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ABSTRACT

Purified iron-saturated human lactoferrin (LF) was assessed in vivo
for effects on the survival rates of C57BL x DBA/2 f, (hereafter called
BD2F,) (Fv-2") mice and titers of spleen focus-forming viruses (SI-1-V)
in BD2F, and DBA/2 (Fv-2") mice inoculated with the polycythemia-
inducing strain of the Friend virus complex (FVC-P). LF prolonged the
survival rates and decreased the titers of SFFV in mice given FVC-P.
Titers of SFFV, assayed 14 days after administration of FVC-P, were
measured by the spleen focus-forming unit assay in secondary mouse
recipients. Decreases in titers of SFFV were apparent when LF was given
in vivo as a single bolus dose of 200 Â¿igwithin 2 h of the Friend virus
complex (FVC), or as a total dosage of 200 ug given on days 1, 2, 4, 7,
9, and 11 after FVC-P, and to a lesser degree when LF was given as a
total dosage of 200 Â¿tgon days 3, 4, 7, 9, and 11 after FVC-P. No
decreases in titers of SFFV were detected when LF was given up to 3
days before or more than 3 days after FVC-P. LF did not appear to be
directly inactivating the viruses as it did not inactivate the SFFV or the
Friend murine leukemia helper virus in vitro. The results suggest that
the protective effect of LF in vivo is probably due to an action on cells
responding to the FVC or to an action on cells which influence the cells
responding to the FVC or which influence the virus. It has been shown
elsewhere that LF decreases the percentage of marrow and spleen he-
matopoietic progenitor cells that are in DNA synthesis in rivo and this
may be the means by which the protective effect of LF is mediated in
mice given the FVC.

INTRODUCTION

Biomolecule-cell interactions are involved in the regulation
of myelopoiesis and abnormalities in biomolecule-cell interac
tions are associated with human leukemia (1). The pathophys-
iology of murine retrovirus-induced leukemias is known (2),
and abnormalities in biomolecule-cell interactions, similar to
those detected in human leukemia, have been noted in mice
infected with the Abelson virus and the Friend virus complex
(3-5).

LF3 is a metal-binding glycoprotein synthesized in early cells

of the neutrophilic blood series and found in the secondary
(specific) granules of these cells (reviewed in Ref. l). Cells of
the mononuclear phagocyte lineage, monocytes and macro
phages, bind and have specific receptors for LF (6-10), and a
role for LF in the regulation of myelopoiesis, mediated in vitro
via decreased release of growth factors from monocytes and
macrophages, has been described by several different groups of
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investigators (10-18). LF also acts in vivo in mice to decrease
release of growth factors and to dampen myelopoiesis (11, 19-
21). Administration of LF to mice decreases both the cycling
status (percentage of cells in DNA synthesis) and the absolute
numbers of granulocyte-macrophage, erythroid, and multipo-
tential progenitor cells in the marrow and spleen (19-21). Since
viral infectivity has been associated with DNA synthesis (2), we
assessed the effects of LF in vivo on the course of the Friend
virus disease. LF was found to have a protective effect on the
survival of mice infected with the FVC-P and this was associated
with decreased endogenous levels of the spleen focus-forming
virus component of the FVC.

MATERIALS AND METHODS

Mice. C57BL/6 x DBA/2 F, (hereafter called BD2F,, Fv-2") and
DBA/2 (Fv-2") female mice, 4-6 weeks old, were purchased from

Cumberland View Farms (Clinton, TN).
Lactoferrin. Human milk LF, purchased from Sigma Chemical Co.

(St. Louis, MO), was purified, fully iron saturated (10), and for some
of the experiments depleted of endotoxin by removing the material that
gelled in the presence of the Limulus lysate (Sigma) (10). LF was
quantitated using an Â¡mmuiuÂ»radiometrieassay for LF prior to use (10).
Controls included McCoy's medium 5A (Gibco Laboratories, Grand

Island, NY) or sterile pyrogen-free saline.
Friend Virus Complex. SFFV-FRE CL2/F-MuLV clone 201, a

Friend virus complex containing a replication-defective SFFV and a
replicating helper F-MuLV clone 201 (5), was grown in NIH/Ola 3T3
or Balb/c 3T3 mouse embryo (ihnÂ»blastcell lines. Stocks of virus were
prepared as described elsewhere (5). The virus-containing filtered me
dium contained approximately 10" plaque-forming units/ml as deter

mined by the XC plaque assay for murine leukemia helper virus and
about 10s SFFU/ml. To prepare spleen extracts from erythroleukemia
mice (22) a 10% w/v spleen homogenate, in cold phosphate-buffered
saline, was centrifugea at 200 x g for 10 min and the supernatant was
filtered by 0.45-um millipore filter. Spleen extract (0.5 ml) was used
for the SFFU (23) and the XC plaque (24) assays. For SFFU assay,
spleens from secondary mice receiving spleen extracts were fixed in
Bouin's solution and the yellow focal lesions on the surface of the

spleens scored using an inverted microscope (23).
Electron Microscopic Study of the Splenic Tissue. The spleen slices

(1 mm thick) obtained from mice given injections of FVC-P were fixed
in 5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) for 48 h. The
slices were washed in cacodylate buffer, dehydrated through graded
ctHanoi, and embedded in Epon. Thin tissue sections were stained with
uranyl acetate and lead citrate and studied under the electron micro
scope (Philips 301).

Statistical Analysis. Significant differences between samples were
determined with the use of the Student's t test. A comparison of survival

curves (2-wcek intervals) was undertaken using the procedure outlined
by Colton (25) with P values given for a 1-tailed test.

RESULTS

Influence of LF on the Survival Rates of BD2F| Mice Given
Injections of FVC-P. Fully iron-saturated purified LF was as
sessed in 3 separate experiments for its effect on the survival
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rate of BD2F, mice (Fv-2sr) each given a lethal dosage of FVC-

P. In the first experiment, 16 mice were given injections i.p. of
FVC-P. Eight of these mice received LF diluted in McCoy's

medium and administered i.p. for a total dosage of 200 Mgover
a period of 12 days in equal concentrations of LF given on day
0, 4 h after the FVC-P, and then on days 2, 4, 7, 9, and 11.
Control mice were given equal volumes of McCoy's medium

5A i.p. at the same times. All 8 mice given FVC-P and then
control medium were dead by 12 weeks after FVC-P inocula
tion, but 4 of 8 mice receiving FVC-P and then LF were still
alive 52 weeks after FVC-P inoculation, when the experiment
was terminated (survival curve not shown). The differences
between the 2 groups were statistically significant (z value of
2.62, P< 0.01). In the second experiment (Fig. \A) the protocol
was similar except that the total final dosage of 200 ^g LF was
given over the time period of days 1,2,4, 7, 9, and 11. Mice
given inoculations of FVC-P and control medium all were dead
within 32 weeks of the FVC-P injection; but in the group given
LF, 8 of 15 mice were still alive after 52 weeks, when the
experiment was terminated. The 2 survival curves were signifi
cantly different (z value of 2.85, P < 0.01). In the third experi
ment (Fig. IB) the protocol was similar to the second experi
ment except that the FVC-P, LF, and control medium were
administered i.v. rather than i.p. All 20 mice receiving the FVC-
P and control medium were dead by 11 weeks after FVC-P
inoculation, but 6 of 20 mice receiving FVC-P and LF were
alive 30 weeks after the FVC-P injection when the experiment
was stopped. The two survival curves were statistically different
(z value of 2.64, P < 0.01).

Effect of LF on SFFV in BD21 , Mice Given Injections of
FVC-P. Virus particles were detected in the spleens of mice
given FVC and then control medium (Figs. 2 and 3). In order
to better understand the effects of LF on prolongation of the

Oâ€”-O FV (Day 0} â€¢LF (200*ig total, days 0-14)

FV (Day 0) * Control Medium

Weeks after Injection with Friend Virus Complex (FVC-P) i.p. with and without

Lactoferrin (LF) A

oâ€”o FV (Day 0] Â«LF (200(ig total, days 0-14)

FV (Day 0) Â»Control Medium

6. ^â€” "20

Weeks after Injection with Friend Virus Complex (FVC-P) i.V. with and without

Lactoferrin (LF) B

Fig. 1. Comparison of the survival curves of HI)2I , mice given injections i.p.
(A) or i.v. (B) with the FVC-P and then treated with either control (McCoy's)
medium or a total dosage of 200 tig fully iron-saturated purified human LF given
on days 0, 2, 4, 7, 9, and 11. When LF was given on day 0, it was 4 h after the
administration of the FVC-P. Fractions at the end of the survival curves, number
of mice surviving at the end of the experiment over the number of mice in that
group.

survival of mice given the FVC-P, LF was assessed in vivo for
its effects of SFFV. This was determined by the numbers of
SFFU in secondary BD2F, mice given injections i.v. of extracts
of spleens from primary mice first given FVC-P and then given
either control medium or LF. Mice were given injections of
FVC-P i.v. and then of LF or control medium i.v. as described
in the legend to Table 1. LF decreased significantly the numbers
of SFFU when given in a total dosage of 200 ng over days 0-
11, 1-11, or 3-11 (Table IA) to the primary mice. Decreased
SFFU in the spleens of the secondary mice correlated well with
the decreased weight of the spleens of these secondary mice
(Table \B). After these experiments were performed, it was
found that both the control McCoy's medium and the LF,
which had been diluted in the McCoy's medium, contained

approximately 0.1 to 1.0 Â¿igendotoxin per ml, as determined
by the Limulus lysate test. The iron-saturated purified human
LF was depleted of endotoxin (<0.1 ng per injection), diluted
in sterile pyrogen-free saline, and assessed for its effects on
spleen focus-forming viruses in mice 15 days after they were
given FVC-P in comparison to mice given FVC-P and then
sterile pyrogen-free saline. Endotoxin-depleted LF had a sup-
pressive effect on numbers of SFFU only when administered
for a total dosage of 200 ^g from days 1 to 11 (days 1, 2, 4, 7,
9, and 11) or days 3 to 11 (days 3, 4, 7, 9, and 11) after FVC-
P. Starting the administration of LF on day 1 after FVC-P was
more effective by 1 log unit of virus titer than starting the
injections on day 3 after FVC-P. There were no differences in
numbers of SFFU in comparison to mice treated with control
medium when LF was given on days 7 to 11 after FVC-P, on
day 11 after FVC-P, or on days 14 to 3, days 7 to 3 or day 3
prior to FVC-P inoculation. When endotoxin-depleted LF was
given as a single bolus injection of 200 iig/mouse within 2 h
after inoculation of the FVC-P, LF decreased the numbers of
SFFU (Table 2).

Influence of LF on SFFV in DBA/2 Mice Given Injections of
FVC-P. After the above results were obtained, several groups
of BD2F, mice were found to be ultrasensitive to the FVC-P
and all of these mice died within 1-2 weeks after injection of
FVC-P in comparison to the 11-32 weeks noted in Fig. 1, A
and A, for the survival rate of mice given FVC-P. The differ
ential sensitivity of these BD2Fi mice could not be attributed
to the virus preparation since the same frozen stock of virus
was used at the same dilution. Administration of a single bolus
dosage of 200 n% LF given within 2 h after the FVC-P or as
multiple injections starting on day 0 had no effect on the
survival of these latter batches of BD2F, mice that were dying
within 2 weeks after FVC-P injection. At this time, we switched
to using DBA/2 mice which are homozygous at the Fv-2 locus
(Fv-2ss) for sensitivity to the FVC. Studies with these mice

(Table 3) were similar to our initial studies with the BD2F,
mice. In 2 separate experiments giving FVC-P-inoculated
DBA/2 mice a total of 100 MgLF 6 h prior to FVC-P and on
days 2, 4, 6, 9, and 11 after FVC-P and in 4 other separate
experiments giving a bolus dosage of 100 ng LF 2 h prior to
FVC-P, endotoxin-depleted LF significantly reduced the num
bers of SFFU in these mice.

Effect of LF in Vitro on SFFV and on the F-MuLV. In order
to evaluate whether LF could directly inactivate SFFV or F-
MuLV, NIH 3T3 cells producing SFFV and F-MuLV were
incubated for 18 h with McCoy's medium, sterile pyrogen-free
saline, up to 10 Â¿tgLF/ml diluted in McCoy's medium, or up
to 10 Mgendotoxin-depleted LF/ml. The virus-containing con
ditioned medium was assessed undiluted and at dilutions of
10"' to 10~4 for numbers of SFFU (3 mice/point for each of 2
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Fig. 2. Friend virus particles (arrow) adja
cent to a leukemia cell in the spleen of a KD2I ,
mouse given injections i.v. 15 days earlier with
the FVC-P and control medium. A, x 14,000,
B, x 70,000.

Fig. 3. Budding of a virus particle (arrow)
at the surface of a leukemia cell undergoing
mitosis in the spleen of a HI>-I , mouse given
injections i.v. 15 days earlier with the FVC-P
and control medium. A, x 14,000, B, x 70,000.

B

experiments) and undiluted for numbers of plaque-forming
units using the XC plaque assay (2 experiments). LF had no
influence on numbers of SFFV. Control numbers of SFFU were
respectively too numerous to count, 5Â±2, 0, and 0 for 10Â°to
10 ' dilutions of virus-containing conditioned medium. The

carry-over effect of LF, which was 1 /Â¿g/mouse,had no effect
in vivo on numbers of SFFV in mice infected with the FVC-P.
LF also had no effect on numbers of plaque-forming units/ml
which were in the range of IO5 for all treatments.

DISCUSSION

The protective effect of LF on survival of mice given injec
tions of FVC-P was closely associated with decreased levels of
SFFV. These results are consistent with morphological studies
on the spleens of mice receiving FVC-P (26). Leukemia cells

were found in the red, but not in the white, pulp of the spleen.
The white pulp was greatly enlarged and LF decreased greatly
the numbers of leukemia cells in the spleens of these mice.

LF did not inactivate SFFV or F-MuLV directly, as deter
mined by the lack of effect of LF in vitro on these viruses. This
suggests that the effects of LF in vivo were on the cells that can
be infected by the viruses, and/or on other cells which then
influence the viruses themselves, or on the cells that can be
infected by the viruses. Since LF decreases the percentage of
marrow and spleen hematopoietic progenitors in DNA synthe
sis (19-21) and virus infectivity is associated with the DNA-

synthesis phase of the cell cycle (2), the protective effects of LF
probably relate to its capacity to decrease the cycling status of
the hematopoietic progenitor cells in vivo. It has been suggested
that the action of LF in vivo on hematopoietic progenitor cells
is mediated by decreased release of growth factors, since LF
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Table 1 EffectofLF on spleenfocusforming virusesin primary BD2Ftmice
given injectionsof the FVC-P

BD2F, micewere given injections i.v.of the FVC-P and then givenMcCoy's
medium i.v. on days 0, 2, 4, 7, 9, and 11 or a total final dosage of 200 ng fully
iron-saturated purified human LF i.v. on days 0, 2, 4, 7, 9, and II, days 1, 2, 4,
7, 9, and 11,or days 3, 4, 7, 9, and 11. When LF was givenon day 0, it was 4 h
after the administration of FVC-P. Mice were sacrificed 14 days after receiving
the FVC-P and spleen extracts were given to secondaryBD2F| mice in order to
evaluatethe numbersof SFFU and the spleenweight.Resultsare the averagesof
4 primary mice per group. The spleen extracts from each primary mouse were
assessedin 3 secondarymice.

SFFU per dilution of spleenextractDilution

of
extractA)

SFFU10Â°IO'1io-2io-3io-4IO"'io-4B)

Weight (g)
10Â°io-1io-2io-3io-io-5io-"FVC-P

+
control

mediumTNTCÂ°TNTCTNTCTNTCTNTC15Â±702.7

Â±0.12.1
Â±0.21.7
Â±0.10.8
Â±0.10.2

Â±0.020.1
Â±0.010.1

Â±0.01FVC-P

+LF
(days0-

11)TNTCTNTC6

Â±2Â»0*0*0*01.8

Â±0.1*0.7
Â±0.1*0.1
Â±0.01*0.1

Â±0.01*FVC-P

+ LF
(days1-11)TNTCTNTC7

Â±3*0*0Â»0*02.3

Â±0.1*1.5
Â±0.2*0.1
Â±0.01*0.1

Â±0.01*FVC-P

+ LF
(days3-11)TNTCTNTC24

Â±4*0*0Â»0*02.3

Â±0.1*1.2
Â±0.1*0.2

Â±0.01*0.1
Â±0.01*

â€¢TNTC, numbersof SFFU were too numerous to count.
*Significantlydifferent (/' at least < 0.001) from mice givencontrol medium

when usingsame dilution of spleenextract.

Table 2 Influenceof a singleinjectionof endotoxin-depletedLF givenon day 0
on spleenfocusforming virusesinprimary BD2F,micegiven injections

of the FVC-P
BD2F, mice were given injections i.v. of the FVC-P and then given one

injection i.v. of either sterile pyrogen-freesaline or 200 *igendotoxin-depleted
fully iron-saturated human LF within 2 h of the FVC-P. Six primary mice in
each group were sacrificed15 days later and spleen extracts from each primary
mouse were givenby injection i.v. into 2 secondary HI)2F, recipients for meas
urement of numbersof SFFU.

Dilution of
extract10Â°io-1

io-2
io-3
io-1SFFUFVC-P

+salineTNTC*

TNTC
TNTC35

Â±4
4Â±1FVC-P

+LFTNTC32

Â±7*
6 Â±2Â»

0.3 Â±0.2*
0*

' TNTC, SFFU are too numerous to count.
*Significantlydifferent (/' at least < 0.001) at that specificdilution of spleen

extract from SFFU of micegivensalinecontrol.

decreases the release in vitro of granulocyte-macrophage col
ony-stimulating factor ( 12) and of a monokine (13-15), recently
identified as interleukin-1 (27-29), which then trigger other
cells such as fibroblasts, endothelial cells, and T-lymphocytes
to release factors that stimulate colony formation in vitro by
granulocyte-macrophage progenitor cell and in the presence of
erythropoietin stimulates colony formation by multipotential
progenitor cell and enhances colony formation by erythroid
progenitor cell. Mice treated with LF have lower levels of serum
colony-stimulating factors than do control mice, and organs
removed from mice pretreated with LF release fewer colony-
stimulating factors in vivo than do organs removed from control
mice (11). The inability of LF to protect mice from the FVC-
P, when LF is given to mice up to 3 days prior to inoculation
with the FVC-P, reflects the reversible action of LF in vivo.
The effects of LF on cycling status of hematopoietic progenitors
requires concentrations of LF greater than 10 Â¿Â¿g/mouse,which
is gone by 48 h after LF administration (19,20). The decreasing
inability of LF to protect mice from the FVC-P, when LF is

Table 3 Effectof endotoxin-depletedLF on spleenfocus-formingvirusesin
primary DBA/2 mice given injectionsof the FVC-P

Two different protocols were used. In Part A, DBA/2 mice were given injec
tionsi.v.witheither sterilepyrogen-freesalineor a finaltotal dosageofendotoxin-
depletedLF givenon day 0, 6 h prior to i.v. injectionof FVC-P and then also on
days 2, 4, 6, 9, and 11. Mice were sacrificed 15 days after receivingthe FVC-P.
The numbersof SFFU shown are the averagesof data from spleen extracts of 8
primarymicein both control and LF groups(in a total of 4 separateexperiments),
each assessed in 2 secondary DBA/2 mice. In Part B, DBA/2 mice were given
injections i.v. of either sterile pyrogen-freesaline or 200 *tgendotoxin-depleted
LF 2 h prior to injection i.v. of the FVC-P. Mice were sacrificed 15 days after
receivingthe FVC-P. The SFFU shown are the averages of data from spleen
extractsof 6 primary micein both control and LF groups (in a total of 2 separate
experiments),each assessedin 2 secondaryDBA/2 mice.

Dilution ol
extractPart

Aio-1

io-2
io-'

io-4Part
Bio-1

io-2
io-3
io-4SFFUFVC-P

+salineTNTC"(JV=6)*

TNTC (N = 6)
35 Â±6 (N = 5) TNTC (N = 1)
5 Â±2 (N =6)TNTC

(N = 8)
TNTC (N = 6) 28 Â±2 (N = 2)
33 Â±9 (N = 8)
3Â±1 (N=8)FVC-P

+LF32

Â±10(A'=5)TNTC(Ar =
^Â±9(^=6)
2 Â±2 (N = 6)

0(^ =6)54Â±6(JV=6)TNTC(;V

=
13 + 5(^=8)
2Â±1(/V=8)

0(JV=8)â€¢1)2)
*TNTC, SFFU are too numerous to count.
*Numbers in parentheses,numberof primary mice used for each point.

given to mice 3 or more days after the inoculation of FVC-P,
probably relates to the infectivity already beginning and the
insensitivity of the target cells, monocytes, and macrophages
from FVC-injected mice, to the actions of LF in vitro with time
after FVC-P infection (5).

Another possibility for the protective effects of LF in mice
given injections of the FVC-P that cannot yet be ruled out is
that LF is causing the release in vivo of factors which then
directly inactivate the FVC-P or one of its component viruses
or that it is priming certain cells to attack tumor cells. It is
clear from studies in vitro that 1 molecule can have more than
1 action, including suppressing or enhancing the release of
several biomoiecules from cells (1), and LF has numerous
activities in vitro (10) including the enhancement of monocyte
natural killer activity (30), enhancement of hydroxyl radical
production (31), and modulation of activation of the comple
ment system (32).
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