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This study compares different immunosuppressive regimens in the treat- 
ment of the lupus-like nephritis of NZB/W mice. Groups of 5-month-old 
female NZB/W mice were given azathioprine, cyclophosphamide and 
methylprednisolone in all one-, two- and three-drug regimens, each drug 
in the relatively low dose of 1.5 mg/kg/day. Treatment for 3 months with 
one or two drugs resulted in modest suppression of NZB/W disease. Mice 
receiving all three drugs had significantly less proteinuria, lower titers of 
anti-DNA antibody and less severe, histologically evident renal involvement 
than mice treated with one or two drugs. Survival at 1 year was 10% for 
untreated controls, 44% for one-drug-treated, 37% for two-drugtreated 
and 86% for the three-drug-treated mice. The survival for the three-drug 
regimen was significantly longer than any other group ( P  < 0.01). The 
three-drug regimen was synergistic, since mice treated with each drug at 
three times the dose had significantly more proteinuria after 3 months of 
treatment and lowered 1 year survival (33%). The beneficial effects of 
triple-drug therapy were attained without increased toxicity. This study 
represents the first controlled evaluation of single versus combination 
therapy in a model of autoimmune disease. Based on these results, a con- 
trolled evaluation of triple-drug therapy in human systemic lupus erythe- 
matosus appears warranted. 

Combined immunosuppressive regimens are 
being used widely to treat malignancies, allo- 
graft rejection and immunologically mediated 
diseases. Encouraging results have been re- 

ported in the treatment of some leukemias with 
combinations of as many as four agents ( l ) ,  and 
it is now standard therapy to administer pred- 
nisone in combination with azathioprine or cy- 
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clophosphamide to renal transplant recipi- 
ents (2). In the treatment of systemic lupus ery- 
thematosus (SLE), clinical studies have suggest- 
ed enhanced efficacy of combined prednisone 
plus cyclophosphamide o r  prednisone plus 
azathioprine (3-5), however, these studies were 
not designed to evaluate the question of single 
agent versus combination therapy. The ex- 
perimental literature is also lacking in con- 
trolled studies evaluating the hypothesis that 
combining two or more agents in the treatment 
of immunologically mediated disease increases 
therapeutic effectiveness without increasing 
toxicity. 

The present study systematically compares 
the effectiveness of azathioprine, cyclophos- 
phamide and methylprednisolone given in all 
possible one-, two- and three-drug regimens in 
retarding the immunologically mediated 
glomerulonephritis of female NZB/W F, mice. 
This disease is characterized by the spontane- 
ous appearance of antibodies to nucleic acids 
after 2 ’/z months of age, immune-complex 
deposition followed by histologic glomerulone- 
phritis at about 6 months of age and death from 
renal failure in the majority by 12 months of 
age (6-8). NZB/W disease is uniquely advan- 
tageous for study because of its well-defined 
natural history and similarity to human SLE. 

MATERIALS AND METHODS 
Animals. NZB/W female mice, obtained by NZB fe- 

male x NZB male matings from stock colonies maintained 
at the National Institutes of Health, USA, were housed in 
the same area and allowed food and water ad libitum. Only 
female mice were used in these studies because of sex dif- 
ferences in incidence and severity of NZB/W disease (6, 8). 

Immunosuppressive Agents. Methylprednisolone 
sodium succinate (Upjohn Co, Kalamazoo, Mich), cy- 
clophosphamide (Mead, Johnson and Co, Evanston, Ill) 
and azathioprine (Burroughs-Wellcome Co, Greenville, 
NC) were freshly prepared daily and administered intra- 
peritoneally. Methylprednisolone and cyclophosphamide 
were dissolved in 0.9% sterile saline to a final concentration 
so that 0.3 ml contained 1.5 mg/kg of drug. Azathioprine 
was dissolved in 0.1 N NaOH, then diluted with 0.9% 

saline so that in the final solution, after neutralization of the 
solution with 0.1 N HCI, 0.3 ml contained 1.5 mg/kg of 
drug. 

Experimcntul Design: Low-Dose Groups. Five- 
month-old NZB/W mice appearing healthy were randomly 
designated to receive none, one, two or all three drugs, each 
drug in a dose of 1.5 mg/kg. Treatment was given daily for 
3 months, at which time the mice were bled for anti-DNA 
antibody determination and tested for proteinuria. At this 
time, a randomly selected portion of mice from each group 
was sacrificed and the right kidney removed for microscopic 
evaluation. The remaining mice were followed untreated 
for survival to 1 year of age. Unless indicated, “one-drug- 
treated” refers to mice treated with a single drug at 1.5 
mg/kg (low dose). Differences among the individual one- 
and two-drug regimens are detailed in the second paper in 
this series (9). 

High-Dose Groups. T o  compare the effectiveness of the 
three-drug, low-dose regimen to single agents at high doses, 
three other groups of 5-month-old NZB/W female mice 
were given azathioprine, methylprednisolone or cy- 
clophosphamide alone, each drug in a dose of 4.5 mg/kg/ 
day (highdose groups). After 3 months of treatment, pro- 
teinuria and anti-DNA antibody titer were determined. 
The mice were then followed without further treatment for 
survival to 1 year of age. No renal histologic evaluations 
were performed on high-dose mice. Differences among the 
individual high-dose regimens are detailed in the second 
paper in this series (9). 

Proteinuria Determination. Tetrabromphenol paper 
(Albustix,@ Ames Co, Elkhart, Ind) was used to measure 
the protein concentration of freshly expressed urine. Each 
mouse was studied on 2 successive days. If the two readings 
differed, the lower of the two was recorded. A 1+ color 
change corresponded to 30 mg% proteinuria, 2+ to 100 
mg% proteinuria and 3+ to 300 mg% proteinuria. For 
purposes of averaging results, mice already dead of renal 
failure were considered to have had greater than 100 mg% 
proteinuria. 

Anti-DNA Antibody Determination. Antibodies to 
native DNA were detected by a slight modification of the 
ammonium sulfate precipitation assay previously de- 
scribed (10). Individual sera were diluted 1:lO with borate 
buffer (pH 8.0), incubated with 40 mpg of ‘F native KB 
cell DNA (25,000 dpm/ rp)  at 37’ C for 30 minutes and 
then 4 ° C  for 18 hours. An equal volume (0.1 ml) of am- 
monium sulfate was added to give a final concentration of 
35%. After 1 hour at 0” C, the precipitate and supernatant 
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Fig 1. Grading ot glomerular lesions. A. Grade 0 showing delicate basement membranes and 
normal mesangial cellularity. B. Grade 1 lesion with focal increase in periodic acid-Schiff 
(PAS) positive mesangial matrix and focal mesangial hypercellularity. C. Grade 2 lesion 
showing rather diffuse mesangial hypercellularity and mesangial sclerosis with focal capillary 
wall thickening. D. Grade 3 lesion with prominent mesangial sclerosis and irregular capillary 
wall thickening (PAS, x 615). 

fractions were separated by centrifugation, suspended in 
Bray’s solution and assayed for radioactivity in a liquid 
scintillation counter. The results are expressed as per- 
centage of antigen bound by the serum. 

Histologic Study. Upon sacrifice of the mice, kidneys 
were quickly fixed in 10% neutral buffered formalin and 
later imbedded in paraffin for sectioning at 3 to 4 p Serial 
sections were stained separately with hemotoxylin and eo- 
sin, periodic acid-Schiff (PAS), and Masson’s trichrome 
stains. They were graded independently by two observers 

without knowledge of treatment regimen. Fifty glomeruli in 
each kidney specimen were evaluated semiquantitatively, 
and each glomerulus was graded on the 0 to 3 scale depicted 
in Figure 1. Grade 0 glomeruli contained minimal or no 
identifiable lesions. Grade 1 changes were largely mesan- 
gial and consisted of increased PAS positive matrix material 
and mild focal hypercellularity. Grade 2 changes were 
similar but quantitatively greater, usually with increase in 
mesangial matrix and cellularity. Grade 3 changes were the 
most severe and characterized by irregular capillary wall 
thickening, marked hypercellularity and mesangial sclero- 
sis. A mean histologic score for each mouse was calculated. 
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Table 1. Incidence and Severity of Proteinutia in 8-Month-Old NZB/W Mice After 3 Months of 
Treatment With Azathioprine, Cyclophosphamide and Methylprednisolone 

Percent of mice with proteinuria at level indicated 

Dose of each drug Total 2 
Treatment (No.) (mg/kg/day) 0-Trace 30 mg% 100 mg% > 100 mg% 30 mg% 

None (14) - 0 57 21 22 100 
One drug (41) 1.5 27 31 27 15 734 
Two drugs (41) 1.5 41 27 17 15 594 
Three drugs (29) 1.5 70 20 10 0 3o-t 
One drug (24) 4.5 46 25 21 8 544 

*P < 0.05 compared to untreated mice 
tP < 0.01 compared to any other group 

Toxicity Studies. At 8 months of age, the mice were 
weighed and bled from the tail vein for hematocrit and 
white blood cell determinations. 

Data Data were analyzed by the x test or Student t test 
where appropriate. Data for one- and two-drug-treated 
groups are averages of the data for the three one-drug and 
three two-drug regimens, respectively. Individual data are 
presented in the second paper in this series (9). 

RESULTS 
Proteinuria Urinary protein concentra- 

tions and overall incidence of proteinuria at 8 
months of age in mice treated with zero, one, 
two or three drugs are shown in Table 1. All 
untreated mice had at least 30 mg% protein- 
uria. Seventy-three percent of one-drug-treated 
mice excreted 30 mg% or more urinary protein 
(P us untreated < 0.05). Fifty-nine percent of 

two-drug-treated mice had at least 30 mg% 
proteinuria (P us one-drug-treated > 0.05). Of 
mice receiving all three drugs, 30% had at least 
30 mg% proteinuria (P us any low-dose group 
< 0.01). The 54% incidence of proteinuria in 
high-dose-treated mice (4.5 mg/kg) was similar 
to that seen in mice treated with two drugs at 
1.5 mg/kg, but significantly higher than the 
incidence of proteinuria in mice treated with 
three drugs (P < 0.01). 

Anti-DNA Antibody. Anti-DNA antibody 
determinations performed at 8 months of age 
are shown in Table 2. After 3 months of treat- 
ment, the antibody levels of mice receiving one 
or two drugs did not differ significantly from 
those of untreated mice. In contrast, mice 
treated with three drugs had significantly less 

Table 2. Mean Percent DNA Bound by Sera of 8-Month-Old NZB/W Mice After 3 Months of Treatment With 
Azathioprine, Cyclophosphamide and Methylprednisolone 

Treatment (No.) 
Mean DNA bound 

(70 +SE) 

None (8) 
One drug (39) 
Two drugs (37) 
Three drugs (22) 
One drug (22) 

1.5 
1.5 
1.5 
4.5 

63.8 A 7.1 
53.7 + 3.0 
51.5 f 4.1 
39.5 + 4.04 
41.7 + 4.2' 

*P < 0.05 versus untreated mice or mice treated with one or two drugs at 1.5 mg/kg/day 
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Table 3. Severity of Glomerular Pathology in NZB/W Mice at 8 Months of Age After 3 Months of 
Treatment With Arathioprine, Cyclophosphamide and Methylprednioolone 

Percent of glomeruli at grade indicated 

Treatment (No.) 0 1 2 3 Average score SE 

None (19) 
One drug (23) 
Two drugs (22) 
Three drugs (8) 

0 5 29 66 2.64 * 0.09 
1 22 44 33 2.06 f 0.13" 
3 26 52 19 1.90 f 0.09" 
29 31 23 17 1.29 =t 0.2% 

*P < 0.01 compared to  untreated mice 
tP < 0.05 compared to any other group 

antibody to DNA than any low-dose group 
(P < 0.05). High-dose treated mice had anti- 
body levels similar to mice treated with three 
drugs. 

Histologic Study. Table 3 reports the re- 
sults of renal histologic evaluation of kidneys 
from mice treated for 3 months with zero, one, 
two or three drugs. The average score for kid- 
neys of untreated mice (2.64) was significantly 

poorer than that for mice treated with one drug 
(2.06), P < 0.01. Two-drug-treated mice had a 
better average score (1.90) than one-drug- 
treated mice, but the difference was not statis- 
tically significant. Three-drug-treated mice had 
a significantly better average renal biopsy score 
(1.29) than any other group, P < 0.05. No his- 
tologic studies were performed on high-dose- 
treated mice. 
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Fig2. Effect of treatment on survival of NZBM, female mice to  1 year of age. Treatment with 
azathioprine, cyclophosphamide and rnethylprednisolone was begun at 5 months of age and 
terminated at 8 months of age. No treatment (0-0). one drug at  1.5 mg/kg/day (0-0). two 
drugs at 1.5 mg/kg/day each (X-X), three drugs at  1.5 rng/kg/day each (0-O), one drug at 4.5 
mg/kg/day ( B 4 ) .  P value of one- and two-drug low-dose groups and. high-dose groups 
versus untreated < 0.05. Pvalue of threedrug group versus any other group < 0.01. 
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Survival Study. Ten untreated, 41 one- 
drug-, 41 two-drug-, 21 three-drug- and 24 
high-dose-treated mice were followed for sur- 
vival to 12 months of age. As shown in Figure 
2, 10% of untreated mice survived a year, while 
44% of one-drug-, 37% of two-drug- and 86% 
of three-drug-treated mice were alive at 1 year. 
High-dose-treated mice had lower mortality at 
1 year than untreated mice, but their 33% 1 
year survival was not different from one- or 
two-drug-treated mice, and significantly worse 
than three-drug-treated mice (P < 0.01). 

Toxicity. Tab le  4 reports the average 
weights, hematocrits, white blood cell counts 
and mortality for mice in each treatment reg- 
imen at the time of cessation of therapy (8 
months of age). No significant differences were 
observed in white blood cell counts, hematocrits 
or weights among treated mice, all values re- 
mained in the normal range. No three-drug- 
treated mice, but 2 untreated mice, and 2 one- 
drug-, 1 two-drug- and 2 high-dose-treated 
mice had died. No tumors were observed in any 
of the animals by 12 months of age. 

DISCUSSION 
Suppression of N Z B / W  autoimmune 

nephritis has been reported using cortico- 
steroids, azathioprine or cyclophosphamide 
(9, 11, 12) in doses capable of resulting in bone 
marrow suppression (9) or neoplasia (13). The  
present study was designed to evaluate the 

possibility that low-dose combination regi- 
mens might result in enhanced therapeutic 
effectiveness without increased toxicity. 

Hahn has reported the only previous study of 
a combined regimen in the treatment of NZB/ 
W disease. Azathioprine, 5 mglkg, predniso- 
lone, 5 mg/kg, and the combination of azathio- 
prine plus prednisolone were given 6 days a 
week for 24 to 36 weeks starting at 2 months of 
age. All regimens were found to increase sur- 
vival rates at 9 ' /2 months; however, the com- 
bination regimen was not observed to be su- 
perior (14). We are not aware of any experi- 
mental trials in NZB/W mice using more than 
two drugs. 

In our study, groups of female NZB/W mice 
were given azathioprine, cyclophosphamide 
and methylprednisolone in all one-, two- and 
three-drug regimens. Treatment was begun at 5 
months of age when circulating anti-DNA is 
easily demonstrable and immune complexes are 
found in the kidneys of NZB/W females. The 
study was, therefore, therapeutic but represents 
therapy begun early in the course of the disease. 
Relatively low doses of each drug were admin- 
istered and therapy was discontinued after 3 
months in an effort to demonstrate differences 
in efficacy among treatment groups, rather than 
to maximize therapeutic efficacy. In the con- 
current experiment designed to  evaluate 
cooperative interaction among the three drugs, 
each drug was given alone, at three times the 
dose. Increased efficacy of the combination reg- 

Table 4. Mean Weight, Hematocrit and White Blood Cell Count and Total Number of Deaths 
at 8 Months of Age in NZB/W Mice After 3 Months of Treatment With Arathioprine, 

Cyclophosphamide and Methylprednisolone 

Dose of each drug Mean Mean Mean WBC Total 
Treatment (No.) (rng/kg/day) weight (g) hernatocrit (9'0) count (X dead (No.) 

None (8) - 34 39 12.2 2 
One drug (39) 1.5 33 38 8.3 2 
Two drugs (40) 1.5 32 42 7.4 1 
Three drugs (13) 1.5 30 43 7.2 0 
One drug (22) 4.5 32 43 6.8 2 
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imen compared to the high-dose regimens 
would indicate synergy. 

Our results confirm previous reports that 
methylprednisolone, azathioprine or cy- 
clophosphamide given alone are capable of re- 
tarding the progression of NZB/W disease. 
Mice treated with one drug had less protein- 
uria, less severe renal histologic disease and 
greater survival than untreated mice. Mice 
treated with two drugs were not significantly 
improved compared to one-drug-treated mice. 
Mice receiving three drugs had significantly less 
proteinuria, lower anti-DNA antibody activity, 
less histologically evident renal disease and 
greater survival than one- or two-drug-treated 
mice. 

The mechanisms by which these drugs retard 
the progression of NZB/W nephritis are not 
certain. Methylprednisolone, a synthetic corti- 
costeroid, is capable of suppressing each stage 
of the immune response from antigen process- 
ing to antibody release (15). Azathioprine, 
through the action of its metabolite 6- 
mercaptopurine, primarily inhibits the induc- 
tive phase of the immune response (16). Cy- 
clophosphamide, which is metabolized to al- 
kylating and phosphorylating agents, affects the 
early inductive phase of the immune response 
and inhibits subsequent proliferation of lym- 
phocytes (17). In addition, all three drugs are 
potent antiinflammatory agents (1 6) and may 
reduce glomerular inflammatory changes. 

Given alone, the drugs appear to act, at least 
partially, as immunosuppressive agents signifi- 
cantly decreasing circulating anti-DNA anti- 
body levels at  higher doses (4.5 mg/kg). This 
finding is consistent with the recent report that 
serum y ,-globulin is lowered in SJL/J mice 
given cyclophosphamide in doses similar to 
those used in this experiment (18). The drugs 
probably act as antiinflammatory agents as 
well, for histologically evident renal involve- 
ment and proteinuria were reduced in one- 
drug-treated mice in the absence of significant 
antibody reduction. 

The way in which the three drugs work to- 
gether immunologically is also not known. 
Since the three agents may affect the immune 
response by independent mechanisms and may 
alter different stages in quantitatively or quali- 
tatively distinct ways, the combination may 
provide a more complete block. Earlier studies 
have demonstrated that combination drug 
therapy produces synergistically greater im- 
munologic depression than individual agents 
administered separately (19,20). The syner- 
gistic potential of triple-drug therapy is here 
confirmed in immunologically mediated 
disease. The three-drug regimen resulted in 
significant improvement in NZB/W d’ isease 
compared to one- and two-drug regimens. In 
addition, three-drug therapy significantly less- 
ened proteinuria and prolonged survival com- 
pared to mice treated with each drug at three 
times the dose, in spite of similar suppression of 
anti-DNA antibody levels. It is suggested that 
the three drugs can act synergistically with re- 
gard to both immunosuppressive and antiin- 
flammatory properties. The beneficial effects of 
combination therapy were obtained without 
increased hematologic toxicity or the develop- 
ment of neoplasia, although larger doses might 
result in toxic side effects (9). 

The lupus-like syndrome of NZB/W mice is 
an excellent model for human SLE. The disease 
of both mice and humans is characterized by 
antibodies to nucleic acids and LE cells. In- 
dividually, corticosteroids, azathioprine and 
cyclophosphamide are of modest benefit in 
human lupus nephritis (3, 5, 21, 22), as in 
NZB/W autoimmune nephritis. In view of the 
similarities between murine and human SLE, it 
seems appropriate to explore new modes of 
therapy in the mice before subjecting patients to 
clinical trials. Although extrapolation from 
mouse to man should be done with extreme 
caution, the present study provides an experi- 
mental basis for controlled clinical trials of 
combination immunosuppressive therapy in 
human lupus nephritis. It remains to be de- 
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termined whether drug  combinations will be 
useful in other immunologically mediated and  
inflammatory diseases. 
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