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oredoxin peroxidases, and catalase) also aid in pro- 
viding a microanaerobic environment around cells 
fixing nitrogen. Colony formation may further reduce 
ambient oxygen concentrations (5, B), enabling the 
higher N, fixation rates (per unit of chlorophyll a) 
observed in colonies as compared to single trichomes 
(47). 
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ing the extra ATP for N, fixation through cyclic 
electron transport. In Trichodesmium, high Mehler 
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A single, high linear energy transfer alpha particle can kil l a target cell. We have 
developed methods t o  target molecular-sized generators of alpha-emitting 
isotope cascades t o  the inside of cancer cells using actinium-225 coupled t o  
internalizing monoclonal antibodies. In vitro, these constructs specifically killed 
leukemia, lymphoma, breast, ovarian, neuroblastoma, and prostate cancer cells 
a t  becquerel (picocurie) levels. Injection of single doses of the constructs at  
kilobecquerel (nanocurie) levels into mice bearing solid prostate carcinoma or 
disseminated human lymphoma induced tumor regression and prolonged sur- 
vival, without toxicity, in  a substantial fraction of animals. Nanogenerators 
targeting a wide variety of cancers may be possible. 

Alpha particles are high-energy, high linear en- 
ergy transfer helium nuclei capable of strong, 
yet selective, cytotoxicity (1).A single atom 
emitting an alpha particle can lull a target cell 
(2). Monoclonal antibodies conjugated to alpha 
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particle-emitting radionuclides (213Bi and 
211At)are starting to show promise in radioim- 
munotherapy (3, 4). The conjugates [213Bi]- 
HuM195 (2) and [2'3Bi]J591 (5, 6) have been 
used in preclinical models of leukemia and 
prostate cancer, respectively, and in a phase I 
human clinical trial, [2'3Bi]HuM195 was active 
against leukemia, with no significant toxicity 
(3). Astatine-2 1 1-labeled antibodies to tenascin 
(anti-tenascin) have been used clinically to treat 
malignant gliomas in humans (4) in a phase I 
trial. For clinical use of 2'3Bi, we developed a 
therapeutic dose-level 225Ac/"-13Bi generator 
device, approximately 1 cm by 6 cm in size, 
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capable of producing alpha particle-emitting 
atoms for attachment to ligands suitable for 
human injection (7, 8). Despite t h s  improve- 
ment, the major obstacle to the widespread use 
of these drugs remains the short 213Bi half-life 
(46 min), which limits its delivery to only the 
most accessible cancer cells. 

One solution to these constraints is to deliv- 
er the atomic generator to the target cell, allow- 
ing production of the atoms that will yield 
potent alpha emissions at or in the cancer cell. 
For this process to be successful pharmacolog- 
ically, the device must possess molecular di- 
mensions. At its ultimate reduction, the device 
therefore consists of a single 225Ac generator 
atom attached to the delivery vehicle. Actini- 
um-225 has a 10.0-day half-life and decays via 
alpha emission through three atoms, each of 
whch also emits an alpha particle (9, 10). We 
developed methods that use bifunctional ver- 
sions of the chelating moiety DOTA (1,4,7,10- 
tetraazacyclododecane- 1,4,7,1O-tetraacetic 
acid) to stably bind 225Ac to the delivery 
vehicles, and have described the synthesis, pu- 
rification, and analyses of the resulting con- 
structs [supplementary note 1 (Il)]. 

The stability of an 225Ac-DOTA-antibody 
construct was determined in vitro under condi- 
tions similar to those expected in vivo. The 
[225Ac]DOTA-HuM 195 construct was com-
pared with ['77Lu]DOTA-HuM195 in 100% 
human serum, 100% mouse serum, and 25% 
human serum albumin at 37OC for 15 days. The 
[225Ac]HuM195 displayed stability similar to 
the 1 7 7 L ~  analog with less than a 5% loss of 

of target cell-internalized 2 2 5 A ~  constructs ments, however, represent a composite value of 
were retained intracellularly in vitro, we mea- tumor cell-internalized and surface-bound 
sured the resulting increase or decrease of the [225Ac]J591 and its decay daughters. The 
22'Fr and 213Bi daughters relative to secular daughters produced on the tumor cell's outer 
equilibrium values. The antibodies HuM195, membrane surface might be transferred away to 
J591, and B4 internalize into HL60, LNCaP, other sites such as the hdneys and intestine. 
and Daudi cells, respectively, after binding (2, To investigate the in vivo therapeutic effi- 
5, 14-16), carrying with them the attached cacy of the generator construct [225Ac] J59 1, we 
225Ac radionuclide. Analyses of the internal- used an intramuscular (i.m.) LNCaP tumor 
ized generators show that initially there were model (5) in male nude mice. Serum prostate- 
greater than equilibrium levels of 221Fr and specific antigen (PSA) is an important surrogate 
2'3Bi daughters present inside the cells (Fig. marker for prostate cancer burden and progno- 
1A). sis in humans (1 7). It can also be used in animal 

The in vivo biodistribution of the generator models with prostate cancer cell xenografts (5, 
constructs and the radionuclidic daughters was 18). &sing PSA levels predict the appearance 
determined in mice bearing a LNCaP carcino- of visible tumor and death. The mice in our 
ma. Approximately 18 and 2 1% of the injected experimental groups had mean PSA values of 2 
dose of [225A~]J591 was localized in the tumor to 5 nglml on 10 and 12 days after implantation 
(per g) at 2 and 3 days, respectively. Tumor of tumor. At the time the generator was admin- 
samples (average 2 SD, n 2 3) counted 6 to 12 istered on day 12 or 15, the tumors were char- 
min after death revealed that 221Fr was 88% 5 acterized histologically as vascularized and en- 
9% and 213Bi was 89% ? 2% of the 225Ac capsulated nodules, each containing tens of 
secular equilibrium levels of the tumor associ- thousands of tumor cells (5). A single nontoxic 
ated radioactivity (Fig. IB). These measure- (19) administration of the generator construct 

Fig. 1. (A) Internalization A ooo-
and retention in vitro of 
[225A~]j591/213Bi/221Fr 900-
in LNCaP cells. Actini- 
um-225 that was inter- - *0°-

nalized or was outside 
the cell was determined 2 
after a 5-hour ~eriod 9 600-
when secular eq;ilibri- 
um was established and 
the 213Bi and "'Fr 

225Ac from the IgG over 15 days [supplemen- curves converge. The ra- I 

,221 dionuclidic decay of Fr outside cell tary fig. 1 (ll)] .  The stability data in all three -*221 Fr inside cell 2 2 5 A ~yields two daugh- 

conditions were similar. Importantly, there was 
no loss of 225Ac to other serum proteins in vivo 

ter radionuclides, 221Fr 
2 1 3 ~ ioutside cell and 213Bi, that can be 

+ 2 1 3 ~ i  inside cell [supplementary note 2 (ll)] .  monitored in these ex- 
We examined the in vitro cytotoxicity of periments by gamma 04 I 

spectroscopy. Values 0 100 200 300 400 500 600 
225Ac constructs specific for HL60 leukemia Time (min) 
cells [Huh4195 (anti-CD33)l; Daudi and shown are mean 2 SD. 

Ramos lymphoma cells [B4 (anti-CD19)l; 
LNCaP cells (lo7 cells) "iwere exposed to an 

MCF7 breast carcinoma cells [Herceptin (anti- antibody-to-antigen ex- 
HERZ!neu)]; LNCaP.FGC prostate carcinoma cess of 1225Acl 1591 at 
cells [J591 (anti-PSMA)]; and SKOV3 ovarian 3PC for 40 miijsupple- ,4000 

cancer cells [Herceptin (anti-HERZ!neu)] at mentary note 3 (1 I)]. (0) E -------a-----------+----------___---
Biodistribution in vivo of 8very small doses of generators (12). The medi- 
[225A~] -J591/213Bi/221Fr

an lethal dose (LD,,) of the 225Ac constructs !30004 '\ '. 
ranged from 0.3 to 74 Bqlml (0.008 to 2 nCi' 

in several tissues from .'one representative 5 '\ 

ml) and were lower than values for correspond- mouse. Actinium-225 $ '\ 

ing 213Bi alpha particle-emitting antibodies that was tissue-associat- u ~ 2 0 0 0 -

(-7400 Bqlml) (2, 5. 13). Controls at low ed was determined after 3 
specific activities (accomplished by adding ex- a 5-hour period when 

secular equilibrium was 1000.
cess unlabeled antibody) did not show specific established and the 2'3Bi ,I +221~rlBlood - c 2 ' 3 ~ i / ~ l o o d
binding of the alpha-particle generators to the and 221Fr curves con- (I +221FriTumor -*2'3B~iTumor 

targets, and were used to represent nonspecific verge. Pharmacological 01 +221Fr/Kidney - F 2 1 3 B ~ / ~ ~ d n e yi 

cytotoxicity. The LD,, values were 10- to 625- analysis of the two 0 50 100 150 200 250 300 350 400 450 

fold higher in the controls using excess unla- 2 2 5 A ~  daughters was Time from death (min) 

beled antibody. performed in vivo by in-

Critical to the success of this generator ap- 
jecting 12 kBq of [225Ac]J591 or 12 kBq of [225Ac]HuM195 (irrelevant control) intraperitoneally in two groups 
of male athymic nude mice (n = 12 per group) (Taconic, Germantown, New ~ork)  bearing a 3- to 

proach is the retention of the daughter alpha- Cweek-old LNCaP i.m. tumor xenograft. Mice from each group were killed at days 2 and 3, respectively, and 
emitting atoms at or in the target cells. To the tumors, blood, and other tissues were removed and immediately counted with a Packard Cobra Gamma 
investigate whether the radionuclidic daughters Counter using two energy windows [supplementary note 3 (1 I)]. 
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15 days after implantation significantly im- 
proved (P < 0.006) median survival times of 
mice relative to mice treated with [225A~]B4 
irrelevant control antibody mixed with unla- 
beled specific J591 (dual control) or untreated 
controls [Supplementary fig. 2 (ll)]. There was 
no significant difference in survival times be- 
tween the dual control-treated animals and un- 
treated controls. The median survival time of 
untreated controls in this model was 33 days 
(n = 15). The mean and median pretherapy 
PSA values measured on day 12 were not sig- 
nificantly different among the three groups of 
mice. However, on days 28 and 42, the PSA 
values of [225A~]J591-treated animals were sig- 
nificantly lower than the PSA values for the 
dual control-treated animals and untreated con- 
trols [supplementary fig. 3 (ll)]. There was no 
significant difference in PSA levels between the 
dual control-treated animals and untreated con- 
trols at either time. 

Earlier treatment of mice, on day 12 after 
LNCaP tumor implantation with a single ad- 
ministration of [225A~] J591, caused tumor re- 
gression and significantly improved (P < 

Fig. 2. (A) Kaplan- A 1.0. 
Meier plot showing 
survival of mice bear- 
ing i.m. LNCaP tumor + 
xenografts treated in- '5 
traperitoneally in sev- 

0.0001) the median survival times of these mice 
to 158 days compared to 63 days in the mice 
treated on day 15 (Fig. 2A). After treatment, 
PSA levels decreased from pretherapy levels in 
many of the mice to low and undetectable 
levels and remained undetectable in 14 animals, 
of the 39 treated animals; all 39 animals exhib- 
ited prolonged survival (Fig. 2B). These mice 
survived at least 10 months and had no mea- 
surable PSA levels or evidence of tumor at the 
time of death (293 days). Animals treated with 
unlabeled J591 (0.004 or 0.04 mg) on day 12 
after implantation had no prolongation of me- 
dian survival (37 and 35 days, respectively; n = 
9). The therapeutic efficacy was dependent on 
antibody specificity, the administration of the 
225Ac-generator, and the delay time between 
tumor implantation and initiation of treatment. 

To determine if other tumor types could be 
treated with 225Ac-generator constructs, we in- 
vestigated a disseminated human Daudi lym- 
phoma cell mouse model (20),using [225A~]B4 
as the therapeutic agent. Mice were treated 1 
day after tumor dissemination with a single 
administration of specific [225A~]B4 (three 

-[Ac]B4+J591; 7.4 kBq (m13) 
B k 3 9  

200-[AclJ591; 7.8 kBq (e39)  
-- [Ac]J591; 7.2 kBq (e13)  


different dose levels), irrelevant control 
[225Ac]HuM195 (two dose levels), or unlabeled 
B4. Control mice receiving the irrelevant 
[225Ac]HuM195 had median survival times 
from xenograft of 43 days (5.6 kBq) and 36 
days (1.9 kBq). Mice receiving 0.003 mg of 
unlabeled B4 per mouse had a median survival 
time of 57 days. The mice receiving a single 
injection of [225A~]B4 showed dose-related in- 
creases in median survival times: 165 days (6.3 
kBq), 137 days (4.3 Bq), and 99 days (2.1 
Bq) (Fig. 3A). This dose response of 
[225A~]B4was significant (P = 0.05). About 
40% of mice treated at the highest dose were 
tumor-free at 300 days, and the experiment 
concluded on day 3 10. 

We also examined the effect of treatment 
delay in the disseminated lymphoma model 
(Fig. 3B). Mice (n = 15) that received a single 
injection of [225A~]B4 (6.3 kBq) treatment on 
day 1, 3, or 6 after tumor implantation had a 
similar prolongation of survival relative to un- 
treated controls (28 or 30 days for controls 
versus 103, 95, or 108 days for animals treated 
on days 1, 3, or 6, respectively). Mice (n = 5) 

n=39 k 3 9  k 3 7  k 2 8  n=16 n=16 
vv 

v 

vvv 
v 
vv v 

vvv vvV Ov v 
eral therapylcontrol -.;
 0.5. 
experiments. The 39 
animals that received 
7.8 kBq [225Ac]J591 g vv 
were treated on day 
12, and the 13 ani- 
mals that received 7.2 0.03 
kBq [225A~]j591 0 50 100 150 200 250 300were 
treated on day 15. Time from tumor implantation (days) 
Animals were killed 
when tumor area was 22.5 cm2. Median survival versus time was evaluated using a 
log-rank test (P <0.0001). (B) Individual serum PSA values of the 39 mice treated with 0.0 

26 47 76 181 284 
a 7.8 kBq dose of [22sAc]J591 on day 12 in the therapy experiment with LNCaP model Time from tumor implantation (days) 
(Fig. 2A). The median was marked with a solid line. (Note the split scale of PSA levels.) 
PSA values were evaluated using an unpaired t-test with two-tailed P values (95% confidence limit) to analyze differences between study groups. 

Fig. 3. (A) Kaplan- A 
Meier plot showing 9 -[Ac]B4; 6.3 kBq B9,-7 

survival of mice bear- *[Ac]B4; 4.3 kBq m 
ing a disseminated -[Ac]B4; 2.1 kBq .-.-a 
Daudi xenograft. In .-c -[Ac]HuM195; 5.6 kBq 2 
this lymphoma thera- .g ' -+[Ac]HuM195; 1.9 kBq U) 

py experiment, mice -84; 0.0034 mg o 
(groups of n = 5) o 

.U
Ed
,,, 

were treated 1 day .E 2 "-
after tumor dissemi- "- c 
nation via intrave- c -
nous injection. Ani- .-- .-

F 
L

mals were monitored E 
for signs of morbidity LL o 
or hind-leg paralysis, 0 
at which time they o Time from tumor dissemination (days) 
were killed. Median 0 60 120 180 240 300 
survival versus time Time from tumor dissemination (days) 
was evaluated using a 
log-rank test (P < 0.0001). (B) Kaplan-Meier plot showing survival of 1 after intravenous xenograft. Controls were untreated animals with 
mice bearing a disseminated Daudi xenograft. Mice (groups of n = 5) xenografts initiated day 13 or 1. Animals were monitored and statistical 
were treated with a single 6.3-kBq dose of [225Ac]B4 on days 13,6,3, and analysis was performed as described above (P < 0.0001). 
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that received treatment as late as 13 days after 
tumor dissemination survived >I73 days. Un- 
labeled B4 was minimally active in mice (n = 
5 per group) with median survival of 44 or 40 
days for mice treated with 0.002 or 0.20 mg, 
respectively. Untreated controls (n = 15) had a 
median survival time of 28 days. Therefore, in 
this lymphoma model, although specificity and 
dose level were important factors in efficacy, 
the delay between tumor dissemination and ini- 
tiation of treatment was less relevant up to a 
certain time point, at which it was then inverse- 
ly related to activity. This observation may be 
related to the geometry of the emitted radiation 
of the alpha particle, which may kill a cluster of 
cells more easily than a single cell. 

Previous workers have concluded that ther- 
apy with 225Ac-constructs might not be feasible 
because the constructs are unstable and because 
the radionuclidic daughters present an untena- 
ble pharmacological problem (21-24). Howev- 
er, our fmdings indicate that 2 2 5 A ~  can be used 
as a safe and potent tumor-selective molecular- 
sized generator in both established solid carci- 
nomas or disseminated cancers. In part, the 
enhanced potency of these constructs as com- 
pared to the '13Bi analogs can be attributed to 
the longer half-life (3 13-fold greater 2 2 5 A ~  half-
life) and the four net alpha particles emitted by 
the 225A~,  but other mechanisms must also be 
involved, such as more efficient cytotoxicity 
following intracellular delivery of the genera- 
tor. Once inside the cell, the geometry of the 
decay trajectory of the alpha particle favors 
highly efficient cell killing: each decay must 
pass through the cell, whereas statistically only 
30% of the alpha decays will pass through the 
cell if the generator is surface bound (2). Selec- 
tion of tumor antigen systems that internalize 
the 2 2 5 A ~  generator construct help to retain the 
daughters and therefore lead to enhanced po- 
tency; however, internalization is not required 
for activity. 

The development of synthetic methods to 
yield stable nanogenerator constructs of 
["5Ac]IgG in useful quantities, and the demon- 
stration of safe, efficacious deployment against 
murine models of both solid carcinomas and 
disseminated cancer, using very small doses of 
isotope, suggest a pathway to widespread clini- 
cal use of such targeted drugs. The 10-day half- 
life of the 2 2 5 A ~  generator constructs would 
allow the dmgs to be manufactured at a central 
radiopharmacy and shipped throughout the 
world. Because of the extraordinary potency of 
2 2 5 A ~generators, little radioactivity [possibly 
sub-MBq (mCi)] would be required for thera- 
peutic human use, allowing for economical out- 
oatient use and safety. In addition. the longer -
half-life of "?Ac may allow better penetration 
of larger tumors. 
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Induction of Dendritic Cell 
Differentiation by IFN-a in 

Systemic Lupus Erythematosus 
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Dendritic cells (DCs) are important in regulating both immunity and tolerance. 
Hence, we hypothesized that systemic lupus erythematosus (SLE), an autoim- 
mune disease characterized by autoreactive B and T cells, may be caused by 
alterations in  the functions of DCs. Consistent wi th  this, monocytes from SLE 
patients' blood were found t o  function as antigen-presenting cells, in vitro. 
Furthermore, serum from SLE patients induced normal monocytes t o  differ- 
entiate into DCs. These DCs could capture antigens from dying cells and present 
them t o  CD4-positive T cells. The capacity of SLE patients' serum t o  induce DC 
differentiation correlated wi th  disease activity and depended on the actions of 
interferon-a (IFN-a). Thus, unabated induction of DCs by IFN-a may drive the 
autoimmune response in  SLE. 

Lupus (SLE) is a systemic autoimmune dis- 
ease characterized by a waxing and waning 
course and the involvement of multiple or- 
gans, including skin, kidneys, and central 
nervous system (1). Although SLE etiopa- 
thology is poorly understood, there is likely a 
role for environmental triggers, for instance 
viruses, acting in the context of susceptibility 
genes (2, 3). Now, SLE therapy is based on 
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nonspecific immunosuppression and symp- 
tom control; however, no cure for SLE has 
been found, and that is particularly needed for 
children, whose disease often progresses to 
chronic renal failure and/or death (1). Among 
the immunological features of SLE are high 
titers of autoantibodies predominantly specif- 
ic for DNA and nucleosomes (4, 5).Paradox-
ically, polyclonal hypergammaglobulinemia, 
high plasma cell numbers. and an increased - A 


frequency of pre-germinal center B cells (6 ,  
'1 coincide with lymphope-
nia. Likewise, autoreactive T cells are found 

in the despite lymphopenia 9) .
The systemic a ~ t ~ i m n u n e  response that char- 
acterizes SLE might be explained by alter- 
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