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Abstract

Murine marrow cells infected with a retroviral vector (MPZen)
bearing a granulocyte-colony-stimulating factor (G-CSF)
cDNA insert were transplanted into lethally irradiated recipi-
ents to study the effects of autocrine production of G-CSF in
normal hemopoietic cells. Most animals remained healthy with
no evidence of tissue damage throughout the observation pe-
riod (4-30 wk) despite high circulating G-CSF levels (range
2,000-26,000,000 U/ml). A dramatic neutrophilic granulocy-
tosis was observed in all hemopoietic tissues with neutrophilic
infiltration occurring in the lung and liver. Spleen, peritoneal,
and peripheral blood cellularity increased approximately
three-, two-, and eightfold, respectively, but total bone marrow
cell counts remained unchanged. Progenitor cell numbers
granulocyte-macrophage colony-forming cell (GM-CFC),
granulocyte colony-forming cell (G-CFC), burst-forming unit-
erythroid (BFU-E), colony-forming unit-erythroid (CFU-E)
and mixed colony-forming cells (Mix-CFC) were elevated be-
tween 10-100-fold in the spleen, peritoneal cavity, and periph-
eral blood, but were unaffected or slightly depressed in the
MAarrow.

No tumors developed in syngeneic recipients transplanted
with bone marrow or spleen cells from such mice, confirming
the nonneoplastic nature of the hyperplasia induced by chronic
G-CSF stimulation. These experiments also indicated the
stable integration of MPZen vectors in infected cells, as evi-
dent from the continuous expression of the inserted gene for at
least 6 mo, and from the ability of infected stem cells from the
primary recipients to express the gene in lethally irradiated
secondary recipients.

Introduction

Granulocyte colony-stimulating factor (G-CSF),' was origi-
nally detected because it induced differentiation in a murine
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myelomonocytic leukemic cell line, and it stimulated granulo-
cyte colony formation by normal progenitor cells (1). The he-
mopoietic actions of this regulator are restricted exclusively to
cells of the neutrophilic granulocyte lineage (2-4). Murine and
human G-CSF have been purified from various sources (1-3)
and complementary DNAs encoding G-CSF have been cloned
(5-7). The broad species cross-reactivity of human G-CSF has
allowed the in vivo action of purified recombinant human
G-CSF (rhG-CSF) to be studied in mice (8, 9), hamsters (10),
monkeys (11), and man (12, 13). The predominant response in
all species was a rapid dose-dependent neutrophilia (5-10-fold
in peripheral blood of all species). In mice, chronic G-CSF
treatment elicited not only increased granulopoiesis in the
spleen but also increased erythropoiesis, megakaryocyto-
poiesis, and elevated numbers of multipotential stem cells
(CFU-S) and progenitors of all hemopoietic lineages; these
changes were associated with a 50% increase in spleen cellu-
larity (8, 9). Similar but less dramatic changes were noted in
the bone marrow, while little change in peripheral blood cell
types other than neutrophils was observed (8, 9). All spleen
and blood parameters returned to control values after cessa-
tion of G-CSF treatment.

Although there have been many reports supporting the
hypothesis that autocrine stimulation is a mechanism of
transformation (14-16), previous studies in this and other lab-
oratories have documented that dysregulated autocrine pro-
duction of GM-CSF (17) or multi-CSF (IL-3) (18, 19) in nor-
mal cells leads to a fatal but nonneoplastic myeloproliferative
disorder in vivo. The role of autostimulation of hemopoietic
cells in the development of human leukemias is also question-
able. Of 22 acute myeloblastic leukemia (AML) patients’ cells
tested for G-CSF gene rearrangements, only two contained
rearranged G-CSF genes and neither secreted detectable
G-CSF (20). In view of the potential use of G-CSF in the
treatment of a number of human hematological disorders and
the possible contribution of hemopoietic cell overstimulation
in leukemic transformation, we have developed an animal
model system in which high circulating levels of G-CSF can be
maintained for periods of at least 6 mo. We report here our
observations on the hemopoietic changes induced in these
mice.

Methods

Construction and selection of G-CSF retrovirus. The 0.77-kb Eco RI-
Dra I fragment of G-CSF ¢cDNA was removed from pMG2 (kindly
provided by Dr. S. Nagata (5), Osaka Bioscience Institute, Osaka,
Japan) and ligated into the Eco RI-Eco RYV site of pIC-19H (21). The
G-CSF cDNA fragment was then excised as a Sal I-Xho I fragment and
ligated into the Xho I site of pMPZen (Fig. 1).

Helper-free MPZen(G-CSF) virus-producing fibroblast lines were
made by co-transfecting ¢2 cells (22) with pSV2Neo (23) and
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Figure 1. Schematic representation of MPZen(G-CSF) retrovirus.
The derivation of the G-CSF cDNA(3'A) is described in Methods,
and the vector pMPZen has been described previously (17). Arrows
labeled SD and SA indicate splice donor and acceptor sites used to
generate the subgenomic RNA encoding the gene 3' to SA. Restric-

tion endonuclease sites are abbreviated as follows: B, Bam HI, S, Sac
I, RI Eco RI, Xh, Xho 1.

pMPZen(G-CSF), as described previously (17). They were screened by
infecting FDC-P1 cells (24) (a cell line totally dependent on GM-CSF
or multi-CSF for survival) to determine the frequency and levels of
G-CSF production by infected clones. Briefly, 1 X 10° FD cells were
cocultivated with irradiated (3.0-3.5 Gy) MPZen(G-CSF) producers in
10% PWM-SCM (pokeweed mitogen-stimulated spleen cell condi-
tioned media, [25]), then harvested, washed and plated in agar-me-
dium at low density (501,000 cells/ml) in the presence of PWM-SCM.
After 7 d incubation, 20 individual colonies were picked from each
group, placed in Dulbecco’s modified Eagle’s medium (DME) in 20%
FCS for 3 d and their supernatants were tested for G-CSF activity.

Genomic DNA analysis. High molecular weight DNA was isolated
from cell lines and various mouse tissues by guanidine HCl extraction
(26) and digested with Sac I or Eco RI. Digested DNA was analyzed by
Southern blotting (27) and probed with an a-*?P-labeled G-CSF cDNA
fragment, using conditions described previously (18).

Infection of normal hemopoietic cells and hemopoietic growth factor
assays. Day 4 post-5-fluorouracil-treated (5-FU) bone marrow cells (2
X 10°) were infected with MPZen(G-CSF) or MPZipNeo (28) using
conditions as previously described (17). Multi-CSF and GM-CSF were
detected by 32D cl.3 and FDC-P1 microwell assays, respectively (29),
while G-CSF was assayed by its ability to induce differentiation in
colonies of the murine myelomonocytic cell line WEHI-3B D* (1).
Erythropoietin (Epo) was assayed on day 12-13 CBA/CaH/WEHI
fetal liver cells as described previously (30).

Mice. Mice used were 2-3-mo old CS7BL/6J/WEHI obtained from
stocks raised under SPF conditions at The Walter and Eliza Hall Insti-
tute of Medical Research. For transplantation studies, animals were
irradiated (9.0-9.5 Gy, y-rays generated by cobalt-60 at 0.39 Gy/min at
1.5 m) and injected intravenously with the required number of cells
within 3 h of irradiation. Mice were monitored weekly and examined
at various times. Peripheral blood collected from the axillary plexus of
anesthetized animals was used to determine serum G-CSF levels, nu-
cleated and differential cell counts, and hematocrit. After killing the
mice by exsanguination, peritoneal cells were harvested by injecting 2
ml of medium into the peritoneal cavity and collecting the fluid; bone
marrow cells removed by flushing both femurs and spleen removed
and weighed. Viable (by eosin exclusion) and total nucleated cell
counts were determined for each cell suspension. All organs were fixed
in 10% formalin saline, sectioned, and replicate sections stained with
hematoxylin and eosin, Alcian blue-safronin, or Luxol-Fast Blue.

Production of conditioned media. Conditioned media from bone
marrow, spleen, or peritoneal cells were prepared using dispersed cell
suspensions of 10° or 10° cells/ml in 2-ml cultures containing 20% FCS
in DME+10% PWM-SCM and incubated for 7 d at 37°C.

CFU-S, BFU-E, CFU-E, and CFC assays. Lethally irradiated
C57BL/6J mice were injected intravenously with 0.25-1X10° synge-
neic day 4 post-5-FU-treated bone marrow cells infected with
MPZen(G-CSF) or MPZipNeo (28). 13 d later, individual spleen colo-
nies were removed from nonconfluent spleens and single cell suspen-
sions prepared as previously described (31).
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CFC numbers were determined by culturing 10% of the cells from
each spleen colony, bone marrow (5 X 10%/ml), spleen (1 X 10°/ml) or
peritoneal cells (1 X 10°/ml) in triplicate 1 ml agar cultures. Light
density peripheral blood mononuclear cells (0.1-1 X 10°/ml) were
cultured after isolation by Ficoll-Hypaque centrifugation (d 1.077
g/cm’; Pharmacia Fine Chemicals, Piscataway, NJ). When required,
cultures were maximally stimulated by the addition of PWM-SCM or
rhG-CSF (kindly provided by Dr. Larry Souza, AmGen Biologicals,
Thousand Oaks, CA) for the detection of GM-CFC and G-CFC, re-
spectively. Colonies (> 50 cells) were scored at day 7. Total CFC num-
bers were calculated after adjustments for marrow and spleen cellular-
ity (one femur representing 6% of total marrow [32]).

Colonies derived from CFU-E were scored after 2 d while those
derived from BFU-E and mix-CFC (33) were counted at day 7 in 1 ml
methylcellulose cultures containing 2.0 U Epo (30) and maximal con-
centrations of PWM-SCM (25).

Where required, agar cultures were fixed with 2.5% glutaraldehyde,
transferred to glass slides, and stained for cholinesterase to specifically
stain megakaryocytes and/or stained with Luxol-Fast-Blue and hema-
toxylin for differential granulocyte and macrophage colony counts.

Transplantation studies. Bone marrow or spleen cells (10°) from
four primary animals (transplanted with 10° MPZen(G-CSF )-infected
marrow cells 2-4 wk previously) were injected intravenously, intraper-
itoneally, or subcutaneously into normal (n = 72) or sublethally irra-
diated (4.5 Gy, n = 72) secondary syngeneic recipients. In addition, 19
lethally irradiated (9.0 Gy) mice were injected intravenously with 10°
marrow cells from seven primary animals.

Results

Screening MPZen(G-CSF) virus producers. G-CSF activity
(range 800-20,000 U/ml) was detectable in the supernatants of
10 out of 20 G418-resistant transfected ¥2 clones. 50% of these
G-CSF-producing clones were able to infect FDC-P1 cells,
which when clonally expanded, secreted G-CSF. The y2 clone
with the highest titer (G12) infected 35%, i.e., 7 of 20 colonies
of cultured FDC-P1 cells, and supernatants of the infected
FDC-P1 clones contained between 13,000 and 18,400 U/ml
G-CSF activity.

Infection of CFU-S and G-CSF expression in spleen colony
cells. Using the CFU-S infection protocol as described pre-
viously (17), MPZen(G-CSF) infected post-5-FU-treated mar-
row cells were transplanted into lethally irradiated syngeneic
mice. High molecular weight DNA was extracted from indi-
vidual spleen colonies dissected 13 d after transplantation, and
digested with Sac I, which cuts once within each LTR of
MPZen(G-CSF). Of the 33 spleen colonies analyzed by
Southern blotting with an a-*?P-labeled G-CSF probe, 11 con-
tained viral G-CSF sequences at an average level of one copy
per cell (Table I). Of the viral DNA-positive spleen colonies,
50% produced autonomous colonies in soft agar at a frequency
of ~ 5% of those stimulated by PWM-SCM, and 8 of 11 pro-
duced G-CSF (range 1,000-10,000 U/ml) in the conditioned
media. In contrast, cells from spleen colonies from control
mice or colonies that were viral DNA-negative never formed
colonies in soft agar in the absence of added stimulus. How-
ever, low levels of G-CSF (range 300-800 U/ml) were detected
in the conditioned media from 3 of 13 viral DNA-negative
spleen colonies; this may have been produced by single in-
fected cells overgrown by spleen colony cells, or from the mi-
gration of small numbers of virally infected colony cells to
adjacent spleen colonies.

The multipotential cell origin of the spleen colonies was
evident from the presence of erythroblasts, eosinophils, mono-
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Table I. Analysis of Spleen Colonies*

Spleen Total CFC
colony Viral
number* DNA# -SCM +SCM G-CSF activity!
U/ml
1 - 0 0 0
2 + 0 105 0
3 + 10 225 1,000
4 - 0 35 0
5 + 10 180 5,000
6 + 0 365 2,000
7 + 0 410 1,250
8 - 0 185 720
9 + 15 395 7,000
10 - 0 155 0

* Individual spleen colonies were dissected 13 d after transplantation
of irradiated mice with 0.25-1 X 10° post-5-FU-treated bone marrow
cells cocultured with MPZen(G-CSF) virus-producing y2 fibroblasts.
41/6, 4/7, and 4/5 spleen colonies were dissected from three spleens.
§ Viral DNA was detected by Southern blot analysis of Sac I digests
using a G-CSF cDNA probe.

I17-d conditioned media (2 ml) initiated with 10% of cells from each
spleen colony (each spleen colony having between 1 to 20 X 10° cells).

cytes, macrophages, and blast cells in cytospin preparations of
both viral DNA-positive and negative spleen colonies. There
was no obvious difference in the cellular composition of these
two types of spleen colony.

G-CSF expression in reconstituted mice. The results de-
scribed above provide evidence for the insertion of virally en-
coded G-CSF into multipotential cells (CFU-S) and expression
in their progeny. The effect of overexpressing G-CSF in vivo
was then studied by examining groups of lethally irradiated
mice transplanted with 1 X 105 MPZen(G-CSF)-infected
post-5-FU bone marrow cells (G-CSF mice). Groups of three
to nine mice were killed at various times after transplantation
and their hemopoietic parameters were examined (Tables
II-V). In a survey of 21 animals over an observation period of
6-7 mo, only one became ill with weight loss, tremors, labored
breathing, and had a hunched appearance. This mouse had no
detectable tumors or spleen enlargement, a white cell count of
0.8 X 10°/ml and a high hematocrit (64%), while marrow cel-

lularity was half that of normal mice. All the other animals
appeared healthy.

Southern blot analysis was carried out on Sac I digests of
DNA from various mouse tissues (Fig. 2). The intensity of
bands corresponding to the provirus (2.9 kb) compared with
those corresponding to the endogenous G-CSF gene (7 kb)
indicated that the mean number of proviral copies per cell
varied between 1 and 5. The presence of multiple integrants in
both the bone marrow and spleen of two mice (Fig. 2) was
confirmed by Eco RI digestion (which cuts once in the pro-
virus) and suggests that in these two mice both tissues had been
repopulated by a single clone.

G-CSF levels in reconstituted mice. Serum G-CSF levels in
the G-CSF mice were consistently elevated (mean 1.7 X 10°
U/ml, range 2,000-26,000,000 U/ml, n = 25) at all timepoints
examined (between 2 and 30 wk) after transplantation. In
contrast, low G-CSF activity (mean 300 U/ml) was detectable
in the sera of only 2 of 17 control mice examined (Table II).
Conditioned media prepared by incubating hemopoietic tis-
sues without added growth factors contained variable levels of
G-CSF activity. To maintain cells and optimize production of
G-CSF, the tissues were incubated in 10% PWM-SCM which
resulted in a mean fivefold increase in G-CSF activity. Under
these conditions, the calculated total tissue production of
G-CSF was highest in the peritoneal cavity followed by the
spleen and bone marrow, with little activity detectable in
media conditioned by tissues from control animals (Table II).

Hematological parameters. Compared with control
MPZipNeo-infected animals, all G-CSF mice exhibited an in-
crease in cellularity in the spleen (2-4-fold), peritoneal cavity
(2-fold), and peripheral blood (5-13-fold) with no change in
bone marrow cellularity (Table III).

Differential cell counts performed on stained smears of
cells from the G-CSF reconstituted animals (Fig. 3) revealed
an abnormal frequency of various subpopulations. This was
evident by 4 wk after transplantation but tended to returnto a
normal pattern by 6 mo. Most striking was the marked neu-
trophilia seen in all tissues. At 4, 12, and 30 wk after trans-
plantation, 8.5, 4.0, and 2.6-fold increases, respectively, in
neutrophils were observed in the sum of total marrow, spleen,
peritoneum and peripheral blood (1 ml) of the G-CSF mice
compared to control animals. Similarly, monocyte and macro-
phage levels in the G-CSF mice were elevated fivefold at 4 wk
after reconstitution and declined to normal levels by 6 mo,
while the number of erythroblasts decreased from 2.5 to 1.4-

Table II. G-CSF Levels in Sera and Conditioned Media from Transplanted Mice

G-CSF concentrations (X102 U/ml)

Number Weeks after
Virus of mice transplantation Serum Bone marrow* Spleen* Peritoneum*
MPZen(G-CSF) 9 2-4 101+108 1.4+0.7¢ 2.7+1.1% 7.4+3.2%
9 5-14 7,030+10,290 2.2+4.58 2.0+4.3% 9.3+15.8¢
7 26-30 1661295 0.7+0.9 0.7+0.9 0.5+0.4
MPZipNeo 11 2-4 0.3+0.7 0 0 0.8+0.4
3 14 0 08 08 0
3 26-30 0 0 0.21+0.2 0.3+0.2

* Mean=+SD of G-CSF activity in day 7 conditioned media from cultures initiated with 1 X 10° cells/ml in 20% FCS, 10% PWM-SCM, except

in §, where cultures were initiated with 1 X 10° cells/ml. *n = 3.
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Table III. Cellularity in Hemopoietic Tissues of Reconstituted Mice

Number of cells (X1076)*

Number Weeks after

Virus of mice transplantation Per femur Spleen Peritoneum Peripheral blood*
MPZen(G-CSF) 9 2-4 20+5 611+203 2.6+2.0 34+29
9 5-14 21+4 807+164 5.2+1.7 35427
10 26-30 2249 620+257 13+10 22+13
MPZipNeo 11 2-4 22+5 24654 24+1.0 1.3+0.8
12-14 2244 226+51 6.0£2.6 5.7+£0.7
3 26-30 214 153+38 7.0£1.3 4.0+1.5

* Mean+SD. # Peripheral blood counts/ml.

fold above controls. Other cell types remained relatively un-
changed.

A similar pattern of changes in total marrow and spleen
progenitor numbers was observed with time (Table IV). Com-
pared with controls, G-CSF and PWM-SCM responsive pro-
-genitors in the G-CSF mice were not significantly different in
the marrow, but were elevated ~ 30- and 80-fold, respectively,
in the spleen. Additionally, megakaryocyte-CFC (meg-CFC)
numbers were unchanged in the marrow and elevated approxi-
mately twofold in the spleen (data not shown) while multipo-
tential progenitor (mix-CFC) numbers in the total marrow and
spleen were elevated threefold at 4 wk after transplantation
and declined to control values after 6 mo.

Peripheral blood and peritoneal G-CSF-responsive pro-
genitors were found in 50 and 25% of the G-CSF mice, respec-
tively, and never in the control animals. Similarly, PWM-
SCM-responsive progenitors were found six times more fre-
quently in the G-CSF mice over the 6 mo.

In line with the changes in erythroblast numbers in G-CSF
mice, erythroid progenitor cells were slightly decreased in the
bone marrow and slightly elevated in the spleen and peripheral
blood (Table V), the total effect being an approximate twofold
increase in BFU-E and CFU-E numbers when compared to
controls. However, no change in hematocrit values was ob-
served, consistent with the absence of detectable erythropoie-
tin in the sera of all mice.

In the absence of added CSF, ~ 10% of bone marrow and
spleen, and 1% of peripheral blood G-CSF-responsive progen-
itors of the G-CSF mice were factor independent while cells
from the control animals exhibited an absolute dependency on
exogenous CSF for proliferation (Table IV).

Overall, chronic overexpression of G-CSF in vivo ledto a
calculated approximate twofold increase in total body progen-
itors (BFU-E, CFU-E, Mix-CFC, GM-CFC, G-CFC, and
Meg-CFC) but the relative frequencies between the various
progenitors remained unaltered.

Table IV. Total Progenitor Cells in Hemopoietic Tissues of Reconstituted Mice

Calculated total number of CFC (X1073)*

Number Weeks after
Virus of mice transplantation Stimulus Per femur Spleen Peritoneum Peripheral blood*
MPZen(G-CSF) 9 2-4 —_ 0.2+0.2 4+4 0.02+0.02 0.002+0.006
PWM-SCM 23+7 490+194 0.07+0.08 1.3+1.3
rhG-CSF 64 90+66 0.03+0.03 0.2+0.2
9 5-14 — 1+2 20+40 0.01+0.02 0
PWM-SCM 27+6 500+412 0.1+0.1 0.7+0.7
rhG-CSF 4+4 160+170 0.02+0.04 0.3+0.3
10 26-30 — 0.2+0.4 1+2 0 0
PWM-SCM 33+15 13060 0.01+0.02 0.02+0.01
rhG-CSF 5+5 20120 0 0
MPZipNeo 7 2-4 —_ 0 0 0 0
PWM-SCM 27+10 80+40 0.004+0.01 0.01+0.02
rhG-CSF 5+3 7£5 0 0
8 5-14 — 0 0 0 0
PWM-SCM 42+13 3+3 0.003+0.006 0
rhG-CSF 75 0 0 0
3 26-30 — 0 0 0 0
PWM-SCM 4010 2+1 0 0
rhG-CSF 11+4 0 0 0

* Mean+SD. #CFC in 1 ml peripheral blood. $n = 3.

Effects of Chronic Elevated Granulocyte-Colony-stimulating Factor Levels
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Table V. Total Multipotential (Mix-CFC) and Erythroid Progenitor Cells (BFU-E, CFU-E) in Hemopoietic Tissues

Total number of cells (X1073)*

Number Weeks after
Virus of mice transplantation Cell type Per femur Spleen Peritoneum Peripheral blood*
MPZen(G-CSF) 9 2-4 CFU-E 5+1 964+580 0 0
BFU-E 1+1 210£210 0.002+0.003 0.31+0.5
Mix-CFC 0.4+0.3 50164 0.002+0.003 0.1+0.1
9 5-14 CFU-E 1242 1870+2100 0 0
BFU-E 2+1 210+180 0.001+0.003 0.3+0.3
Mix-CFC 0.8+0.5 44+31 0 0.05+0.05
3 26-30 CFU-E 3+2 730+306 0 0
BFU-E 0.7+0.4 15060 0 0.08+0.04
Mix-CFC 0.2+0.1 26+14 0 0.01+0.01
MPZipNeo 7 2-4 CFU-E 2010 380+390 0 0
BFU-E 2+1 40+36 0.01+0.02 0.003+0.006
Mix-CFC 0.7£0.4 7+4 0 0.004+0.008
6 12 CFU-E 80+10 120+90 0 0
BFU-E 9+1 12+8 0 0
Mix-CFC 3+0 3+2 0 0
3 26-30 CFU-E 50+20 27+12 0 0
BFU-E 5+3 2+1 0 0.003+0.002
Mix-CFC 2+1 1+0.1 0 0.004+0.003

* Mean+SD. #CFC in 1 ml peripheral blood.

Transplantation of infected hemopoietic cells into second-
ary recipients. During an observation period of 3 mo, all nor-
mal and sublethally irradiated secondary recipients remained
healthy, and only two of the mice so far examined contained
detectable G-CSF levels in the sera (250 U in a non-irradiated
mouse injected intraperitoneally, and 27,000 U in the other
sublethally irradiated mouse injected IV). In contrast, 6 of 19
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Figure 2. Detection of the MPZen(G-CSF) provirus in tissues from
irradiated mice transplanted with virus-infected bone marrow cells.
Southern blot analysis with a G-CSF cDNA probe of Sac I and Eco
RI digested DNA from tissues (bm, bone marrow; spl, spleen; thy,
thymus) of two mice (4 and B) transplanted three months previously
with 1 X 10° MPZen(G-CSF )-infected post-5-FU-treated marrow
cells, showing sizes of endogenous (7.0 kb) and proviral (2.9 kb)
DNA digested with Sac I, which cuts within each LTR.

EcoRI
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lethally irradiated mice examined monthly between 22 and
106 d after transplantation continually showed consistently
elevated G-CSF levels in the serum (mean 160,000, range
200-1,200,000 U/ml), indicating the stable transmission of the
inserted gene. .

The absence of any synticium formation in the XC assay
(34) induced by the G12 clone and the lack of transmissibility
of G-CSF activity in the majority of nonirradiated secondary
recipients suggest the absence of ecotropic replication-compe-
tent viruses in the primary animals.

Histological changes. The tissue changes exhibited by pri-
mary G-CSF mice were remarkably minor in comparison with
those developing in mice with excess levels of GM-CSF (17) or
Multi-CSF (18). Moreover, these changes that were present
were more obvious at 5-8 wk after transplantation and de-
clined thereafter with the exception of the excess hemopoiesis
in the spleen.

The bone marrow exhibited an increased percentage of
granulocytic cells but no other abnormality.

The spleen was enlarged due to increased cellularity in the
red pulp. Lymphoid follicles were small in size and sometimes
severely depleted of lymphoid cells. The most prominent cells
in the red pulp were granulocytic at various stages of matura-
tion (Fig. 4 A) but in some spleens excess numbers of erythroid
cells were also present. There was no accumulation of mega-
karyocytes and, in most spleens, eosinophil and mast cells
were not prominent. ,

The liver displayed multiple, usually small, foci of neutro-
philic granulocytes at varying differentiation stages (Fig. 4 B).
The foci in periportal areas sometimes also contained ery-
throid cells and, less commonly, eosinophils. No mast cells or
megakaryocytes were present. There was no mitotic activity in
liver cells and there were no areas of necrosis or cirrhosis.
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In most lungs the alveolar walls contained increased num-
bers of mature neutrophils (Fig. 4 E). However, there were no
peribronchial infiltrates, and no emphysema or pleural thick-
ening.

No focal accumulations of hemopoietic cells were observed
in striated muscle and the muscle cells exhibited no thinning.
A striking exception was seen in some mice where the muscle
tissue adjacent to the sternum contained infiltrating cords of
mature neutrophils apparently extending from the adjacent
sternal bone marrow (Fig. 4 C). In such areas the muscle cells
appeared undamaged (Fig. 4 D).

The heart showed no focal accumulations of hemopoietic
cells and no evidence of pericarditis or endocarditis despite the
presence of large numbers of mature granulocytes in the blood
in the heart chambers.

No cellular infiltration or tissue damage was noted in the
kidney, salivary gland, pancreas, gut, or skin. The mesenteric
node occasionally contained small numbers of granulocytes in
the hilar region. The thymus was normal in architecture with a
wide lymphoid cortex indicating lack of stress in the animal.

Discussion

We have previously reported the effects of constitutive over-
production of GM-CSF (17) and multi-CSF (18) in vivo fol-
lowing transplantation of normal hemopoietic cells infected
with MPZen type vectors containing cDNAs for these CSFs.
These mice which expressed high levels of the relevant growth
factor in their serum could not be studied over a long period of
time since they developed a fatal but nonneoplastic myelopro-
liferative syndrome within several weeks after transplantation.
The results described here provide further evidence that
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PERIPHERAL BLOOD

MAST

TOTAL CELLS ( x 10

Figure 3. Total numbers of erythroblasts (eryth);
myelocytes, metamyelocytes and polymorphs (neur);
monocytes and macrophages (mono); lymphocytes
(lymph), eosinophils (eos), megakaryocytes (meg),
mast and blast cells in the bone marrow, spleen, peri-
toneal cavity, and peripheral blood of animals trans-
planted 3 mo previously with 10° post-5-FU-treated
bone marrow cells. Each column represents the mean
Lo and standard deviation of animals transplanted with
mock-infected (open, n = 3) or MPZen(G-CSF)-in-
fected cells (closed, n = 6).

BLAST

MPZen vectors are able to infect stem cells capable of long
term reconstitution of lethally irradiated mice, and that the
infected cells continue to express the gene (G-CSF) over at
least 6 mo. The stable transmission of the inserted gene is
evident from the 30% efficiency at which lethally irradiated
secondary hosts continue to express G-CSF for more than 3
mo. However, G-CSF serum levels in these animals varied
considerably throughout the observation period and did not
show any consistent pattern of expression even when the
transplanted marrow cells were obtained from the same pri-
mary animal. This probably reflects subsequent activation of
different stem cell clones at various times, as has been reported
previously (35, 36).

Our experiments also imply that chronic stimulation of
hemopoietic cells in vivo by G-CSF does not lead to a loss in
marrow repopulating ability. Indeed, we (Chang et al., manu-
script in preparation) and others (9, 37) have observed that this
leads to an increase in marrow and spleen CFU-S numbers.
The G-CSF mice also show an approximate twofold increase
in progenitor numbers in the total marrow and spleen com-
pared to controls. Interestingly, there was no increase in the
proportion of G-CSF-responsive progenitors in the G-CSF
mice, rather all progenitor types (BFU-E, CFU-E, GM-CFC,
G-CFC, and Mix-CFC) increased proportionally relative to
each other. Yet cytological and histological analysis revealed a
selective increase of cells of the neutrophilic granulocytic
series, a finding consistent with in vitro studies indicating the
selective action of G-CSF on the differentiation and survival of
this cell type (1-4). A similar pattern of response has been
noted in patients injected with rhG-CSF (38).

It is noteworthy that the increase in progenitor and mature
cells in the G-CSF mice was most evident soon after trans-
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Figure 4. Photomicrographs of (4) spleen showing infiltrating granulocytes in the red pulp, (B) liver with foci of neutrophils at varying differen-
tiation stages, (C) sternal marrow with infiltrating cords of mature neutrophils into adjacent muscle, (D) skeletal muscle with no foci of hemo-
poietic cells nor any signs of damage (E') lung with increased numbers of mature neutrophils, and (F) peripheral blood smear showing extensive
neutrophilia. All photomicrographs of tissue from animals transplanted 5-8 wk previously with 10° post-5-FU-treated marrow cells infected
with MPZen(G-CSF).

1494  J. M. Chang, D. Metcalf, T. J. Gonda, and G. R. Johnson ‘



plantation, and declined with time. This may suggest a decline
in gene expression with time, possibly due to the inactivation
of the infected gene by various mechanisms such as methyl-
ation, as have been observed with NeoR gene expression which
declined with time, and after secondary and tertiary transfers
in mice (39). However, serum G-CSF levels remained consis-
tently elevated, suggesting adequate expression of the viral
gene at all times. The decline in cell numbers may therefore be
due to an unusual hyporesponsiveness of hemopoietic cells to
high G-CSF levels, perhaps due to a development of tolerance
by responding cells from long-term repetitive stimulation. We
are currently undertaking studies to test this hypothesis.

Previous studies using the MPZen vector expressing multi-
CSF (18) or the Neo® gene (28) have demonstrated that the
regulatory elements within the viral LTR direct expression of
the transduced gene in neutrophils, macrophages, B lympho-
cytes, T lymphocytes, erythroblasts, and mast cells. Since the
LTR affects tissue-specific expression (40), presumably G-CSF
is expressed in a similar range of hemopoietic cell types in the
present studies. Further studies are currently underway to
confirm this using fluorescence-activated cell sorting in con-
junction with the polymerase chain reaction to detect expres-
sion of viral RNA in specific hemopoietic cell types at various
times after transplantation.

The model system developed here provides a means to
study the effects of chronic long-term exposure to a hemopoi-
etic growth factor. Unlike the fatal disease and tissue damage
occurring in mice with excess levels of GM-CSF (17) or multi-
CSF (18, 19), chronic elevations of G-CSF levels did not lead
to premature death, and the mice exhibited remarkably little
evidence of tissue damage. Indeed, apart from the excess he-
mopoiesis in the spleen, which caused organ enlargement, and
the development of small hemopoietic foci in the liver, which
were not progressive in nature, no histological evidence of
tissue damage was observed in any organ. Specifically, the
chronic presence of elevated numbers of mature granulocytes
in lung alveolar walls did not apparently result in tissue
damage.

It might have been anticipated that the substantial over-
production of mature granulocytes might lead to the develop-
ment of the acute respiratory distress syndrome with asso-
ciated damage to lung tissue (41). However such a sequence
has not been observed in patients injected with G-CSF (12, 13)
and was not observed in the present mice. The behavior of
mice with chronically elevated G-CSF levels substantiates the
increasing clinical experience that G-CSF elicits few toxic re-
sponses (12, 13) and that sustained elevations of granulocytes
do not result in tissue damage, unlike the situation occurring
when levels of macrophages are elevated (17, 42).

A curiosity noted in the G-CSF mice was the presence in
some mice of infiltrating cords of mature granulocytes extend-
ing into adjacent intercostal muscle tissue from the sternal
marrow. No comparable invasion was observed in muscle tis-
sue adjacent to the femur. The phenomenon suggests the pres-
ence of unusual foramina in sternal bones permitting the se-
lective egress of mature granulocytes from the marrow cavity
under conditions of excess granulopoiesis in the adjacent mar-
row. Further toxicity studies can now be initiated to determine
whether other more subtle changes have occurred in these
animals (e.g., liver enzyme status) as no other model system
presently provides continuous long-term exposure to G-CSF.

The absence of infiltrating granulocytes from organs such
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as the kidney and lymph nodes emphasizes the difference be-
tween this G-CSF-induced hyperplasia of granulocytic popula-
tions and myeloid leukemia in which such organs invariably
show extensive infiltration. The non-neoplastic nature of the
hyperplasia induced by chronic G-CSF stimulation was con-
firmed by failure of these cells to produce transplanted tumors
in syngeneic recipients. The failure of mice with excess G-CSF
levels to develop myeloid leukemia even after 6 mo confirms
previous conclusions (17-19) that overstimulation of cell pro-
duction is by itself insufficient to result in leukemic transfor-
mation.
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