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ABSTRACT

The acute erythroleukemia induced in mice by the anemia-inducing
strain of the Friend virus complex is caused to regress by normal
macrophages. We examined the possibility that reversal of leukemia is
related to a macrophage regulatory function in erythropoiesis. We found
that the ability of macrophages to induce leukemia regression correlates
with nonimmunological, in vivo suppression of normal and susceptible
leukemic erythroid progenitors. The macrophage effect on erythropoiesis
appears to be due to changes in a humoral regulator, related to but
independent of erythropoietin. The results suggest a novel regulatory
system for erythropoiesis, operative in vivo, and involving macrophages
as accessory or suppressor cells. This regulation appears to be disrupted
in erythroleukemic mice, but can be restored, and the disease can be
made to regress by treatment with normal macrophages.

INTRODUCTION

EPO4 has long been recognized as the primary regulator of

erythropoiesis (1,2). However, erythroid progenitor replication
and differentiation are now know to comprise a much more
complex developmental sequence (3-5). The control of this
process is thought to involve additional humoral factors and
specific regulatory interactions among the cells of the hemato-
poietic system, including the macrophage.

Much of the evidence supporting the role of macrophages as
regulators of erythropoiesis involves in vitro studies which
demonstrate that they produce factors that either stimulate (6-
8) or inhibit (9) the growth of committed erythroid progenitor
cells. Few studies have been carried out in vivo and, as yet, the
observed in vitro macrophage effects have not been related to
physiological regulation of the hematopoietic system.

Studies in our laboratory have focused on the role of macro
phages in the spontaneous regression of erythroleukemia in
duced by RFV (10-12). Macrophages from progresser leukemic
mice (i.e., those leukemic mice that will not regress) are pro
ductively infected with virus, have diminished phagocytic activ
ity, and stimulate in vitro erythroid colony formation. Macro
phages from rÃ©gresserleukemic mice (i.e.. those leukemic mice
that will regress) remain uninfected with virus, retain phago
cytic activity, and do not stimulate in vitro erythroid colony
formation. Treatment of progressor leukemic mice with normal,
unstimulated, syngeneic macrophages causes leukemia regres
sion (10, 11).

In studies designed to elucidate the mechanism of macro-
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phage reversal of erythroleukemia, we asked whether one factor
might be their apparent role in erythropoietic regulation, and
we have examined the in vivo effects of macrophages on the
growth and differentiation of erythroid progenitors. We report
here a parallel between macrophage effects on leukemia and
their ability to suppress in vivo erythropoiesis. This erythropo
ietic suppression was observed in normal and susceptible leu
kemic animals treated with macrophages and was only found
in the late CFU-E and not the early BFU-E compartment.
Plasma EPO levels were unchanged in macrophage-treated
versus untreated animals, and macrophage-induced suppression
could be reversed by impure EPO preparations but not by
purified EPO, suggesting that macrophage control is mediated
through a novel erythroid regulatory factor.

These results illustrate the regulatory interactions that exist
between macrophages and erythroid progenitor cells in vivo.
The data suggest that deviations in these normal regulatory
elements are involved in the cellular accumulation accompa
nying leukemogenesis and that their restoration may be used to
control leukemic erythropoiesis.

MATERIALS AND METHODS

Viruses. The variant strain of Friend virus, termed RFV, was main
tained by serial passage of cell-free virus stocks prepared from spleens
of leukemic mice (20%, wt/vol, in phosphate-buffered saline) as previ
ously described by Rich et al. (13) and stored in sealed ampuls at -70*C.

Mice were inoculated i.p. with 0.5 ml of phosphate-buffered saline
containing approximately 100 IDSOof virus. An II >â€¢,â€žcontains approx
imately 200 SFFV and 300 murine leukemia virus XC plaque-forming
units (14). The N-tropic anemic and polycythemic strains of Friend
virus (FVA and FVP, respectively) were obtained from Dr. C. Friend
and Dr. E. Minimi, respectively, and were maintained in our laboratory
by serial passage of cell-free homogenates as described above. CFV is
an N-tropic virus originally obtained from Dr. C. Friend and induces a
uniformly progressive and lethal erythroleukemia.

Animals. These experiments were carried out in inbred NIH/PLCR
mice which were originally obtained from the Veterinary Resources
Branch, NIH, and inbred in our laboratories by brother-sister matings.
Mice were routinely monitored for the absence of adventitious viruses.
Mice were checked in a coded, blind fashion biweekly by spleen palpa
tion for leukemic status. Disease status was also confirmed by spleen
weight, virus assays, and histopathology (IS, 16).

Sera. Rabbit anti-macrophage serum was prepared in our laboratory
as described previously (10). Monoclonal anti-Thy 1.2 antibody was
obtained from Cedarlane Laboratories, Hicksville, NY. Goat anti-
mouse immunoglobulin antibody was obtained from Antibodies, Inc.,
Davis, CA. Monospecific goat antisera against murine leukemia virus
gp70 were obtained from the Research Resources Branch, National
Cancer Institute. Guinea pig complement was purchased from Colorado
Serum Co., Denver, CO. Lyophilized complement was reconstituted
with sterile distilled water and stored in sealed ampuls at -70Â°C until

used.
Cell Separations and Transfers. Syngeneic peritoneal cells were ob

tained from normal unstimulated mice by washing the peritoneum with
RPMI 1630 containing 10% calf serum. Macrophages were isolated,
purified, and identified as described previously (10, 12). For transfer to
mice, the cells were resuspended to 1 x 107/ml, and 0.5 ml were given

i.p. to each animal.
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Erythroid Progenitor Assays. The plasma clot method of McLeod et with either macrophages or RBC had a mean spleen weight of
al. (17) was used for the culture of CFU-E. The methylcellulose method
of Iscove et al. (18) was utilized for the culture of BFU-E.

Antibody-mediated Depletion of Cell Population. Spleen cell and
macrophage populations were specifically depleted by antibody as de
scribed by Johnson et al. (12).

Induction of Anemia. Mice were rendered anemic by retroorbital
bleeding according to the method of HarÃ¡and Ogawa (19). Briefly,
0.75 ml of blood were removed from the retroorbital sinus of each
mouse every 24 h for 2 days for a total of 1.5 ml. Anemia was also
induced in mice by treatment with phenylhydrazine (20). Animals were
given three injections (0.4 g/10 g of body weight) over a 24-h period.
Following this treatment regimen, EPO levels rise to a maximum at
Day 4 posttreatment and return to normal levels by Day 7 (21).

Assays for Erythropoietin. We utilized the standard in vivo EPO
bioassay (22) in which erythrocythemic mice were prepared by main
tenance in a silicone rubber membrane enclosure (23). Eleven animals
were placed in a single enclosure for 2 wk. On the fifth day, posthypoxia,
mice were randomized, and groups of 15 to 20 mice each were given
injections i.p. of either saline, EPO standards, or test sera. On the
seventh day, each mouse was given 0.5 uCi of [59Fe]ferrous citrate (ICN,

Irvine, CA) in 0.5 ml of saline. Two days later, an aliquot of blood (0.1
ml) was removed from each animal for determination of 59Fe uptake

and hematocrit value as determined by Camiscoli and Gordon (24).

RESULTS

Induction of Leukemia Regression by Macrophages. We have
previously reported that treatment of CFV leukemic mice with
small numbers of peritoneal macrophages causes clinical regres
sion of their disease (10). To expand these observations, we
tested whether macrophage treatment could induce regression
in mice inoculated with other Friend virus strains that differ in
their effects on the hematopoietic system: the FVP strain, which
induces a lethal leukemia with hypervolemic polycythemia,
characterized by CFU-E that grow and differentiate independ
ently of EPO (25, 26); and the FVA strain, which induces a
lethal erythroleukemia associated with mild anemia and char
acterized by CFU-E that retain their dependence on EPO for
growth and differentiation (27, 28). (The CFV and RFV strains,
which cause lethal and regressing erythroleukemias, respec
tively, are hematologically identical to FVA.) Additionally, it
was of interest to compare regressions induced with macro
phages to the earlier reported ability of transfusion with syn-
geneic mouse RBC to cause temporary reversal of Friend viral
erythroleukemia (29).

As previously shown for leukemia induced by CFV (10), the
disease induced by FVA was reversed by macrophages, but FVP
leukemia was not (Table 1). At Day 35 post virus, the spleen
weight of untreated FVA or FVP leukemic mice was 1.86 Â±
0.52 (SD) g, whereas mice that had been induced to regress

Table 1 Effect of macrophages and RBC on erythroleukemia

Cells
Virus*transferred*FVA

None
RBCMacrophageFVP

None
RBCMacrophageRegressed/

leukemic1/24

10/25C
10/22'0/25

1/34
0/33Leukemia

regression(%)4

40
450

3
0

Â°Mice were given i.p. 0.5 ml of phosphate-buffered saline containing 100 IDÂ»

of virus.
*Five x 10* purified normal resident macrophages or 0.5 ml of 50% packed

syngeneic RBC were given i.p. or i.V.,respectively, to each mouse at 21 days post-
virus inoculation.

' Significantly different from control (no treatment), P < 0.01 (x2).

0.31 Â±0.03. The decrease in spleen weight was not observed
until 14 days after macrophage transfer. Results obtained with
RBC transfusion directly paralleled those with macrophages.

Effects of Macrophages and RBC on CFU-E in Vivo. The
similarity in effects of macrophages and RBC on Friend virus
leukemias suggested that they might act through the same
mechanism. Hypertransfusion has been shown to suppress
erythropoiesis by affecting both EPO levels (30) and CFU-E
numbers (19), suggesting that this regulatory level might be the
locus for the effects of macrophages on erythroleukemia. The
marked distinction in effects on EPO-dependent (FVA and
CFV) versus EPO-independent (FVP) leukemias further
pointed to an action at the EPO/CFU-E level as the potential
mechanism for the macrophage effects.

To test this, normal and leukemic mice were treated with
macrophages or RBC, and 5 days later the spleens were removed
and assayed for numbers of CFU-E. As shown in Table 2,
macrophages caused a marked decrease in the numbers of
splenic CFU-E in normal and FVA leukemic mice, whereas
they had no effect on the numbers of CFU-E from FVP leu
kemic mice. In time course experiments, macrophage-induced
suppression of CFU-E was found to be maximum at Day 5
post-macrophage treatment. At this time post transfer, the
spleen weights from animals treated with macrophages or RBC
remained unchanged. The transfer of RBC also significantly
suppressed CFU-E numbers in FVA but not FVP leukemic
mice.

We have previously shown that macrophages from leukemic
progressor mice, which are infected with virus, are incapable of
inducing leukemia regression (10). Infected macrophages were
also incapable of suppressing CFU-E in FVA leukemic mice
and indeed caused a significant enhancement of CFU-E levels
(Table 2, Experiment 2). Previous results from our laboratory
suggested that virus-infected macrophages may be less mature
or more like activated cells than normal, mature macrophages
(10, 12). Transfer of exudate-induced peritoneal cells signifi
cantly stimulated the CFU-E found in the spleen. Stimulation
was observed irrespective of the exÃºdate eliciting agent used.

To confirm that suppression of spleen erythropoiesis was due

Table 2 Effect of cell transfer on normal and leukemic erythropoiesis

Virus"
Cells

transferred*
Spleen wt

(g)c

Suppres
sion

CFU-E' (%)

Experiment 1
None None 0.12 Â±0.03 175 Â±36

RBC 0.12 Â±0.04 34 Â±6' 81
Normal macrophage 0.11 Â±0.01 101 Â±12' 42

FVA None 0.84 Â±0.09 511 Â±36
RBC 0.93 Â±0.15 156 Â±29' 70
Normal macrophage 0.96 Â±0.29 298 Â±26' 42

FVP None 0.92 Â±0.07 498 Â±36
RBC 0.97 Â±0.21 486 Â±41 2
Normal macrophage 0.92 + 0.25 501 Â±46 (\)f

Experiment 2
None None 0.11 Â±0.01 203 Â±31

Normal macrophage 0.14 Â±0.02 110 Â±13' 46
ExÃºdate macrophage 0.09 Â±0.01 329 Â±42' (62)

FVA None 0.93 Â±0.25 611 Â±29
Normal macrophage 0.75 Â±0.07 141 Â±17' 77Infected macrophage 0.93 Â±0.11 850 Â±54 (39)

" Virus dose was the same as in Table 1.
* Treatment was the same as described in Table 1.
c Mean Â±SD of 3 to 5 animals.
'Mean Â±SD of CFU-E/105 spleen cells was calculated from 3 to 5 animals

that were assayed individually 5 days after macrophage transfer.'Significantly different from control (no treatment), P < 0.001 (Student's

t test).
^Numbers in parentheses, stimulation.
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to macrophages, aliquots of normal resident peritoneal cells
were specifically depleted of cell populations with antisera. As
shown in Table 3, the effect of macrophages on relative numbers
of CFU-E in normal mice was abrogated by treatment with

specific antimacrophage sera, but not by treatment with mono
clonal anti-Thy (T-cells) or antiimmunoglobulin (B-cells).

To determine whether the transfer of normal macrophages
has any effect on bone marrow CFU-E, normal and FVA

leukemic animals were given macrophages or RBC. As shown
in Table 4, no suppression of bone marrow CFU-E was observed

in either normal or FVA leukemic mice given normal macro
phages or RBC, whereas significant suppression was observed
in the spleens of the same treated animals. As shown previously
(29), relative numbers of bone marrow CFU-E in FVA leukemic

mice early post virus (21 days) are suppressed compared with
normal mice.

In peripheral blood smears of macrophage-treated animals
(Day 5 post-macrophage transfer), the percentage of reticulo-

cytes was significantly decreased from untreated normal ani
mals (3.1 Â±1.5% and 7.0 Â±2.3%, respectively; P < 0.001). No
differences were observed in hematocrits or white cell differ
ential counts between macrophage-treated and untreated groups
(data not shown). Thus, the macrophage effects on hÃ©mato-

Table3 E/feciofcelldepletiononmacrophagesuppressionofnormal
erythropoiesis

Cells
transferred*TreatmentNone

NoneNormal

Nonemacrophages
ComplementonlyAnti-macrophage
+complementAnti-Thy

1.2 + com
plementAnti-immunoglobulin+

complementCytotoxicity

Suppression
(%)* CFU-E'(%)282

Â±28127

Â±24*555
160 Â±19''4346
293 + 30(4)'21

188 Â±17''3320

137 Â±19'' 51

* Transfer of cells was the same as described in Table 1.
* Cytotoxicity of total spleen cell populations as determined by trypan blue

exclusion.
' Mean Â±SD of CFU-E/IO5 spleen cells was calculated from 3 to 5 animals

that were assayed individually 5 days after macrophage transfer.'' Significantly different from control, no treatment (individual animals); /' <
0.001 (Student's r test).

' Number in parentheses, stimulation.

Table 4 Effect of cell transfer on normal and leukemic bone marrow
erythropoiesis

Virus*Bone

marrowNoneFVASpleenNoneFVACells

transferred*NoneRBCNormal

macrophageNoneRBCNormal

macrophageNoneRBCNormal

macrophageNoneRBCNormal

macrophageCFU-E'132

+28138
Â±28114

+2125
Â±1229
+730

Â±3178

Â±2186
Â±11'94
Â±14'647

Â±97435
Â±39'334
Â±22'Suppression

(%)(4)"14(16)(20)52473348

Â°Virus dose was the same as Table 1.
* Transfer of cells was the same as described in Table 1.
' Mean Â±SD of CFU-E/5 x IO4or 10* bone marrow or spleen cells, respec

tively, calculated from 3 to 5 animals that were assayed individually 5 days after
macrophage transfer.

'' Numbers in parentheses, stimulation.
' Significantly different from control, no treatment (individual animals); P <

0.001 (Student's / test).

poiesis appear to be localized to early events in erythroid
development.

As in NIH/PLCR mice used in the experiments described
above, macrophages from the C57BL/6, DBA/2J, and BALB/
c/ByJ mouse strains suppressed CFU-E colony formation in
syngeneic normal animals. Normal macrophages from BALB/
c/ByJ mice also suppressed CFU-E when transferred to BALB/
c FVA leukemic mice (data not shown).

The macrophage suppression of CFU-E could not be due to
trivial effects such as handling and inoculation (control mice
were inoculated with medium), infusion of nonspecific cells
(lymphoid cells had no such effect), dilution of splenic CFU-E
with inoculated cells (the number of cells used was insufficient
to account for the decrease even if all the cells had homed to
the spleen), a form of graft-verjws-host reaction (totally synge
neic systems were used in all experiments), or RBC contami
nation (negligible numbers of RBC were present in the purified
macrophage populations used).

Infection and Transformation of CFU-E in Spontaneous (RFV)
and Macrophage-induced Leukemia Regression. As described
above, the FVA and FVP strains of virus have distinctly differ
ent effects on erythropoiesis. FVP infects CFU-E and renders
them independent of EPO, while FVA infects CFU-E, but the
cells retain their EPO dependence. The differences in properties
of the virus strains are a function of the SFFV components of
their respective virus complexes (31).

To determine the status of CFU-E infection and EPO de
pendence of RFV leukemic mice, spleen cells were plated in the
CFU-E assay following treatment with antiserum against gp70
(the major external glycoprotein of the virus, present on the
surface of productively infected cells) plus complement or com
plement alone, in the presence or absence of EPO (Table 5). As
previously shown (26), CFU-E from FVP leukemic mice were
productively infected and EPO independent. Like FVA leu
kemic cells, CFU-E from RFV progressor mice were produc
tively infected and retained dependence on EPO. However,
CFU-E from RFV rÃ©gresseranimals (leukemic mice in which
the disease will subsequently regress; see Ref. 10) were not
productively infected with virus even though these animals were
fully leukemic. CFU-E in regressed mice (clinically free of
disease) were uninfected, with the exception of a small number
of animals in which CFU-E again became infected and which
may represent animals in which the disease would subsequently
recur (32).

To determine whether macrophage-induced regression was
similarly characterized, we tested the CFU-E remaining after
suppression by macrophages (or RBC) for infection with virus.
We found that, in contrast to the situation in spontaneously
regressed mice, spleen CFU-E from animals whose leukemias
were induced to regress by macrophages (or RBC) remained
productively infected with virus (Table 6). The proportion of
cells infected was similar in the leukemic and (macrophage or
RBC-induced) regressed mice. These results further support the
thesis that macrophages cause leukemia to regress by direct
suppression of the erythroid progenitor compartment rather
than by other mechanisms, such as the generation of immuno-
logical reactivity, which would be expected to preferentially
eliminate the infected (antigenic) CFU-E.

Effects of Macrophages on Erythropoietin Levels. On the basis
of these results, macrophages appear to cause leukemia regres
sion by virtue of their ability to suppress normal and susceptible
leukemic erythropoiesis. The similarity in effects of macro
phages and RBC, and the inability to suppress CFU-E in or to
cause regression of an EPO independent leukemia, further
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Table 5 Spleencell CFU-Ecolonyreductionwithanti-gp70antiserumin miceinfectedwithRFV,FVP,and FVA

CFU-EsourceNormalFVP

leukemicFVA

leukemicRFV

progresserRFV

regressorRFV

regressedTreatmentComplementa-gp70

+complementComplementa-gp70

+complementComplementa-gp70

+complementComplementa-gp70

+complementComplementa-gp70

+complementComplementa-gp70

+complementComplementa-gp70

+complementComplementa-gp70

+complementComplementa-gp70

+complementComplementa-gp70

+complementComplementa-gp70

+complementComplementa-gp70

-I-complementCytotoxicity

(%f5101444830729123468EPO(0.25 units/ml)CFU-E*+

77 Â±1484
+700+

442 Â±30104
Â±23'342

Â±3230
Â±6'+

304 Â±4666
Â±12'00+

396 Â±14154
Â±26'00+

266Â±17276
Â±4400+

78Â±584
Â±800Colony

reductionW77917861(4)(8)

* Cytotoxicity of total spleen cell populations as determined by trypan blue exclusion.
* Mean Â±SD of CFU-E/ 10s spleen cells calculated from 3 to S animals that were assayed individually.

control no. of colonies (complement alone) - experimental
'Colony reduction (%) = ! â€”; â€” x 100.

control"' Numbers in parentheses, stimulation.
' Significantly different from control, complement only (individual animals); /' < 0.001 (Student's i test).

Table6 Infectionof splenicCFU-Ein spontaneouslyregressedand leukemicmiceinducedto regressby macrophagesand RBC

Cells
Virus*transferred*Normal

NoneFVA

None

RBC

MacrophageRegressed

NoneSpleen

wt0.13

+0.011.75

Â±0.22

0.32 Â±0.03

0.30 Â±0.040.30

Â±0.03TreatmentComplement

a-gp70 +complementComplement

a-gp70 + complement
Complement
o-gp70 + complement
Complement
a-gp70 +complementComplement

a-gp70 + complementCFU-E'207

Â±10197
Â±12441

Â±71
228 Â±31*
47 Â±7
17 Â±2'
61 Â±7
29Â±3'21

Â±1
31 Â±3Colony

reduction54864

520

" Virus dose was the same as in Table 1.
* Transfer of cells was the same as described in Table 1.
1 Mean Â±SD of 3 to 5 animals.
"' Mean Â±SD of CFU-E/2 x 10' spleen cells was calculated from 3 to 5 animals that were assayed individually.
' Significantly different from control, complement only (individual animals); P< 0.001 (Student's i test).

suggested that the mechanism of macrophage regulation of either bled or given PHZ on Days 0 and 1, with macrophages
erythropoiesis is the reduction of EPO levels, or a closely related
regulatory component of the hematopoietic system.

To test this directly, EPO levels were measured in macro-
phage-treated and control animals. Because of the difficulty in
accurately measuring the low levels of EPO found in normal
mice (1), we utilized animals in which erythropoiesis was stim
ulated by anemia induced with either phlebotomy or PHZ. To
determine whether macrophages could suppress the increase in
erythropoiesis in anemic animals, we transferred macrophages
to animals made anemic by PHZ or phlebotomy. As shown in
Table 7, macrophage and RBC-induced suppression of eryth
ropoiesis (CFU-E numbers) was observed in anemic animals.

To determine time parameters for collection of plasma for
EPO levels, a time course study was carried out. Animals were

transferred on Day 3 post-anemia treatment. As shown in Fig.
1, maximum suppression of CFU-E was observed at Days 7 to
8 post-PHZ or phlebotomy treatment. By days 11 to 12, CFU-
E levels returned to normal with no further suppression ob
served in either group. Macrophage suppression in normal
animals followed identical time parameters as those observed
in anemic animals.

Plasma was collected from anemic animals treated or not
treated with macrophages, and EPO levels were measured by
the standard in vivo hypoxic polycythemic mouse assay (22,
23). As shown in Table 8, no significant differences were
observed in plasma samples from anemic animals treated with
and without macrophages from any of the time points tested.
As previously reported (21), the EPO levels were highest at
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Table 7 Macrophage suppression of erythropoiesis in anemic animals

MiceNormalAnemic

(phlebotomy)Anemic

(PHZ)Cells

transferred"None

Macrophage
RBCNone

Macrophage
RBCNone

Macrophage
RBCCFU-E*234

Â±19
111 Â±25'
83Â±8C416

Â±45
171Â±25'
116Â±31'469

Â±45
279 Â±4Qf213Â±27CSuppression

(%)53

6559724155

Table 8 Plasma EPO levels measured by the exhypoxic polycythemic mouse s'Fe

incorporation assay

*Transferof cellswasthe same as describedin Table 1.
*Mean Â±SD of CFU-E/105spleen cells calculatedfrom 3 to 5 animals that

wereassayedindividually5 daysafter macrophagetransfer.
' Significantlydifferent from control, no treatment (individualanimals); /' <

0.001 (Student's / test).

100

80

60

40

20

-20
6 8 IO 12

DAYS POST TREATMENT
Fig. I. Time course of macrophage-inducedsuppression of spleen CFU-E

using animals made anemic by PHZ (â€¢)or phlebotomy(A) treatment. Points,
mean percentageof animals treated and assayed individually(4 animals/po/n');
/Â«>vSD. Anemia was induced on Days 0 and 1, and animals were treated by
macrophagetransfer on Day 3.

Day 4 post-PHZ or phlebotomy and returned to normal by Day
8 preceding the increase in CFU-E numbers, as expected. No
difference was observed when EPO (0.30 units) was injected
with the plasmas. The lack of an additive effect with 0.30 units
of EPO and anemic mouse plasma may be due to inhibitory
substances present in the plasma. The similarity in plasma EPO
levels in macrophage-treated and untreated anemic mice was
confirmed by EPO radioimmunoassay, carried out through the
courtesy of Dr. Eugene Goldwasser, University of Chicago,
Chicago, IL (data not shown).

Erythropoietin Reversal of Macrophage Effects on Erythro
poiesis. If macrophage suppression of normal (and leukemic)
erythropoiesis is due to direct effects on EPO levels, we would
predict that purified EPO administered with macrophages
would abrogate the effect. As shown in Table 9, EPO derived
from partially purified anemic sheep plasma (Step III, Lot 3041,
2.7 units/mg of protein) reversed the suppression of CFU-E by
macrophages. In contrast, purified human urinary EPO (Pool
CAT-1, 1140 units/mg of protein) and more highly purified
sheep plasma EPO preparations, with specific activities of 8 to
12 units/mg of protein, did not reverse macrophage suppression
of CFU-E. The low-specific-activity anemic sheep plasma EPO

Plasma source"
"Fe incorporated

None 0.6 Â±0.3
EPO. O.I5 units' 3.5 Â±1.6
EPO, 0.30 units 6.5 Â±2.8

Normal 1.2Â±0.5
+ Macrophages 0.9 Â±0.5

Anemic(Day 4 postphlebotomy) 2.5 Â±1.0
+ Macrophages 2.6 Â±0.8

Anemic(Day 4 post-PHZ) 3.1 Â±0.2
+ Macrophages 2.6 Â±0.4
+ EPO, 0.30 units'* 5.2 Â±1.5
+ Macrophagesand EPO, 0.30 units' 4.7 Â±0.4

Anemic(Day 5 post-PHZ) 1.8Â±0.8
+ Macrophages 2.9 Â±1.1

Anemic(Day 8 post-PHZ) 1.1Â±0.6
+ Macrophages 0.6 Â±0.2

* Plasma was obtained from normal, PHZ-, or phlebotomy-treatedanimals
that weregiven5x10* macrophageson Day 3 post-anemiatreatment.

" Mean Â±SD calculatedfrom groupsof 15to 20 animals.
cSheep EPO, Step III, Connaught Laboratories,Swiftwater,PA; Lot 3041;

specificactivity,2.7 units/mg of protein.
'' Plasmasampleswereadmixedwith Step HI sheep EPO prior to inoculation.

Table 9 Titration of reversal of macrophage-induced suppression by sheep and
human EPO

Dose Cells
EPO" (units/animal)*transferred'Sheep

No.3041Human

CAT-100.3130.313NoneMacrophageNoneMacrophageNoneMacrophageNoneMacrophageNoneMacrophageNoneMacrophageNoneMacrophageSuppression

CFU-E"(%)128

Â±1473
Â±10*128

Â±1462
Â±8'135

Â±14134
Â±18137
Â±19140
Â±18125

Â±863
Â±15'125Â±

1360
Â±12'123
Â±1258
Â±11'43521(2/505253

"Sheep EPO, Step III, Lot 3041; specificactivity, 2.7 units/mg of protein;
Connaught Laboratories, Swiftwater, PA; purified human urinary EPO, Pool
CAT-1; specificactivity, 1140 units/mg of protein; Dr. P. Dukes, Los Angeles,
CA.bDose/animal,given3 dayspostmacrophage.CFU-Enumbersweremeasured
on Day 5 postmacrophage.' Transfer of cellswasthe same as describedin Table 1.

'' Mean Â±SD of CFU-E/109spleen cells was calculated from 3 to 5 animals
that wereassayedindividually.

' Significantlydifferent from control, no treatment (individualanimals); P <
0.001 (Student's t test).

'Number in parentheses,stimulation.

also reversed the inhibition of the increase in CFU-E levels in
phenylhydrazine-treated mice, whereas the purified EPO had
no effect (data not shown).

Macrophage Effects of Earlier Erythroid Progenitors (BFU-
E. We examined the effects of macrophage transfer on the
earlier erythroid progenitors, BFU-E. In contrast to CFU-E,
the numbers of BFU-E in vivo are not strictly dependent on
EPO (33,34). Moreover, if macrophages affected erythropoiesis
through the common myeloid or pluripotent hematopoietic
stem cells, BFU-E and CFU-E should be comparably influenced
by macrophage treatment. The results in Table 10 show that
macrophage transfer caused marked suppression of CFU-E but
did not affect (or slightly stimulated) BFU-E, suggesting that
although the macrophage effects did not directly involve EPO,
they were mediated through a closely related regulator. To
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Table 10 Effects of macrophage transfer on early (BFU-E) and late (CFU-E)
erythroid progenitors

Cells
transferred"None

MacrophagesBFU-E*56
Â±12

65Â± 11Suppression

(%)(16)cCFU-E*364

Â±29
189 + 20*Suppression

(%)48

Â°Transfer of cells was the same as described in Table 1.
* Mean Â±SD of BFU-E and/or CFU-E/10* spleen cells.
' Number in parentheses, stimulation.
''Significantly different from control (no treatment); P < 0.001 (Student's /

test).

accurately compare BFU-E and CFU-E, both progenitors were
assayed in methylcellulose cultures (thus accounting for the
increased number of CFU-E from spleens of untreated animals).

DISCUSSION

These studies were initiated with the purpose of elucidating
the mechanism of macrophage effects on Friend virus-induced
erythroleukemia. We have previously shown that treatment of
CFV leukemic mice with normal macrophages causes clinical
regression of the disease (10). Macrophages in leukemic mice
are infected with virus and have diminished phagocytic activity.
During the spontaneous regression of erythroleukemia induced
by the RFV strain of Friend virus, the infected macrophages
(or their precursors) are eliminated and replaced with normal,
uninfected cells. Inhibition or elimination of macrophages in
RFV leukemic mice prevents regression. Based on the fact that
macrophages influence the growth and differentiation of eryth
roid progenitors, at least in vitro (6-9), we tested the hypothesis
that similar effects in vivo might be involved in macrophage-
induced leukemia regressions.

That macrophages cause regression through their regulatory
effects on erythropoiesis is evidenced by the following findings.
Relatively small numbers of macrophages inoculated into nor
mal mice significantly suppress the numbers of CFU-E recover
able from the spleen. Similarly, macrophages suppress CFU-E
in CFV and FVA leukemic, but not FVP leukemic, mice.
Infected macrophages from leukemic animals do not suppress
normal or leukemic CFU-E. There is a striking correspondence
between these in vivo effects on CFU-E and ability to cause
leukemia regression. The effects of macrophages on CFU-E in
normal and leukemic mice can be duplicated by transfusion
with RBC. Finally, macrophage-induced leukemia regressions
are not permanent and are not associated with a change in the
proportions of virus-infected CFU-E; that is, there is no pref
erential effect on the leukemic cells.

The most likely alternative mechanisms for macrophage-
induced leukemia regression, a role in the generation of an
immunological response or immunological effector functions
including antibody-dependent cytotoxicity or direct cytotoxicity
against leukemic cells (35, 36), would appear to be eliminated
by these findings. Unless the immune response was highly sub
type specific, it would be expected to affect both FVA and FVP
leukemias, and in any event, it should have preferentially elim
inated the antigenic (virus-infected) cells in FVA leukemics.

We conclude that macrophages cause leukemia regression
through a regulatory interaction with erythroid progenitor cells.
The early, acute Friend viral erythroleukemia may be consid
ered in this context as a defect in regulation. We know that
following inoculation with conventional strains of Friend virus,
macrophages become infected with the virus (10). These in
fected macrophages lose the capacity to suppress (or maintain
steady-state levels) CFU-E. This function can be restored, and
the disease can be made to regress with normal macrophages.

The locus of macrophage interaction with erythroid progen
itors was also addressed in this study. Initially, the finding that
EPO-dependent erythropoiesis, but not EPO-independent

erythropoiesis, was susceptible to the macrophage effect
pointed to macrophage suppression of EPO levels or removal
of the hormone as the mechanism. However, there were no
detectable changes in plasma EPO levels following macrophage
treatment, and purified EPO did not reverse the CFU-E sup
pression, arguing strongly against this mechanism.

Nevertheless, macrophages appear to influence a factor
closely related to EPO, as anemic sheep plasma (partially
purified for EPO) and anemic mouse plasma (but not normal
plasma or plasma from macrophage-treated mice)5 reverse the

effect. Preliminary studies indicate that the reversal activity is
dependent on a glycosylated protein with a molecular weight of
40,000. Further studies are in progress to purify and identify
the reversal factor. Whatever its identity, the factor apparently
has a profound influence on in vivo erythropoiesis and is regu
lated by macrophages in a manner still to be determined.

Both exÃºdate and infected macrophages were incapable of
suppressing erythropoiesis in vivo. We have shown in vitro that
exÃºdatemacrophages and macrophages from progressively leu
kemic mice stimulate CFU-E (12). Infected macrophages re
semble less mature monocytes or activated macrophages, a
conclusion consistent with other properties we have examined
in the infected cells (10, 11). Virus infection may alter macro
phage properties by interfering with terminal differentiation, a
general mechanism which has been proposed for erythroleuke-
mogenesis by Friend viruses (37).

Regressions induced by inoculation of normal macrophages
into FVA or CFV progressor leukemic mice are temporary (10),
whereas spontaneous regressions by RFV-iduced leukemias are
permanent in a significant percentage of mice (38). Sponta
neous regression is dependent on intact T-cells (39, 40), in
addition to intact macrophage function (10, 11), and is associ
ated with the development of potent humoral (32) and cell-
mediated (39,41) reactivity against the virus and leukemia cells.
T-cells required for spontaneous regression may serve to elim
inate infected, functionally defective macrophages and macro
phage precursors, enabling repopulation of the hematopoietic
system with normal macrophages and restoring erythropoietic
control, as well as eliminating residual virus and infected CFU-
E. In FVA and CFV leukemic mice, normal macrophages were
capable of restoring erythropoietic control, but because the
leukemic mice did not have competent immunological function,
they were not permanently cured of their disease.

It should be noted that Friend viral leukemia is considered
to be a multistage disease (42, 43). At 20 to 40 days after
inoculation, autonomous Friend viral "tumor" cells appear in

the spleen that may be responsible for maintenance and pro
gression of the disease. Our results have addressed only the
acute phase of the leukemia. We do not as yet know whether
macrophages affect the development or growth of these tumor
cells.

Our results provide a consistent pattern of involvement of
macrophages in erythroid development, with the precise effect
dependent on the state of differentiation (or infection) of mac
rophages. There are closely regulated homeostatic circuits for
control of erythropoiesis, involving as a central element the
cells of the monocyte-macrophage lineage. In normal circum
stances, the accumulated effect of macrophages in different
stages of differentiation leads to RBC production at required

' Unpublished results.
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steady-state levels. Changes in the macrophage population due
to stress, infection, activators, or other perturbations, leading
to shifts in macrophage populations, would change rates of
RBC production. Anemias are often associated with infection
and other conditions involving changes in monopoiesis (44,
45). Hematopoietic abnormalities, including the cellular accu
mulations in leukemia, could result when such regulatory inter
actions are disrupted, as we have shown in our system. More
over, regulation can be restored and the leukemia made to
regress by replacement therapy with the normal regulator cells,
macrophages.
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