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ABSTRACT

Background: CSF- 1 expression precedes renal injury in
autoimmune MRL-lpr mice and is responsible for mac-
rophage (MO) proliferation and survival in the kidney.
By comparison, C3H-lpr mice do not express CSF-1 in
the kidney, and despite the lpr mutation, kidneys remain
normal. The purpose of this study was to test the capacity
of local and systemic expression of M4 growth factor,
CSF-1 to initiate renal injury in normal (C3H-+ +, MRL-
++) and autoimmune (C3H-lpr, MRL-lpr) mice.
Materials and Methods: We designed a gene transfer
system to deliver cytokines into the kidney by transduc-
ing renal tubular epithelial cells (TEC) using retroviral
vectors expressing CSF- 1 or another MO growth factor,
GM-CSF. We placed transduced syngeneic cytokine-
TEC under the renal capsule of normal and autoim-
mune prone mice prior to renal injury and evalu-
ated renal pathology at 3, 7, 14, 28, and 90 days
postimplant.

Results: CSF-1-TEC and GM-CSF-TEC, but not unin-
fected TEC, caused extensive local renal injury in strains
with the lpr mutation. At 3-7 days the infiltrating cells
were mainly MO, and by 28 days they were predomi-
nantly lymphocytes. By comparison, the kidneys of
MRL-++ and C3H-++ mice remained normal. Im-
planted genetically modified TEC caused a sustained in-
crease of CSF-1 or GM-CSF in the circulation which did
not modify the contralateral kidney.
Conclusions: Gene transfer of MO growth factors into
the kidney initiates severe local renal injury in autoim-
mune prone mice with the lpr mutation, but does not
compromise the kidney in nonautoimmune hosts. Of
note, introduction of MO growth factors into the kidney
of C3H-lpr mice which do not spontaneously develop
renal injury incites renal damage. These studies offer a
gene transfer approach to explore the impact of local and
systemic cytokine production on renal injury.

INTRODUCTION
Macrophages (MO) can initiate and promote re-

nal injury. They are ubiquitous in interstitial and
glomerular lesions both in experimental and hu-
man kidney diseases (1). The mechanisms of MO
accumulation in the kidney that foster tissue in-
jury are therefore central to renal tissue destruc-
tion. In MRL/MpJ-lpr/lpr (MRL-lpr) mice, which
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mimic human systemic lupus erythematosus,
MO are particularly prominent in the kidney,
and their presence precedes the loss of renal
function (2). Renal damage is rapid (50% mor-
tality, 6 months of age) in these mice (3). The lpr
mutation affects the gene encoding Fas, a mole-
cule that mediates apoptosis (4). However, the
lpr mutation alone is insufficient to induce renal
injury since the kidneys remain normal in other
background strains constructed to express lpr,
such as C3HIHeJ-lpr/lpr (C3H-lpr) with the ex-
ception of the MRL-lpr strain. Therefore, the
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MRL background in which nonfatal glomerular
and interstitial lesions gradually develop, is re-
quired for the lpr mutation to accelerate the loss
of renal function.

Colony stimulating factor-I (CSF-1) and
granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) are hematopoietic cytokines which
attract MO into tissues and are required for MO
growth and differentiation (5,6). CSF-I may be
central to the initiation and promotion of renal
injury in MRL-lpr mice: it is detectable in the
circulation and kidneys of MRL-lpr mice well in
advance of renal injury, but not in other strains
with the lpr gene, MRL/MpJ-+ + (MRL- + +), or
other normal strains (7). CSF-1 increases in pro-
portion to the severity of the kidney disease (7),
and it is produced primarily in glomeruli by mes-
angial cells which express a secreted and mem-
brane form of the cytokine (8), and to a lesser
degree in the interstitium (2). CSF-1 is required
for the survival and proliferation of MO propa-
gated from MRL-lpr glomeruli (2). MO are con-
centrated in areas within the kidney that express
CSF-I (2), and the loss of CSF-I expression cor-
relates with the disappearance of M4 and the
reversal of renal lesions (9). These results indi-
cate that CSF-1 initiates and promotes autoim-
mune renal injury in MRL-lpr mice.

Strategies to introduce the CSF-I gene into
the kidney are limited since tissue-specific pro-
moters that would tailor molecules for expres-
sion in selected cells only within the kidney have
not been found. Gene transfer into the kidney
could locally deliver a selected cytokine, but with
previous systems gene transfer has been short-
lived and variable (I 0-1 3). We designed a novel
approach capable of continually delivering CSF- 1
into the kidney. Using a retroviral gene transfer
system, we transfected CSF-1 and another MO
growth factor, GM-CSF, into renal tubular epi-
thelial cells (TEC), and then placed these genet-
ically modified cells under the renal capsule of
syngeneic strains. The result was stable expression
of CSF-1 or GM-CSF in the kidney and circulation
for sustained periods (weeks to months). We used
this system to test the impact of sustained local and
systemic delivery of MO growth factors or other
cytokines on renal injury.

MATERIALS AND METHODS
Mice

MRL-lpr, MRL-++, C3H/FeJ (C3H-++), and
C3H-lpr mice were purchased from The Jackson

Laboratory (Bar Harbor, ME, U.S.A.) and main-
tained in our virus-free facility on standard lab-
oratory chow. Female mice were used in all ex-
periments to control for variation between sexes.

Reagents

Tissue culture media and supplements were pur-
chased from Gibco/BRL Life Technologies
(Grand Island, NY, U.S.A.) and chemicals were
purchased from Sigma Chemical Co. (St. Louis,
MO, U.S.A.). Polyclonal rabbit anti-murine
CSF-I antibody (Ab) was kindly provided by
Dr. R. Shadduck (Montefiore Hospital, Pitts-
burgh, PA, U.S.A.). GM-CSF (clone MPI-31G6),
CD4, CD8, and B220 monoclonal antibody
(mAb) were purchased from Pharmingen (San
Diego, CA, U.S.A.). The hybridoma cell line F4/
80, obtained from American Type Culture Col-
lection (Rockville, MD, U.S.A.), secreted a mAb
which specifically binds to Mo.

Isolation of Renal TEC
We isolated TEC from MRL-lpr, MRL-++, and
C3H-++ mice 1-2 months of age as previously
detailed (14). Briefly, kidneys were removed and
renal cortices were minced, dispersed in collage-
nase solution, and then passed through a series
of steel sieves (250, 150, 75, and 38 ,um). Cells
that passed through the final sieve were col-
lected, washed in HBSS, and resuspended in
modified KI medium. The cells were incubated
for 1 hr at 370C in culture dishes, and nonadher-
ent cells were transferred to collagen (type IV)-
coated plates. TEC were cultured until they were
confluent (Day 7-10 in MRL-++ and C3H-++
TEC, and Day 10-14 in MRL-lpr). Finally, I X
106 TEC were plated on collagen-coated plates,
and then infected with the recombinant retrovirus.

Retrovirus-Mediated Cytokine Gene
Transfer into Cultured TEC
CRIP packaging cell lines that produced helper-
free recombinant retroviruses carrying cytokine
genes were generated as previously described
(15-17). Briefly, DNA sequences encoding CSF- 1
(bp 160-1871) and GM-CSF (bp 174-619) were
subcloned into the Moloney murine leukemia
virus (MoMuLV)-based MFG vector containing
the LTR viral promoter and the tp sequence nec-
essary for viral RNA packaging. The MFG vector
carrying a cytokine gene was then introduced
into a mammalian packaging cell line (CRIP)
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which contains integrated proviral sequences
necessary for encapsulation of the recombinant
viral RNA. The resulting virus-producing cell line
produces recombinant retroviruses which trans-
fer the recombinant viral genome containing the
selected cytokine gene into a suitable host cell.
Producer cells were grown to subconfluence (5 x
106 cells on a 10-cm culture dish) in Dulbecco's
modified Eagle's medium (DMEM) complete
medium containing 10% calf serum, replenished
with 10 ml of fresh medium and incubated for 18
hr. The virus-containing cell culture supernatant
was harvested, filtered through a 0.45-,um mem-
brane, and viral stocks were applied to TEC cul-
tures (1 X 106 cells on a 10-cm culture dish) in
the presence of 8 ,ug/ml polybrene for 18 hr.
Following retroviral infection, TEC were replen-
ished with KI medium, grown to confluence
(5-6 day), and culture supernatants were col-
lected to verify cytokine secretion. The bacterial
,3-galactosidase ((3-gal) gene (LacZ) was intro-
duced into TEC coincidentally with CSF-1-en-
coding sequences ("cotransfection") to track ge-
netically modified TEC.

Detection of CSF-1, GM-CSF, and ,8-gal in
Genetically Modified TEC
CSF-1, GM-CSF production by genetically mod-
ified TEC was determined in cultured cells by
immunohistochemical analysis. We cultured
TEC for 48 hr on tissue culture chamber slides,
fixed these cells with 95% ethanol, and then
stained for the presence of CSF- 1, GM-CSF using
the immunoperoxidase technique. We blocked
endogenous peroxidase activity with 0.6% hy-
drogen peroxide (H202) and 0.2% sodium azide
for 10 min, washed the TEC with 0.01 M Tris-
buffered saline (TBS) containing 0.1% bovine
serum albumin (BSA), and blocked endogenous
avidin and biotin using an Avidin/Biotin block-
ing kit (Vector Laboratories, Burlingame, CA,
U.S.A.). The TEC were then incubated with bio-
tinylated rat anti-murine GM-CSF Ab (5 ,ug/ml)
in a humidified chamber for 2 hr at room tem-
perature, washed, and then exposed to avidin-
peroxidase complex using the Vectastain ABC
Elite Kit (Vector Laboratories) to detect GM-CSF.
For indirect detection of CSF- 1, rabbit anti-
CSF-1 sera incubation was followed with bio-
tinylated goat anti-rabbit IgG for 1 hr at room
temperature, and then exposed to avidin-perox-
idase complex. TEC were then exposed to 3-3'-
diamino-benzidine (0.5 mg/ml in TBS containing
0.02% H202) for a chromogenic reaction and

counterstained with methyl green/alcian blue.
Specificity controls included replacement of pri-
mary Ab with normal rat IgG or rabbit sera. To
verify transfer of the LacZ gene in coinfected
TEC, (3-gal expression was evaluated in cultured
TEC by treating cells with 5-bromo-4-chloro-3-
indolyl-,B-D-galactoside (X-gal) (18). In brief,
TEC cultures were fixed with 1% glutaraldehyde
for 15 min at 370C and incubated in a X-gal
solution (1 mM MgCl2 in phosphate-buffered
saline [PBS], 5 mM potassium ferriferrocyanide,
1 mg/ml X-gal in N,N-dimethylformamide, pH 7.5)
at 37°C for 1 hr. Cells with (3-gal activity were
identified by the presence of blue-green color in
the cytoplasm.

Measurement of Secreted CSF-L
and GM-CSF

Biologically active CSF-1 and GM-CSF in TEC
supernatants and sera samples were measured by
colony-stimulating assay (CSA) as previously de-
scribed (19). Briefly, bone marrow cells were
extracted from the tibias of C 3H-+ + mice, and 1
X 105 bone marrow cells were added to super-
natant (100 ,u) or test serum (30 ,l), and then
plated in 1 ml 0.3% Noble agar (Difco, Detroit,
MI, U.S.A.) in McCoy's 5A medium supple-
mented with 15% fetal calf serum (FCS), 50 mM
2-ME, 10 U/ml penicillin, and 100 ,g/ml strep-
tomycin in 35-mm tissue culture plates. Cultures
were incubated at 37°C in a humidified 5% CO2
atmosphere and colonies were counted on Day
10. The results were reported as CFU per 105
bone marrow cells. To verify the specificity of
CSF-1 and GM-CSF induced colonies, test sera or
culture supernatants were preincubated with 30
Al of polyclonal rabbit anti-murine CSF-1 Ab or
rat anti-murine GM-CSF mAb for 30 min at
room temperature prior to the assay. Cytokine
levels are reported as the amount produced by
5 X 105 TEC/ml.

Placing TEC under the Renal Capsule
We implanted uninfected or cytokine-producing
TEC directly under the renal capsule of recipient
mice 4, 6-8, 10-12, or 20 weeks of age. We
anesthetized mice by i.p. injection of sodium
pentobarbital (1 mg/mouse) and ether inhala-
tion, and then exposed the left kidney through a
left flank incision. Under a dissecting microscope,
a cell suspension of either 0.5, 1, or 5 x 106 TEC
in 50 ,p1 of HBSS was injected into the subcap-
sular space, and the peritoneum and skin were
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closed. The maximal number of TEC which the
subcapsular space could accommodate was 5 x
106 TEC. The viability of TEC immediately before
implantation (Lx) was >90% by trypan blue stain-
ing. We implanted TEC derived from C3H-+ + and
MRL-lpr mice under the renal capsule of syngeneic
strain with or without the lpr mutation. To exclude
the possibility that the lpr mutation altered the
TEC, we implanted C3H-lpr-derived TEC into
C3H-++ recipients, and MRL-++ TEC into MRL-
lpr recipients. Recipient mice were bled before Ix
and 7, 14, and 28 days post-Lx to evaluate cytokine
levels in the circulation.

Histological Examinations

We removed the TEC-implanted (left) kidney, as
well as the contralateral (right) kidney at 3, 7,
14, 28, 56, and 90 days post-Ix. The kidneys were
halved and fixed in 10% phosphate-buffered for-
malin for paraffin-embedded sections or snap-
frozen in OCT compound (Miles, Naperville, IL,
U.S.A.). Paraffin-embedded tissue sections were
stained by the hematoxylin and eosin method
and evaluated by light microscopy. We assessed
the accumulation of cells in the subcapsular site,
and in the renal cortex by counting the maxi-
mum number of cell layers in the area with the
most extensive pathology. Using paraffin-em-
bedded sections we detected M4 and lympho-
cytes by the immunoperoxidase method using
F4/80 and Ab to CD4, CD8, and B220 determi-
nants (2). Specificity controls included the re-
placement of primary Ab with normal rat IgG.
Tissue (3-gal activity was evaluated on frozen
sections by incubation with X-gal solution using
the same method for TEC cultures described
above, with an additional incubation with the
X-gal solution (1 hr) (12,18).

RESULTS
TEC Transfected with CSF-1 and GM-CSF
Encoding Genes Constitutively Produce
and Secrete High Levels of These
Cytokines
TEC will be identified by naming the introduced
gene and the cell type (e.g., CSF- 1 -TEC). CSF- 1-
TEC derived from C3H-+ + mice secreted high
levels of CSF- 1 into the supernatant when tested
1 week after retroviral infection (Table 1). Simi-
larly, GM-CSF-TEC secreted substantial amounts
of GM-CSF into the supernatants after 1 week of
culture. CSF-1 and GM-CSF were undetectable in

TABLE 1. Genetically modified TEC
constitutively secrete CSF-1 and GM-CSF,
and retain the ability to secrete each cytokine
for at least 4 months

Culture CSF-1 GM-CSF Uninf.
Period (CFU) (CFU) (CFU)

I week 56 41 0
1 month 66 46 4

4 months 51 50 3

6 months 73
8 months 42
10 months 23

TEC were derived from C3H-++ mice. CSF-1 and GM-CSF
were measured by colony-stimulating assay as CFU per 105
bone marrow cells. Positive standard for the assay is MRL-
lpr sera at 6 months of age, 53 ± 4 CFU. Culture period,
period after retroviral infection; Uninf., retroviral unin-
fected TEC. Culture supernatants (1 ml/5 x 105 TEC) were
collected 6 days after passage. All values are means of
duplicate samples.

supematants from uninfected TEC. The geneti-
cally modified TEC retained the ability to secrete
each selected cytokine for several mos (CSF- 1 >6
months, GM-CSF >4 months; Table 1). To de-
termine if the background strain of TEC affected
the capacity to produce and secrete each cyto-
kine, we evaluated TEC cultures of three differ-
ent strains, C3H-++, MRL-++, and MRL-lpr.
Genetically modified TEC from each strain se-
creted similar amounts of CSF-1 and GM-CSF
(Table 2). CSF-1 was expressed in the cytoplasm
in a diffuse, granular pattern in >90% of CSF-
1-TEC (Fig. IA), but not in TEC which were not
retroviral infected (Fig. IB). GM-CSF was visible
in >90% of TEC infected with retroviruses en-
coding GM-CSF, but not in uninfected TEC
(Fig. I C).

Genetically Modified TEC (Cytokine-TEC)
Placed under the Renal Capsule Cause an
Increase of the Cytokine in the Circulation

We evaluated levels of each cytokine in the cir-
culation 7, 14, and 28 days post-Ix in mice with
and without the lpr mutation. In C3H-++ and
C3H-lpr recipients implanted with 1 x 106 syn-
geneic CSF- 1 -TEC circulating CSF- 1 levels in-
creased from undetectable to 12 ± 6 CFU, and
14 ± 3 CFU after 28 d (Table 3). In one month old
MRL-lpr recipients of CSF-1-TEC or GM-CSF-
TEC, circulating levels of CSF-1 or GM-CSF were
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TABLE 2. Constitutive secretion of CSF-1 and
GM-CSF by genetically modified TEC is similar
in several strains

TEC CSF-1 GM-CSF Uninf.
(Strain) (CFU) (CFU) (CFU)

C3H-++ 66 46 4
MRL- + + 63 30 4
MRL-lpr 68 39 3

Culture supernatants (1 mi/5 X 105 TEC) were collected 1
month after retroviral infection. CSF-1 and GM-CSF were
measured by colony stimulating assay as CFU per 105 bone
marrow cells. Positive standard for the assay is MRL-lpr
sera at 6 months of age, 53 ± 4 CFU. All values are means
of duplicate samples. Uninf., retroviral uninfected TEC.

4 ± 0 and 0 ± 0 CFU, and increased to 25 ± 5
and 15 ± 10 CFU, respectively, 28 days post-Ix.
Implants of unmodified TEC did not increase
CSF-1 or GM-CSF in the circulation (Table 3).

CSF-1-TEC and GM-CSF-TEC Implants
Induce Intrarenal Accumulation of Cells
in Recipient Mice with the lpr Mutation,
but Not in Normal Mice

TEC producing either CSF- 1 or GM-CSF caused a
substantially greater accumulation of cells in the
implant site than uninfected TEC in C3H-lpr and
MRL-lpr (Table 4A and Figs. 2 and 3). In con-
trast, neither of the MO growth factors induced
an accumulation of cells in the kidneys of mice
without the lpr mutation (C3H-++ and MRL-
+ +). GM-CSF-TEC and CSF -1 -TEC caused more
cells to accumulate in the subcapsular site in......s.. ,.....- 9
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FIG. 1. Cytokine expression of by CSF-1-TEC and GM-CSF-TEC is efficient and constitutive
Cultured CSF-1-TEC (A, arrow), but not uninfected TEC (B), constitutively expressed CSF-1 in the cytoplasm.
Similarly, GM-CSF-TEC (C, arrow) expressed GM-CSF. 3-gal activity was identified in /-gal-CSF-1-TEC (D,
arrows), but not in uninfected TEC (E). Cultured TEC were derived from C3H-++ mice. (Magnification: A, 750X;
B, 500X; C, IOOOX; D and E, 500X.)
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TABLE 3. Retrovirally infected CSF-1-TEC and GM-CSF-TEC implanted under renal capsule increase
cytokine in the circulation

Serum CSF-1, GM-CSF (CFU)

Post-Ix
Recipient
(Strain) TEC Pre-Ix 7 days 14 days 28 days

C3H-++ CSF-1 0 0 12 6a (0)b
Uninf. 0±0 0±0 0± O0 0 0

C3H-lpr CSF-1 0 ± 0 7 2a 14 ± 3a (0)

MRL-lpr CSF-1 4 0 (1) 10 3a 13 ± la 25 +5a (0)
GM-CSF 0+ 0 (0) 13+ 5a (1) 8 + 4a (1) 15 lOa (3)
Uninf. 4 ± (1) 3 1 2 ± 2 5 2 (0)

Recipient mice are 4-8 weeks of age. n = 3-4 in each group. Number of implanted cells: 1 x 106/mouse. CSF-1 and GM-CSF
were measured by colony stimulating assay as CFU per 105 bone marrow cells. Positive standard for the assay was MRL-lpr sera
at 6 months of age, 53 ± 4 CFU. Ix, implantation; Uninf.; retroviral uninfected TEC.
ap < 0.05 versus pre-Ix value.
bNeutralized by anti-CSF-l or GM-CSF Ab.

TABLE 4. CSF-1-TEC or GM-CSF-TEC cause cells to accumulate in mice with the lpr mutation

TEC Recipient CSF-1 GM-CSF Uninf.

A. Subcapsular'
C3H-++ C3H-++ 16 3 16 4 12 1

C3H-lpr 28 + 7c 33 + 3bhc 12 ± 1
MRL-lpr MRL-++ 12 3 15 2 14 1

MRL-lpr 39+ 75,de + 7b,de 12 ± 2

MRL-++ MRL-lpr 47 8b,e 14 2
B. Intrarenala
C3H-++ C3H-++ 2 1 3 1 2 1

C3H-lpr 16 + 3b,c 32 + 2b,cf 2 ± 1
MRL-lpr MRL-++ 2 1 3 1 2 1

MRL-lpr 19 + 4b,d 49 + 6b,df 2 ± 1
MRL-++ MRL-lpr 42 7b 2 1

aSubcapsular and intrarenal cell accumulation was evaluated by counting the numbers of cell layers in an area with the greatest
lesion. Histological evaluation; 28 days post-Ix. Recipient mice: 6-8 weeks of age. n = 3-5 in each group. Number of implanted
cells: 5 X 106/mouse. Uninf., retroviral uninfected TEC.
bp < 0.05 versus Uninf.
Cp < 0.05 versus C3H-++ recipient.
dp < 0.05 versus MRL-++ recipient.
ep < 0.05 versus C3H-lpr recipient.
fp < 0.05 versus CSF-1.
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FIG. 2. Subcapsular implantation of CSF-1-TEC and GM-CSF-TEC into MRL strain induces renal injury
in mice with the Ipr mutation
Implantation of CSF-1-TEC under the renal capsule caused a wedge-shaped intrarenal infiltrative lesion (A, ar-
rows), and GM-CSF-TEC induced severe lesion extending through the cortex into the medulla (B, arrows) in
MRL-lpr recipients. By comparison, neither CSF- 1 (C) nor GM-CSF (D) induced any intrarenal lesion and only in-
duced a modest accumulation of cells in the subcapsular sites in MRL- + + mice. Similarly, uninfected TEC im-
planted into MRL-lpr recipients (E) did not cause intrarenal lesion. /-gal-CSF-1-TEC implanted into MRL-lpr mice
stained for the presence of n-gal are confined to the renal subcapsule 3 days post-Ix (F, arrows), and 14 days
post-Ix (G, arrows). sc, subcapsular space. (Hematoxylin and eosin; magnification: 200x.)
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FIG. 3. Implantation of CSF-1-TEC and GM-CSF-TEC into the C3H strain induces renal injury in mice
with the lpr mutation
Note the accumulation of cells in the renal cortex (arrows) extending from the subcapsular site in C3H-lpr mice
that received CSF-1-TEC (A) and GM-CSF-TEC (B). By comparison, C3H-++ implanted with CSF-1-TEC (C) and
GM-CSF-TEC (D) did not induce any notable accumulation of cells in the renal cortex. 28 days post-Ix. sc, subcap-
sular space. (Hematoxylin and eosin; magnification: A, 200X; B, 300x; C and D, 500X.)

MRL-lpr recipients than in C3H-lpr recipients.
CSF-1-TEC and GM-CSF-TEC caused massive in-
trarenal cell accumulations in C3H-lpr and MRL-
lpr, but not in C 3H- + + and MRL- + + recipients
(Table 4B and Figs. 2 and 3). GM-CSF-TEC from
MRL- + + and MRL-lpr mice caused a similar cell
accumulation in the subcapsular site and within
the kidney of MRL-lpr mice, indicating that the
TEC did not need to be derived from mice with
the lpr mutation to induce renal injury (Table 4).

We placed 0.5 X 106, 1 x 106, or 5 X 106
CSF-1-TEC or GM-CSF-TEC under the renal cap-
sule of a MRL-lpr kidney, and compared the
subcapsular and intrarenal lesions in each group.
Subcapsular and intrarenal lesions induced by
1 X 106 CSF-1-TEC and GM-CSF-TEC were
greater than those induced by 0.5 X 106 TEC
(p < 0.05), but equivalent to those induced by 5 x
106 TEC (Table 5). Based on these data, we im-
planted 1 X 106 TEC in succeeding experiments.
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TABLE 5. Implantation of 1 x 106 CSF-1-TEC and GM-CSF-TEC is sufficient to induce maximal
subcapsular and intrarenal lesions

CSF-1 GM-CSF

Cell Number Subcapsulara Intrarenala Subcapsulara Intrarenala

5 X 106 37 ± 6b 17 4b 59± 8 49 2b

I x 106 36 ± 5b 20 4b 65 job 45 4
0.5 X106 25 ± 1 9 3 22 2 21 3

aSubcapsular and intrarenal cell infiltration was evaluated by counting the numbers of cell layers in an area with the greatest
lesion. Histological examination: 28 days post-Ix. Recipient are MRL-lpr mice, 7 weeks of age. n = 3 in each group.
bp < 0.05 versus 0.5 x 106.

GM-CSF-TEC Incites a More Rapid Cell
Accumulation Than CSF-1-TEC in MRL-lpr
Recipients, and Renal Lesions Induced
by GM-CSF-TEC and CSF-1-TEC Are
Persistent

We examined MRL-lpr kidneys that were im-
planted with CSF-1-TEC or GM-CSF-TEC, 3, 7,
14, 28, 56, and 90 days post-Ix. Compared with
CSF-1-TEC, GM-CSF-TEC in MRL-lpr kidneys
induced a more rapid accumulation of cells un-

der the renal capsule and within the kidney (Ta-
ble 6). The intrarenal accumulation of cells in-

duced by GM-CSF was approximately 3-fold
higher, compared with CSF-1, at 3, 7, and 28
days (Table 6 and Fig. 4). The total number of
cells accumulating (subcapsular + intrarenal) in
response to GM-CSF-TEC and CSF-1-TEC at 90
days were 143 ± 35, 115 ± 32 cell layers, re-

spectively. The response to GM-CSF-TEC peaked
by 28 days and remained elevated until 90 days;
the response to CSF-1 -TEC increased 2-fold from
28 days (64 8 cell layers), until 56 days (123 +
28 cell layers) and 90 days (1 15 ± 32 cell layers)
post-Ix. It is important to note that uninfected

TABLE 6. GM-CSF-TEC implanted into MRL-lpr recipients induce a more rapid cell infiltration than
CSF-1-TEC

Post-Ix

TEC 3 Days 7 Days 14 Days 28 Days

A. Subcapsulara
CSF-1 17 2 27 5b 32 5b 29 3b

GM-CSF 19 ± 3 44 8b 70 + 14b,c 68 13'bc
Uninf. 12 2 13 1 14 2 14 2

B. Intrarenala
CSF-1 3 2 6 3 15 2b 14 4b
GM-CSF 12 ± 4b 16 ± 4b 40 + 6b,c + 13bc

Uninf. 0 ±0 0 ± 0 2 1 2 2

aSubcapsular and intrarenal cell infiltration was evaluated by counting the numbers of cell layers in an area with the greatest
lesion. Recipient were MRL-lpr mice, 10-12 weeks of age. n = 3 in each group. Number of implanted cells: 1 X 106/mouse.
Uninf., retroviral uninfected TEC.
bp < 0.05 versus Uninf.
cp < 0.05 versus CSF-1.
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FIG. 4. Intrarenal lesions induced by GM-CSF are more rapid than CSF-1 in MRL-lpr mice

GM-CSF caused a substantial accumulation of cells extending from the subcapsule into the cortex in MRL-lpr kid-
neys by 8 days post-Ix (A, arrows), and more extensively by 15 days (B, arrows). In contrast, CSF-1 did not cause
an accumulation of cells at 8 days (C), and the numbers of cells accumulated in the renal cortex, although evident
by 15 days (D, arrows), were not as great as for GM-CSF. sc, subcapsular space. (Hematoxylin and eosin; magnifi-
cation: A, B, and D, 300X; C, 50OX.)

TEC did not promote an accumulation of cells 90
days post-Ix.

Effect of Age

We implanted 1 x 106 CSF-1-TEC or GM-CSF-
TEC into MRL-lpr recipient mice of different
ages; 4, 6-8, 10-12, and 20 weeks, and com-

pared the renal pathology in each group 28 days
post-Ix. The MRL-lpr kidney is normal at 4
weeks of age; overt renal injury first appears 8
weeks, and is readily detectable by 20 weeks of
age (2). CSF-1-TEC did not cause cells to accu-

mulate in 4 weeks old MRL-/pr mice. However,
CSF-1 initiated a similar amount of renal injury
in MRL-lpr mice at 6-8, 10-12, and 20 weeks of
age (Table 7). In contrast, GM-CSF-TEC induced
renal injury in all age groups (4-20 weeks), and
the extent of the lesion was always more severe
than CSF-1-TEC.

CSF-1-TEC Remain in the Implant Site

13-gal-C SF- 1-TEC ("co-infected" TEC) implanted
under the renal capsule were detected by the
presence of 13-gal. These cells were confined to
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TABLE 7. To induce cell infiltration with CSF-1, recipient MRL-lpr mice need to be at least 6 weeks of
age

Age

6-8 10-12
TEC 4 Weeks Weeks Weeks 20 Weeks

A. Subcapsular'
CSF- 1 18 ± 2 37 6b 29 ± 3b 25 3b
GM- 44 ± 5b5,c + 8b,c 68 + 13b,c + 6b,c
CSF
Uninf. 15 ± 4 12 2 14 ± 2 12 1

B. Intrarenala
CSF-1 2 ± 2 17 ± 4b 14 ± 4b 15 3b
GM- 37 ± 16b,c 39 + 6b,c 53 + 13b,c 3 + 1
CSF
Uninf. 2±2 1 ± 1 2±2 2±2

aSubcapsular and intrarenal cell infiltration was evaluated by counting the numbers of cell layers in an area with the greatest
lesion. Histological evaluation: 28 days post-Ix. Recipients were MRL-lpr mice. n = 3 in each group. Number of implanted cells:
1 X 106/mouse. Uninf., retroviral uninfected TEC.
bp < 0.05 versus Uninf.
cp < 0.05 versus CSF-1.

TABLE 8. CSF-1 induces an initial accumulation of M4b (3-7 days), followed by lymphocytes (14-28
days) in the MRL-lpr kidney

Post-Tx

Cell % 3 Days 7 Days 14 Days 28 Days

A. Subcapsular
Ix-TEC }3-gal 30 20 10 5

M4o F4/80 60 50 20 10
Lymphocytes B220 <5 20 30 40

CD4 <5 5 30 40
CD8 0 5 <5 <5

B. Intrarenal

MO F4/80 70 50 10
Lymphocytes B220 10 20 40

CD4 10 20 40
CD8 10 <5 <5

Recipients were MRL-lpr mice, 10-12 weeks of age, n = 3 in each age group. Number of implanted cells: 1 X 106/mouse. Cell
phenotypes in subcapsular and intrarenal lesions were determined by counting cells with ,B-galactosidase (c-gal) activity and cells
expressing F4/80, B220, CD4, or CD8. Ix, implantation.
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FIG. 5. Local overexpression of CSF-1 causes initial M4 accumulation, followed by lymphocytes infil-
tration in the MRL-lpr kidney
Three days post-Ix, the cells accumulated in the capsule are predominantly M4P (F4/80) (A), with only a few lym-
phocytes (B). By comparison, 28 days post-Ix, only a few M4 were identified in the intrarenal lesion (C, arrow) in
which many B220-positive cells accumulated (D). sc, subcapsular space. (Magnification: A-D, 330X.)

the subcapsular space, and did not migrate into
the renal cortex (Fig. 2 F and G). ,B-gal could be
detected in 30-40% of the cells in the subcap-
sular space 3 days post-Ix; the proportion de-
creased to <10% by 28 days post-Ix (Table 8A).

M4 Growth Factors Incite an
Accumulation of M4f Followed
by Lymphocytes
CSF-1-TEC and GM-CSF-TEC induced an accu-
mulation of primarily MO (3-7 days) which be-
came predominantly lymphocytes (14-28 days
post-Ix) in the MRL-lpr kidney. Few granulo-
cytes were identified between 3 and 28 days;
even at 1 day post-Ix of GM-CSF-TEC, we were
unable to find many granulocytes. At 3 and 7
days post-Ix, the cells accumulating in the sub-
capsular space were predominantly MO (>50%;

Fig. 5 and Table 8). Lymphocytes, including
B220+ cells and CD4+ T cells, appeared by 7 days
post-Ix and increased in the subcapsule and
within the kidney. At 28 days post-Ix, the ma-
jority (80%) of the infiltrating cells expressed
CD4, CD8, or B220, and only a few M4 (10%)
were detected (Fig. 5 and Table 8). By 90 days
post-Ix, morphologically most cells were lym-
phocytes; approximately 20% were plasma cells,
and the remainder were MO and dendritic cells.
The ratio of M4 and lymphocytes in the subcap-
sular and intrarenal lesions induced by GM-CSF
was similar to CSF-1 at each time point. In C3H-
lpr recipients, the phenotypes of the cells accu-
mulating under the renal capsule and within the
kidney were similar to those in MRL-lpr mice 28
days post-Ix. In contrast, in C3H-++ and
MRL-++ recipients few MO were detected at
any time point and lymphocytes were absent.
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FIG. 6. CSF-1 overexpression in the circulation
does not accelerate renal pathology
CSF-1-TEC in the left MRL-lpr kidney caused sus-
tained, high levels of CSF-1 expression in the sys-
temic circulation, but did not induce any change in
glomeruli, interstitium, and perivascular areas in the
contralateral (right) kidney. Twenty-eight days post-
Ix. (Hematoxylin and eosin; magnification: 200X.)

Circulating CSF-1 or GM-CSF Does
Not Exacerbate Renal Pathology in
MRL-lpr Mice

We implanted CSF-1-TEC into the left kidney of
MRL-lpr recipients and examined the contralat-
eral (right) kidney 28 days post-Ix. In spite of
high levels of serum CSF- 1 for at least 4 weeks
post-Ix (Table 3), there was no detectable in-
crease in the numbers of cells in the glomeruli,
interstitium, or perivascular lesions in the con-

tralateral kidney as compared with untreated
age-matched MRL-lpr kidneys (Fig. 6). Similarly,
circulating GM-CSF did not alter renal pathology.

DISCUSSION
We tested the hypothesis that locally produced
CSF-1 attracts and fosters the accumulation of
MO in the kidney, and in turn induces renal
injury. To accomplish this goal, we used an ex

vivo gene transfer strategy. We genetically mod-
ified cells that are intrinsic to the kidney, and
showed that they produced stable levels of
CSF- 1. The MoMuLV recombinant retrovirus
vector is efficient in a wide variety of mammalian
cells (20), and we found that infection of renal

TEC with this vector was 90% efficient. These
genetically modified TEC retained their ability to
secrete high levels of cytokine for at least 1 year.
The genetically modified TEC were placed under
the renal capsule, a site that proved ideal for
delivering CSF-1 and GM-CSF into the kidney
and circulation. This in part, related to the rapid
and extensive neovascularization of the subcap-
sular implant (21,22).

The introduction of either CSF-1-TEC or
GM-CSF-TEC caused renal injury in mice with
the lpr mutation, but not in normal strains. Of
note, introduction of CSF-1 into the kidney of
C3H-lpr mice, which do not normally express
renal CSF-1 or develop renal disease, induces
tissue damage. These M4 growth factors initiated
a greater amount of renal injury in mice with the
MRL background than mice with C3H back-
ground. We view MO growth factors as the
"match" and the lpr mutation and strain back-
ground the "tinder", which when combined in-
cite renal destruction.

The lpr mutation affects the gene encoding
the Fas antigen (4). The abnormal Fas protein
may be responsible for the animal's inability to
delete autoreactive cells in the periphery by pro-
grammed cell death (apoptosis). The mutation
may be partially responsible for the increase in T
cells in the kidney of MRL-lpr mice (23,24).
Since other mice with the lpr mutation such as
C3H-lpr, do not have nephritis, the MRL back-
ground contributes to the mechanism of renal
injury. Numerous cytokine changes are related
to the lpr mutation (TNF, IL-6), the MRL back-
ground (IL-1, TNF) or both (25-27). Our studies
show that even in the presence of the lpr muta-
tion, the background strain determines the se-
verity of renal injury induced by subcapsular
genetically modified TEC.

Local production within the kidney, and not
systemic exposure to MO growth factors, incites
renal injury. The extent of kidney damage is
most severe nearest the source of CSF-1 or GM-
CSF. However, we do not know whether high
serum levels in combination with local produc-
tion augments tissue destruction since we cannot
deliver MO growth factors into the kidney with-
out also elevating systemic levels. Local delivery
of MO growth factor causes a high sustained level
within the tissue which is impossible to achieve
systemically. In addition, MO growth factors re-
leased in the kidney may be trapped and facili-
tate the binding of CSF-1 or GM-CSF to their
respective receptors (28). No doubt we could
suggest numerous plausible explanations to ac-
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count for the necessity of local production within
the kidney to incite tissue injury. It is of interest
that elevated systemic levels of CSF-1 or GM-
CSF alone did not incite tissue injury. Systemic
delivery of MO growth factors is given to accel-
erate the repopulation of progenitor cells in che-
motherapy patients with white cell deficiencies
(29). Our studies would suggest that these ther-
apeutic systemic doses would not promote kid-
ney injury, even in patients with an autoim-
mune propensity.

GM-CSF incites renal injury substantially
more rapidly than CSF-1, perhaps because GM-
CSF is a growth factor for granulocytes and Mo.
However, we did not detect more than an occa-
sional granulocyte in any of the kidneys in which
implantation of GM-CSF-TEC initiated renal in-
jury. Thus, it is unlikely that granulocytes were
responsible for increasing renal injury. However,
it is possible that GM-CSF is more potent than
CSF- 1 as a chemoattractant and in inducing pro-
liferation of Mo. In fact, we have determined
that GM-CSF causes bone marrow M4P from
MRL mice to proliferate 3-fold more than CSF- 1.
Similarly, GM-CSF causes M4 in lungs to prolif-
erate more than CSF-1 (30). Another possible
explanation for the more rapid induction of renal
injury by GM-CSF may be related to the ability of
GM-CSF to induce costimulatory molecules such
as B7. Expression of B7 along with MHC Ia
would promote T cell activation (31). We are
currently investigating these differing biologic
functions so that we can identify the reason for
the far more rapid impact of GM-CSF compared
with CSF-1 in inciting renal destruction.

Renal damage in the tissue adjacent to the
implant site remains evident several months af-
ter introduction of Mo growth factors. CSF- 1 and
GM-CSF are produced by TEC for more than
several weeks; although levels in the circulation
diminish, these genetically modified TEC might
continue to secrete cytokine. Although GM-CSF
incites a more rapid accumulation of cells than
CSF-1, the extent of renal injury by 90 days
post-Ix is similar. It is possible that spontaneous
autoimmune reactions in MRL-lpr recipients in-
fluence the renal injury after several months. At
that time, progression of pathology might no
longer result from CSF-1-TEC or GM-CSF-TEC
secreting cytokines. The cellular composition in
these later lesions is predominantly lymphocytes,
but there are many plasma cells and some Mo,
similar to the perivascular infiltrates in untreated
MRL-lpr mice. Since vascular endothelial cells in

MRL-lpr kidneys express CSF-1 (2), it is possible
that CSF-1 induces the lesions.

The finding that CSF-1 and GM-CSF incites
more severe renal lesions in MRL-lpr than by
C3H-lpr mice, and that MRL-lpr mice must be at
least 6 weeks of age for CSF-1 to initiate an
accumulation of M4 and T cells may relate to
expression of CSF-1 and TNF-a in the kidney of
MRL-lpr, but not C3H-lpr mice (2,25). M+, de-
rived from MRL-lpr but not C3H-lpr, exposed to
TNF-a along with CSF-1 proliferate more com-
pared with CSF-1 alone (32). Since MRL-lpr
mice may also express numerous unidentified
molecules, we plan to determine which mole-
cules are newly expressed in MRL-lpr between 4
and 6 weeks of age and absent in C3H-lpr kid-
neys.

In summary, we have established a novel
gene transfer system to deliver cytokines specif-
ically into the kidney. This approach is particu-
larly valuable for identifying the impact of local
as well as systemic overexpression of molecules
on the kidney. Since CSF-1, TNF-a, and IL-6 are
increased within the kidney and circulation in
MRL-lpr mice, we have constructed a strategy to
establish which of these cytokines are instru-
mental in initiating renal injury. We now report
that CSF-1 expressed in the kidney of MRL-lpr
mice initiates renal injury. In addition, we have
recently established that IL-6 (manuscript sub-
mitted) and TNFa (manuscript in preparation)
alone do not incite renal injury in mice with the
lpr mutation. Thus, these studies offer a strategy
to explore the impact of local and systemic cyto-
kine production on renal injury.
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