume of Percoll (Pharmacia Fine Chemicals, Uppsala, Sweden)



adjusted to a specific gravity of 1.071. LDEMMC were collected from 
the interface after centrifugation for 30 minutes at 400 g, washed 
twice in HBSS, and resuspended in o(-MEM.

In Vitro Studies. LDBMMC from cats infected with FeLV-KT were 
collected at preinoculation and two and four weeks PI prior to any in

4vivo treatments. For each continuous exposure study, 5 x 10 LDBMMC 
in 0.2 ml of d-MEM were incubated in 12 x 75 ran polystyrene tubes at 
room temperature for 1 hour with either 100 yg ATG, 100 yg NG, 
or (X-MEM as a control. After incubation, cells were added to culture 
medium and plated to assay for erythroid progenitors as described 
below. The globulin concentration used was based upon preliminary 
studies indicating the maximum enhancement of erythroid progenitor

4numbers at 100 yg. For complement studies 5 x 10 LBDMMC in 0.2 ml 
of <X-MEM were incubated in 12 x 75 mm polystyrene tubes at rocm 
temperature for 20 minutes with either 2 yg ATG, 2 yg NG, or medium 
as a control. Rabbit complement in serum prescreened for low 
toxicity was added to each tube to a final concentration of 10% and 
incubation continued for an additional 1/2 hour. The cells were then 
washed with 1 ml d-MEM and cultured for CFU-E and BFU-E as described 
below.

Progenitor Assays. The culture methods for colony forming 
units-erythroid (CFU-E) and burst-forming units-erythroid (BFU-E) 
were similar to those described by Abkowitz et al. (19) for feline

4bone marrow. Briefly, 7.5 x 10 LDBMMC in 0.15 ml d-MEM were added 
to 1.35 ml of medium containing 1.3% methylcellulose (Dow-Coming, 
Midland, MI) in Iscove's Modified DMEM (Hazleton Research Products),



1% deionized bovine serum albumin (Armour Pharmaceuticals, Tarrytown, 
NY) heat-inactivated at 56°C for 30 minutes, 10 Si beta mercapto- 
ethanol, 30% fetal bovine serum (Armour Pharmaceuticals), sheep 
plasma erythropoietin (Step III, Connaught Laboratories, Swiftwater, 
PA) at one unit per milliliter, and 5% pokeweed mitogen conditioned 
medium from bone marrow mononuclear cells. The assays were performed

4in 35 mm cluster dishes (Costar, Cambridge, MA) with 5 x 10 cells in 
1 milliliter of medium per well. The cultures were incubated at 37°C 
in a humidified atmosphere containing 5% CC>2 in nitrogen-enriched 
air. Erythroid colonies were counted on day 4 of culture as red 
colonies containing 8-50 cells (CFU-E) and on day 9 as red colonies 
composed of more than 200 cells, usually with closely associated 
subunits (BFU-E).

Colony-forming units-granulocyte /macrophage (CFU-GM) were quan­
tified using a modification of our previously described method (20).

5Briefly, 2.5 x 10 LDBMMC in 0.1 ml 4-MEM were added to 0.9 ml medium 
consisting of 0.5% methylcellulose in 4-MEM, 0.4% bovine serum 
albumin, glutamine (2 mM) , 55 U/ml penicillin, 55 yg/ml streptomycin, 
33% horse serum (Gibco) heat-inactivated at 56°C for 30 minutes, and 
11% pokeweed mitogen conditioned medium frcm bone marrow mononuclear 
cells. The cells were plated in 96-well culture dishes (Costar) with

45 x 10 cells in 0.2 ml medium per well. The cultures were incubated 
at 37°C in humidified air with 5% carbon dioxide. Colonies contain­
ing 40 or more cells were counted on day 7.

Statistical Analysis. Data frcm the in vivo experiment were 
evaluated using a two-way analysis of variance and the Newman-Keul1 s
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follow-up test to identify significant differences between groups or 
times. Data from the in vitro experiment were analyzed using the 
Wilcoxon's Signed-Rank Test.
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RESULTS
In Vivo Studies

Hematologic Findings. Cats first became viremic, as determined 
by indirect immunofluorescence for p27 of FeLV in circulating leuko­
cytes, at two weeks PI. All cats which developed anemia remained 
positive for FeLV throughout the course of the experiment irrespect­
ive of treatment group. The onset of anemia was rapid, becoming 
evident by four weeks PI as demonstrated by significantly decreased 
packed cell volumes (Fig. 1) . The anemia was progressive and all 
FeLV-positive cats required transfusion by 6 to 7 weeks PI (two weeks 
post-treatment initiation) . Neither ATG nor NG had an effect on the 
progression of the anemia (Fig. 1). A peripheral regenerative 
response was absent in all FeLV-positive cats with most animals 
lacking detectable reticulocytes (data not shown). There was no 
significant change in mean PCV, and reticulocyte numbers remained 
within normal limits in the group of normal cats treated with ATG. 
Peripheral blood total and differential leukocyte counts, including 
lymphocytes, remained within normal limits for all four groups 
throughout the study (data not shown) as well as for the two cats 
used to demonstrate ATG protection of skin allografts.

Bone Marrow Cytology. In differential bone marrow cell counts 
of cats inoculated with FeLV-KT, erythroid precursors of bone marrow 
nucleated cells increased from 30% preinoculation to 45% at two weeks 
PI (Fig. 2). However, by four weeks PI, a rapid decline became 
evident. The decrease in erythroid precursors was progressive in the
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anemia control and NG treated groups for the remainder of the experi­
ment. ATG treatment increased erythroid precursors frcm 15 ± 2% 
(X ± SEM) to 35 ± 6% (X ± SEN) by two weeks post-treatment initiation 
(p<.05). This percentage of erythroid cells was similar to the 
preinoculation value and significantly increased above NG and anemia 
control group percentages at the same time interval. The effect of 
ATG was transient, however, since erythroid precursors decreased to 
17 ±3% (X ± SEM) by four weeks post-treatment initiation and stead­
ily declined. Erythroid precursors were not significantly different 
in the FeLV-positive treatment groups at four, six, and eight weeks 
of treatment. ATG also increased the percentage of erythroid pre­
cursors in the marrow of normal cats 28 ± 1 (X ± SEM) pretreatment to 
43 ±7% (X ± SEM) at two weeks post-treatment initiation (Fig. 2) . 
The effect in this group also was transient, declining to pretreat­
ment levels by four weeks post-treatment initiation.

Before inoculation, the percentage of bone marrow lymphocytes 
for all groups had a wide range (1% to 29%, Fig. 3). In FeLV- 
positive cats, lymphocytes declined to between 0% and 4% (mean of 
2 ± 0.4% SEM) by two weeks PI. ATG treatment of anemic cats caused 
the percentage of lymphocytes to increase significantly (p<.05) at 
two weeks post-treatment initiation to a mean of 12.3 ± 1% (SEM) and 
four weeks post-treatment initiation to a mean of 15 ± 5% (SEM). The 
percentage of lymphocytes subsequently decreased in the ATG treatment 
group and at sis: and eight weeks of treatment was similar for all 
FeLV-positive cats. Normal cats treated with ATG also experienced a 
significant increase in the percentage of lymphocytes frcm a mean of
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11 ± 2% (SEM) pretreatment to a mean of 27 ± 7% (SEM) at four weeks
post-treatment initiation (p<.05). Levels declined gradually at six
and eight weeks post-treatment initiation.

Effects on Hematopoietic Progenitors. In the early stages of
FeLV infection, the number of CFU-E increased 77% (p<.05) frcm 113 + 

415 per 5 x 10 LDBMMC (X ± SEM) at preinoculation to 200 ± 30 per 
5 x 10^ LDBMMC (X ± SEM) at two weeks PI (Fig. 4) . By four weeks PI, 
CFU-E had declined (p<.05) and only sporadic CFU-E were seen regard­
less of treatment throughout the remainder of the experiment. In 
normal cats, ATG treatment induced a significant increase in CFU-E at 
four weeks of treatment (p<.05). The effect, however, was transient 
with levels returning to the normal range by six weeks of treatment. 

In contrast to CFU-E, the number of BFU-E for all FeLV-positive
cats was unchanged at two weeks PI (Fig. 5) . Subsequently, BFU-E

4numbers declined (p<.05) from 31 ± 4 per 5 x 10 LBDMMC (X ± SEM) at
4preinoculation to 9 ± 5 per 5 x 10 LDBMMC (X ± SEM) by four weeks 

PI. Following treatment, BFU-E steadily declined despite treatment 
with ATG until they were seen only rarely by the fourth week of ATG 
treatment (8 to 10 weeks PI) . Although BFU-E numbers were higher 
after two weeks of ATG treatment in normal cats, these changes were 
not statistically significant.

The number of CFU-GM in all FeLV-positive cats increased approx­
imately 110% (p<.01) frcm 72 ± 4 per 5 x 10^ LDBMMC (X ± SEM) at

4 -preinoculation to 150 ± 17 per 5 x 10 LDBMMC (X ± SEM) at two weeks 
PI (Fig. 6). Levels declined slightly by four weeks PI but remained 
significantly increased throughout the experiment with no differences
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among treatment groups. ATG treatment of normal cats caused CFU-GM 
numbers to increase frcm 57 ± 3 (X ± SEM) at pretreatment to 117 ± 35 
(X ± SEM) by week four of treatment (p<.01). Although numbers 
progressively declined at six and eight weeks following initiation of 
treatment, these levels were significantly higher than mean counts at 
preinoculation and at week two of treatment.
In Vitro Studies

CFU-E. Treatment of LDBMMC by continuous exposure to ATG in the 
cultures increased CFU-E to 300% of controls preinoculation (p<.005), 
and to 200% of controls two weeks PI (p<.005) and four weeks PI 
(p<.005) (Fig. 7). Continuous exposure treatment with NG similarly 
increased CFU-E to 300% of controls preinoculation (p<.005), 225% of 
controls two weeks PI (p<.005), and 170% of controls at four weeks PI 
(p<.05) (Fig. 7). The effect, however, was proportional to the 
untreated cell controls following the pattern evident for CFU-E in 
Fig. 4. When LDBMMC from four weeks PI were treated with ATG or NG, 
CFU-E were increased back to normal numbers (preinoculation) , but 
this level was less than 33% of the CFU-E concentration achieved by 
continuous exposure of preinoculation bone marrow to either ATG or 
NG. Short-term incubation with ATG plus complement caused CFU-E to 
increase to 123% of controls preinoculation (p<.01) but had no effect 
PI. NG plus complement had no effect on numbers of CFU-E pre- or 
post-inoculation.

BFU-E. Continuous exposure treatment of LDBMMC with ATG 
increased BFU-E to 233% of controls preinoculation (p<.01), and two 
weeks PI (p<.01) and to 400% of controls four weeks PI (p<.025) (Fig.
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8). Continuous exposure treatment with NG increased BFU-E to 300% of 
controls preinoculation (p<.005) and two weeks PI (p<.005) but had no 
effect at four weeks PI. Levels again were proportional to untreated 
cell controls following the pattern evident for BFU-E in Fig. 5. 
Although continuous exposure treatment with ATG increased BFU-E at 
four weeks PI, the level was only 33% of normal preinoculation 
numbers. Short-term incubation with ATG plus complement caused BFU-E 
to increase to 180% of controls preinoculation (p<.05) but, as with 
CFU-E, had no effect PI. NG plus complement had no effect on numbers 
of BFU-E pre- or post-inoculation.

Y
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DISCUSSION
In these studies, ATG was used to treat an acute virus-induced 

erythroid aplasia. In vivo ATG stimulated hematopoietic cells, 
including progenitor cells in normal cats, while enhancing more 
differentiated marrow precursors in anemic cats. In vitro, ATG and 
NG equally enhanced erythroid progenitors from normal and anemic cats 
when incorporated in the culture system. However, treatment with ATG 
plus complement had no effect on progenitor numbers frcm anemic 
animals, suggesting that EA is probably not T-cell mediated.

ATG is an important therapy for idiopathic AA and PRCA in man 
producing a survival rate approaching that for bone narrow transplan­
tation. The fact that many patients have reversed helper/suppressor 
lymphocyte ratios, circulating activated suppressor lymphocytes, 
circulating and/or bone marrow y-interferon, and evidence of lympho­
cyte associated marrow suppression supports an immune-mediated 
mechanism for at least seme cases of AA and PRCA and may represent 
evidence of an uncharacterized viral etiologic agent (30). FeLV- 
infected cats have immunologic abnormalities including depressed 
cell-mediated immunity related to severe thymic atrophy, paracortical 
lymphoid depletion (31), and impaired T-helper cell function (32). 
Immunosuppression could contribute to the pathogenesis of FeLV- 
induced EA. ATG has been shown to be effective in seme cases of 
immune-mediated hematopoietic suppression in man.

FeLV-KT infection of cats produced severe nonregenerative anemia 
by four weeks PI at which time PCV, reticulocyte numbers, marrow
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erythroid precursors, and marrow CFU-E and BFU-E were significantly 
decreased. The extremely rapid reduction in PCV is partially 
attributable to shortened erythrocyte survival (33). A previously 
unreported effect of FeLV-KT seen in oar studies was the significant 
increase in CFU-E and marrow erythroid precursors but not BFU-E or 
reticulocyte counts at two weeks PI, the time period when the cats 
first develop viremia. The reason for this increase cannot be 
explained by a lowered PCV because many of the cats have an increased 
packed cell volume at this time, nor by an increase in erythropoietin 
levels since previous studies have demonstrated an inverse relation­
ship between PCV and erythropoietin production in FeLV-induced EA 
(34) . One possible explanation is rapid destruction of circulating 
erythrocytes with an extremely brief period of regeneration and 
undetected reticulocytosis due to sampling frequency. Anisocytosis 
and macrocytosis without reticulocytosis have been described in cats 
with experimental EA (35). Alternatively, there could be direct 
viral effects on progenitors or accessory cells as suggested by the 
100% increase in CFU-GMs and extensive reduction in bone marrow 
lymphocyte numbers seen also at two weeks PI. The increase in number 
of CFU-GM is maintained throughout the course of infection and, while 
significant initially, part of the increase is relative as the number 
of erythroid progenitors decreases with time. The lymphocyte 
percentage of bone marrow nucleated cells was highly variable before 
inoculation, an age-related phenomenon in weanling cats (3). FeLV 
infection significantly decreased bone marrow lymphocytes at two 
weeks PI with most marrow smears completely devoid of lymphocytes
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irrespective of peripheral lymphocyte counts. The marrow lymphocyte 
percentage returned to normal levels by four weeks PI.

We chose to initiate in vivo treatment with ATG or NG between 5 
and 7 weeks PI, a tine when erythroid progenitors are severely but 
not completely suppressed. Our results indicate that ATG was not 
able to reverse FeLV-induced EA, although a transient regenerative 
response was produced in vivo by ATG at two weeks . post-treatment 
initiation as demonstrated by an increased percentage of erythroid 
precursors frcm 15% to 35%. Additionally, ATG treatment increased 
the percentage of marrow lymphocytes at two and four weeks of 
treatment. Neither of these effects were observed in the NG or 
anemia control treatment groups.

There are few reports characterizing the in vivo effects of ATG 
on normal hematopoietic progenitors and precursors. One study 
described an increase in colony-forming units-culture (CFU-C) but no 
effect on colony-forming units-spleen (CFU-S) in a mouse splenic 
colonization system after antithymocyte serum treatment of donor 
animals (36). In vivo treatment of normal cats produced increases in 
the percentages of erythroid precursors and marrow lymphocytes as 
well as CFU-E and CFU-GM during the first four weeks of treatment. A 
modest but not significant increase in BFU-E was noted at two weeks 
post-treatment initiation. These data demonstrate that our ATG 
preparation had the capacity to stimulate hematopoietic progenitors, 
erythroid precursors, and marrow lymphoid cells.

In anemic cats, the lack of any increase in CFU-E after treat­
ment with ATG may have been secondary to a deficiency of BFU-E or to
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viral inhibition of their response to ATG. ATG also failed to 
enhance CFU-GM in FeLV-positive cats but the FeLV infection already 
had increased CFU-GM to levels comparable to those in ATG treated 
normal cats, possibly reflecting maximal stimulation. The increase 
in marrow lymphocytes is intriguing as it implies proliferation after 
stimulation by ATG, an unexpected effect, particularly in conjunction 
with FeLV infection. We do not know if these were null cells, 
B-cells, or T-cells. T-cell lineage may seem unlikely as immunosup­
pressive ATG reduced circulating T-cell numbers and with complement 
is cytotoxic to T-cells in vitro. However, ATG also has been shown 
to act as a T-cell mitogen in vitro associated with elevated inter­
leukin 2 production (17). Our ATG preparation modestly enhanced 
T-cell blastogenesis of normal peripheral blood mononuclear cells but 
not of FeLV-infected cells (data not shown), however, this does not 
exclude the possible stimulatory effects of ATG on a more primitive 
marrow T-cell, or B- or null cells.

A second consideration is whether the marrow lymphocytes acted 
as accessory cells in ATG treated normal cats to stimulate CFU-E and 
CFU-GM or whether ATG had a direct effect on progenitors. In vitro 
coculture studies have shown the ability of T-cells, but not B-cells 
or monocytes, from normal subjects to increase CFU-E and CFU-GM 
(15,38). Experiments also suggested that ATG may stimulate erythro- 
poiesis (16) and granulopoiesis (39) indirectly by enhancing release 
of growth factors from T-cells. Temporally in our study ATG began 
enhancing marrow lymphocytes two weeks prior to CFU-E and CFU-GM in 
normal cats, suggesting they could have acted as accessory cells.
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Subsequently, all three cell populations were decreased after six 
weeks of treatment. Other reports have demonstrated the ability of 
ATG to bind with many cell types (40), to induce growth and differ­
entiation of normal marrow after depletion of T-cells and macrophages 
(23) , and to increase the sensitivity of CFU-E to low doses of 
erythropoietin (16). This latter effect may account for the increase 
in marrow erythroid precursors observed in both ATG treated FeLV- 
positive and FeLV-negative cats.

The effects of ATG on the marrow in both normal and anemic cats 
were transient, suggesting that stimulation waned over time. An 
ideal in vivo treatment regimen for using ATG in AA or PRCA patients 
has not been established. The dosage for these experiments was 
selected to achieve immunosuppression as previously described (40) 
and to limit serum sickness side effects. ' The total dose was higher 
than amounts used in many reports. The cats were treated for two 
months because four to six weeks generally are required to generate a 
positive response to ATG in patients with AA.

The in vitro studies demonstrated that ATG, but not NG, plus 
complement enhanced both BFU-E and CFU-E frcm normal LDBMMC, an 
effect independent of enrichment after lysis of marrow lymphocytes. 
ATG plus complement, however, had no effect on progenitors from 
marrow samples at two and four weeks PI and did not reverse EA. 
These results suggest that FeLV-induced EA is not associated with 
autoreactive T-cells to erythroid progenitors and probably is not 
T-cell mediated. This conclusion is supported by a recent report in 
which coculture studies showed that T-cells frcm cats with EA failed
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to inhibit erythroid colony growth frcm normal or autologous marrow 
cells (41) . Continuous exposure to ATG or NG without complement 
within the culture system enhanced progenitors dramatically at 
preinfection and at two weeks PI. The effect also was significant 
but more modest at four weeks PI for CFU-E and with ATG alone for 
BFU-E. The equivalent effects of ATG and NG are difficult to explain 
and contrary to a previous report using normal LDBMMC (16).

The failure of ATG to reverse FeLV-induced EA is significant 
because it suggests that an immuncmodulating agent with the ability 
to stimulate hematopoietic cells and suppress T-cell function in vivo 
was not able to exert its effects in the presence of overt retroviral 
infection. Also, the persistence of granulocytic progenitors in cats 
infected with FeLV-KT indicates that an inadequate marrow reserve of 
pluripotential stem cells was not a critical factor in the failure to 
respond to ATG. The in vitro studies imply that the mechanism of EA 
does not include autoreactive T-cells to erythroid progenitors. A 
reason for the ineffectiveness of ATG remains speculative and depend­
ent upon further studies elucidating the mechanism of its action 
and/or the pathogenesis of FeLV-induced EA.
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SUMMARY
The Kawakami-Theilen strain of feline leukemia virus (FeLV-KT) 

was used experimentally to produce erythroid aplasia (EA) in cats. 
The in vivo effects of goat anti-feline-thymocyte globulin (ATG) on 
hematopoiesis were investigated in FeLV-negative normal and FeLV- 
positive anemic cats. Control groups included FeLV-positive anemic 
cats treated with normal goat globulin (NG) and FeLV-positive 
untreated anemic cats. Treatment was initiated in anemic cats 
between four and six weeks post-inoculation (PI) when erythroid 
progenitors are reduced to 10% of normal levels. During the first 
two weeks of treatment, ATG significantly increased the numbers of 
erythroid precursors in bone marrow from 15% at four weeks PI to 35% 
post-treatment in normal cats. Additionally, by four weeks after 
initiation of treatment with ATG, the percentage of marrow lympho­
cytes increased in anemic cats to 15% frcm 3% at four weeks PI, and 
increased to 27% frcm 11% pretreatment in normal cats. ATG stimulat­
ed a two-fold increase of CFU-E and a three-fold increase of CFU-GM 
in normal cats between two and four weeks after initiation of 
treatment but had no effect on CFU-E or CFU-GM in anemic cats. The 
in vivo effects of ATG were transient despite weekly treatment. Cats 
treated with NG were not significantly different frcm untreated 
anemic control cats.

In vitro studies were performed using low density bone marrow 
mononuclear cells (LDBMMC) frcm cats prior to in vivo treatment. 
Short-term incubation with ATG plus complement but not NG plus



complement significantly enhanced CFU-E and BFU-E from cats pre­
inoculated but not after they became viremic. These results suggest 
that T-cells do not suppress erythroid progenitors in anemic cats. 
Continuous exposure to M G  or NG in cultures of LDBMMC from cats pre- 
and post-inoculation stimulated CFU-E and BFU-E to greater than 200% 
of controls except for BFU-E at four weeks PI which were selectively 
enhanced by ATG to 400% of controls. Although continuous exposure to 
ATG or NG returned CFU-E to normal levels at four weeks PI, BFU-E 
were increased to only 33% preinoculation cell control levels.

These data indicate that 1) ATG stimulates erythropoiesis, 
granulopoiesis, and possibly lymphopoiesis in vivo; 2) ATG enhances 
numbers of differentiated erythroid precursors and marrow lymphocytes 
but not erythroid progenitors in cats with EA, a cytopenia of known 
viral etiology; and 3) EA probably is not T-cell mediated.



Fig. 1. Changes in PCV (mean ± SEM) before and after treatment of 
normal FeLV-negative cats treated with ATG (ATG-N) (n=3), 
untreated FeLV-positive anemic cats (anemia-C) (n=4), and 
FeLV-positive anemic cats treated with ATG (n=4) or NG 
(n=4). All cats inoculated with FeLV-KT at week 0 became 
FeLV-positive at 2 PI and remained viremic through the 
course of the experiment. Globulin treatments were 
initiated between 5 and 7 weeks PI. Neither ATG nor NG 
improved PCV in FeLV-positive cats,
a. Decreased (p<.05) in FeLV-negative cats.

24



P
C

V
25

0 .35  -1

0.30 -

u
Zo

,-TRANSFUSIONS-,

0.20 -

O— O ANEMIA-C  
□— □  ATG

0.10 - I  ■— ■  ATG-N

(o.o ------------1------ 1------1------q/f— |-----1------1------ ,------1-
0 2 4 5  1 2 4  6 8

POST-INOCULATION TREATMENT

TIME (WEEKS)



Fig. 2. Changes in the percentage of erythroid precursors (mean ± 
SEM) of bone marrow cells of normal cats treated with ATG 
(ATG-N) (n=3)in untreated anemic cats (anemia-C) (n=4), 
and anemic cats treated with ATG (n=3) or NG (n=4).
a. Increased (p<.05) in FeLV-positive cats vs. 0 PI or 4

PI.
b. Decreased (p<.05) in FeLV-positive cats vs. 0 PI.
c. Increased (p<.05) vs. NG or anemia-C and vs. 4 PI.
d. Increased (p<.05) vs. 0 PI and 4 and 6 weeks of

treatment.

*Lymphocytes were not included in the cell counts.
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Fig. 3. Changes in the percentage of lymphocytes (mean ± SEM) of 
bone marrow cells in normal cats treated with ATG (ATG-N) 
(n=3), untreated anemic cats (anemia-C) (n=4), and anemic 
cats treated with ATG (n=4) or NG (n=4). There was no 
significant variation in peripheral blood lymphocyte counts 
among groups.
a. Decreased (p<.05) in FeLV-positive cats vs. 0 PI.
b. Increased (p<.05) vs. NG or anemia-C and vs. 4 PI.
c. Increased (p<.05) vs. all other times.

28



BO
NE

 
M

A
R

R
O

W
 

LY
M

PH
O

CY
TE

S 
(%

29

O O ANEMIA-C
4 0 ATG

NG
ATG-N

3 0  -

0 2 4 8
POST-INOCULATION TREATMENT

TIME (WEEKS)



Fig. 4. Effects of ATG, NG, or no treatment on numbers of CFU-E 
(mean ± SEM) vs. time in normal cats treated with ATG 
(ATG-N) (n=3), untreated anemic cats (anemia-C) (n=4), and 
anemic cats treated with ATG (n=4) or NG (n=4).
a. Increased (p<.05) in FeLV-positive cats vs. 0 PI.
b. Decreased (p<.05) in FeLV-positive cats vs. 0 PI.
c. Increased (p<.05) vs. 0 PI and 2 weeks of treatment.
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Fig. 5 Effects of ATG, NG, or no treatment on numbers of BFU-E 
(mean ± SEM) vs. time in normal cats treated with ATG 
(ATG-N) (n=3), untreated anemic cats (anemia-C) (n=4), and 
anemic cats treated with ATG (n=4) or NG (n=4) .
a. Decreased (p<.05) in FeLV-positive cats vs. 0 PI and 2 

PI.
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Fig. 6. Effects of ATG, NG, or no treatment on numbers of CFU-GM 
(mean ± SEM) vs. time in normal cats treated with ATG 
(ATG-N) (n=3), untreated anemic cats (anemia-C) (n=4), and 
anemic cats treated with ATG (n=4) or NG (n=4).
a. Increased (p<.01) in FeLV-positive cats vs. 0 PI.

Numbers stay significantly, higher through remaining 
time periods.

b. Increased (pc.Ol) vs. 0 PI and 2 weeks of treatment.
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Fig. 7. Effects of ATG or NG treatment in vitro on CFU-E (mean ± 
SEM) of LDBMMC frcm cats inoculated with FeLV (n=12) at 0, 
2, and 4 weeks PI. For continuous exposure studies cells 
were incubated for 1 hour with media, ATG, or NG and added 
to the assay system without washing. For complement (C') 
studies cells were incubated for 20 minutes with media, 
ATG, or NG followed by addition of C1 for 30 minutes. The 
cells were then washed, resuspended, and added to the 
culture system.
* = p<.005; ** = p<.01; + = p<.05.
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Fig. 8. Effects of ATG or NG treatment in vitro on BFU-E (mean ± 
SEM) of LDBMMC frcm cats inoculated with FeLV (n=12) at 0, 
2, and 4 weeks PI. For continuous exposure studies cells 
were incubated for 1 hour with media, ATG, or NG and added 
to the culture system without washing. For complement (C1) 
studies cells were incubated for 30 minutes with media, 
ATG, or NG followed by addition of C' for 30 minutes. The 
cells were then washed, resuspended, and added to the 
culture system.
* = p<.005; ** = p<.01; + = p<.05; ^  = p<.025.
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CHAPTER II

EFFECTS OF INCREASING CYCLIC AMP OR CALCIUM 
ON FELINE ERYTHROID PROGENITORS IN VITRO:
NORMAL CELLS ARE STIMULATED WHILE CELLS 
FROM FeLV POSITIVE CATS ARE SUPPRESSED

INTRODUCTION
Feline leukemia virus (FeLV) is an exogenous type C retrovirus 

that causes a variety of neoplastic and degenerative diseases in 
cats, including erythroid aplasia (EA) (1) . The Kawakami-Theilen 
strain of FeLV (FeLV-KT) consistently induces EA characterized by 
rapid and total depletion of erythroid colony-forming units (CFU-E) 
and erythroid burst-forming units (BFU-E), with moderate enhancement 
of gra.nulocyte-macrophage colony-forming units (CFU-GM) in the bone 
marrow (2-5). Studies also have shown that the FeLV envelope 
protein, pl5E, inhibits CFU-E and BFU-E but not CFU-GM from uninfec­
ted bone marrow cells in vitro (6).

The pathogenesis of EA is unknown. Recent experiments have 
failed to demonstrate serum or lymphocyte-mediated inhibition of 
erythroid progenitors (7,8). However, the possibility of viral 
alteration of progenitor responsiveness to humoral regulators or the 
inadequate production of such regulators by marrow accessory cells

46



47
resulting in "blocked" erythropoiesis has not been excluded as the 
mechanism of EA. Altered maturation of erythropoietic cells is a 
feature of several other retrovirus-induced syndromes including 
murine Friend leukemia, the erythroid dyscrasia associated with a 
variant of the murine Rauscher leukemia virus, and avian erythro­
blastosis (9-11). Studies of FeLV-mediated immunosuppression have 
demonstrated that FeLV and pl5E alter T-lymphocyte function by 
impairing lymphokine secretion and interfering with the response to 
lymphokines (12, 13). Inhibition of concanavalin A stimulation of 
peripheral blood lymphocytes (PEL) from viremic cats or normal PBL 
exposed to FeLV or pl5E was reversed by in vitro treatment with 
agents which increase intracellular cyclic 31,51 adenosine monophos­
phate (cAMP) (14,15). cAMP generally is regarded as a negative 
regulator of cell proliferation. However, in seme studies, cAMP or 
calcium have been shown to enhance cell growth and differentiation of 
many cell types (16,17), including normal erythroid progenitors and 
precursors (18-21) and differentiation of Friend virus-infected 
murine erythroleukemia cells (22). Increased intracellular cAMP or 
calcium may mediate the action of growth promoting agents by acting 
as regulatory signals (23).

The objectives of these studies were to determine the effects of 
pharmacologic reagents known to increase intracellular cAMP and 
calcium on growth of CFU-E and BFU-E of normal cats and to determine 
whether the suppression of erythroid progenitors from cats with 
FeLV-induced EA or normal progenitors suppressed by pl5E of FeLV 
could be reversed.
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MATERIALS AND METHODS 

Animals. All cats were obtained at 6 to 8 weeks of age frcm a 
specific pathogen-free (SPF) breeding colony maintained by the 
Department of Veterinary Pathobiology, The Ohio State University. 
This colony is uniformly free of infection and inmunity to FeLV. The 
cats were tranquilized with intramuscular ketamine hydrochloride 
prior to bone marrow or blood collection. Infected cats were pre­
treated one day prior to inoculation with methyl prednisolone (5 
mg/kg) to enhance their susceptibility to productive FeLV infection.

Viral inoculum and p!5E preparation. The FeLV inoculum was 
prepared frcm equal volumes of serum and bone marrow cell lysate 
pooled from cats with anemia induced by in vivo passage of FeLV-KT as 
described (5). The FeLV infectivity titer of the inoculum was 
assessed by the S+/L- focus induction assay as described previously 
(5). Cats were infected by intravenous injection of 0.4 ml inoculum

5containing 1 x 10 FFU FeLV-KT.
Methods for concentration (24) and purification (25) of pl5E 

have been described previously. The preparation used did not contain 
detectable endotoxin as assayed by the Limulus amebocyte assay (M.A. 
Bioproducts, Walkersville, MD).

Culture of pre- and post-infection low density bone marrow 
mononuclear cells with modifiers of intracellular concentrations of 
cAMP and calcium. Four 6 to 8 week old kittens were inoculated with 
FeLV-KT. Blood was collected before inoculation and weekly post­
inoculation from each cat to perform complete hemograms (Coulter S 
plus IV, Coulter Electronics Inc., Hialeah, FL) and reticulocyte
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counts. Leukocytes on blood films were screened for the presence of 
FeLV using an indirect immunofluorescence test for FeLV p27 as 
modified by Hoover et al. (26). Bone marrow was sampled prior to 
inoculation and 2, 4, and 6 weeks post-inoculation from either the 
proximal humerus or the proximal femur. Samples were aspirated into 
a syringe containing 2 ml of 0.75% sodium citrate in phosphate 
buffered saline and placed immediately on ice. Low density bone 
marrow mononuclear cells (LDBMMC) were separated and cultured for 
CFU-E, BFU-E, and CFU-GM as described below. Cell separation was 
performed by diluting whole marrow cell suspensions to 20 ml with 
MEM- in 16 x 95 ran polystyrene tubes and under layering them with an 
equal volume of Perooll (Pharmacia Fine Chemicals, Uppsala, Sweden) 
adjusted to a specific gravity of 1.071. LDBMMC were collected frcm 
the interface after centrifugation for 30 minutes at 400g, washed 
twice in Hank's Balanced Salt Solution (GIBCO) , and resuspended in 
MEM- .

Erythroid progenitors in LDBMMC were cultured with various
modifiers of intracellular cyclic AMP or calcium. Except where
indicated, stock solutions of the reagents were made prior to the
experiment and stored in aliquots at -70°C. The reagents were added
at 10 yl per 1 ml media directly to the culture wells to reach the
specified concentration and remained in the wells throughout the
culture period. Reagents used were: L-isoproterenol (Sigma, St.
Louis, MO), a /3̂ /32 agonist (27) dissolved and diluted in MEM- media
(Gibco, Grand Island, NY) , and used at 10_ M̂, 10- M̂, 10~^M, and 
-910 M; D,L,-propranolol (Sigma), a ̂  /3 B2 antagonist (28), dissolved
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—6and diluted in MEM-a media, and used at 10 M alone and in combin­
ation with L-isoproterenol; dibutyryl cyclic AMP (db-cAMP) (Sigma), a 
more lipid-soluble cAMP analog, freshly dissolved and diluted in 
MEM- media for each experiment and used at 10 Si, 10~Sl, 10 Si, and
_710 M; sodium butyrate (Sigma), included as a control for the

dibutyryl group of db-cAMP, dissolved and diluted in MEM-a, and used
at 10 Si, 10 Si, 10 Si, and 10 Si; forskolin (Calbiochem, La Jolla,
CA), an activator of adenylate cyclase (29), dissolved in 95% ethanol
to 10 Si, diluted in MEM-a media, and used at 10 Si, 10- Si, 10 Si,
and 10 Si; RO-20-1724 (4-[2-butoxy-4-methoxybenzyl]-2-imidazolidine)
(a generous gift frcm Hoffman-LaRoche Inc., Nutley, NJ), a phospho-
diesterase inhibitor (30), dissolved in 95% ethanol to 10 M, diluted
in MEM-a media, and used at 10 Si, 10 Syi, 10 Si, and 10 Sm; A23187
(Sigma), a calcium ionophore (31), dissolved and diluted in 95%
ethanol, and used at 10 Si, 10 Si, 10 St, and 10 Si in the presence
of 2.14 mM calcium within the culture system; and indcmethacin
(Sigma), a cyclooxygenase and phosphodiesterase inhibitor (32),

—fidissolved in 95% ethanol to 10 M, diluted in MEM-a media, and used 
at 10 Si, 10 Si, 10 S, and 10 S. Preliminary studies showed that 
erythroid progenitor numbers were unaffected by the addition of 95% 
ethanol to the culture system (10 yl/ml media).

Cultures of normal IDEMMC exposed to p!5E and treated with 
modifiers of intracellular concentrations of cAMP and calcium. 
LDBMMC were harvested frcm one normal cat, suspended in MEM-a at 
5 x 10^ cells/ml, and incubated with pl5E (7.5 yg/5 x 105 fells) in 
MEM-a or MEM-a alone (control) for one hour at 37°C as previously
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described (6) . The cells then were plated in culture dishes in the 
presence of the various chemical reagents as described above.

Progenitor assays. The culture methods for colony-forming 
units-erythroid (CFU-E) and burst-forming units-erythroid (BFU-E) 
were similar to those described by Abkowitz et al. (33) for feline

4bone marrow. Briefly, 7.5 x 10 LDBMMC in 0.15 ml MEM-a were added 
to 1.35 ml of medium containing 1.3% methylcellulose (Dow-Coming, 
Midland, MI) in Iscove's Modified DMEM (Hazleton Research Products), 
1% deionized bovine serum albumin (Armour Pharmaceuticals, Tarrytown,

, NY), 10 ^  /3-mercaptoethanol, 30% fetal bovine serum (Amour Pharma­
ceuticals) , sheep plasma erythropoietin (Step III, Connaught 
Laboratories, Swiftwater, PA) at one unit per milliliter, and 5% 
pokeweed mitogen-conditioned medium frcm bone marrow mononuclear 
cells. The assays were performed in 35 mm cluster dishes (Costar,

4Cambridge, MA) with 5 x 10 cells in 1 milliliter of medium per well. 
The cultures were incubated at 37 °C in a humidified atmosphere 
containing 5% CC>2 and 10% 02 in nitrogen-enriched air. Erythroid 
colonies were counted with an inverted microscope on day 4 of culture 
as red colonies containing 8-50 cells (CFU-E) and on day 9 as red 
colonies composed of more than 200 cells, usually with closely assoc­
iated subunits (BFU-E).

Colony-forming units-granulocyte/macrophage (CFU-GM) were quan­
tified using a modification of our previously described method (5).

5Briefly, 2.5 x 10 LDBMMC in 0.1 ml MEM-a were added to 0.9 ml medium 
consisting of 0.5% methylcellulose in MEM-a, 0.4% bovine serum 
albumin, glutamine (2 mM), 55 U/ml penicillin, 55 y/ml streptomycin,
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33% horse serum (Gibco) heat-inactivated at 56 °C for 30 minutes, and 
11% pokeweed mitogen-conditioned medium from bone marrow mononuclear 
cells. The cells were plated in 96-well culture dishes (Costar) with

45 x 10 cells in 0.2 ml medium per well. The cultures were incubated 
at 37°C in humidified air with 5% carbon dioxide. Colonies contain­
ing 40 or more cells were counted on day 7.

Statistical analysis. All values from treated cultures were 
normalized as the percentage of untreated control colony numbers. 
The Student's t-test was used to determine significance when a single 
treatment was compared to control. One-way analysis of variance and 
the Newman-Keul1 s follow-up test were used to identify significant 
differences when two or more treatments were compared or when 
parameters were compared at multiple time points.
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RESULTS
Hematologic findings. All cats were viremic by 2 weeks post­

inoculation (PI) and remained viremic throughout the course of the 
experiment as determined by indirect immunofluorescence for p27 of 
FeLV in circulating leukocytes. Packed cell volumes (PCV) initially 
increased (p<.01) from 0.29 ± 0.007 (X ± SEM) pre-inoculation to 0.32 
± 0.003 (X ± SEM) at 2 weeks PI (Fig.l). However, significant anemia 
became evident by 4 weeks PI with a mean PCV of 0.25 ± 0.01 (SEM) 
(p<.01). Anemia was severe by 6 weeks PI with a mean PCV of 0.16 + 
0.003 (SEM) (p<.01). A peripheral erythroid regenerative response 
did not develop in the cats with reticulocytes noted only rarely 
post-inoculation (data not shown).

Effect of FeLV-KT on hematopoietic progenitors. CFU-E increased 
significantly (p<.025) from 194 ± 3 per 5 x 104 LDBMMC (X ± SEM) pre­
inoculation to 225 ± 8 per 5 x 104 LDBMMC (X ± SEM) at 2 weeks PI 
(Fig. 2.2). By four weeks PI, however, no CFU-E were detectable frcm 
any of the cats. In contrast to CFU-E, BFU-E had declined 39% 
(p<.05) by 2 weeks PI from 71 ± 1 per 5 x 104 LDBMMC (X ± SEM) pre­
inoculation to 44 ± 1 per 5 x 104 LDBMMC (X ± SEM) (Fig. 2.2) . 
As with CFU-E, no BFU-E were detectable in cultures of LDBMMC frcm 
cats at 4 and 6 weeks PI.

The number of CFU-GM increased 128% (p<.01) from 86 ± 6 per 
5 x 104 LDBMMC (X ± SEM) pre-inoculation to 196 ± 8 per 5 x 104 
LDBMMC (X ± SEM) at 2 weeks PI (Fig. 2.2) . Levels declined slightly 
by four weeks PI but remained significantly increased (p<.05).
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Effects of modulators of cAMP or calcium on erythroid progen­

itors frcm normal and viremic cats. In vitro exposure to reagents 
known to increase intracellular cAMP or calcium levels enhanced both 
CFU-E and BFU-E from LDBMMC of normal cats. However, these treatments 
either had no effect or, in most cases, caused significant suppres­
sion of progenitor numbers at 2 weeks PI. At both 4 and 6 weeks PI, 
CFU-E and BFU-E were 0 per 5 x 10^ LDBMMC for all cats (Fig. 2.2) and 
the in vitro treatments failed to stimulate colony formation (data 
not shown).

Isoproterenol treatment of normal LDBMMC stimulated CFU-E at 
10^M - 10 ^M with the maximal effect of 161% ± 9.6 of control (X ±

_7SEM) evident at 10 M (p<.005) (Fig. 2.3). BFU-E were increased to
156% ± 8 of control (X ± SEM) at 10 ^M (p<.005) and to a lesser 

—8extent at 10 M (Fig. 2.4). In all cases simultaneous treatment with 
“6propranolol (10 M) blocked the enhancement observed in cultures with

isoproterenol alone. At 2 weeks PI, however, isoproterenol, neither
stimulated nor suppressed CFU-E or BFU-E from LDBMMC (Figs. 3 and 4).

-5 -7Dibutyry 1-cAMP increased CFU-E at 10 M - 10 M with the maximal
effect at 10“5M (mean = 130% ± 2 SEM) (p<.01) (Fig. 2.5). BFU-E were 

-5 -7increased at 10 M to 10 M with maximal stimulation to 139% ± 5 of 
controls (X ± SEM) at 10-6M (p<.01) (Fig. 2.6). At 10_4M db-cAMP 
significantly suppressed (p<.01) both CFU-E and BFU-E to 62% ±6.1 (X 
± SEM) and 21% ± 5 (X ± SEM) , respectively, of pre-inoculation con­
trols. Sodium butyrate had no significant effect on pre-inoculation 
CFU-E or BFU-E. At 2 weeks PI, although db-cAMP suppressed CFU-E at 
10 similar to levels observed pre-inoculation, no potentiating
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-5 -7effect occurred at 10 M - 10 M (Fig. 2.5) . BFU-E not only were

suppressed at 10 "Si but also at 10  ̂- 10 Si (Fig. 2.6). However, at
the latter concentrations the effect could not be distinguished frcm
the suppression caused by sodium butyrate.

Forskolin modestly enhanced both CFU-E and BFU-E of normal cats
at 10 Si and 10 Si (Fig. 2.7) . The peak response occurred at 10 Si
reaching 117% ± 7 (X ± SEM) (p<.05) and 127% ± 3 (X ± SEM) (p<.01)

-4for CFU-E and BFU-E, respectively. At 10 M, CFU-E were suppressed
to 54% ± 4 (X ± SEM) while EFU-E remained unaffected. In contrast,
the erythroid progenitors of viremic cats were suppressed by for- 

-5skolin at 10 M with maximum inhibition of CFU-E and BFU-E occurring 
at 10-4M to 38% ± 5 (X ± SEM) and 42% ± 6 (X ± SEM) , respectively 
(p<.005) .

RO-20-1724 stimulated CFU-E of normal cats at 10 Si and 10 Si
with the maximal effect of 160% ±5 (X ± SEM) evident at 10 Si

-5(p<.005) (Fig. 2.8). BFU-E were increased significantly at 10 M to
137% ± 4 (X ± SEM) (p<.01). FD-20-1724 inhibited both CFU-E and
BFU-E at a concentration of 10 Si to 43% ± 9 (X ± SEM) and 10% ± 7
(X ± SEM), respectively (p<.005) . Similar to the effects with
forskolin, erythroid progenitors at 2 weeks PI were suppressed
severely by FQ-20-1724. BFU-E of viremic cats were inhibited at all

-  - 3concentrations reaching only 8% ± 5 (X ± SEM) at 10 M (p<.005).
-3 -5CFU-E of viremic cats were inhibited at 10 M - 1 0  M reaching only

17% ± 7  (X ± SEM) of control numbers at 10 Si (p<.005).
A23187 enhanced CFU-E growth of normal cats at all concentra-

—  —8tions producing peak stimulation of 144% ±7 (X ± SEM) at 10 M
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(p<.005) (Fig. 2.9). BFU-E numbers increased at concentrations of 
10 - 10 9M with the maximal effect of 155% + 12 (X ± SEM) occur-

_oring also at 10 M (p<.025) . In sharp contrast, both CFU-E and BFU-E
of viremic cats were inhibited at 2 weeks PI. CFU-E suppression
ranged from 75% ± 4 (X ± SEM) at 10_9M (p<.005) to 41% ± 3 (X ± SEM)
at 10 M̂. BFU-E also were inhibited between 10  ̂ - 10 M̂; the

-7maximum suppression occurring at 10 M and reaching only 64% ± 6 (X ± 
SEM) of control numbers.

Indcmethacin had no effect on numbers of erythroid progenitors 
pre-inoculation and no effect on CFU-E cultured at 2 weeks PI (Fig. 
2.10). BFU-E of viremic cats, however, were decreased significantly 
at all concentrations reaching only 59% ± 6 (X + SEM) at a concen­
tration of 10 M̂.

Effects of in vitro treatments on erythroid progenitors suppres­
sed by p!5E. Addition of pl5E to normal LDBMMC predictably inhibited 
CFU-E and BFU-E numbers to 18.4% and 13.2% of controls, respectively 
(p<.005) (Table 2.1). None of the treatments enhanced erythroid 
progenitor growth but several further suppressed colony numbers. 
CFU-E exposed to pl5E were inhibited to approximately 50% of the pl5E 
control by all concentrations of db-cAMP and A23187. They were 
totally inhibited by forskolin at 10 and PD-20-17 24 at 10 but 
other concentrations of these two reagents appeared to have no effect 
on growth. BFU-E exposed to pl5E were suppressed significantly by 
db-cAMP at all concentrations but similar inhibition was evident by 
sodium butyrate at comparable levels. Forskolin, RO-20-1724, and 
A23187 at all concentrations all inhibited BFU-E that had been
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exposed to pl5E. Isoproterenol and indonethacin had no effect on 
pl5E suppressed progenitors.
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DISCUSSION
In these studies, chemicals known to increase intracellular cAMP 

and calcium, and/or to reverse suppression of T-cell function by FeLV 
were assessed for their ability to enhance growth of erythroid 
progenitors frcm normal LDBMMC, normal LDBMMC treated with the FeLV 
envelope protein, pl5E, and LDBMMC from cats with EA. The results 
indicate that both CFU-E and BFU-E are increased when cAMP or calcium 
levels are increased in cells from normal cats. However, treatment 
of bone marrow cells frcm viremic cats or of progenitors which were 
suppressed by exposure to pl5E not only failed to enhance progenitor 
numbers and reverse suppression but actually caused further inhibi­
tion. These divergent effects are consistent with depletion of the 
progenitor subpopulation of progenitors which normally are responsive 
to agents which increase cAMP or calcium.

Previous studies have demonstrated that exposure of bone marrow 
cells to agents which increase intracellular cAMP or calcium will 
increase numbers of CFU-E (18-22) but few studies have addressed 
their effects on BFU-E. Isoproterenol, a /3-agonist; db-cAMP, a cAMP 
analog; forskolin, an adenylate cyclase stimulator; RD-20-1724, a 
phosphodiesterase inhibitor; and A23187, a calcium ionophore; all 
stimulated both CFU-E and BFU-E growth frcm normal LDBMMC when added 
to the culture system at appropriate concentrations. Propranolol 
blocked the effects of isoproterenol and confirmed that its activity 
was /3 receptor specific. Sodium butyrate was used as a control for 
the dibutyryl moiety of db-cAMP and failed to have any effect on
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normal cells. Indomethacin, in a previous study, had no effect on 
progenitor numbers (36). The ability of cAMP to enhance cell growth 
is partly related to the cell-cycle kinetics of the cell population 
being examined. All cells experience one or more surges of cAMP 
during active stages of the cycle (S-G2+M) and in general are inhib­
ited from progressing to a subsequent stage if levels do not decrease 
(16). However, slowly cycling or quiescent cells in the Gg/G^ phase 
of the cycle, e.g. spleen colony-forming units (CFU-S) can be stimu­
lated to proliferate by cAMP (16) . Studies evaluating the cell cycle 
status of hemopoietic progenitors have revealed that 80% of CFU-S, 
BFU-E, and CFU-GM are normally in Gg/G^, whereas this percentage may 
be less than 40% in a regenerating marrow (34). The enhancement of 
erythroid progenitor numbers from normal LDBMMC by increased cAMP 
most likely was due to mobilization of CFU-E and BFU-E from Gg/G^ 
with concomitant suppression of those in S-G2+M. As long as there 
is a greater percentage of cells slowly cycling, the net result of 
cAMP is stimulation. The mechanisms by which calcium stimulates cell 
growth is complex but part of its varied effects include elevated 
cAMP (17).

Increased levels of cAMP, however, were not able to reverse the 
total suppression of CFU-E and BFU-E at 4 and 6 weeks PI nor the 
partial suppression of CFU-E and BFU-E caused by pl5E. These results 
are in contrast to the effects of indcmethacin and forskolin on FeLV- 
induced suppression of lymphocyte Con A receptor mobility or lympho­
cyte mitogenic responses to Con A (14,15,37). In these studies, in 
vitro treatment of LDBMMC at 2 weeks PI as well as of normal LDBMMC



60
exposed to pl5E resulted in additional suppression of both CFU-E and 
BFU-E by most reagents.

One possible explanation for the dramatic shift from stimulation 
to inhibition of erythroid progenitors may have been the number of 
BFU-E and CFU-E in the S-G2+M phases of the cell cycle. Although 
cats at 2 weeks PI were not anemic, they had decreased BFU-E in 
conjunction with increased CFU-E and CFU-GM. This pattern has been 
seen previously with EA and attributed to rapid destruction of 
circulating erythrocytes with an extremely brief period of regener­
ation (35). The inhibition caused by enhanced cAMP, therefore, could 
be related to a reduced subpopulation of progenitors in Gq/G^ and 
inhibitory effects on a larger population in S-K^+M. This mechanism 
has been suggested as the reason for cAMP inhibition of Friend 
erythroleukemia cells (38). Furthermore, it is supported by cell 
cycle data frcm a previous study of FeLV-induced EA which showed that 
there was a significant increase of BFU-E in DNA synthesis by 3 weeks 
PI (41). Several additional results also are readily explained by 
this mechanism, including the suppression by sodium butyrate of BFU-E 
of FeLV-positive cats and pl5E-treated BFU-E and the inhibition by 
indcmethacin of FeLV-positive BFU-E. Indcmethacin has been previous­
ly shown to increase cAMP in FeLV-positive lymphocytes while having 
no effect on normal cells (14,15). Sodium butyrate also has been 
reported to stimulate intracellular cAMP levels (39). A reason for 
the inability of isoproterenol to augment progenitor suppression, 
however, remains inexplicable although the expression of /3 receptors
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in actively cycling progenitors could be different from those in 
G0/Gi phase.

These studies indicate that there is either a viral-induced 
block of pre-BFU-E progenitors or direct viral inhibition of BFU-E 
and CFU-E growth. The latter interpretation is supported by the 
failure of the treatments to reverse pl5E-mediated suppression, 
implying that progenitors could still be present but are incapable of 
responding to growth regulation. However, CFU-E, BFU-E, and CFU-GM 
frcm viremic cats have been shown to display viral antigens and can 
be inhibited by antibody to FeLV gp70 plus complement suggesting lack 
of direct suppression of erythroid progenitors by FeLV. In view of 
previous studies demonstrating the reversal of FeLV-induced suppres­
sion of lymphocyte function, these results suggest that the ineffec­
tive function of lymphocytes as erythropoietic accessory cells is 
not likely to be a factor in the pathogenesis of FeLV-induced EA. 
Finally, the results indicate that cAMP and calcium are not only 
capable of stimulating CFU-E as described in previous studies but 
also dramatically enhancing growth of BFU-E.
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SUMMARY
Pharmacologic modulators of cyclic 31,5'-adenosine monophosphate 

(cAMP) and calcium were added in vitro to cultures of low density 
bone marrow mononuclear cells (LDBMMC) of normal cats and LDBMMC of 
cats with retrovirus-induced erythroid aplasia. Treatment of cells 
frcm normal cats with the following reagents increased the number of 
erythroid progenitors (CFU-E and BFU-E) as compared to control 
growth: isoproterenol, a /3-agonist, increased CFU-E 161% and BFU-E

_7156% at 10 M; dibutyryl cAMP, a cAMP analog, increased CFU-E
130% at 10 ~*M and BFU-E 139% at 10 M̂; forskolin, an adenylate
cyclase stimulator, increased CFU-E 117% and BFU-E 127% at 10_ M̂;
RO-20-1724, a phosphodiesterase inhibitor, increased CFU-E 160% and 

-5BFU-E 137% at 10 M; and A23187, a calcium ionophore, increased CFU-E 
144% and BFU-E 155% at 10 M̂. However, treatment of LDBMMC collected 
at 2 weeks post-inoculation from viremic cats not only failed to 
enhance CFU-E and BFU-E but caused significant suppression of their 
growth. Additionally, the suppression of erythroid progenitors 
by exposure to the FeLV protein, pl5E, was augmented when reagents 
were added at levels that caused enhancement of CFU-E and BFU-E 
numbers cultured frcm normal LDBMMC. Treatment of bone marrow cells 
frcm cats with no detectable erythroid progenitors failed to reverse 
FeLV-induced erythroid aplasia. These studies 1) demonstrate that 
agents which increase levels of cAMP or calcium enhance CFU-E and 
BFU-E frcm normal LDBMMC; 2) indicate that agents which increase 
levels of cAMP or calcium fail, to reverse FeLV suppression of



erythropoiesis in contrast to the abrogation of FeLV-mediated 
suppression of lymphocyte blastogenesis as previously reported; 3) 
suggest that feline erythroid aplasia is related to a non-reversible 
block of pre-BFU-E progenitors or direct inhibition of BFU-E and 
CFU-E growth; 4) suggest that lymphocyte dysfunction as erythro­
poietic accessory cells is not a critical part of the pathogenesis of 
FeLV-induced erythroid aplasia.
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Table 2.1

Effect iii vitro of cAMP modulating agents, sodium butyrate, A23187, 
and indcme thacin on colony formation from erythroid progenitors 
suppressed by pl5E.

Treatments3
uColony Nos.

CFU-E BFU-E
Control medium 158 + 9 38 ± 4
pl5E 29 + 5.8C 5 ± .3C

Isoproterenol (10~̂ M) 22 + 12 4 + .5_7Isoproterenol (10 M) 27 + 1 4 + 1.5_8Isoproterenol (10 M) 22 + 10 4 ± .5
-9Isoproterenol (10 M) 23 + 7 3 ± .5

db-cAMP (10“4M) 9 + .5d 0e
db-cAMP (10_5M) 11 + 1.4d 0e
db-cAMP (10"6M) 14 + 1.5d 2 + .5d
db-cAMP (10“7M) 15 + 1.4d 1 + .5d

Forskolin (10 4M) 0€a 0e
Forskolin (10-3M) 23 + 3 1 + .5d
Forskolin (10_Sl) 23 + 7 1 ± .5d
Forskolin (10-7M) 23 + 3 0e

PD-20-1724 (10_3M) oe oe
RO-20-1724 (10_4M) 25 + 1 2 ± .5d
RO-20-1724 (10_5M) 25 + 1.5 2 ± .5d
RO-20-1724 (10“6M) 23 + 9 oe
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____________Colony Nos.________
Treatraents3

A23187 (10"6M) 
A23187 (10"7M) 
A23187 (10_8M) 
A23187 (10"9M)

(10-4M) 25 + 5 oe
1-* o I 30 + 10 3 ± 3

(10"6M) 27 + 1 1 i+ • CJ1 a

(10“7M) 26 + 14 oe

9 + ld oe
13 + 2d 1 ± .5d
10 + 2d 4 ± 4
11 + ld 1 ± .5d

f6M) 26 + 6 3 ± 1
r7M) 29 + 3.5 3 ± 1
r8M) 25 + 5 4 ± 3.5
r9M) 23 + 9 4 ± 3.5

LDBMMC (5 x 10 /ml) were preincubated with pl5E (15 ug/10 cells) 
in a-MEM for 1 hour at 37°C and then cultured (5 x 10 cells/week) 
for CFU-E and BFU-E in the continual presence of various agents at 
different concentrations.

u
Mean ± SEM, n=2.

Q Significant frcm untreated control at p<.005.
Significant frcm pl5E treatment alone at p<.05.

0 Significant fran pl5E treatment alone at p<.005.



Fig. 2.1 Changes in PCV (mean ± SEM) after inoculation with FeLV-KT 
(n=4). All cats became positive at 2 weeks PI and remained 
viremic through the course of the experiment.
+ p<.01
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Fig. 2.2 Changes in CFU-E, BFU-E, and CFU-GM (X ± SEM) after inocu­
lation with FeLV-KT (n=4) .'
* p<.05 
** p<.025
+ p<.01
++ p<.005
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Fig. 2.3 Effect of various concentrations (M) of isoproterenol with 
and without propranolol on CFU-E (X ± SEM, % control 
growth) before inoculation and at 2 weeks after inoculation 
with FeLV (n=4).
* p<.05
+ p<.01
++ p<.005
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Fig. 2.4 Effect of various concentrations (M) of isoproterenol with 
and without propranolol on BFU-E (X ± SEM, % control 
growth) before inoculation and at 2 weeks after inoculation 
with FeLV (n=4) .
** p<.025 
++ p<.005
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Fig. 2.5 Effects of various concentrations (M) of dibutyryl cAMP and 
sodium butyrate on CFU-E (X ± SEM, % of control growth) 
before inoculation and at 2 weeks after inoculation with 
FeLV (n=4).
* p<.05
+ p<.01
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Fig. 2.6 Effects of various concentrations (M) of dibutyryl cAMP and 
sodium butyrate on BFU-E (X ± SEM, % control growth) before 
inoculation and at 2 weeks after inoculation with FeLV 
(n=4).
* p<.05
+ p<.01
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Fig. 2.7 Effect of various concentrations (M) of forskolin on CFU-E 
and BFU-E (X ± SEM, % control growth) before inoculation 
and at 2 weeks after inoculation with FeLV (n=4).
* p<.05 
** p<.025
+ p<.01
++ p<.005
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Fig. 2

i

.8 Effect of various concentrations (M) of RO-20-1724 on CFU-E 
and BFU-E (X + SEM, % control growth) before inoculation 
and at 2 weeks after inoculation with FeLV (n=4).
* p<.05 
** p<.025
+ p<.01
++ p<.005
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Fig. 2.9 Effect of various concentrations (M) of A23187 on CFU-E and 
BFU-E (X ± SEM, % control growth) before inoculation and at 
2 weeks after inoculation with FeLV (n=4).
* p<.05 
** p<.025 
++ p<.005
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Fig. 2.10 Effect of various concentrations (M) of indonethacin on 
CFU-E and BFU-E (X ± SEM, % control growth) before inocu­
lation and at 2 weeks after inoculation with FeLV (n=4).
* p<.05 
++ p<.005
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CHAPTER III

ROLE OF INTERFERON (IFN) IN FELINE RETROVIRUS-INDUCED 
ERYTHROID APLASIA: LACK OF DETECTABLE SERUM
OR BONE MARROW IFN IN VIVO AND SUPPRESSION 

BY IFN OF HEMATOPOIETIC PROGENITOR CELLS IN VITRO

INTRODUCTION
Interferons (IFN) are small proteins and glycoproteins produced 

by nucleated cells in response to viruses as well as a wide variety 
of other stimuli. IFN is capable of a diverse series of functions 
both in vivo and in vitro, including the inhibition of viral repli­
cation, the regulation of cellular proliferation or differentiation, 
the expression of cell surface antigens, and immunoregulatory effects 
on both cellular and humoral immune responses (1).

In vitro studies have been performed examining the effects on 
hematopoiesis of a-IFN produced by leukocytes, /3-IFN produced by 
fibroblasts, and y-IFN produced by stimulated T lyirphocytes. All 
three types effectively suppress the proliferation of normal hemato­
poietic progenitors including pluripotent colony-forming units (CFU- 
GEMM) (2,3), erythroid progenitors (CFU-E and BFU-E) (2,4,9), and 
granulocyte/macrophage colony-forming units (CFU-GM) (2,7,8). This

91
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suppression has been correlated directly with IFN concentrations and 
can be blocked by anti-IFN antibodies (7,10).

The inhibitory effects in vitro have prompted evaluation of IFN 
as a mediator of hematopoietic suppression in vivo, a-IFN or y-IFN 
has been detected in the blood of sane patients with aplastic anemia 
(AA) (7,11). In these patients, y-IFN has been shown to be produced 
by 0KT8(+) Tac(+) lymphocytes (10) and may play a central role in 
T-oell-mediated suppression of hematopoiesis (10). The possibility 
that a viral etiologic agent may be responsible for scane cases of AA 
has been suggested. y-IFN is produced during chronic viral infection 
(12), circulating a-IFN is present in acquired immunodeficiency 
syndrcane (AIDS) patients (13), and viruses can induce stimulation of 
suppressor lymphocytes (14).

Feline leukemia virus (FeLV) is a horizontally transmitted 
retrovirus that is the major cause of spontaneous neoplastic and 
non-neoplastic disease in outbred cats, including erythroid aplasia 
(EA) (15). The Kawakami-Theilen strain of FeLV (FeLV-KT) consis­
tently induces erythroid aplasia characterized by rapid and total 
depletion of CFU-E and BFU-E, with moderate enhancement of the number 
of CFU-GM in the bone marrow and severe immunosuppression (16-19). 
The pathogenesis of retroviral-induced EA is unknown. The combination 
of retroviral infection, immune dysfunction, and erythroid aplasia in 
cats infected with FeLV-KT suggests the possibility of interferon- 
mediated dysregulation of hematopoiesis. The objectives of these 
studies were to characterize the sensitivity of various feline 
hematopoietic progenitors to feline a//3-IFN and y-IFN in vitro and
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determine if IFN can be detected in the blood or the bone marrow in 
association with feline retrovirus-induced erythroid aplasia.
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MATERIALS AND METHODS
Animals. All cats were obtained at 6 to 8 weeks of age from a 

specific pathogen-free breeding colony maintained by the Department 
of Veterinary Pathabiology, The Ohio State University. This colony 
is uniformly free of infection and immunity to FeLV. The cats were 
tranquilized with intramuscular ketamine hydrochloride prior to bone 
marrow or blood collection. Infected cats were pretreated one day 
prior to inoculation with methyl prednisolone (5 mg/kg) to enhance 
their susceptibility to productive FeLV infection.

Viral inoculum. The FeLV inoculum was prepared frcm equal 
volumes of serum and EMMC lysate pooled from cats with anemia induced 
by in vivo passage of FeLV-KT as described (19) . The FeLV infectiv- 
ity titer of the inoculum was assessed by the S+/L- focus induction 
assay as described previously (19). Cats were infected by intra­
venous or intraperitoneal injection of 0.4 ml inoculum containing 1 x 
105 FFU FeLV-KT.

Determination of interferon (IFN) levels in the serum and bone 
marrow plasma of cats with EA. Six 6 to 8 week old kittens were 
inoculated with FeLV-KT. Blood was collected prior to inoculation 
and biweekly post-inoculation (PI) frcm each cat to perform complete 
hemograms (Coulter S plus IV, Coulter Electronics Inc., Hialeah, FL) 
and reticulocyte counts, and to evaluate circulating leukocytes for 
the presence of FeLV using an indirect immunofluorescence test for 
FeLV p27 as modified by Hoover et al. (24) . Blood samples for IETST 

assays were collected at weekly intervals from each cat starting
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at the onset of anemia (4 weeks PI). The samples were placed immedi­
ately on ice and serum was collected within 6 hours of collection. 
Bone marrow was sampled pre-inoculation and 4, 8, and 10 weeks PI 
frcm either the proximal humerus or the proximal femur. Samples were 
aspirated into a syringe previously flushed with heparin (500 U/ml) 
and placed immediately on ice. Bone marrow plasma was obtained after 
centrifugation of the samples at 400 x g for 10 minutes and was 
assayed for IFN as described below. Bone marrow cells were then 
resuspended in MEM- medium (Gibco, Grand Island, NY) . Low density 
bone marrow mononuclear cells (LDBMMC) were separated and cultured 
for CFU-E, BFU-E, and CFU-GM as described below. All serum and bone 
marrow plasma samples were frozen at -70 °C prior to determination of 
IFN levels.

Additionally, serum samples frcm 16 cats of a separate EA study 
were assayed for interferon. These cats all became viremic and 
anemic and had severely reduced numbers of erythroid progenitors 
between 4 and 6 weeks PI. Serum sairples were collected at 0, 4, 5, 
6, 8, 10, and 12 weeks PI, placed immediately on ice, and frozen at 
-70°C. Subsequently, they were thawed at room temperature and 
assayed for interferon as described below.

Low density bone marrow mononuclear cell separation (LDBMMC). 
Whole marrow cell suspensions were diluted to 20 ml with MEM-a in 
16 x 95 mm polystyrene tubes and underlayered with an equal volume of 
Percoll (Pharmacia Fine CHemicals, Uppsala, Sweden) adjusted to a 
specific gravity of 1.071. LDBMMC were collected frcm the interface
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Balanced Salt Solution, and resuspended in MEM-a.

Progenitor assays. The culture methods for colony-forming 
units-erythroid (CFU-E) and burst-forming units-erythroid (BFU-E) 
were similar to those described by Abkowitz et al. (20) for feline

5bone marrow. Briefly, 1.25 x 10 LDBMMC in 0.2 ml MEM-a were added 
to 0.9 ml of medium containing 1.3% methylcellulose (Dow-Coming, 
Midland, MI) in Iscove's Modified DMEM (Hazleton Research Products), 
1% deionized bovine serum albumin (Armour Pharmaceuticals, Tarrytown, 
NY), 10 ^M /3-mercaptoethanol, 30% fetal bovine serum (Armour Pharma­
ceuticals) , TC erythropoietin (Amgen Biologicals, Thousand Oaks, CA) 
at two units per milliliter, and 5% pokeweed mitogen-conditioned 
medium from bone marrow mononuclear cells. The assays were performed 
in duplicate in 24-well cluster dishes (Costar, Cambridge, MA) with

45 x 10 cells in 0.4 ml of medium per well. The cultures were 
incubated at 37 °C in a humidified atmosphere containing 5% CC^ and 
10% 0^ in nitrogen-enriched air. Erythroid colonies were counted on 
day 4 of culture as red colonies containing 8-50 cells (CFU-E) and on 
day 9 as red colonies catiposed of more than 200 cells, usually with 
closely associated subunits (BFU-E).

Colony-forming units-granulocyte/macrophage (CFU-GM) were quan­
tified using a modification of our previously described method (19). 

5Briefly, 2.5 x 10 LDBMMC in 0.1 ml MEM-a were added to 0.9 ml medium 
consisting of 0.5% methylcellulose in MEM-a, 0.4% bovine serum 
albumin, glutamine (2 mM), 55 U/ml penicillin, 55 yg/ml streptomycin, 
33% horse serum (Gibco) heat-inactivated at 56°C for 30 minutes, and
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11% pokeweed mitogen-conditioned medium from bone marrow mononuclear
cells. The cells were plated in 96-well culture dishes (Costar) with 

45 x 10 cells in 0.2 ml medium per well. The cultures were incubated 
at 37°C in humidified air with 5% carbon dioxide, and 10% in 
nitrogen-enriched air. Colonies containing 40 or more cells were 
counted on day 7.

Colony-forming units-fibroblast (CFU-F) were quantified using a 
modification of our previously described method (21). Briefly, 2.6 x

510 LDBMMC in 0.1 ml MEM-a were added to 0.9 ml medium containing 
MEM-a supplemented with 25% fetal bovine serum, penicillin (100 
U/ml) , and streptomycin (100 yg/ml). Cultures were performed in

512-well culture dishes (Costar) with 2.5 x 10 cells in 1 ml medium 
per well. The plates were incubated 8 days at 37°C in a humidified 
atmosphere containing 5% OC^. The medium was depleted on day 8 and 
the wells were stained with 1% crystal violet. Colonies containing 
more than 500 spindle shaped cells were counted with an inverted 
microscope.

Preparation of feline a/8-interferon (a/3-IFN) and feline y-in­
terferon (y-IFN) . a/jQ-IFN was prepared using standard procedures 
(22). Briefly, normal peripheral blood mononuclear cells (PBMC) were 
separated frcm whole blood using a Ficoll-Hypaque gradient (lympho­
cyte separation medium, Litton Bionetics Inc., Charleston, SC) with a 
specific gravity of 1.077. The cells collected from the interface

7were washed with MEM-a and suspended at 10 cells/ml in RPMI 1640 
(Gibco) containing 10% heat-inactivated fetal bovine serum, 2% 
glutamine, penicillin (100 U/ml), and streptomycin (100 yg/ml).
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Newcastle disease virus (NDV) strain B^, type (generously provided
by Dr. Fred Melchior, Sterwin Laboratories, Millsboro, DE) was added

8to the cell suspension at a concentration of 1.5 x 10 50% egg-
7infectious dose units per 10 PBMC. The cells were incubated for 1 

hour at 37°C, diluted to 5 x 10® cells/ml, and incubated for 24 hours 
at 37°C in a humidified atmosphere containing 5% CC>2 with gentle 
agitation. After incubation, the cells were removed by centri­
fugation and the supernatant containing a/(3-IEN was treated with HCl 
to pH 2.0. After 24 hours at 4°C the pH was adjusted to 7.4 using 
NaOH and filtered (0.45y). IFN produced by this method was acid- and 
heat-stable (56°C, 1 hour) and had antiviral activity after 30
minutes incubation with FEA cell monolayers in the IFN assay 
described below.

y-IFN was prepared according to procedures developed for murine 
and human y-IFN (23). Briefly, a spleen was collected aseptically 
frcxn an SPF cat, minced, and passaged through stainless steel mesh to 
obtain a single cell suspension. . The splenic cells were washed three 
times with MEM-a and suspended to 5 x 10 /ml in RPMI 1640 (Gibco) 
containing 10% heat-inactivated fetal bovine serum, 2% glutamine, 
penicillin (100 M/ml), streptomycin (100 yg/ml), and 10 ®M ̂ -mercap- 
toethanol. Staphylococcal enterotoxin A (SEA) (Toxin Technology 
Inc., Madison, WI) was added to a final concentration of 0.25 yg/ml 
and the cell suspension incubated for 72 hours at 37 °C in a humidi­
fied atmosphere containing 5% CC>2 with gentle stirring. After 
incubation, the cells were removed by centrifugation and the super­
natant filtered (0.45y). IFN produced by this method was both acid
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labile (pH 2) and heat labile (56°C, 1 hour) and required 4 to 6 
hours of incubation with FEA cell monolayers to induce measurable 
antiviral activity.

Interferon assay. IEN was measured by its ability to inhibit 
the cytopathic effects (CPE) of vesicular stomatitis virus (VSV) on 
FEA cells (a feline embryonic lung cell line generously provided by 
Dr. Oswald Jarrett, Glasgow, Scotland). Briefly, two-fold serial 
dilutions of serum samples, filtered (0.45y) bone marrow plasma 
samples, or standards prepared from IFN concentrates were added in 
duplicate to confluent monolayers of FEA cells in 96-well flat 
bottomed microtiter plates (Costar). After 18 hours of incubation at 
37°C, the wells were decanted, washed once with 0.2 ml of medium, and 
challenged with 20 times the 50% tissue culture infectious dose of 
VSV in 0.2 ml of medium. The plates were read at 18-24 hours when 
the control virus wells showed 100% CPE. The wells were decanted, 
fixed with absolute methanol, and stained with 1% crystal violet. 
The interferon titer was calculated as the reciprocal of the dilution 
that yielded 50% CPE and was expressed in laboratory units/ml (U/ml). 
All assays included control wells for virus, cells, IFN negative 
sera, and a/$-IFN and y-IFN internal reference standards. No 
international reference standards are available for feline IFNs.

Interferon suppression of bone marrow progenitors in vitro. 
Studies were performed to evaluate the sensitivity of CFU-E, BFU-E, 
CFU-F, and CFU-GM to the anti-proliferative effects of feline a/fi-IFN 
and y-IFN. Four separate experiments were conducted in duplicate 
using LDBMMC frcm two different cats and using three different alft- 
IFN preparations with specific activities of 25,000 U/ml, 16,000 U/ml



and 12,500 U/ml and y-IFN preparations with specific activities of 
4000 U/ml and 2000 U/ml. Control media preparations for both a//3-IFN 
(NDV control) and y-IFN (SEA control) were included with each experi­
ment. LDBMMC were suspended in MEM-a at twice the concentration 
normally used in the progenitor assays. The cells then were pre­
incubated with an equal volume of an IFN preparation appropriately 
diluted with MEM-a for 1 hour at room temperature. The cell/IFN 
mixtures were added to the progenitor culture systems as described 
above. All values were normalized as the percentage of control 
colony growth vs. U IFN per ml of assay media. Data points were 
calculated as the mean and standard error of the mean for 4 experi­
ments .

Statistical analysis. The Student's t-test was used to deter­
mine significance when a single treatment was compared to control. 
One-way analysis of variance and the Newman-Keul's follow-up test 
were used to identify significant differences when treatments were 
compared to two controls or when parameters were compared at multiple 
time points..



101

RESULTS
Hematologic findings. All cats were viremic by 2 weeks post­

inoculation (PI) and remained viremic throughout the course of the 
experiment as determined by indirect immunofluorescence for p27 of 
FeLV in circulating leukocytes. Packed cell volumes remained 
unchanged frcm 31 ± 1.4% (X ± SEM) pre-inoculation to 31 ± 8% at 2 
weeks PI (Fig. 3.1.). However, significant anemia became evident by
4 weeks PI with a mean PCV of 26 ± 1.7% (SEM) (p<.05) . Anemia became 
severe by 8 weeks PI with a mean PCV of 11 ± 1.4% (SEM) (p<.01). A 
regenerative response was absent in the blood of all cats with 
reticulocytes only noted rarely post-inoculation (data not shown).

Effect of FeLV-KT on hematopoietic progenitors. CFU-E numbers 
declined 83% (p<.01) frcm 113 ± 4 per 5 x 104 LDBMMC (X ± SEM) before 
inoculation to 19 ± 7 per 5 x 104 LDBMMC (X ± SEM) at 4 weeks PI 
(Fig. 3.2). Likewise, BFU-E declined 91% (p<.01) frcm 22 ± 2 per
5 x 104 LDBMMC (X ± SEM) prior to inoculation to 2 ± 1 per 5 x 104 
LDBMMC (X ± SEM) at 4 weeks PI (Fig. 3.2). Both CFU-E and BFU-E 
continued to decrease until they were undetectable in cultures of 
LDBMMC frcm cats at 10 weeks PI.

The number of CFU-GM were increased 70% to 148 ± 10.3 per 
5 x 104 LDBMMC (X ± SEM) by 4 weeks PI frcm 87 + 6 per 5 x 104 LDBMMC 
(X ± SEM) before inoculation (Fig. 3.2) . Although CFU-GM remained 
significantly increased (p<.01) at 8 weeks PI (135 ± 4, X ± SEM), 
they progressively declined to normal levels by 10 weeks PI.
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Interferon levels in cats with EA.. Assays for IFN frcm the six 

cats studied prospectively were conducted on serum before inoculation 
and biweekly from 4-10 weeks PI, and on bone marrow plasma pre­
inoculation and at 4, 8, and 10 weeks PI. Additionally, serum
samples from 16 other cats with EA were evaluated at 0, 4, 5, 6, 8, 
10, and 12 weeks PI. Antiviral activity was not detected in any of 
the sera (<4 U/ml).

Effects of a/(3-IFN and y-IFN on the growth of hematopoietic 
progenitors. The effect of a//3-IFN on CFU-E and BFU-E was similar. 
Both CFU-E and BFU-E were suppressed to 50% of controls at 100 U/ml 
while exposure to 600 U/ml reduced CFU-E to 6.9 ± 3.5% (X ± SEM) and 
BFU-E to 7.4 ± 4.3% (X ± SEM) of control growth (p<.005) (Fig. 3.3,
3.4). Ccnplete inhibition of proliferation of CFU-E and BFU-E 
occurred in the presence of 1200 U/ml a/(3-IFN. y-IFN inhibited BFU-E 
15-20% more than comparable concentrations of a//3-IFN. A similar 
effect was evident with CFU-E at 200 U/ml and 400 U/ml (Figs. 3.3,
3.4) Additionally, BFU-E were more sensitive to inhibition by y-IFN 
than CFU-E by approximately 10-15%. One hundred U/ml y-IFN reduced 
BFU-E to 40 ± 6.9% (X ± SEM) (p<.005) of control growth while at this 
level CFU-E were reduced to 52.1 ± 3.2% (X ± SEM) (p<.005) . Complete 
inhibition of proliferation of both erythroid progenitors was evident 
at a y-IFN concentration of 400 U/ml. NDV or SEA media control 
preparations added to the CFU-E/BFU-E assay at full concentration did 
not inhibit progenitors.

Evaluation of the effects of a//3-IFN and y-IFN on CFU-F growth 
revealed that these progenitors are extremely sensitive to y-IFN
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but have a suppression pattern similar to erythroid progenitors upon 
exposure to a//3-IFN. At 25 U/ml, y-IFN caused suppression of CFU-F 
to 56.9 ± 5.6% (X ± SEM) of control growth (p<.005) (Fig. 3.5). 
At 100 U/ml, y-IFN inhibited CFU-F to only 1.1 ± 1.1% (X ± SEM) of 
control growth (p<.005) and caused complete inhibition at 200 U/ml or 
above. In contrast, suppression of CFU-F by a//3-IFN was first 
detected at 100 U/ml, causing suppression to 52.2 1.6% (X ± SEM) 
of control growth (p<.005). Inhibition reached 6.2 ± 4% (X ± SEM) 
at 600 U/ml and was complete at 1200 U/ml. As in the erythroid 
progenitor assays, neither NDV nor SEA media control preparations at 
full concentration had any effect on CFU-F numbers as compared to 
untreated controls.

Suppression of CFU-GM growth by either a/S-IFN or y-IFN required 
greater concentrations to cause inhibition. Addition of 100 U/ml of 
y-IFN caused significant suppression (p<.01) of CFU-GM to 64.2 ± 2.4% 
(X ± SEM) of control growth, while 1000 U/ml of a//3-IFN or y-IFN 
suppressed CFU-GVI to 48.5 ± 4.9% (X ± SEM) and 40.4 ± 3.4% (X ± SEM) 
of control growth, respectively (p<.01) . Inhibition to 23.4 ± 2.7% 
(X ± SEM) of control was achieved at 5000 U/ml a/j3-IFN (p<.01). 
Compounding the interpretation of the suppression of these progen­
itors was the significant enhancement of CFU-GM growth by SEA control 
media at a concentration of 5% final volume (125.5 ± 7%, X ± SEM) and 
at 50% final volume (165.5 ± 24.9%, X ± SEM) and by NDV control media 
at 50% final volume (114.6 ± 2.4%, X ± SEM).
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DISCUSSION
In these studies, interferon levels were measured in the serum 

and bone marrow plasma of cats with retrovirus-induced erythroid 
aplasia, while the anti-proliferative effects of feline a//3-IFN and 
y-IFN were assessed in vitro using normal LDBMMC. The results showed 
that, in agreement with results from other species, feline hemato­
poietic progenitor growth was inhibited by IFN. .Additionally, feline 
CFU-F were found to be particularly sensitive to y-IFN. IFN was 
undetectable in the blood or bone marrow plasma of cats with EA, 
demonstrating that this syndrome is not likely to be mediated by IFN 
and suggesting that it probably is not a result of T-cell suppression 
of erythroid progenitors.

The investigation of IFN levels in retrovirus-induced EA was 
undertaken for several reasons. FeLV infection produces many of the 
immunologic abnormalities associated with AIDS in which there are 
increased levels of acid-labile a-IFN (13). The association of 
circulating y-IFN with T-suppressor/cytotoxic cells in a significant 
number of patients with AA has prompted speculation that at least 
sane of these cases m y  be due to an undiscovered viral etiologic 
agent (10) . Also, there have been reports of T-cel 1-media ted AA 
secondary to Epstein-Barr virus infections and viral hepatitis. In 
sane cases these have been associated with IFN production (25-27). 
Feline EA provides a reproducible model of hematopoietic suppression 
with an established retroviral etiology. In these studies, FeLV-KT 
infection of cats produced severe nonregenerative anemia by four
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weeks PI at which time PCV, reticulocyte numbers, and marrow CFU-E 
and BFU-E were decreased significantly. Sequential examination of 
sera frcm 21 cats throughout the course of anemia, however, failed to 
reveal the presence of circulating IFN. The lack of circulating y- 
IFN may not be surprising as FeLV has been reported to suppress y-IFN 
production by normal feline PBMC (28). More importantly, however, 
was the absence of IFN in bone marrow plasma measured at 4, 8, and 10 
weeks PI. FeLV viremia is associated with infection of bone marrow 
cells and first occurs 7-21 days PI (29). Although IFN response to 
viral infections can be transient even at primary sites of viral 
replication, measurable IFN levels would be expected if IFN plays a 
direct role in the pathogenesis of EA. In patients with AA IFN 
levels in bone marrow sera were several-fold higher than circulating 
IFN (7). IFN has also been detected in normal human bone marrow (7) 
but could not be measured in the bone marrow plasma of normal cats 
(data not shewn).

In order to substantiate the ability of our IFN assay to measure 
IFN at levels capable of causing hematopoietic suppression, in vitro 
studies were performed to characterize the dose-response relationship 
of feline a/$-lFN and y-IFN with various progenitors in short-term 
clonogenic assays. The results demonstrate that CFU-E, BFU-E, CFU- 
GM, and CFU-F all are sensitive to the anti-proliferative effects of 
both species of IFN. In general, the erythroid progenitors were 
inhibited as reported in previous studies (2,4-9). Fifty percent 
inhibition by either type of IFN occurred at approximately 100 U/ml. 
However, y-IFN caused complete suppression of both CFU-E and BFU-E at



106

400 U/rol while comparable suppression with a//3-IFN required 1200 
U/ml. CFU-GM were less sensitive than erythroid progenitors to 
growth inhibition by either type of IFN requiring 1000 U/ml to 
achieve greater than 50% suppression. However, high concentrations 
of the SEA or NDV control preparations were able to stimulate CFU-GM 
and might increase the amount of IFN necessary for suppression. 
Colony stimulating factor as well as y-IFN is induced by SEA and has 
been reported to overcane the anti-proliferative effects of y-IFN
(31) . The effects of a//3-IFN versus y-IFN on CFU-F formation were 
dramatically different. While a/(3-IFN reduced CFU-F numbers to 50% 
control growth at 100 U/ml and 100% at 1200 U/ml, y-IFN achieved this 
level of inhibition with only 25 U/ml and caused complete suppression 
by 100 U/ml. Previous studies have not addressed the effects of IFN 
on CFU-F per se although crude human y-IFN was approximately 20-fold 
more potent per unit of antiviral activity than human a-IFN when 
tested for anti-proliferative effects on normal human fibroblasts
(32) .

The lack of circulating or bone marrow IFN in cats with EA 
provides significant implications for the pathogenesis of this 
syndrome. First, the absence of IFN, at least in the bone marrow, 
may contribute to the inability of seme cats to recover frcm FeLV 
infection. Secondly, IFN does not appear to mediate EA, an aplastic 
syndrane with an established retroviral etiology. Finally, although 
the correlation has not always been substantiated, the lack of IFN 
suggests that suppressor T-cells do not mediate EA, a conclusion
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supported by recent lymphocyte co-culture studies and by the failure 
of EA to respond to ATG treatment (33,34).
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SUMMARY
The role of interferon (IFN) in the pathogenesis of retrovirus- 

induced erythroid aplasia (EA) was investigated in cats inoculated 
with the Kawakami-Theilen strain of feline leukemia virus (FeLV-KT). 
Serum samples were collected weekly or biweekly in 21 cats starting 
at 4 weeks post-inoculation (PI) when packed cell volumes, reticulo­
cyte counts, and erythroid progenitor numbers (CFU-E, BFU-E) were 
initially decreased. Additionally, in 6 cats, bone marrow plasma 
levels were measured at 4, 8, and 10 weeks PI. Our results demon­
strated that, in cats with EA, IFN was not present in the peripheral 
circulation or in the bone marrow which is the origin of cell- 
associated viremia in FeLV infection. Further in vitro studies were 
performed to measure the response of feline hematopoietic progenitors 
to feline a//?-IFN and y-IFN based upon antiviral activity. a//?-IFN 
at 100 U/ml caused 50% inhibition and at 1200 U/ml caused 100% 
inhibition of growth of CFU-E, BFU-E and fibroblast-colony forming 
units (CFU-F). y-IFN at 100 U/ml caused 50% suppression of CFU-E and 
BFU-E, 40% suppression of granulocyte/macrophage colony-forming units 
(CFU-GM) and complete inhibition of CFU-F. CFU-GM could not be 
suppressed completely with either 1000 U/ml -IFN or 5000 U/ml / - 
IFN.

These data indicate that 1) feline hematopoietic progenitors are 
sensitive to growth inhibition by a/^-lFN or y-IFN similar to other 
species, 2) IFN does not appear to be part of the pathogenesis of EA, 
and 3) EA probably is not mediated by T-suppressor cells.



Fig. 3.1 Changes in PCV (mean ± SEM) vs. time after inoculation with 
FeLV-KT (n=6) . All cats became positive by 2 weeks PI and 
remained viremic through the course of the experiment.
* p<.05
+ p<.01

109



PC
V

(%
)

110

3 0 -

25-

20-

15-

1 0 -

5'

0 - ----------- 1--------------------------1---------------------- 1--------------------------[--------------------r
0 2 4 6 8 10

SAMPLING TIME ( w e e k s  p o s t - i n o c u l a t i o n )



Fig. 3.2 Changes in numbers of CFU-E, BFU-E, and CFU-Gm (X ± SEM) 
after inoculation with FeLV-KT (n=6).
+ p<.01
++ p<.005
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Fig. 3.3 Effect of various concentrations (U/ml) of a//3-IFN or y-IFN 
incorporated within the culture system on CFU-E (X ± SEM, % 
of control growth). Control colony numbers were 114 ± 8 
(X ± SEM) for 4 experiments. NDV and SEA control media had 
no significant effect on growth.
** p<.025 
++ p<.005

113



CF
U

-E
 

(p
er

ce
nt

ag
e 

of
 

co
nt

ro
l)

1 14

120-1

100-

80-

60-

40-

20-

\ t  t

10 2 5 5 0 100 200 4 0 0  6 0 0 1200

INTERFERON (u/ml)



Fig. 3.4 Effect of various concentrations (U/ml) of a//3-IFN or y-IFN 
incorporated within the culture system on BFU-E (X ± SEM, % 
control growth). Control colony numbers were 32 ± 5 (X ± 
SEM) for 4 experiments. NDV and SEA control media had no 
significant effect on growth.
** p<.025 
++ p<.005
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Fig. 3.5 Effect of various concentrations (U/ml) of a//3-IFN or y-IFN 
incorporated within the culture system on CFU-F (X ± SEM, % 
control growth). Control colony numbers were 21 ± 2 (X ± 
SEM) for 4 experiments. NDV and SEA control media had no 
significant effect on growth.
++ p<.005
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Fig. 3.6 Effect on CFU-GM (X ± SEM, % control growth) of various 
concentrations (U/ml) of a//Q-3FN or y-IFN compared to 
NDV-treated and SEA-treated control media incorporated 
within the culture system. Control colony numbers were 55 
± 4 (X ± SEM) for 4 experiments.
* p<.05 
+ pc.Ol
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CHAPTER IV

THE INTERFERON RESPONSE IN CATS INFECTED WITH FELINE 
LEUKEMIA VIRUS: HIGH PREVIREMIC LEVELS OF GAMMA INTERFERON 

SIGNAL REGRESSIVE INFECTION

INTRODUCTION
Feline leukemia virus (FeLV) is one of the most important viral 

pathogens of the domestic cat. It is an exogenous type C retrovirus 
capable of inducing several cytoproliferative and cytosuppressive 
syndromes of the hemic-lymphatic system (1) . Depending upon age, 
immune status, and/or dosage of virus, cats may develop progressive 
infection characterized by persistent viremia or regressive infection 
characterized by transient viremia and latency. Although FeLV can 
cause leukemia, lymphoma, and myeloproliferative disease, FeLV 
infection more frequently results in severe immunosuppression with 
associated thymic atrophy (3), paracortical lymphoid depletion
(4), failure to reject skin allografts (6), depression of peripheral 
blood lymphocyte blastogenic response to mitogens (2), and reduction 
in lymphocyte-membrane concanavalin A-receptor mobility (capping) 
(7) . Studies of the pathogenesis of FeLV replication have revealed 
that bone marrow cells are infected between 7-21 days post-inocula- 
ticn (PI) followed by viremia of marrow origin between 14-28 days PI
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The role of interferon (IFN) in the response of cats to FeLV 

infection has received limited attention. Previous reports have 
revealed that FeLV suppresses the induction of y-IFN fron peripheral 
blood lymphocytes in vitro (9); that exogenous administration or 
endogenous stimulation of IFN may result in partial to complete 
remission of viremia (10,20); and that FeLV replication in vitro can 
be inhibited by human leukocyte IFN (11). Other retroviruses are 
capable of inducing IFN in vivo (12) . Production of IFN in mice 
after infection with various murine retroviruses has been reported 
(13-16). Furthermore, treatment of MuLV-infected mice with antibody 
against IFN often has resulted in reduction of the latent period, 
higher virus titers, earlier appearance of tumors and larger tumor 
size (16-18). Mditionally, in man, the acquired immunodeficiency 
syndrcme (AIDS) includes the production of an acid-labile y-IFN (19) .

The objective of these studies was to evaluate the interferon 
response to FeLV in vivo both in the circulation and locally in the 
bone marrow, particularly focusing on activity occurring prior to 
viremia. Additionally, the production of a//S-IFN and y-IFN from bone 
marrow cells and y-IFN frcm peripheral blood lymphocytes was evalu­
ated at sequential time intervals and compared to the onset of 
immunosuppression. The results indicate that production of circulat­
ing y-like-IFN is a consistent feature of early infection with FeLV 
and shows that there is a significant difference in the level of 
production between persistently viremic and transiently viremic cats.
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MATERIALS AND METHODS 
Animals. All cats were obtained either from the specific 

pathogen-free (SPF) breeding colony maintained by the Department of 
Veterinary Pathobiology, The Ohio State University, or frcm Liberty 
Labs (Liberty Comers, NJ). All cats were uniformly free of 
infection and immunity to FeLV. The cats were tranquilized with 
intramuscular ketamine hydrochloride prior to bone marrow or blood 
collection. Except where indicated, infected cats were pre-treated 
with methyl prednisolone (5 mg/kg) to enhance their susceptibility to 
productive FeLV infection.

Viral inoculum. The FeLV inoculum was prepared frcm equal 
volumes of serum and bone marrow cell lysate pooled frcm cats with 
persistent viremia induced by in vivo passage of FeLV-KT as described
(5). The FeLV infectivity titer of the inoculum was assessed by the 
S+/L- focus induction assay as described previously (5). Eight cats 
were infected by intravenous injection of 1.0 ml inoculum containing

52 x 10 FFU FeLV-KT, and 32 cats by intraperitoneal injection of 0.5
5ml inoculum containing 1 x 10 FFU FeLV-KT. FeLV antigen concentra­

tion of the inoculum was determined for the FeLV structural core 
protein, p27, by enzyme-linked immunosorbent assay (ELISA).

Determination of interferon (IFN) and FeLV p27 levels in the 
sera and bone marrow plasma of persistently viremic and transiently 
viremic cats. Thirty-two 18-week-old cats were pre-treated with

5methyl prednisolone and inoculated with 1 x 10 FFU FeLV-KT intra- 
peritoneally. Blood was collected before inoculation and weekly



129

post-inoculation (PI), placed immediately on ice, allowed to clot at 
4°C, and centrifuged at 400 x £ for 10 minutes at 4°C in order to 
obtain serum. All serum samples were stored at -70°C until assayed 
for IFN or p27. Blood films were made weekly PI to evaluate 
circulating leukocytes for the presence of FeLV using an indirect 
immunofluorescence test (IFA) for FeLV p27 as modified by Hoover et 
al. (26). Cats were designated as transiently viremic if they ceased 
to be positive for circulating p27 via ELISA and intracellular p27 
via IFA.

In a second experiment, six cats were pre-treated with methyl
5prednisolone, five of which were inoculated with 2 x 10 FFU FeLV-KT 

intravenously. Serum was separated at 4°C from blood samples 
collected prior to inoculation and at 1-12, 14, 17, 21, 28, and 35 
days PI for IFN and p27 assays. Blood was collected prior to 
inoculation and weekly PI to evaluate circulating leukocytes for the 
presence of FeLV using the IFA procedure and to perform complete 
hemograms (Coulter S plus IV, Coulter Electronics Inc., Hialeah, FL) . 
Bone marrow samples were aspirated into syringes previously flushed 
with heparin (500 U/ml), and blood samples were collected in heparin 
(20 U/ml) at 3, 7, 10, 14, 21, 28, and 35 days PI. Samples were 
maintained at 4°C. Bone marrow plasma was obtained after centrifuga­
tion of the samples at 400 x £ for 15 minutes at 4°C and was assayed 
for IFN and p27 as described below. Bone marrow cells then were 
resuspended in MEM-a medium (GIBCO, Grand Island, NY). Bone marrow 
mononuclear cells (BMMC) and peripheral blood mononuclear cells 
(PBMC) were separated as follows. Cell suspensions were diluted to
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20 ml with 10 ml MEM-a and 10 ml Hank's Balanced Salt Solution 
(GIBCO) in 50 ml conical centrifuge tubes and underlayered with 10 ml 
of Ficoll-Hypaque (lymphocyte separation medium, Litton Bionetics 
Inc., Charleston, SC) with a specific gravity of 1.077. BMMC and 
PBMC were collected frcm the interface after centrifugation for 30 
minutes at 400 x £, washed once with Hank's Balanced Salt Solution 
and resuspended in MEM-a. BMMC were used in a/^-IFN and y-IEN 
induction assays and in suspensions to assay constitutive IFN 
production (described below) . PBMC were used in y-IFN induction 
assays and in lymphoblast transformation assays.

5Two cats were inoculated with 2 x 10 FFU FeLV-KT intravenously 
without pre-treatment with methyl prednisolone to induce transient 
viremia. Blood, serum and bone marrow plasma samples were collected 
at 4°C on 3, 7, 14, 21, 28, and 35 days PI to perform IFN and p27 
assays. IFA tests for intracellular p27 in circulating leukocytes 
were performed weekly.

Interferon assay. IEN was measured by its ability to inhibit 
the cytopathic effects (CPE) of vesicular stanatitis virus (VSV) on 
FEA cells (a feline embryonic lung cell line generously provided by 
Dr. Oswald Jarrett, Glasgow, Scotland). Briefly, two-fold serial 
dilutions of serum samples, filtered (0.45y) bone marrow plasma 
samples, or induced IFN standards were added in duplicate to 
confluent monolayers of FEA cells in 96-well flat-bottaned culture 
plates (Costar). After 18 hours of incubation at 37 °C, the wells 
were decanted, washed once with 0.2 ml of media, and challenged with 
20 times the 50% tissue culture infectious dose of VSV in 0.2 ml of
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medium. The plates were read at 18-24 hours when the virus control 
wells showed 100% CPE. The wells were decanted, fixed with absolute 
methanol, and stained with 1% crystal violet. The interferon titer 
was calculated as the reciprocal of the dilution that yielded 50% CPE 
and was expressed in laboratory units/ml (U/ml). All assays included 
control wells for virus, cells, IFN negative sera, and o-l$- 
IFN and y-IFN internal reference standards. No international refer­
ence standards are available for feline IFNs. Positive samples were 
further characterized as a/jS-JFU or y-IFN by separately retesting 
samples after treatment with heat (56°C, 1 hour) and acid (pH 2 at 
4°C for 24 hours) (22) . Antiviral activity sensitive to both heat 
and acid was classified as y-IFN.

FeLV p27 assay. p27 was measured using a modification of the 
FeLV enzyme-linked immunosorbent assay (ELISA) test (TechAmerica 
Diagnostics, Elwood, KS). Briefly, 50 yl of each sample was
incubated in wells precoated with monoclonal antibody to FeLV p27.
Monoclonal antibody to FeLV p27 and conjugated to horseradish peroxi­
dase was added. After 10 minutes incubation the wells were decanted 
and washed five times with distilled water. Chrcmogenic substrate 
was added and incubated in the wells for 10 minutes. The well 
contents were then transferred to a 96-well plate and absorbance read 
at 405 using an eight channel photometer (Titertek Multiscan, Flow 
Laboratories, McLean, VA) . Plates included blanks consisting of
phosphate-buffered saline with 1% bovine serum albumin. A standard 
curve was established for each run using p27 controls of 600, 300, 
150, and 75 ng/ml.
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7Induction of g/^-IFN frcm EMMC. BMMC were standardized to 10 

cells/ml in KPMI 1640 (GIBCO), 10% heat-inactivated fetal bovine 
serum, 2% glutamine, penicillin (100 U/ml), and streptomycin (100 
yg/ml)„ Newcastle disease virus (NDV) strain B̂ , type B̂ , (generous­
ly provided by Dr. Fred Melchior, Sterwin Laboratories, Millsboro,
DE) was added to 0.5 ml to 1.0 ml of the cell suspension at a concen-

8 7tration of 1.5 x 10 50% egg-infectious dose units per 10 EMMC. The
cell-virus suspensions were placed in 24-well flat-bottomed culture 
plates (Costar) and incubated for 24 hours at 37°C in 5% CC>2 with 
gentle stirring. After incubation, the cells were removed by centri-, 
fugation and the supernatant adjusted to pH 2 using HC1. After 24 
hours at 4°C, the pH was adjusted to 7.4 using NaOH and the super­
natant was filtered (0.45]_i).

Induction of y-IFN from EMMC and PBMC. EMMC and PBMC both were 
standardized to 5 x 10̂  cells/ml in KPMI 1640 (GIBCO), containing 10% 
heat-inactivated fetal bovine serum, 2% glutamine, 10~^M/?-mercapto- 
ethanol, penicillin (100 U/ml), and streptomycin (100 yg/ml). 
Staphylococcal enterotoxin A (SEA) (Toxin Technology Inc., Madison, 
WI) was added to 1.0 ml of the cell suspension at a final concentra­
tion of 0.25 yg/ml. The SEA-cell suspensions were placed in 24-well 
flat-bottomed culture plates and incubated for 72 hours at 37°C in a 
humidified atmosphere containing 5% CC^ with gentle stirring. After 
incubation, the cells were removed by centrifugation.

Measurement of IFN from EMMC suspensions. Constitutive produc­
tion of IFN from BMMC was measured in suspension of BMMC (5 x 10̂  

cells/ml) in KPMI 1640 containing 10% heat-inactivated fet&l bovine
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serum, 2% glutamine, penicillin (100 U/ml), and streptomycin (100 
yg/ml). The suspensions (1.0 ml) were placed in 24-well flat-
bottomed culture plates and incubated for 72 hours at 37 °C in a
humidified atmosphere containing 5% CC>2 with gentle stirring. After 
incubation, the cells were removed by centrifugation.

Lymphoblast transformation assay. The lymphoblast transforma­
tion test (LBT) was a modification of one which has been previously 
described (2) . Briefly, PMC were added at a concentration of 1 x
510 cells/well to a 96-well plate. Concanavalin A (10 yg/well) was 

added to bring the total volume per well to 200 yl. Five percent
fetal bovine serum (Sterile Systems, Salt Lake City, UT) was added
and the suspension was incubated four days. Eighteen hours before

3harvest the cultures were pulsed with [ H]-thymidine (New England 
Nuclear, Boston, MA). The plates were harvested on glass wool using 
a Mash unit (Brandel, Gaithersburg, MD) and assessed for thymidine 
uptake using a liquid scintillation counter (Packard Instruments, 
Downers Grove, IL). A stimulation index was calculated for each test 
by dividing counts per minute (CPM) for stimulated cells by CPM 
control.

Statistical analysis. Either the Student's t-test or the Mann- 
Whitney-U test was used to determine significance when comparing 
transiently viremic and persistently viremic groups at a single time 
point. The paired t-test was used to compare sequential PI values 
with pre-inoculation values from the same group or parameter.
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RESULTS
Interferon levels in the serum and bone marrow of FeLV-KT- 

infected cats. All cats inoculated with FeLV-KT produced measurable 
circulating levels of interferon during the first 14 days of infec­
tion. The interferon always was heat- and acid-labile consistent 
with the properties of y-IFN as described for other species (Table 
4.1) . The maximum concentration of interferon averaged 72 ± 20 U/ml 
(X ± SEM) with a median of 16 U/ml. This large variance can be 
attributed in part to a significant difference between the concen­
tration of IFN produced by transiently viremic cats versus persis­
tently viremic cats. At 1 week PI, even before viremia was detected, 
serum concentrations of IFN were much higher in cats that eventually 
became nonviremic (143 ± 57 U/ml, X ± SEM) than those that became 
persistently viremic (12 ± 1 U/ml, X ± SEM) (Table 4.2) . This 
significant difference remained through 2 weeks PI but was not 
evident by 3 weeks PI, at which time only occasional transiently 
viremic cats had measurable levels of IFN. Inoculation of a second

5group of cats with twice the usual dose of FELV-KT (2 x 10 FFU) 
doubled the IFN concentrations measured at 1 week PI. Persistently 
viremic cats averaged 28 + 23 U/ml (X ± SEM) while transiently 
viremic cats averaged 343 ± 111 U/ml (X ± SEM) (Fig. 4.1) . Evalu­
ation of this smaller group of cats at more closely spaced sampling 
times revealed that peak IFN concentrations occurred between 4 and 6 
days PI. Additionally, IFN was detected 1 day sooner in transiently 
viremic cats (2 days PI vs. 3 days PI) and remained detectable
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longer, being present sporadically at 21 and 28 days PI. Examination 
of IFN levels in bone marrow plasma (Fig. 4.2) also showed that 
transiently viremic cats produced higher levels of IFN for a longer 
period of time than persistently viremic cats. Peak IFN levels in 
the bone marrow plasma occurred between days 3 and 7 PI similar to 
the peripheral blood. Interestingly, comparison of the concentra­
tions of IFN in the blood vs. bone marrow revealed little difference 
in persistently viremic cats, e.g. 24 ± 12 U/ml (X ± SEM) in the bone 
marrow vs. 28 ± 23 U/ml (X ± SEM) in the serum at 7 days PI. How­
ever, this comparison revealed significant differences in transiently 
viremic cats. At 30 days PI, serum IFN was 213 ± 43 U/ml (X ± SEM)
while bone marrow plasma IFN was 117 ± 46 U/ml (X ± SEM). and at 7
days PI serum IFN was 343 ± 111 U/ml (X ± SEM) while bone marrow
plasma IFN was 64 ± 0 U/ml (X ± SEM) .

FeLV p27 levels in the serum and bone marrow. Cats inoculated 
with FeLV-KT developed measurable levels of p27 in both the serum 
(Table 4.2, Fig. 4.3) and bone marrow plasma (Fig. 4.4) between 7 and 
14 days PI. Peak levels were attained at 14 days PI and, as 
expected, were lower in transiently viremic cats, becoming undetect­
able by 4-6 weeks PI. Infection with the higher dose inoculum 
resulted in a comparably higher peak level (300± 29 ng/ml, X ± SEM) 
at 14 days PI in persistently viremic cats vs. infection with the 
lower dosage (52 ± 29 ng/ml, X ± SEM). In both groups of persistent­
ly viremic cats, serum p27 levels became lower by 4-5 weeks PI, e.g. 
258 ± 32 ng/ml (X ± SEM) at 3 weeks PI vs. 140 ± 19 ng/ml (X ± SEM) 
at 4 weeks PI (Table 4.2). This reduction in p27 was reversed in



136
persistently viremic cats so that by 8 weeks PI, p27 concentrations 
averaged 483 ± 37 ng/ml (X ± SEM). Peak levels of p27 in the marrow 
were lower than serum concentrations for both transiently and 
persistently viremic cats: e.g. at 14 days in persistently viremic 
cats, p27 was 399 ± 29 ng/ml (X ± SEM) in the serum but only 118 ± 11 
ng/ml (X ± SEM) in the bone marrcw. Comparison of IFN and p27 for 
all cats showed that p27 concentrations began to rise as IFN levels 
were starting to fall with a small overlap (approximately 1 day) in
the persistently viremic cats (Figs. 4.1 and 4.3).

Numbers and function of circulating lymphocytes. Lymphocyte 
counts were performed weekly in 4 persistently viremic cats and 3 
transiently viremic cats as well as 1 normal control cat. Lympho­
cytes decreased in all cats, including the control, by 1 week PI, 
apparently in part due to pre-treatment with methyl prednisolone 
(Fig. 4.5). In transiently viremic cats and the control cat lympho­
cytes returned to normal by 3 weeks PI. Persistently viremic cats,

9however, maintained lymphopenia, e.g., 0.900 ± 147 x 10 cells/L 
(X ± SEM) at 3 weeks PI versus 3.825 ± 1.064 x 10̂  cells/L (X ± SEM) 
prior to inoculation.

Lymphoblast transformation assays were performed at 3, 7, 10,
14, 21, and 35 days PI in 4 persistently viremic cats as well as in 1
transiently viremic cat and 1 normal control cat. In the normal and 
persistently viremic cats there was a modest but not significant 
reduction in stimulation indices at 3 days PI followed by slight 
increases at 7 and 10 days, respectively (Fig. 4.6). Lymphocyte
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function became significantly suppressed by 21 days PI in persist­
ently viremic cats: 128.4 ± 22 SI (X ± SEM) at -1 day PI versus 36 ± 
10 SI (X ± SEM) at 21 days PI. The control cat's Sis fluctuated 
normally frcm 7 days PI to 35 days PI. The single transiently 
viremic cat tested showed a dramatic increase in its SI frcm 118.0 on 
day -1 PI to 336.1 on day 3 PI. At 7 days PI, its SI had dropped to 
52.5 and but then returned to normal by 10 days PI. Interestingly, 
the sharp rise in this cat's SI at 21 days PI to 335 was concurrent 
with an increase in serum y-IFN and a reduction in serum p27.

Constitutive and stimulated production of IFN from BMMC and PEMC 
in vitro. BMMC and PBMC suspension cultures were established from 4 
persistently viremic cats, as well as 1 transiently viremic and 1 
normal control cat at 0, 3, 7, 14, 28, and 35 days PI. The BMMC 
suspensions were cultured for 72 hours with and without the a//3-IFN 
inducer, NDV, or the y-IFN inducer, SEA, and the PBMC suspensions 
were cultured with the y-IFN inducer, SEA (Table 4.3) . Although not 
detectable in bone marrow plasma, culture of normal BMMC revealed 
endogenous production of a//3-IFN averaging approximately 25 U/ml of 
supernatant. This level was reduced significantly at 3 days PI in 
the control (8 U/ml) and persistently viremic cats (2 ± 2 U/ml, X ± 
SEM) , possibly due to pre-treatment with methyl prednisolone. By 7 
days PI, the a//3-IFN level returned to within normal limits in the 
persistently viremic cats (16 ± 8, X ± SEM), but from 14 days onward 
it fell continually and was 5 ± 5 U/ml (X ± SEM) at 35 days PI. The 
IFN level from cells of the control cat remained stable frcm 7 
through 35 days PI. The transiently viremic cat showed a dramatic
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increase in a//3-IFN starting at 3 days PI (128 U/ml) , which peaked at 
7 days PI (256 U/ml), and ultimately dropped to 8 U/ml by 28 days 
PI. y-IFN was not detected in suspensions of BMMC of normal cats but 
was produced significantly at 3 days PI by both the persistently 
viremic (10 ± 3 U/ml, X ± SEM) and the transiently viremic (32 U/ml) 
cats. y-IFN was produced only sporadically by persistently viremic 
cats at 7 and 14 days PI, after which it was unmeasurable in the 
culture supernatants. The transiently viremic cat produced compar­
ably higher IFN levels which peaked at 7 days PI (64 U/ml).

NDV induced a//3-IFN production by EMMC of all cats - through 7 
days PI and from the control cat through 35 days PI. BMMC of 
persistently viremic cats produced lower IFN levels in response to 
NDV in vitro at 14 days PI (1579 ± 887 U/ml, X ± SEM) vs. pre-inocu­
lation (5622 ± 1560 U/ml, X ± SEM) . However, production of a/(3-IFN 
in vitro was significantly increased at both 28 and 35 days PI, 
reaching 2596 ± 3131 U/ml (X ± SEM) for persistently viremic cats 
and 57,500 U/ml for the transiently viremic cat at 35 days PI.

SEA induced y-IFN production by both BMMC and PBMC, although 
consistently higher levels of IFN were produced frcm BMMC. No 
changes were noted with cells of persistently viremic cats until 14 
days PI when y-IFN concentrations were reduced to 4 ± 2 U/ml (X ± 
SEM) in PBMC suspensions and at 28 days PI when BMMC suspension 
levels were only 14 ± 9 U/ml (X ± SEM) . y-IFN could not be induced 
frcm PBMC of persistently viremic cats at 28 and 35 days PI. y-IFN 
from the PBMC suspension of the transiently viremic cat at 3 days PI 
(256 U/ml) was increased dramatically over the pre-inoculation value
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(16 U/ml). This production level fell to 48 U/ml by 7 days and was 
16 U/ml at 35 days PI. The BMMC suspension from the transiently 
viremic cat at pre-inoculation produced. a high level of IFN in 
response to SEA (512 U/ml) vs. the control (64 U/ml) or persistently 
viremic cats (32 ± 8 U/ml, X + SEM). This high level was maintained 
throughout the course of the experiment, peaking at 768 U/ml at 7 
days PI.
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DISCUSSION
In these studies, the IFN response of cats to infection with 

FeLV was examined. y-IFN was found to be produced consistently prior 
to viremia in both the serum and bone marrow plasma of all cats but 
in significantly higher concentrations in cats ultimately developing 
transient viremia and regressive infections. In vitro cultures of 
BMMC and PBMC revealed that y-IFN production by BMMC or PBMC exposed 
to SEA is reduced or inhibited in persistently viremic cats con­
current with immunosuppression. The results suggest that IFN may 
play an important role in recovery from FeLV infection.

The interferon system represents an integral part of the body's 
nonspecific immune system and is the earliest appearing of the known 
host defenses. Three types of IFN appear to exist in all animal 
species tested, including a-IFN, produced predominantly by leuko­
cytes, /?-IFN by fibroblasts, and y-IFN by lymphocytes (21) . In 
addition to their ability to inhibit viral replication, IFNs possess 
the capacity to affect a wide range of biological functions including 
cell proliferation and differentiation, expression of cell surface 
antigens, cytoskeleton and plasma membrane characteristics, as well 
as immunoregulatory effects on both humoral and cell-mediated immune 
responses (22).

The IFN response of cats to FeLV was different frcm expectations 
based on other virus-host systems in which IFN production overlaps 
extensively with viremia and consists of a//5-IFN (23,24). a/^-iFN 
was not detectable in either bone marrow plasma or serum at any time
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before or after onset of viremia. Suspension cultures of normal 
BMMC, however, did contain a//3-IFN after 72 hours incubation consis­
tent with the normal low-level endogenous production of IFN described 
in man (25) . The levels of a//S-IFN produced by the suspensions of 
BMMC, however, did not increase in cats becoming persistently viremic 
but actually decreased. The transiently viremic cat showed high 
levels of a//3-IFN in suspensions of BMMC extending through 14 days PI 
that suggest it may serve a protective role locally. No a/fi-IFN 
was detected in supernatants frcm suspensions of PBMC (data not 
shown) . When NDV was used to evaluate the ability of BMMC to 
produce a//3-IFN, a progressive five-fold enhancement over pre- 
inoculation levels developed with BMMC of in persistently viremic 
cats and an almost 10-fold enhancement with cells of the transiently 
viremic cat.

Instead of releasing a/(3-IFN within the circulation, FeLV- 
infected cats produced y-IFN. All cats tested were found to have 
measurable y-IFN in both their serum and bone marrow plasma between 
0-14 days PI. Results of the two experiments showed that the levels 
produced by cats at 7 days or less PI and prior to peak viremia 
predicted whether the cats would became persistently or transiently 
viremic. Furthermore, inoculation with twice the concentration of 
virus doubled the corresponding IFN levels on day 7 PI. FeLV p27 
levels always were lower in cats that became transiently viremic and 
in most of these animals were not detectable by 4 weeks PI. Inter­
estingly, both IFN and p27 levels in the bone marrow plasma were 
lower than corresponding levels in the serum at all times PI. This
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is surprising in view of the numerous leukocytes with intracellular 
p27 evident in the circulation at 14 days PI which have been inter­
preted as evidence of marrow origin viremia. These results suggest 
that the marrow is not a major source of circulating free virus and 
actually may remove circulating virus via phagocytosis by neutrophils 
and macrophages.

In vitro studies with BMMC and PBMC suspensions revealed that y- 
IFN was produced constitutively in FeLV-infected cats. As expected, 
cats with persistent viremia produced lower levels than the trans­
iently viremic cat. Similarly, both BMMC and PBMC frcm persistently 
viremic cats produced lower levels of y-IFN in response to SEA. The 
most interesting comparison is the levels of SEA-induced IFN frcm 
BMMC of persistently viremic cats versus the transiently viremic cat 
prior to inoculation. The cat that ultimately became transiently 
viremic was able to produce 16 times more IFN than the other cats 
including the control and maintained this ability over the course of 
the infection. This suggests that it may be possible to predict 
transiently viremic cats prior to inoculation and that a key cell in 
resistance occurs in the bone marrow but not the peripheral blood. 
The reduction of y-IFN induction frcm BMMC and the total inability to 
produce y-IFN frcm PBMC at 28 and 35 days PI in persistently viremic 
cats is consistent with the immunosuppression that occurs between 14 
and 21 days PI (1). Examination of lymphocyte numbers and LBT assays 
in these cats confirms significant loss of function and circulating 
lymphocytes by 21 days PI. The combination of T-cell hyporesponsive- 
ness to lectins and the inability to produce y-IFN is similar to
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findings in AIDS (27) and is not surprising since y-IFN is a lympho- 
kine product of T-lymphocytes.

The in vivo production of y-IFN in response to a viral agent
without prior sensitization is novel. In vitro induction of y-IFN
can be accomplished with mitogens, allogeneic cells, or antigens 
after previous sensitization (28). The typical cell-mediated immune 
response to viral infection was exemplified in studies of the acute 
lymphocytic choriomeningitis virus in mice. NK cells and a/fi-IFN 
both reached maximum levels at day 3 and were followed by the gener­
ation of cytotoxic T-lymphocytes (CTL) on day 5. These CTL peaked on
day 7 and then rapidly declined (29,30). Although circulating y-IFN
was not detected in this system, suspensions of splenic CTL from day 
7 produced y-IFN in culture (31) . Conceivably, the CTL response to 
FeLV in cats is rapid and these activated cells circulate, producing 
y-IFN. Lymphocytes of the 0KT8+, TAC+, Fc-yR phenotype which are 
consistent with activated T-suppressor/cytotoxic cells have been 
reported to produce circulating y-IFN in patients with aplastic 
anemia (32) and Ty lymphoproliferative disease (33). Studies examin­
ing the susceptibility and resistance to FeLV infection demonstrated 
that viral proliferation was enhanced dramatically in FcyR depleted 
peripheral blood lymphocytes suggesting that naturally occurring FcyR 
cells limit the outgrowth of FeLV-infected cells or maintain them in 
a virus-nonproductive state (34). An alternative to specific antigen 
induction of y-IFN is nonspecific induction similar to the response 
to mitogens and allogeneic cells. Direct stimulation of y-IFN by a 
soluble protein produced by Mycoplasma arthriditis is believed to act
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in this manner (21). Possibly FeLV at very low concentrations 
interacts with receptors on T-cells to induce y-IFN synthesis, thus 
accounting for its rapid occurrence in the circulation prior to 
viremia.

Regardless of the cell type producing y-IFN prior to viremia, 
the higher levels of y-IFN in cats that develop transient viremia 
versus persistent viremia indicate that it is associated with a more 
effective immune response. y-IFN is an effective antiviral agent, 
e.g. human T-lymphocyte lymphcma/leukemia virus expression cultured 
in vitro is inversely proportional to constitutive y-IFN production 
(35). In addition to direct antiviral effects, y-IFN has been shown 
to enhance CTL and NK cell numbers and activity, activate macro­
phages, stimulate histocompatibility antigens and microglobulin, 
increase the expression of interleukin-2 receptors, and drive the 
maturation of B-cells to active immunoglobulin synthesis (21,22,28). 
In this context, higher levels of y-IFN may be a significant factor 
in the ultimate regression of FeLV viremia.
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SUMMARY
The interferon (IFN) response after infection of cats with the 

Kawakarai-Theilen strain of feline leukemia virus (FeLV-KT) was 
evaluated in the blood and bone marrow. Serum levels of y-IFN 
ranging from 8-512 U/ml developed in all 39 cats tested during the 
first 14 days after inoculation (PI) and occurred prior to the onset 
of viremia. Higher levels of y-IFN (143 ± 57 U/ml) and significantly 
lower levels of circulating viral antigen (163 ± 69 ng/ml) were 
produced in transiently viremic cats versus' cats with persistent 
viremia 12 ± 2 U/ml IFN) (258 ± 32 ng/ml viral antigen). Inoculation 
of 7 cats with twice the FeLV-KT dose caused a two-fold increase in 
serum IFN concentrations of both transiently viremic (343 ± 111 U/ml) 
and persistently viremic (28 ± 23 U/ml) cats. y-IFN was detectable 
in the bone marrow plasma in persistently viremic cats at levels 
comparable to the serum. However, serum concentrations in trans­
iently viremic cats were, much higher than bone marrow levels (343 ± 
111 U/ml vs. 64 ± 0 U/ml) . Cultures of bone marrow cells (EMMC) and 
peripheral blood mononuclear cells (PBMC) demonstrated that in 
persistently viremic cats: 1) constitutive a//3-IFN production frcm 
BMMC significantly decreased by 4 weeks PI while a/Q-IFN production 
in response to Newcastle disease virus (NDV) in vitro increased five­
fold; 2) constitutive y-IFN was produced transiently between 3 and 14 
days PI; 3) y-IFN levels produced in response to staphylococcal 
enterotoxin A (SEA) in vitro significantly decreased from BMMC and 
was absent from PBMC by 28 days PI. The loss of y-IFN inducibility
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corresponded to T-lymphocyte dysfunction evident in lymphocyte 
blastogenic transformation assays. In contrast to the persistently 
viremic cats, the following changes were noted in a transiently 
viremic cat 1) increased constitutive a/3-IFN by BMMC from 32 U/ml 
prior to inoculation to 256 U/ml at 7 days PI, 2) a 10-fold increase 
in NDV-induced a/0-IFN frcm BMMC at 35 days PI, 3) higher consti­
tutive y-IFN production frcm BMMC, and 4) 15 times more SEA-induced 
IFN from BMMC at pre-inoculation and consistent production of SEA- 
induced y-IFN at all times frcm BMMC and PBMC. These studies reveal 
that production of circulating y-IFN even prior to viremia is a 
consistent feature of early FeLV infection. Furthermore, higher 
levels of y-IFN are observed in cats ultimately recovering frcm 
viremia demonstrating the association of y-IFN with a more effective 
immune response and suggesting that it may function to directly 
enhance the cell-mediated and/or humoral response to FeLV.
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Table 4.1. Features of serum interferon in cats 0-14 days after 
inoculation with FeLV-KT.

Frequency of Detection
No. cats tested: 32
No. with IFN: 32

Maximum Concentration of Interferon (U/ml)
Mean ± SEM: 72 ± 20
Median: 16
Range: 8-512

Effects of Acid or Heat Treatment on 
Antiviral Activity

Untreated: 100%
pH 2: 0%
56°C: 0%
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Table 4.2. Levels of y-interferon and. FeLV p27 in the sera of 
persistently viremic versus transiently viremic cats.

Serum IFN (U/ml) Serum p27 (ng/ml)
Weeks
PI

Persistent
Viremia

Trans ienjt 
Viremia

Persistent
Viremia

Transient
Viremia

1 X ± SEM 12 ± 2 143 ± 57e <10 ± 0 <10 ± 2
Median 16 48 <10 <10
Range <4-16 <4-400 0 <10-20

2 X ± SEM 3 ± 1 48 ± 24d 52 ± 29 21 ± 6
Median <4 24 20 20
Range <4-16 <4-256 <10-650 <10-60

3 X ± SEM <4 ± 0 18 ± 12 258 ± 32 163 ± 69°
Median <4 <4 220 130
Range 0 <4-128 90-530 <10-530

4 X ± SEM <4 ± 0 <4 ± 1 140 ± 19 50 ± 35f
Median <4 <4 113 <10
Range 0 <4-12 30-400 <10-320

8 X ± SEM <4 ± 0 <4 ± 0 483 ± 37 <10 ± 0f
Median <4 <4 595 <10
Range 0 0 50-600 0

^Significantly lower than persistently viremic cats at p<.05. 
Significantly higher than persistently viremic cats at p<.025. 
^Significantly higher than persistently viremic cats at p<.005. 
Significantly lower than persistently viremic cats at p<.005.



Table 4.3. Comparative Production of a/fi-TM and y-IFN frcm stimulated and unstimulated BMMC, 
and of y-IFN frcm stimulated PBMC, before and after inoculation with FeLV.

Interferon Concentration U/ml 
Days Post-Inoculation

Viremia Status 0 3 7 14 28 35
A. a/$-IFN in BMMC suspensions

Control 32 8 32 16 Vv . 16 K 8 bPersistent 22 ± 4 2 ± 2e 16 ± 8 14 ± 6 4 ± 2 5 ± 5
Transient 32 128 256 128 8 8

B. NDV induction of a/fi-IFN from BMMC
Control 8200 6150 6144 4100 ■u 8200 ■u 8200 ,
Persistent 5622 ± 1560 3459 ± 1768 2544 ± 841 1579 + 887° 18450 ± 6150 25967 ± 3131
Transient 6144 4100 5120 12296 24600 57500

C. y-IFN in BMMC suspensions
Control <4 <4 <4 <4 <4 <4
Persistent <4 ± 0 10 ± 3° 28 ± 23 15 ± 8 <4 ± 1 <4 ± 1
Transient <4 32 64 32 <4 <4

D. SEA induction of y-IFN from BMMC
Control 64 67 160 96 96 y. 96 bPersistent 32 ± 8 39 ± 15 86 ± 38 16 ± 7 14 ± 9 11 ± 6
Transient 512 384 768 448 640 640

E. SEA induction of y-IFN frcm PBMC
Control 24 8 24 24 24 A 24 dPersistent 30 ± 6 33 ± 14 58 ± 25 4 ± 2° <4 ± 0U <4 ± 0Q
Transient 16 256 48 6 ND 16

ĵ Mean ± SEM, n=4.
Significant difference frcm pre-inoculation at p<.05.
^Significant difference frcm pre-inoculation at p<.025.
Significant difference frcm pre-inoculation at p<.01.
^Significant difference frcm pre-inoculation at p<.005.
TOD = not done.



Fig. 4.1 Changes in serum IFN (X ± SEM, U/ml) after inoculation with 
FeLV-KT in transiently viremic (n=3) and persistently 
viremic cats (n=4).
kkp<.025 
++p<.005
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Fig. 4.2 Changes in bone marrow plasma IFN (X ± SEM, U/ml) after 
inoculation with FeLV-KT in transiently viremic (n=3) and 
persistently viremic cats (n=4).
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Fig. 4 3 Changes in serum p27 (X ± SEM, ng/ml) after inoculation 
with FeLV-KT in transiently viremic cats (n=3) and persis­
tently viremic cats (n=4). 
p<.025
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Fig. 4.4 Changes in bone marrow plasma p27 (X ± SEM, ng/ml) after 
inoculation with FeLV-KT in transiently viremic cats (n=3) 
and persistently viremic cats (n=4).
p< .05 

**p<.025
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Fig. 4.5 Changes in numbers of lymphocytes (X ± SEM) after inocula­
tion with FeLV-KT in transiently viremic cats (n=3) and 
persistently viremic cats (n=4), and in an uninoculated 
normal cat.
*p<.05
+p<.01
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Fig 4.6 Changes in the lymphoblast transformation stimulation 
indices (X ± SEM) of PBMC of transiently viremic (n=l) and 
persistently viremic cats (n=4) after inoculation with 
FeLV-KT and in an uninoculated normal cat (n=l).
p<.025

++p<.005
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