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The Topoisomerase I Inhibitor Irinotecan and the Tyrosyl-DNA
Phosphodiesterase 1 Inhibitor Furamidine Synergistically

Suppress Murine Lupus Nephritis
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Objective. The treatment of lupus nephritis is
still an unmet medical need requiring new therapeutic
approaches. Our group found recently that irinotecan,
an inhibitor of topoisomerase I (topo I), reversed protei-
nuria and prolonged survival in mice with advanced
lupus nephritis. While irinotecan is known to stabilize
the complex of topo I and DNA, the enzyme tyrosyl-DNA
phosphodiesterase 1 (TDP-1) functions in an opposing
manner by releasing topo I from DNA. Therefore, we
undertook this study to test whether the TDP-1 inhibitor
furamidine has an additional effect on lupus nephritis
when used in combination with irinotecan.

Methods. NZB/NZW mice were treated with low-
dose irinotecan and furamidine either alone or in com-
bination beginning at age 26 weeks. DNA relaxation was
visualized using gel electrophoresis. Binding of anti–
double-stranded DNA (anti-dsDNA) antibodies to DNA
modified by topo I, TDP-1, and the topo I inhibitor
camptothecin was determined by enzyme-linked immu-
nosorbent assay.

Results. Compared to treatment with either agent
alone, simultaneous treatment with low-dose irinotecan
and furamidine significantly improved survival of NZB/
NZW mice. Similar to what has been previously shown for
irinotecan alone, the combination treatment did not
change the levels of anti-dsDNA antibodies. In vitro,
recombinant TDP-1 increased topo I–mediated DNA

relaxation, resulting in enhanced binding of anti-dsDNA
antibodies. In combination with topo I and camptothecin,
TDP-1 reversed the inhibitory effects of camptothecin on
DNA relaxation and anti-dsDNA binding.

Conclusion. Affecting DNA relaxation by the
enzymes topo I and TDP-1 and their inhibitors may be
a promising approach for the development of new tar-
geted therapies for systemic lupus erythematosus.

Systemic lupus erythematosus (SLE) is a chronic
autoimmune disease mainly affecting women of child-
bearing age. It is estimated that in the US up to 275,000
adult women have SLE (1). The disease involves differ-
ent organs, but immune complex glomerulonephritis
most strikingly influences the course of SLE. Between
10% and 30% of patients with lupus nephritis develop
end-stage renal disease (ESRD) resulting in the require-
ment for hemodialysis or kidney transplantation (2).
Due to the application of immunosuppressive drugs, the
survival of patients with lupus-associated glomerulo-
nephritis increased from a 5-year rate of 44% in the
1950s to a 10-year rate of 88% recently (3). Despite
these advances in the treatment of SLE, the life expect-
ancy of patients with lupus and renal damage was
recently demonstrated to be 23.7 years shorter than that
in the general population (4). Moreover, the incidence
of ESRD associated with lupus nephritis did not
decrease over recent years (5), indicating that current
medication is insufficient to treat lupus nephritis.

Treatment with nonselective immunosuppressive
drugs continues to be the central strategy for controlling
lupus nephritis. Treatment consists of induction therapy
with cyclophosphamide and prednisolone or mycopheno-
late mofetil followed by maintenance therapy with aza-
thioprine or mycophenolate mofetil (6,7). Infections are
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the major side effect of these medications and they confer
a risk of malignancies, while cyclophosphamide also
causes amenorrhea (8–10). Furthermore, none of the
newly developed biologic agents such as belimumab, ritux-
imab, ocrelizumab, atacicept, or abatacept demonstrated
beneficial effects in patients with active lupus nephritis
(11–17), suggesting that new treatment strategies are
required.

We demonstrated previously that the topoisomer-
ase I (topo I) inhibitor irinotecan efficiently suppressed
lupus nephritis in NZB/NZW mice (18,19), an animal
model of lupus nephritis (20). The initial finding was made
serendipitously, and it was the first time that enzymatic
activity of topo I was linked to lupus nephritis, where it
might play a major role in pathogenesis, although the
mechanism remains to be determined.

Topo I is ubiquitously expressed and highly con-
served (21,22). Its major function is the relaxation of
supercoiled DNA in order to release torsional stress
from DNA that occurs during replication and transcrip-
tion. To mediate DNA relaxation, topo I binds to DNA
and cleaves one DNA strand, subsequently allowing
the rotation of the cleaved strand around the other in a
controlled reaction (23). Afterward, the nicked strand
is religated by topo I, restoring intact double-stranded
DNA (dsDNA) in a relaxed state.

Inhibitors of topo I stabilize a normally very tran-
sient catalytic intermediate in which topo I is bound to
one strand of the DNA, known as the topo I cleavable
complex. When the cleavable complex is stalled by topo
I inhibitors, religation of the DNA is impossible (24).
The consequences of prevented religation may vary; in
proliferating cells, the stalled topo I cleavable complex
can collide with replication forks, leading to irreparable
DNA double-strand breaks and apoptosis (25,26). For
this reason, topo I inhibitors such as camptothecin and
its synthetic derivative irinotecan are widely used as anti-
cancer drugs for several types of tumors (27). In nondi-
viding cells, treatment with topo I inhibitors results in
the production of single-stranded DNA (ssDNA) breaks.
Single-stranded DNA breaks are believed to reduce a
cell’s replication capacity, which is not lethal (24). In
addition to the induction of ssDNA and dsDNA breaks,
topo I inhibitors were shown to inhibit DNA relaxation
at least in vitro (28,29).

The stalled topo I cleavable complex can be re-
solved by tyrosyl-DNA phosphodiesterase 1 (TDP-1), an
enzyme belonging to the phospholipase D superfamily
(30). Cells bearing a loss-of-function mutation in TDP-1
show hypersensitivity to the topo I inhibitor camptothecin
(31), whereas TDP-1 overexpression promotes campto-
thecin resistance (32). Therefore, it was suggested that

concomitant inhibition of topo I and TDP-1 synergisti-
cally stabilizes the topo I cleavable complex (33).

Transferring these findings from cancer research
experiments to the situation in SLE, we undertook to
determine whether combined inhibition of topo I and
TDP-1 has beneficial effects in murine lupus nephritis.
For a TDP-1 inhibitor, we used the synthetic diamidine
furamidine, which was previously shown to specifically
inhibit TDP-1 at low micromolar concentrations (34).
In addition to the observation of clinical effects in
lupus-prone mice, we examined whether changes in
DNA relaxation and alterations in anti-dsDNA binding
were involved in the suppression of lupus nephritis.

MATERIALS AND METHODS

Mice. Six-week-old female NZB/NZW mice were pur-
chased from The Jackson Laboratory and kept in isolated ven-
tilated cages. All experimental protocols were approved by the
Kantonale Tierkommission (Berne, Switzerland). Immediately
after arrival, mice were randomly assigned to the respective
groups (5 per cage).

Animal study of combination treatment with low-dose
irinotecan and furamidine. Beginning at age 26 weeks, NZB/
NZW mice were treated intraperitoneally with saline, 1 mg/kg iri-
notecan (Campto; Pfizer), 1 mg/kg furamidine (Toronto Research
Chemicals) dissolved in sterile water at 2 mg/ml as stock solu-
tion (further dilutions were made with saline), or with the
combination of irinotecan and furamidine using the indicated
concentrations. The volume of each injection was 10 ml/kg. Treat-
ment was performed 3 times a week and repeated every 4 weeks.
Beginning at age 22 weeks, mice were screened for proteinuria
and body weight once a week. Proteinuria was measured with
Albustix (Siemens Healthcare Diagnostics) and quantified as
grade 0 (negative), grade 11 ($30 mg/dl), grade 21 ($100 mg/
dl), grade 31 ($300 mg/dl), and grade 41 ($2,000 mg/dl)
according to the manufacturer’s recommendations. The onset of
disease was defined as 2 instances of grade 41 proteinuria occur-
ring 1 week apart. Mice were killed when disease became severe
(proteinuria grade 41 and a body weight loss of $25% from the
onset of disease). The experiment was terminated when mice
reached age 60 weeks.

Histopathologic assessment of kidney sections. Kid-
neys were fixed overnight in 4% paraformaldehyde and embed-
ded in paraffin. Hematoxylin and eosin, periodic acid–Schiff,
and methenamine–silver staining were performed using stand-
ard protocols. IgG deposits were analyzed on cryosections. Sec-
tions (6-mm thick) were fixed in acetone for 10 minutes and
incubated with Alexa Fluor 488–conjugated goat anti-mouse
IgG (H1L chain specific; Invitrogen). The kidney score of glo-
merulonephritis was assessed by an independent pathologist
(MK), who was blinded to the groups, using the International
Society of Nephrology/Renal Pathology Society 2004 classifica-
tion (35).

Isolation of splenocytes. Spleens were isolated, trans-
ferred into ice-cold 2% fetal calf serum (FCS)/phosphate buf-
fered saline (PBS), and smashed on a sterile grid with a
pestle. Cells were resuspended, and debris was allowed to
settle out by centrifugation at 65g for 2 minutes at 48C.
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Subsequently, splenocytes were isolated by centrifugation at
290g for 5 minutes at 48C. Cells were resuspended in RPMI
1640 supplemented with 5% FCS and adjusted to 107 cells/ml
after checking viability by trypan blue exclusion.

Flow cytometry. Splenocytes (106 per sample) were
incubated with Fc receptor–blocking monoclonal antibody
(clone 2.4G2; BD Biosciences) for 30 minutes, followed by
incubation with fluorochrome-labeled monoclonal antibodies
for 30 minutes on ice. Cells were measured on an LSRII flow
cytometer (BD Biosciences) and analyzed using FlowJo soft-
ware (Tree Star). Anti-CD4 (clone RM4-5), anti-CD8a (clone
5H10), anti-CD45R/B220 (clone RA36B2), and anti-CD69
(clone H1.2F3) were obtained from Caltag.

Enzyme-linked immunospot (ELISpot) assay. Serial
dilutions of splenocytes (2 3 10521.25 3 104 per well) in RPMI
1640 supplemented with 5% FCS were added to 96-well Multi-
screen HTS Immobilon-P flat-bottomed plates (Millipore)
coated with goat anti-mouse IgG antibody (Fc specific; Sigma-
Aldrich). After 4 hours at 378C, plates were washed and incu-
bated with alkaline phosphatase–conjugated goat anti-mouse
IgG (H1L chain specific; SouthernBiotech) for 1 hour. Spots
were developed with BCIP/nitroblue tetrazolium plus substrate
(Sigma-Aldrich) and counted using an ELISpot reader (Auto-
immun Diagnostika).

Enzyme-linked immunosorbent assay (ELISA). To
measure total IgG in the plasma, 96-well Nunc MaxiSorp
plates were coated with 5 mg/ml goat anti-mouse IgG (South-
ernBiotech) and incubated overnight at 48C. Plates were
blocked with PBS containing 1% bovine serum albumin (BSA)
for 1 hour at 378C. Serum samples were diluted 1:100,000
in PBS and incubated for 1 hour at 378C. Subsequently, plates
were incubated with alkaline phosphatase–conjugated
goat anti-mouse IgG for 1 hour at 378C and developed with p-
nitrophenyl phosphate (Sigma-Aldrich). Optical density was
measured at 405 nm with a reference filter at 490 nm. Sample
concentrations were calculated by using a standard curve of
purified mouse IgG (Sigma-Aldrich).

To measure anti-dsDNA antibodies in the plasma, calf
thymus DNA (Invitrogen) was passed through a Millex-HA
0.45 mm filter (Millipore) to remove any ssDNA fragments.
Maxisorp plates were half-coated with 100 mg/ml calf thymus
DNA in PBS overnight at 48C. Plates were blocked with PBS
containing 1% BSA for 1 hour at 378C. Serum samples were
diluted 1:500 in PBS and incubated for 1 hour at 378C. Bound
anti-dsDNA autoantibodies were detected as described above
for total IgG ELISA.

Effect of DNA modification on anti-dsDNA binding..
Calf thymus DNA (50 mg/ml) was incubated with 3.75 mg/ml
recombinant human topo I (Creative Biomart) in 50 mM Tris
HCl (pH 7.5), 50 mM KCl, 2 mM dithiothreitol (DTT), 1 mM
EDTA, and 50% glycerol for 30 minutes at 378C. Then, 30 ml
of sample per well was used for coating a 384-well Nunc Maxi-
Sorp plate overnight at 48C. Plates were blocked with PBS
containing 1% casein (Pierce) for 1 hour at 378C, and plates
were incubated with the monoclonal anti-dsDNA antibody
HYB331-01 (ab27156; Abcam) at a concentration of 1 mg/ml for
1 hour at 378C. Bound antibodies were detected as described
above for anti-dsDNA ELISA.

To evaluate the effects of camptothecin and TDP-1
on topo I–changed anti-dsDNA binding, 50 mg/ml calf thymus
DNA was incubated with topo I and camptothecin and/or
recombinant human TDP-1 (Topogen), as indicated, for 30

minutes at 378C. As a control for camptothecin and TDP-1,
10% DMSO or BSA, respectively, was used. Binding of
monoclonal anti-dsDNA HYB331-01 to modified calf thymus
DNA was assessed as described above.

DNA relaxation assay. Supercoiled plasmid DNA
pBR322 (50 mg/ml; Inspiralis) was incubated with 150 ng/ml
topo I and increasing concentrations of camptothecin, as indi-
cated, for 30 minutes at 378C. To investigate the effect of TDP-1,

Figure 1. Simultaneous treatment with the topoisomerase I inhibitor iri-
notecan and the tyrosyl-DNA phosphodiesterase 1 inhibitor furamidine
suppresses proteinuria and prolongs survival of lupus-prone NZB/NZW
mice. Starting at age 26 weeks, groups of NZB/NZW mice (n 5 10 per
group) were treated with saline, 1 mg/kg irinotecan, 1 mg/kg furamidine,
or a combination of irinotecan and furamidine. Treatment was performed
3 times a week and repeated every 4 weeks. A and B, Proteinuria (A) and
body weight (B) were measured once a week starting at age 22 weeks.
Values are the mean. C, Survival was measured. * 5 P , 0.05;

** 5 P , 0.01, by two-way analysis of variance (A and B) or Mantel-Cox
log rank test (C). Color figure can be viewed in the online issue, which is
available at http://onlinelibrary.wiley.com/doi/10.1002/art.39119/abstract.
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50 mg/ml pBR322 was incubated with 150 ng/ml topo I, 100 mM
camptothecin, and 7.25 mg/ml TDP-1 for 30 minutes at 378C. In
another experiment, 50 mg/ml pBR322 was incubated with 30
ng/ml topo I and 7.25 mg/ml TDP-1 for 15, 30, and 60 minutes at
378C. The modification reaction was performed in a buffer con-
taining 40 mM Tris (pH 7.5), 100 mM KCl, 10 mM MgCl2,
0.5 mM DTT, 0.5 mM EDTA, and 30 mg/ml BSA. Samples were
run on a 1% agarose gel and stained with 1 mg/ml ethidium bro-
mide (Sigma-Aldrich) for 30 minutes at room temperature.

Statistical analysis. Data were analyzed using either
one-way or two-way analysis of variance followed by Bonferroni
adjustment for multiple comparisons or Tukey’s multiple com-
parison test, respectively. Some data were assessed by paired
t-test. Survival data were analyzed using the Mantel-Cox log
rank test. GraphPad Prism software, version 6.0 was used for all
tests. P values less than 0.05 were considered significant.

RESULTS

Improved kidney function and prolonged survival
of lupus-prone mice treated with the combination of
irinotecan and furamidine. Our previous work estab-
lished the topo I inhibitor irinotecan as a suppressor of
murine lupus nephritis (18,19). To determine whether the
combination of irinotecan and the TDP-1 inhibitor furami-
dine has additional positive effects against lupus nephritis,
NZB/NZW mice were treated beginning at age 26 weeks.
At this time point, mice already show signs of lupus such
as elevated anti-dsDNA titers (19,36). Three groups of
mice (10 per group) were treated with low-dose irinotecan
(1 mg/kg), furamidine (1 mg/kg), or the combination of
both drugs; 10 control mice received a similar volume of
saline. Treatment was performed 3 times a week and

repeated every 4 weeks. The dosage of irinotecan used
(3 mg/kg per week) was the lowest effective dosage in pre-
vious experiments (19). A dosage of 3 mg/kg per week was
chosen for furamidine, since this was the lowest effective
dosage in a mouse model of African trypanosomiasis (37).

Compared to treatment with saline, treatment with
the TDP-1 inhibitor furamidine alone had no beneficial
effect on proteinuria, body weight, or survival (Figure 1) or
on the kidney score (Figure 2). Compared to saline, irino-
tecan alone at the indicated low-dose concentration
reduced proteinuria until age 40 weeks, stabilized body
weight until age 45 weeks, and prolonged survival (Figure
1). Moreover, irinotecan alone significantly improved the
kidney score at age 35 weeks (Figure 2).

Further improved effectiveness against lupus
nephritis was shown by combination treatment with iri-
notecan and furamidine. The combination of both drugs
significantly reduced proteinuria beyond week 40 and
stabilized body weight beyond week 45 compared to
irinotecan alone (Figures 1A and B). It can be assumed
that the beneficial effects of combination treatment
beyond week 40 might have been reflected by the kidney
score as well. However, given their reduced lifespan,
NZB/NZW control mice were killed at week 35 for
functional analyses, making impossible the assessment
of the kidney score beyond week 40. Most important,
combination treatment demonstrated improved survival
compared to all other treatments (Figure 1C), suggest-
ing that the combination of irinotecan and furamidine
may represent a new treatment option for SLE.

Figure 2. Improved kidney score of lupus-prone mice treated with low-dose irinotecan alone and in combination with furamidine. Starting at age
26 weeks, NZB/NZW mice were treated with irinotecan and/or furamidine as indicated in Figure 1. One week after the third treatment, mice were
killed (at age 35 weeks). A, IgG deposits in the kidneys were determined on frozen sections. B, The kidney score was analyzed by staining paraffin
sections with hematoxylin and eosin, periodic acid–Schiff, and methenamine–silver. Frozen sections were stained for IgG. The kidney score of glo-
merulonephritis was assessed by an independent pathologist, who was blinded with regard to the groups, using the International Society of
Nephrology/Renal Pathology Society 2004 classification. Symbols represent individual mice; horizontal lines indicate the mean. * 5 P , 0.05;

** 5 P , 0.01, by one-way analysis of variance.
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Immunomodulatory effects of treatment with
irinotecan and furamidine. Previous data from our
group demonstrated that low-dose irinotecan alone
yielded moderate immunosuppression, which we inter-
preted as the correction of enhanced immune activation
under autoimmune conditions (19). We therefore exam-
ined whether the effects of combined treatment with iri-
notecan and furamidine were accompanied by more
pronounced immunosuppression. However, as already
mentioned regarding the kidney score, these data are of
limited significance since mice had to be killed for analy-
sis at week 35, while clinical effects of combination
treatment were observed much later.

We first examined treatment effects on splenocyte
populations. Both irinotecan and combination treatment
decreased spleen weight somewhat, although this effect
was not significant (Figure 3A). Similarly, we observed

some reduction in the numbers of CD45R1 B cells and
CD41 T cells, but not in the numbers of CD81 T cells
(Figures 3B–D); however, none of the effects reached
significance.

Regarding T and B cell activity, treatment either
with irinotecan alone or with the combination significantly
reduced the frequency of the activation marker CD69 on
CD41 cells (Figure 4A). Moreover, some decline in the
numbers of antibody-secreting cells was observed in groups
treated either with irinotecan alone or with the combina-
tion; however, this effect did not differ significantly from
saline treatment (Figure 4B). Importantly, analysis of

Figure 3. Effects of treatment with irinotecan and furamidine on the
total number of splenocyte populations. NZB/NZW mice were treated
with saline (n 5 9), with 1 mg/kg irinotecan alone (n 5 7), with 1 mg/kg
furamidine alone (n 5 6), or with the combination of irinotecan and
furamidine (n 5 7) beginning at age 26 weeks. Treatment was per-
formed 3 times a week and repeated every 4 weeks. Mice were killed
at age 35 weeks. A, Spleen weight. B–D, Flow cytometric analysis of
numbers of splenic CD45R1 cells (B), CD41 cells (C), and CD81

cells (D). Symbols represent individual mice; horizontal lines indicate
the mean. Color figure can be viewed in the online issue, which is avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.39119/abstract.

Figure 4. Effects of treatment with irinotecan and furamidine on the
activity of splenocyte populations. NZB/NZW mice were treated with
saline (n 5 9), with 1 mg/kg irinotecan alone (n 5 7), with 1 mg/kg fur-
amidine alone (n 5 6), or with the combination of irinotecan and fura-
midine (n 5 7) beginning at age 26 weeks. Treatment was performed
3 times a week and repeated every 4 weeks. Mice were killed at age
35 weeks. A, The frequency of splenic CD41CD691 cells was meas-
ured by flow cytometry. B, The number of antibody-secreting cells
(ASCs) was analyzed by enzyme-linked immunospot assay. C and D,

Levels of anti–double-stranded DNA (anti-dsDNA) (C) and total IgG
(D) in the plasma of NZB/NZW mice were measured by enzyme-
linked immunosorbent assay. Plasma from mice killed at weeks 8 and
23 served as a control. Symbols represent individual mice; horizontal
lines indicate the mean. * 5 P , 0.05 by one-way analysis of variance.
Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.39119/abstract.
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plasma anti-dsDNA and total IgG levels revealed no differ-
ences among the 4 groups of mice (Figures 4C and D). In
conclusion, irinotecan induced rather moderate immuno-
modulatory effects insufficient to influence levels of anti-
dsDNA antibodies. When irinotecan was combined with
furamidine, no additional effects on the immune system
were observed.

Enhancement of anti-dsDNA binding by TDP-1
in combination with topo I. TDP-1 is known to inter-
fere with the stalled topo I cleavable complex and to cat-
alyze the release of topo I from DNA. It is not clear
whether TDP-1 influences the rate of topo I–mediated
DNA relaxation when the cleavable complex is not
stalled. Because our previous data showed an important
role of DNA relaxation in anti-dsDNA binding (19), we
examined whether TDP-1 affects the rate of DNA relax-
ation. Supercoiled plasmid DNA pBR322 was incubated
with recombinant topo I in the presence or absence of
recombinant TDP-1 for different periods of time. The
extent of DNA relaxation was visualized using gel elec-
trophoresis. The results demonstrated that topo I alone
was able to relax DNA completely within 60 minutes
(Figure 5A). When TDP-1 was added, we observed
higher amounts of relaxed DNA and accordingly less
supercoiled DNA after 15 and 30 minutes of incubation
(Figure 5A), suggesting that TDP-1 increased DNA
relaxation in cooperation with topo I.

Next, we examined whether enhanced DNA relax-
ation mediated by topo I and TDP-1 has an effect on anti-
dsDNA binding. DNA was modified by topo I and TDP-1
under the same conditions described above. Anti-dsDNA
binding was measured by ELISA. The analysis demon-
strated that the addition of TDP-1 was accompanied by
increased anti-dsDNA binding (Figure 5B). Summarizing

these experiments, we concluded that TDP-1 enhanced
topo I–mediated DNA relaxation. Furthermore, consist-
ent with previous data, this change in DNA conformation
produced increased anti-dsDNA binding.

TDP-1 reverses the effects of topo I inhibition
on DNA relaxation and anti-dsDNA binding. Since
NZB/NZW mice had an improved course of lupus
nephritis when treated with TDP-1 and inhibitors of topo
I, we were further interested in how TDP-1 influences
the topo I cleavable complex under conditions of its stabi-
lization through a topo I inhibitor. In previous experi-
ments, we demonstrated that inhibition of topo I
diminished DNA relaxation and subsequent binding of
anti-dsDNA antibodies derived from plasma of lupus-
prone mice or from human SLE serum (19). Using the
monoclonal anti-dsDNA antibody HYB331-01, we first
determined whether increased anti-dsDNA binding fol-
lowing topo I–mediated DNA relaxation (19) could be
reversed by inhibition of topo I. To this end, supercoiled
plasmid DNA pBR322 was incubated with recombinant
topo I and increasing amounts of camptothecin, a water-
insoluble analog of irinotecan that is widely used for in
vitro experiments. Visualization of DNA relaxation using
agarose gel electrophoresis revealed a higher amount of
supercoiled DNA with rising concentrations of campto-
thecin (Figure 6A). This effect was accompanied by
decreased binding of HYB331-01 to DNA modified by
topo I and camptothecin (Figure 6B), demonstrating that
the extent of DNA relaxation remains crucial for anti-
dsDNA binding.

Using similar conditions, we further examined how
TDP-1 affected these experiments. Notably, recombinant
TDP-1 alone had no effect on DNA relaxation (Figure
6C). When TDP-1 was added to DNA modified by

Figure 5. Tyrosyl-DNA phosphodiesterase 1 (TDP-1) accelerates topoisomerase I (topo I)–mediated DNA relaxation and increases anti–double-
stranded DNA (anti-dsDNA) binding. A, Supercoiled plasmid DNA pBR322 (50 mg/ml) was incubated with 30 ng/ml topo I and 7.25 mg/ml TDP-1
or bovine serum albumin (BSA) for 15, 30, or 60 minutes at 378C. DNA relaxation was visualized using gel electrophoresis. R 5 relaxed DNA;
S 5 supercoiled DNA. B, Calf thymus DNA (50 mg/ml) was incubated with 3.75 mg/ml topo I and 4.35 mg/ml TDP-1 or BSA for 30 minutes. Bind-
ing of the anti-dsDNA antibody HYB331-01 was determined by enzyme-linked immunosorbent assay. Values are the mean 6 SEM of 3 independ-
ent experiments performed in duplicate. *** 5 P , 0.001 by paired t-test.
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topo I and camptothecin, TDP-1 reversed the effect of
camptothecin by reinforcing the production of relaxed
DNA (Figure 6C). Next, we examined whether TDP-1–
mediated recovery of DNA relaxation changed anti-
dsDNA binding. We found a significant increase in
binding of HYB331-01 to DNA incubated with topo I,
camptothecin, and TDP-1 compared to DNA incubated
with topo I, camptothecin, and BSA (Figure 6D). Incu-
bation of DNA with TDP-1 alone had no effect on
HYB331-01 binding (data not shown).

DISCUSSION

Treatment of lupus nephritis remains an unsolved
medical problem. Our previous work established the
topo I inhibitor irinotecan as a potential new treatment

option for this disease. The data presented here extend
these findings while using irinotecan in combination with
furamidine. Both substances have been used to treat dis-
eases other than SLE. While the topo I inhibitor irinote-
can has been used to treat metastatic malignancies for
many years, the furamidine analog pafuramidine (DB289)
was evaluated for the treatment of human African trypa-
nosomiasis, also called sleeping sickness (38).

As anticancer or as antiparasite agents, both in-
hibitors seem to use mechanisms different from those
used for the manipulation of SLE. While the anticancer
drug irinotecan is known to induce apoptosis in cancer
cells (39), the same drug inhibited apoptosis in the kidneys
of lupus-prone mice (18). The situation with furamidine is
similar; its trypanocidal action is attributed to its binding
to the minor groove of dsDNA independently of TDP-1

Figure 6. Tyrosyl-DNA phosphodiesterase 1 (TDP-1) reverses the inhibitory effect of camptothecin (campto) on DNA relaxation and anti–double-
stranded DNA (anti-dsDNA) binding. A, Inhibition of DNA relaxation by camptothecin. Supercoiled plasmid DNA pBR322 (50 mg/ml) was incubated
with 150 ng/ml topoisomerase I (topo I) alone or in combination with the indicated concentrations of camptothecin for 30 minutes at 378C. DNA relax-
ation was visualized using gel electrophoresis. R 5 relaxed DNA; S 5 supercoiled DNA. B, Effect of camptothecin on anti-dsDNA binding. Calf thymus
DNA (50 mg/ml) was incubated with 3.75 mg/ml topo I alone or in combination with the indicated concentrations of camptothecin. Binding of the
monoclonal anti-dsDNA antibody HYB331-01 to modified DNA was measured by enzyme-linked immunosorbent assay (ELISA). Values are expressed
as the fold increase relative to probes incubated with DMSO, which was used as solvent for camptothecin. C, Inhibitory effects of camptothecin on
DNA relaxation reversed by TDP-1. Supercoiled plasmid DNA pBR322 (50 mg/ml) was incubated with 150 ng/ml topo I and 100 mM camptothecin in
the presence or absence of 7.25 mg/ml TDP-1 (5 units). Relaxation of supercoiled DNA was analyzed by gel electrophoresis. ctl 5 control; BSA 5 bovine
serum albumin. D, Influence of TDP-1 on the effects of topo I and camptothecin on anti-dsDNA binding. Calf thymus DNA (50 mg/ml) was incubated
with 3.75 mg/ml topo I and 100 mM camptothecin in the presence or absence of 4.35 mg/ml TDP-1 (3 units). Binding of HYB331-01 to modified calf
thymus DNA was measured by ELISA. BSA was used as control for TDP-1. In B and D, values are the mean 6 SEM of 3–4 independent experiments
performed in duplicate. ** 5 P , 0.01; *** 5 P , 0.001; **** 5 P , 0.0001, by one-way analysis of variance (B) or paired t-test (D).
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(33). If this was the leading mechanism for the suppres-
sion of lupus nephritis as well, furamidine should have
shown effects in lupus-prone mice when used alone. In
contrast, our data demonstrated that furamidine alone
was ineffective for the treatment of murine SLE. Fura-
midine affected the course of SLE only when combined
with irinotecan, implying that mechanisms other than
binding to DNA were involved. Inhibition of TDP-1 is
suggested to be an alternative mechanism of furamidine
action in SLE.

Normally, TDP-1 acts as an enzyme involved in
DNA repair. TDP-1 is needed to separate topo I from
DNA when the topo I cleavable complex is stalled. When
the topo I cleavable complex is locked, religation of the
DNA is impossible. This situation can occur under natural
conditions when the cleavable complex is in proximity to
DNA base mismatches or modified DNA bases (40,41)
To avoid unligated DNA strands, TDP-1 mediates the
release of topo I from DNA and thereby enables other
DNA enzymes to repair the single-strand break (42).
Other compounds that stall the topo I cleavable complex
are topo I inhibitors that bind to the complex and inhibit
DNA religation. Subsequently, topo I–mediated DNA
relaxation is impaired (28,29).

According to this, TDP-1 acts if the topo I cleav-
able complex is stalled. However, what are the effects of
topo I and TDP-1 on DNA structure (e.g., DNA relaxa-
tion) when the topo I cleavable complex is not stalled?
This question has relevance to lupus nephritis, since we
found in previous experiments that the degree of DNA
relaxation is crucial for the binding of lupus-derived
anti-dsDNA antibodies (19). Coincubation of recombi-
nant topo I with TDP-1 increased the rate of DNA
relaxation, which is consistent with previous data
obtained by our group; DNA with a greater level of
relaxation was more susceptible to anti-dsDNA binding.
However, although these effects illustrate that DNA
relaxation is important for anti-dsDNA binding, it is
unlikely that this explains the beneficial effects of fura-
midine in lupus nephritis, because if TDP-1 together
with topo I increased in vivo DNA relaxation and anti-
dsDNA binding, treatment with furamidine alone should
have improved SLE. Thus, the missing in vivo effects of
furamidine alone suggested that neither binding of fura-
midine to DNA nor increased rates of DNA relaxation
induced by the combination of topo I and TDP-1 was
involved in the beneficial effects of irinotecan and fura-
midine in lupus nephritis.

Since furamidine exerted its effects only in com-
bination with irinotecan, we further looked at the effects
of TDP-1 treatment on the topo I cleavable complex
stalled by the topo I inhibitor camptothecin. We demon-

strated that TDP-1 resolved the stalled topo I cleavable
complex, resulting in increased rates of relaxed DNA
and enhanced anti-dsDNA binding. From these in vitro
data, we concluded that the TDP-1 inhibitor furamidine
impaired the effects of TDP-1 in vivo, which explains
the effect of furamidine in lupus nephritis. Unfortu-
nately, it was not possible to obtain more direct evidence
for these hypotheses, since furamidine is not suitable for
relaxation assays both because of its binding to DNA
and because of its autofluorescence (data not shown).

In summary, although low-dose irinotecan was pre-
viously suggested to be an entirely new and feasible treat-
ment option for SLE (19), the combination of low-dose
irinotecan and the TDP-1 inhibitor furamidine seemed to
be superior to irinotecan alone. However, a number of
questions need to be answered in upcoming experiments.
First, was the dose of furamidine too high? The furami-
dine dose was chosen as the lowest dose that was still
effective as an antiparasite agent against trypanosomiasis
(37). As outlined above, the antiparasite and antilupus
mechanisms seem to be different; therefore, it should be
determined whether decreased doses of furamidine are
applicable for the treatment of lupus nephritis. Lower
doses would most likely overcome the undesirable side
effects that were observed in a phase III clinical trial of
the furamidine analog pafuramidine (38). Second, do the
in vitro–demonstrated effects on DNA relaxation and
anti-dsDNA binding account for the effects of irinote-
can and furamidine in murine lupus nephritis? Third,
are the recently discovered substances that simultane-
ously inhibit topo I and TDP-1 (43) more potent sup-
pressors of lupus nephritis than the combination of
irinotecan and furamidine? If the answer is yes, further
dose reductions would be possible to lower the risk of
side effects. However, despite these open questions,
affecting DNA relaxation by inhibition of topo I and
TDP-1 may be a promising new approach to treat lupus
nephritis. If the efficacy of the new treatment is shown
in human lupus nephritis (a first clinical trial using low-
dose irinotecan for refractory lupus nephritis is cur-
rently planned; the protocol can be seen at www.luniri.
com), a broader application of irinotecan and furami-
dine in patients with less severe lupus symptoms might
be considered in the future.
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