JOURNAL OF VIROLOGY, Aug. 1999, p. 6468-6473
0022-538X/99/$04.00+0

Vol. 73, No. 8

Lymphocyte Deficiencies Increase Susceptibility to Friend
Virus-Induced Erythroleukemia in Fv-2 Genetically
Resistant Mice

KIM J. HASENKRUG*

Laboratory of Persistent Viral Diseases, Rocky Mountain Laboratories, National Institute of Allergy and
Infectious Diseases, National Institutes of Health, Hamilton, Montana 59840

Received 17 February 1999/Accepted 4 May 1999

The study of genetic resistance to retroviral diseases provides insights into the mechanisms by which
organisms overcome potentially lethal infections. F'v-2 resistance to Friend virus-induced erythroleukemia acts
through nonimmunological mechanisms to prevent early virus spread, but it does not completely block
infection. The current experiments were done to determine whether Fv-2 alone could provide resistance or
whether immunological mechanisms were also required to bring infection under control. Fv-2-resistant mice
that were CD4™* T-cell deficient were able to restrict early virus replication and spread as well as normal
Fv-2-resistant mice, but they could not maintain control and developed severe Friend virus-induced spleno-
megaly and erythroleukemia by 6 to 8 weeks postinfection. Mice deficient in CD8" T cells and, to a lesser
extent, B cells were also susceptible to late Friend virus-induced disease. Thus, Fv-2 resistance does not
independently prevent FV-induced erythroleukemia but works in concert with the immune system by limiting
early infection long enough to allow virus-specific immunity time to develop and facilitate recovery.

Understanding mechanisms of genetic resistance to retrovi-
ral infections may lead to new ideas and methods for prevent-
ing or treating human diseases caused by agents such as human
immunodeficiency virus or human T-cell leukemia virus type 1.
One of the best-studied models for investigating such resis-
tance is the Friend virus (FV) model in mice. Four major
histocompatibility complex (MHC) genes (H-2 in the mouse)
(6, 33, 38, 45) and one non-MHC gene, Rfi-3 (5), operate
through immunological mechanisms to provide resistance.
Such immunological resistance does not prevent infection, but
it is extremely important in recovery from infection. In addi-
tion, there are six genes (Fv-1 through Fv-6) which confer
various degrees of resistance through nonimmunological
mechanisms (see references 2, 4, and 18 for reviews). This
study examines how immunological deficiencies impact the
potent resistance conferred by the nonimmunological gene,
Fv-2.

FV is a complex of two retroviruses, a replication-competent
helper virus and a replication-defective virus. The helper virus
is Friend murine leukemia virus (F-MuLV), which encodes the
structural proteins necessary for virus particle formation (25).
The F-MuLV proteins are important in the recognition of FV
by the immune system (9, 11, 14, 21, 22, 37). The defective
component is spleen focus-forming virus (SFFV) (25), which is
packaged in virions only if the host cells are coinfected with
helper virus. SFFV is closely related to endogenous mouse
retroviruses, and these viruses do not elicit protective immune
responses (17), probably because of immunological tolerance.
When adult mice of Fv-2-susceptible strains (Fv-2* or Fv-2"")
are infected with FV complex their spleens rapidly enlarge,
increasing in weight up to 10-fold by 2 weeks postinfection (14,
34, 52). This enlargement is due to an inappropriate mitotic
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signal caused by the binding of SFFV gp55 envelope glyco-
proteins to erythropoietin receptors (epoR) on erythroid pre-
cursor cells in the spleen and does not occur in Fy-2-resistant
(Fv-2"y mice (13, 18). The binding of gp55 to epoR in Fv-2-
sensitive mice stimulates uncontrolled erythroblast prolifera-
tion and increases the migration of erythroid precursors from
the bone marrow to the spleen (12, 19, 32). Such expansion of
mitotically active target cells is thought to be essential for
FV-induced malignant transformations because of the in-
creased probability of proviral integrations at the Spi-1 (ets)
c-oncogene locus (39-41, 44, 48) and at the pS53 tumor sup-
pressor gene (23, 24, 31, 43).

The exact mechanism of Fv-2 resistance is not understood,
but several studies have indicated that the resistance is an
intrinsic property of the erythroblast targets, probably related
to their mitogenic status (1, 49, 51). Fv-2-resistant mice, such as
B6 mice, become infected by FV and synthesize SFFV glyco-
proteins (34), so the effect is a reduction but not a complete
prevention of FV infection. Thus, the immune system may be
involved in the resistant phenotype through the elimination of
virus and virus-infected cells. Immunological mechanisms have
been implicated in Fv-2 resistance by reports that nude Fv-2-
resistant mice are susceptible to FV-induced erythroleukemia
when infected at very high doses of FV (27). In addition,
specific T-cell immunosuppression with anti-Thy-1.2 antibody
in Fv-2-resistant mice has been shown to increase susceptibility
to FV infection (53). In the current experiments, the role of the
immune system in the resistant phenotype of Fv-2"" mice is
more carefully examined by studying FV infections in mice that
are immunocompromised due to specific gene inactivations
which disrupt development of B cells, CD4™" T cells, or CD8"
T cells.

MATERIALS AND METHODS

Mice. The mice used in this study were age- and sex-matched mice of 3 to 6
months of age at experimental onset. (B10 X A.BY)F; mice were bred at Rocky
Mountain Laboratories from Jackson Laboratories stock animals. C57BL/6 mice
were also obtained from Jackson Laboratories. B-cell-deficient mice were
C57BL/6-Igh-6"™'“e" (28) (N8 generation) and were obtained from Klaus Ra-
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FIG. 1. Effects of gene inactivations on circulating lymphocyte percentages. Fresh blood samples with erythrocytes lysed and removed were analyzed by flow
cytometry for the cell surface antigens CDS8, CD4, and B220. B-cell percentages were determined by cells which stained positive for B220 and negative for CD4 and

CD8. Each dot represents the determination from a single mouse.

jewsky through Jackson Laboratories. The animals were confirmed to be ho-
mozygous knockouts by flow cytometric analysis showing <0.2% positive staining
for B220 antigen and cell surface immunoglobulin. As controls for the experi-
ment in Fig. 5, nine Fv-2"% B-cell-deficient mice were obtained by back-crossing
(B6pMT X ABY)F, to B6uMT, typing the offspring for lack of cell surface
immunoglobulin and B220 antigens and for development of rapid FV-induced
splenomegaly. CD4-deficient mice were C57BL/6CD4™! (N6 generation) and
were generously provided by Dan Littman (26, 35). Fewer than 0.2% of the
peripheral blood nucleated cells from these mice stained positive for CD4 by flow
cytometry. CD8-deficient mice were C57BL/6B2m (N6 generation) and were
generously provided by Maarten Zjilstra (54). In these mice, fewer than 0.3% of
the peripheral blood nucleated cells stained positive for CD8 by flow cytometry.
All animals were treated in accordance with the regulations of The National
Institutes of Health and the Animal Care and Use Committee of Rocky Moun-
tain Laboratories.

CD8* T-cell depletions. T-cell depletions were performed as described earlier
(7, 16). Briefly, mice were inoculated intraperitoneally with 0.5 ml of supernatant
fluid obtained from rat hybridoma 169.4 producing immunoglobulin G2b anti-
mouse CD8 monoclonal antibodies. Mice were inoculated three times per week
for 2 weeks after infection with FV.

Virus challenge and splenomegaly. Mice were challenged by an intravenous
injection of 1,500 spleen focus-forming units (SFFU) of B-tropic, polycythemia-
inducing FV complex (stock number FV-B 38-30) propagated as described pre-
viously (14). The standard procedure for monitoring the progression of Friend
disease is palpation of splenomegaly (8, 11, 46), and this method was used in a
blinded fashion as recently described (14). In the experiment testing for disease
induction by helper virus alone, the mice were injected intravenously with 10*
focus-forming units of B-tropic F-MuLV (stock number LLV-B 25-37).

Virus-neutralizing antibody assays. For the virus-neutralizing antibody assays,
freshly frozen plasma samples were heat inactivated (56°C, 10 min), and serial
twofold dilutions were incubated with virus stock in the presence of complement
at 37°C as previously described (42). The samples were then added to cultures of
Mus dunni cells (30) that were pretreated with 4 pg of polybrene per ml; the cells
were then cultivated for 5 days, fixed with ethanol, and stained with F-MuLV
envelope-specific monoclonal antibody 720 (47), followed by the addition of goat
anti-mouse peroxidase conjugate (Cappel, West Chester, Pa.) and development
with 3-amino-9-ethylcarbazole substrate to detect foci. The titer was defined as
the highest plasma dilution giving 75% neutralization of input virus.

Infectious center assays. Single-cell suspensions from infected mouse spleens
were cocultivated with M. dunni cells at 10-fold dilutions ranging up to 107 spleen
cells per well of a 6-well tissue culture dish, and the cultures were treated to
detect infectious centers as described above for the virus-neutralizing antibody
assay.

Flow cytometry. Single-cell suspensions from infected mouse spleens with
erythrocytes lysed by ammonium chloride-Tris were stained and analyzed by
using a FACStar flow cytometer (Becton Dickinson Immunocytometry Systems,
San Jose, Calif.) modified for five-parameter analysis. Ter-119 was used to stain
erythroid lineage cells (20), followed by the use of fluorescein isothiocyanate
(FITC)-labeled goat anti-rat immunoglobulin (Pharmingen, San Diego, Calif.).
FITC and phycoerythrin-labeled antibodies specific for CD4, CDS§, and B220 for
staining of blood cells were also obtained from Pharmingen.

RESULTS

To determine whether specific subsets of lymphocytes were
involved in the resistance of B6 mice (Fv-2"") to FV-induced
erythroleukemia, B6 mice with deficiencies in CD8™ T cells,
CD4™" T cells, and B cells were analyzed. The normal levels of
each lymphocyte subset in the peripheral blood of each of the
B6 strains was determined by flow cytometry to confirm the
phenotype. All strains had <1% expression of the deficient cell
type (Fig. 1). It should be noted that the specific gene inacti-
vations affected the percentages of lymphocytes other than the
targeted ones. For example, the CD4-deficient mice had sig-
nificantly higher percentages of CD8" cells and significantly
lower percentages of B cells. In both the CDS8- and B-cell-
deficient strains, there were compensatory increases in the
numbers of the lymphocyte subsets not targeted for inactiva-
tion (Fig. 1).

CD8-deficient mice were infected with FV and monitored
for disease induction by spleen palpation. Fv-2-susceptible con-
trol mice that had been depleted of CD8" T cells were also
infected. As expected, all of these control mice had grossly
enlarged spleens by 2 weeks postinfection (Fig. 2). In contrast,
only 1 of 10 CD8-deficient Fv-2" mice had mild and transient
splenomegaly at the 2-week time point (“early time point”).
However, beginning at 6 weeks postinfection, increasing num-
bers of CD8-deficient mice became splenomegalic, and 80%
were positive by 8 weeks postinfection (“late timepoint”). In-
terestingly, two of these mice later recovered from splenomeg-
aly. The remaining splenomegalic animals had to be eutha-
nized due to severely enlarged spleens and clinical signs of
terminal erythroleukemia. None of the normal B6 mice that
were infected with FV became splenomegalic or showed other
clinical signs of illness. Thus, CD8™" T cells were not necessary
for Fv-2-mediated control of early splenomegaly but were re-
quired in most animals to prevent late splenomegaly.

Next, CD4-deficient mice were used to determine whether
CD4" T cells were also necessary to control FV-induced
splenomegaly. These mice had no palpable splenomegaly at
the early time point, but by between 6 and 11 weeks postin-
fection 80% of the mice became severely splenomegalic (Fig.
3). In contrast to the CD8-deficient mice, none of the CD4-
deficient mice recovered from FV-induced splenomegaly. The
splenomegaly became progressively more severe, and all of the
mice had to be euthanized. Thus, deficiencies in the CD4™" or
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FIG. 2. Effect of CD8 deficiency on FV-induced splenomegaly. All mice were
infected with 1,500 SFFU of FV complex at time zero. Symbols (number of mice
in each group): O, normal B6 (n = 24); ®, CD8-deficient B6 (n = 10); m, Fy-2"
(B10 X A.BY)F,; CD8-depleted mice (n = 8; the F, mice had to be euthanized
at 6 weeks postinfection due to severe FV-induced splenomegaly). The differ-
ence between the CDS8-deficient B6 group and the (B10 X ABY)F, CD8-
depleted group was highly significant (P = 0.0004 by the Fisher’s exact test).

CD8™" T-cell subsets did not significantly alter host suscepti-
bility to early splenomegaly, but deficiencies in either subset
resulted in a late-onset splenomegaly induced by FV infection.

Infectious center (IC) assays were performed on the CD4-
deficient mice to determine the effect of this deficiency on the
spread of virus in the spleen. CD4 deficiency did not increase
the number of spleen ICs compared to normal B6 mice by 1
week postinfection (Table 1). In contrast, Fv-2"7*-susceptible
control mice at the 1-week time point had over 10 times as
many infected spleen cells as did the B6 mice. By 30 days
postinfection, the situation had changed dramatically. While
the normal B6 mice had a >10-fold decrease in their mean IC
number, the CD4-deficient mice showed a 100-fold increase.
These results were consistent with the splenomegaly data and
indicated that the ability of normal B6 mice to bring down the
level of infected cells in the spleen was dependent on CD4™" T
cells.

To determine which types of cells were proliferating to cause
splenomegaly in the CD4-deficient mice, spleen cell suspen-
sions were stained with lineage-specific antibodies for analysis
by flow cytometry. Figure 4 shows staining with an erythroid
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FIG. 3. Effect of CD4 deficiency on FV-induced splenomegaly. All mice were
infected with 1,500 SFFU of FV complex at time zero. Symbols (number of mice
in each group): ¢, CD4-deficient B6 mice infected with FV complex (n = 20); <,
CD4-deficient mice infected with 10* focus-forming units of B-tropic F-MuLV
helper virus (n = 14).
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TABLE 1. Effect of CD4™ T-cell deficiency on F-MuLV helper
virus replication

Fy2 Mean IC titer/spleen at:
Mouse strain
type 8 dpi. 30 d.p.i.
B6 rlr 4.1 % 10° 1.1 x 10*
CD4-deficient B6 rlr 1.3 x 10° 1.4 x 107
(B10 X A.BY)F, r/s 4.9 X 10° ND

“ The numbers of mice in each group used to determine log;, geometric mean
titers were as follows: for B6 mice, n = 5; for B6 CD4 KO mice, n = 5; for (B10 X
A.BY)F, mice, n = 7. ND, not determined; d.p.i., days postinfection. Hemat-
ocrits in the B6- and CD4-deficient B6 mice were both in the normal range at 1
week and 4 weeks postinfection. Hematocrits became abnormally high coinci-
dent with gross splenomegaly in the CD4-deficient B6 mice (data not shown).

cell marker (Ter-119) comparing spleen cells from an unin-
fected CD4-deficient mouse to those from an infected mouse
with late-onset splenomegaly. The infection with FV caused a
shift from 5% Ter-119-positive cells in the spleen to 75%
positive. This finding demonstrated that the splenomegaly in
this mouse was due to proliferation of cells in the erythroid
lineage.

The early splenomegaly induced by FV infection of Fv-2-
susceptible animals is due to SFFV-stimulated proliferation of
erythroid precursor cells which was not seen in the CD4- and
CD8-deficient mice. The late timing of the splenomegaly in the
CD4- and CD8-deficient mice suggested that SFFV might not
be involved. However, infection of CD4-deficient mice with
F-MuLV helper virus only (no SFFV) did not produce any
clinical signs in the 14 mice tested (Fig. 3). This indicated that
SFFV was a necessary component of the FV complex for the
induction of pathogenesis in Fv-2-resistant mice.

It was previously shown that FV-neutralizing antibody was
necessary for the control of virus in Fv-2-susceptible mice (3, 5,
15). Since the FV-specific antibody response is T-cell depen-
dent (50), part of the susceptibility of the CD4-deficient mice
might have been due to lack of help for B cells. In addition, the
diminished number of circulating B cells in the CD4-deficient
mice (Fig. 1) could have contributed to their susceptibility.
Therefore, it was of interest to determine whether B-cell de-
ficiencies would also affect disease in Fv-2-resistant mice. Like
the T-cell-deficient mice, most B-cell-deficient mice were also
resistant to early splenomegaly (Fig. 5). By comparison, B-cell
deficiency on an Fv-2-susceptible background resulted in very
rapid and severe splenomegaly with no recovery (Fig. 5). By 9
weeks postinfection, 25% of the B6 B-cell-deficient mice de-
veloped severe splenomegaly; significantly more than was ob-
served in normal B6 mice (P = 0.0219 by Fisher’s exact test).
Thus, B-cell deficiency had a demonstrable but relatively weak
effect on the development of splenomegaly. As expected, no
virus-neutralizing antibodies were detectable in any of the B-
cell-deficient mice tested at 30 days postinfection. In contrast,
all nine immunocompetent mice tested had detectable virus-
neutralizing antibody titers, with a geometric mean titer of 5.4
doubling dilutions (data not shown). Since the B-cell-deficient
mice were less susceptible than the CD4-deficient mice, the
high incidence of late splenomegaly in the CD4-deficient mice
was probably not entirely due to a lack of virus-neutralizing
antibody production.

DISCUSSION

The Fv-2 gene has not yet been identified, and its mechanism
of action is still not known. The current results support the idea
that Fv-2 is not an immunological gene but that immunological
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FIG. 4. Flow cytometric analysis of erythroid cells in CD4 deficient mice. (A) Nucleated spleen cells from an uninfected CD4-deficient B6 mouse stained with the
erythroid cell surface marker Ter-119 (20) in the vertical direction. This mouse spleen contained 5.3% Ter-119" cells. (B) Ter-119 staining of spleen cells from an
FV-infected CD4-deficient mouse harvested at 7 weeks postinfection. This mouse had a grossly enlarged spleen with 1.1 X 10° total cells and 2.2 X 10° F-MuLV-positive
ICs per spleen. A total of 74.9% of the cells stained positive for the Ter-119. The percentages of the cells with surface markers for other cell lineages were also markedly
distorted. There were as follows: <1%, CD4™" cells; 1.8%, CD8" cells; 3.5%, Mac-1" cells; and 3.5%, B220™" cells. The shift in forward scatter in the infected cells

reflects a shift to a larger size.

functions certainly influence the resistant phenotype of B6
mice. Although both CD4 and CDS8 T-cell deficiencies mark-
edly increased the incidence of FV-induced splenomegaly, the
timing of the splenomegaly and the delay of virus spread
through the spleen indicated that this was not a direct effect by
Fv-2. Instead, it appeared that Fv-2 exerted normal control
over early FV replication and induction of splenomegaly but
that the mice were generally unable to maintain control and
eliminate infection in the absence of T cells. Thus, Fv-2 and the
immune system appear to act in concert to provide resistance,
with Fv-2 delaying early virus replication long enough to allow
development of a strong T-cell-mediated immune response.
B-cell-deficient mice also showed decreased resistance to
FV-induced splenomegaly, but the incidence was lower than
that observed in the T-cell-deficient mice. This lower incidence
in B-cell-deficient mice not only indicates that the major role
for CD4" T cells is not to provide help for B cells but also
indicates that antigen presentation to T cells is not a critical
function of the B-cell compartment in these mice. Further-
more, it also appears that the B-cell function of antibody pro-
duction is less important in Fy-2-resistant mice than in Fv-2-
susceptible mice, which always develop erythroleukemia in the
absence of an antibody response (5, 10, 15). The data indicate
that Fv-2 resistance can at least partially compensate for the
lack of a virus-neutralizing antibody response. Since Fv-2 re-
sistance operates primarily in the early phase of infection, it
follows that the effects of virus-neutralizing antibodies may
also be most important during the early phase of infection.
The requirement for SFFV in the induction of erythroleu-
kemia in the T-cell-deficient, Fv-2-resistant mice is interesting
since there was no early expansion of target cells induced by
SFFV gp55 (Fig. 2, 3, and 5 and Table 1). The relatively long
latency before erythroleukemia induction could reflect the ex-
tra time required to acquire integrations into oncogenic sites
such as Spi-1 (41) and p53 (43) in the absence of an expanded
target population of susceptible cells. Alternatively, the latency

time might be required for the selection of virus variants that
can overcome Fv-2 resistance (18, 36).

Since the B6 lymphocyte knockout mice were originally de-
rived from the 129 mouse strain, the question arises as to
whether 129 genes might contribute to the effects seen in the
knockouts. Each of the knockout strains was back-crossed to
B6 to at least generation N6, which statistically produces 97%
B6 genes (29). The failure of the knockout strains to become
splenomegalic (Fig. 2) and their control of early virus replica-
tion (Table 1) indicate that their Fv-2 genes were derived from
the resistant B6 parent. While it cannot be ruled out that the
late leukemias seen in the knockout mice were due to effects
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FIG. 5. Effect of B-cell deficiency on FV-induced splenomegaly. All mice
were infected with 1,500 SFFU of FV complex at time zero. Symbols (number of
mice in each group): A, B-cell-deficient B6 mice (n = 24); A, B-cell-deficient
Fv-2" control mice, BouMT X (B6pMT X A.BY)B, (1 = 9). These control mice
had to be euthanized at 6 weeks postinfection because of severe FV-induced
splenomegaly.
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from residual 129 genes, the most likely explanation is that
they were due to the specific lymphocyte deficiencies of the
mice.

Almost all strains of mice are highly susceptible to FV-
induced erythroleukemia, but the B6 mouse has a unique com-
bination of resistance and recovery genes that act in concert to
provide a highly resistant phenotype. One implication of these
results is that therapeutics or prophylactics designed to confer
resistance through mimicking or modulating single genetic
mechanisms might prove unsuccessful. Thus, a combination of
drugs and vaccination may afford much better protection than
either treatment alone.
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