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Treatment of infection with radiolabeled antibodies

E. DADACHOVA 1.2/ A. CASADEVALL 2. 3

The field of infectious diseases is in urgent need of
new approaches to antimicrobial therapy. Radio-
immunotherapy (RIT) has evolved into successful ther-
apy for certain malignancies. Published preclinical
and clinical investigations have demonstrated that radi-
olabeled microorganism-specific antibodies localize
to tissue sites of bacterial and fungal infection. The
potential of RIT as an antimicrobial treatment strategy
has not been developed clinically, which could reflect
lack of awareness of the difficult problems in clinical
infectious diseases by the nuclear medicine commu-
nity and of RIT by the infectious diseases physicians.
We have recently demonstrated the feasibility of using
RIT for treating murine cryptococcosis using a mono-
clonal antibody to Crypto-coccus neoformans capsular
glucuronoxylomannan labeled with Bismuth-213 or
Rhenium-188. Subsequently, we showed the applica-
bility of RIT to bacterial (Strepto-coccus pneumonia)
and viral (HIV-1) infections. Treatment did not cause
acute hematologic toxicity in treated animals. The
mechanisms of RIT of infection include killing of micro-
bial cells by “direct hit” and “cross-fire” effects, pro-
motion of apoptosis-like death, cooperation with
macrophages and modulation of the inflammatory
response. RIT for infection is theoretically useful for
any microbe susceptible to radiation, including bacte-
ria, fungi, viruses and parasites. The promise of this
technique is based on the fact that the technology is
largely in place and that the only requirements are
availability of microbe-specific monoclonal antibod-
ies and suitable radionuclides. In fact, one could antic-
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ipate that targeting microbes will be easier than tar-
geting neoplastic cells when the enormous antigenic
differences between host and microbes are taken into
consideration. However, considerable basic work
remains to be done to ascertain the optimal conditions
for the efficacy of RIT for infection.

KEY wORDs: Radioimmunotherapy - Mycoses - Bacterial in-
fections - Virus diseases - Antibodies - Hematology - Toxi-
city.

he field of infectious diseases is in urgent need of

new approaches to antimicrobial therapy because
of a confluence of events that have reduced thera-
peutic options including: 1) an increasing prevalence
of diseases caused by highly resistant microorgan-
isms, some of which are not susceptible to currently
available antimicrobial agents; 2) the relative lack of
efficacy of antimicrobial therapy in immunosuppressed
individuals; and 3) a paucity of new anti-microbial
drugs in the development pipeline. In addition new
microbial diseases are being identified with increas-
ing frequency and for many there are no available
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therapies. For example, a recent global outbreak of
severe acute respiratory syndrome (SARS) coronavirus
infection was associated with high mortality. There is
also a credible threat of bioterrorism. In this environ-
ment, given that current strategies for development of
antimicrobial drugs and vaccines take many years to
yield clinically useful products, there is a need for
approaches that can facilitate rapid development of
new antimicrobial agents.

Radioimmunotherapy (RIT) was developed for
treatment of cancer nearly three decades ago. The
first clinical trials of RIT for hepatoma in the US were
performed by Order ef al. in mid-1980s.! RIT takes
advantage of the specificity of the antigen-antibody
interaction to deliver radionuclides that emanate
lethal doses of cytotoxic radiation to cancer cells,2 3
and can provide a valuable alternative to chemother-
apy and external beam radiation therapy (EBRT).
RIT has been developed into a successful therapy for
certain cancers as evidenced by the recent approval
of monoclonal antibody (mab) therapy-based drugs
such as Zevalin® and Bexxar® (anti-CD20 mAbs
labeled with 20Y and 1311, respectively) for the treat-
ment of relapsed or refractory B-cell non-Hodgkin’s
lymphoma. Recent reports on the use of RIT as an ini-
tial treatment for follicular lymphoma 4 are encour-
aging thus potentially making RIT first line therapy
in some types of cancer.

Until relatively recently RIT was used exclusively for
cancer therapy. Remarkably, its potential as an antimi-
crobial therapy has not been developed clinically.
The reasons for this are enigmatic but could reflect the
lack of awareness of the difficult problems in clinical
infectious diseases by the nuclear medicine commu-
nity and of RIT by the infectious diseases communi-
ty. We recently attempted to cross this divide, demon-
strating the feasibility of RIT as an anti-infective ther-
apy by treating murine cryptococcosis with a mAb to
Cryptococcus neoformans (CN) capsular glucuronoxy-
lomannan labeled with 213Bi or 18Re.5 ¢ Subsequently,
we showed the applicability of RIT to other fungal
and bacterial infections.”.8 RIT may also be poten-
tially effective against chronically infected cells includ-
ing those with viral infections.?

Here we review the results of RIT on fungal and
bacterial infections, as well as its safety and radiobi-
ological and immune mechanisms and provide an
outline for the future development of this novel treat-
ment modality.
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Feasibility of RIT for infection

In considering the feasibility of RIT of infection,
the two most crucial factors for success or failure are
the ability of an organism-specific radiolabeled anti-
body to reach the site(s) of infection in the body and
the susceptibility of microbes to the radiation delivered
by these antibodies.

Several groups have utilized radiolabeled organ-
ism-specific antibodies to image infections in animal
models. Poulain et al.1® infected Guinea pigs intra-
venously with Candida albicans and used both
radioiodinated F(ab"), fragments and an intact mAb to
the cell wall glycoprotein of C. albicansto image the
sites of infection. They observed that the biodistribu-
tion of C. albicans-specific mAb matched the anatom-
ic distribution of C. albicans infection as confirmed by
the colony forming units (CFUs) per organ. There
was a direct proportionality between the %ID/g organ
and the number of CFUs/g in each organ. In animals
with Candida endophthalmitis, a common compli-
cation of candidal hematogenous dissemination, the
distribution of C. albicans-specific mAb was highly
specific, in contrast to that of a radiolabeled non-spe-
cific mAb. Rubin et al!! investigated whether a radioio-
dinated murine mAb to Fisher Immunotype 1 Pseudo-
monas aeruginosa could detect deep thigh infections.
These investigators concluded that it was feasible to
image localized infections and hidden abscesses by
scintigraphy with organism-specific antibodies. To
investigate the feasibility of imaging tuberculomas
with radiolabeled mAbs against mycobacterial anti-
gens, researchers have used mouse 12 and rabbit 13
models of tuberculosis. They induced tubercular
lesions in rabbit and injected radioiodinated anti-M.
bovis (BCG) mAb 4-6 months later. The specific mAb
localized in tuberculomas at 3 days postinjection and
maximal signal-to-noise ratio between infected and
non-infected tissues was observed by day 6. Huang et
al.14 explored the use of 9mTc-labeled mAb to
Staphylococcus aureus to detect bacterial endocardi-
tis in a rabbit model. The biodistribution of radiola-
beled specific mAb was monitored in the infected
rabbits and in normal controls. They observed that
the ratio of radioactivity in the aortic valve to that in
the surrounding heart tissue or blood pool was sig-
nificantly higher in infected animals (>10:1) than in
non-infected controls. Reaching foci of infection in
the brain with radiolabeled mAbs can be challeng-
ing if the blood brain barrier (BBB) is intact. We have
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previously reported that in rats with intracisternal C.
neoformans infection there was no detectable local-
ization of radiolabeled mAb 2H1 directed against C.
neoformans capsular polysaccharide in the brain and
cerebrospinal fluid following intravenous injection.15
This inability of mAb 2H1 to cross the BBB was cir-
cumvented by administering mAb intracisternally,
which resulted in persistent intracisternal radioactiv-
ity uptake when compared to non-specific control
mAD.

At least one study has shown that microbe-specif-
ic radiolabeled mAbs can localize at the site of infec-
tion in humans. Goldenberg et al.16 showed that
administration of a 9mTc-labeled mAb fragment spe-
cific for Pneumocystis cariniilocalized to the lungs in
6 of 7 patients with pneumocystis pneumonia 24 h
after administration. The ability of a specific antibody
to localize to a site of infection indicates the feasibil-
ity of using the antibody-antigen interaction to deliv-
er microbicidal radiation to sites of infection in form
of RIT.

Radiation possesses microbicidal properties and y-
irradiation is routinely used for sterilization of medical
supplies and certain foods. Ionizing radiation such
as y-rays, B- and especially a-particles from external
sources can kill different strains of bacteria and fun-
gi such as E. coli, C. neoformans and M. tuberculosis.\7-
19 However, the lethal doses of external ionizing radi-
ation for microbes are extremely high in comparison
to those needed to kill mammalian cells. For example,
several hundred Gy are needed to kill bacterial cells,
thousands for fungal cells and around 50 000 Gy for
destruction of HIV-1 viral particles.20 In contrast, mam-
malian cells are killed by as few as 5-10 Gy. As in
clinical RIT the peak dose rates of only 0.1 Gy/h are
observed,2! it is not possible to predict a priori if the
amount of radioactivity delivered by antibodies to
microbial cells will be sufficient to cause the death of
these cells and therefore experimental proof of feasi-
bility of RIT for major types of microorganisms, bac-
teria, fungi and viruses is required.

Radionuclide selection

Given that RIT of cancer has been extensively stud-
ied for at least three decades, the relationships
between tumor size, curability and the tissue range of
therapeutic emissions of radionuclides have been
largely clarified.22 23 Several therapeutic radionuclides
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TABLE L.—Therapeutic radionuclides.

Radionuclide Type Half-life (lg/fg{’}) Me?gnr;l)n &8¢ Imageable
90y B 2.7d 23 2.76 No
1311 B,y 8d 0.81 0.4 Yes
771 B,y 6.7d 0.5 0.28 Yes
1535m B,y 2d 0.8 0.53 Yes
180Re B,y 38d 1.1 0.92 Yes
188Re B,y 17 h 2.1 2.43 Yes
67cu B,y 26d 057 0.6 Yes
225p¢ o, B 10d 5.83 0.04-0.1 Yes
213Bi o 457 min  5.87 0.04-0.1 Yes
212Bj o 1h 6.09  0.04-0.1 Yes
211 A¢ o 7.2h 587  0.04-0.1 Yes
212pp B 10.6h  0.57 0.6 Yes
1251 Auger 60.1d 035 0.001-0.02 No
1231 Auger 13.2h 016  0.001-0.02 Yes
67Ga Auger, B,y 3.3d 0.18  0.001-0.02 Yes

Adapted from Milenic et al.

are currently utilized in targeted radionuclide therapy
(Table D 2 and RIT of infection can take advantage of
the information generated in cancer studies. For exam-
ple, for single cell disease (systemic infections) an
isotope with a short track in tissue such as 213Bi would
be suitable and for the RIT of infected sites located
deep inside the body, longer-lived isotopes such as 20Y
(half-life 2.7 days), 177Lu (half-life 6.7 days) or 1311
(half-life 8 days) can be used with an intact mAb.
Alternatively, combinations of fast-targeting domain-
deleted mAbs 24 with short-lived isotopes as 188Re
(16.9 h) or even 213Bi (45.6 min) may also prove use-
ful.

Since microbial cells vary widely in size and in dou-
bling time, one needs to carefully consider the opti-
mal radionuclide for use in RIT of infection. Ideally the
half-life of the isotope should match the doubling
time of the microorganism and its emission range in
tissue should parallel the microorganism’s physical
dimensions. In this regard, for 1 p in diameter fast-
dividing bacteria (doubling time around 20 min) short-
lived radionuclides capable of delivering radiation in
short “bursts” with short emission track in tissue, such
as the o-emitters 213Bi and 212Bi (half-life 60 min) may
be useful. For larger (10 1 in diameter), slower grow-
ing (doubling time 2-3 h) fungal cells, both o and -
emitters such as 188Re might be effective. The nano-
sized cross-sectional area of viruses can make them
less susceptible to direct deactivation by radiation.
Since viral replication is dependent, however, on host
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Brain

Figure 1.—Scintigrai3hic image of infected IV with CN A/JCr mouse 48
hr postinjection of 188Re-18B7 mAbD.

cells it is possible to use antibodies that bind to viral
antigens expressed on infected cells, thereby target-
ing sites of viral replication and assembly.?

Another area where RIT of infection can utilize the
significant knowledge accumulated in RIT of cancer
is in the technology of linking radionuclides to the anti-
bodies. For labeling of the organism-specific anti-
bodies with long-lived trivalent radiometals such as %Y
or 177Lu thermodynamically and kinetically stable
macrocycle-based ligands such as DOTA can be used.
For short-lived a-emitters 213Bi and 212Bi structurally
modified DTPA-based ligands (for example CHXA),
characterized by very favorable kinetics of metal-lig-
and complex formation, can be used. The transition
metal 188Re can be attached to the antibodies “direct-
ly” via reduction of disulfide bridges or through
HYNIC or MAG3 ligands.

In our experiments to develop RIT of fungal and
bacterial infections we evaluated two radioisotopes
with very different emission properties: a high-energy
B-emitter 88Re (E,,,=2.12 MeV) and an a-particle emit-
ter 213Bi. 18Re has been used for cancer RIT, palliation
of skeletal bone pain, and endovascular brachythera-
py to prevent restenosis following angioplasty.25-28 213Bi
emits a high LET E=5.9 MeV o-particle with a path
length in tissue of 50-80 mm. 213Bi has been proposed
for single-cell disorders as well as some solid tumors
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2932 and has been used to treat patients with leukemia
in phase I clinical trials.33 34

Infections

Fungal infection

We initially explored the potential efficacy of RIT
against an experimental fungal infection using CN.5 CN
is a major fungal pathogen that causes life-threaten-
ing meningoencephalitis in 6-8% of patients with
AIDS. Cryptococcal infections in immunocompro-
mised patients are often incurable because antifungal
drugs do not eradicate the infection in the setting of
severe immune dysfunction.35 36 CN provides a good
system to study the potential usefulness of RIT because
there are excellent animal models available, well char-
acterized mAbs to CN antigens exist, and immunother-
apy of CN infection with capsule polysaccharide-bind-
ing antibody 18B7 is already in clinical evaluation.3”
In spite of high levels of circulating polysaccharide in
the blood of infected mice, in both pulmonary and sys-
temic animal models of CN infection, the radiolabeled
mADb preferentially localized at the sites of infection
(Figure 1). Radiolabeled with 213Bi or 188Re 18B7 anti-
body killed CN cells i7 vitro, thus converting an anti-
body with no inherent antifungal activity into a micro-
bicidal molecule (Figures 2A, B).

In vitro killing encouraged us to perform thera-
peutic studies in AJ/Cr mice infected systemically with
CN. Mice treated with radiolabeled CN-specific mAb
18B7 lived significantly longer than mice treated with
irrelevant labeled 1gG, or PBS (Figure 3). We used a
labeled irrelevant mAb (213Bi- or 88Re-labeled IgG,
MOPC21) to control for the possibility that Fc recep-
tor binding by the radiolabeled IgG to phagocytes at
the site of infection might result in non-specific killing
of CN cells. Remarkably, on day 75 post-therapy, 60%
of the mice in the 213Bi group were alive after treatment
with 100 pCi 213Bi-18B7 (P<0.05). In the 18Re group
40% and 20% of animals were alive after treatment
with 100 (P<0.005) and 50 pCi (P<0.05) 18Re-18B7,
respectively, while mice in control groups succumbed
to infection between days 35-40. CN infected mice
that received RIT had significantly reduced fungal
burden in lungs and brains 48 h after treatment com-
pared to infected controls (Table IT). While there was
no difference in the reduction of the fungal burden in
the lungs between the groups that received 50 and 100
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uCi 18Re-18B7, treatment with 200 pCi 18Re-18B7 sig-
nificantly lowered lung CFUs relative to the lower
activities (P<0.05). Hence, administration of CN spe-
cific radiolabeled antibody prolonged survival and
reduced organ fungal burden in infected mice.
Survival of A/JCr mice treated with RIT was dose
dependent for both 213Bi and 18Re radioisotopes.
While 50 pCi 213Bi-18B7 produced no therapeutic
effect, both the 100 and 200 pCi doses prolonged ani-
mal survival (Figure 3). Interestingly, the 200 nCi 213Bi-
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Figure 2.—Cell survival of fungi following RIT of: A) CN with
188Re-18B7 mAb; B) CN with 213Bi-18B7 mAb; C) HC with 188Re-
9C7 mAb. The abscissas on the graphs show the activity per sam-
ple of the radiolabeled mAb and the calculated dose delivered to
the cells.

18B7 dose was less efficient, possibly due to the fact
that it may have approached the MTA (maximum tol-
erated activity) for this particular combination of anti-
body and radioisotope. In the 188Re group, adminis-
tration of 50 nCi 188Re-18B7 resulted in some prolon-
gation of survival, and 100 nuCi produced significant
prolongation. A dose of 200 uCi was, apparently, too
toxic with all animals dying by day 40.

We subsequently extended the antimicrobial RIT
approach to another human pathogenic fungus,

197



DADACHOVA

100

80+

60

401

% survival

204

0 10 20 30 40 50 60 70 80
A Days post-treatment

TREATMENT OF INFECTION WITH RADIOLABELED ANTIBODIES

100 ———

80+

60+

40

% survival

20

B Days post-treatment

—O— 188Re-18B7, 50 uCi
—e— !88Re-18B7, 200 uCi
— -0 - “cold” 18B7, 50 ug

—a— 188Re-18B7, 100 uCi
—a— PBS
..... e-ee- 188Re-MOPC21, 100 pCi

—oO— 213Bi-18B7, 50 pCi
- 213Bi-18B7, 200 uCi

—~— 213Bj-18B7, 100 uCi
—-m— PBS

—— «cold»-18B7, 50 ug - -y — 213Bi-MOPC21, 100 uCi

Figure 3—Kaplan-Meier survival curves for A/JCr mice infected IV with 105 C. neoformans cells 24 h prior to treatment with: A) 50-200 pCi
188Re-labeled mAb’s; and B) 50-200 uCi 213Bi-labeled mAb’s. Animals injected with PBS (phosphate buffered saline) or 50 pg “cold” 18B7

served as controls.

TABLE IL.—CN CFUs in the lungs and the brains of A/JCr mice
infected 1V with 10> CN organisms and treated with 185Re-
18B7 mAb 24 b after infection*.

No. of CFUs/g tissue, %104 (SD)

Untreated
Organ mice and 50 pCi 100 pCi 200 pCi
treated with 188Re-18B7 188Re-18B7 188Re-18B7
unlabeled
18B7 (50 pg)
Lungs 550 (47)** 11 (6 21 (5 3.3
(P=0.001) (P=0.001) (P=0.001)
Brains 11 (5) 0.1 (0.05) 0.8 (0.D 1.1(0.D
(P<0.001) (P=0.002) (P=0.002)

*) Animals were sacrificed 48 h after the treatment with 188Re-18B7 (2.8
188Re half-lives); the colony counts for 100 and 10 times dilutions for the
lungs and brains, respectively, are given. **) P values were calculated by the
Wilcoxon test, the groups treated with 188Re-18B7 were compared to com-
bined group of untreated mice and treated with unlabeled 18B7 mAb.

Histoplasma capsulatum (HC),” the most common
cause of fungal pneumonia in immunocompromised
patients 38 by treating HC in vitro with 18Re-labeled
mAb 9C7 (IgM) which binds to a 17 kDa protein anti-
gen on the surface of the HC cell wall.? The depen-
dence of the RIT-treated HC cell survival on the
amount of radioactivity added to the cells is present-
ed in Figure 2C. Ninety percent of HC cells were killed
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with 32 pCi of HC-specific 18Re-9C7 mAb. In con-
trast, incubation of HC with a radiolabeled control
IgM with the same specific activity produced only
minimal killing within the investigated range of dos-
es (P<0.01). The significantly higher killing associat-
ed with the specific antibody almost certainly reflects
higher radiation exposure for HC as a consequence of
antibody binding to the HC cell wall. We also per-
formed cellular dosimetry calculations for #7 vitro RIT
of CN and HC 7 and compared them with the LD90 for
external y radiation. The cellular absorbed doses deliv-
ered by radiolabeled antibodies are shown in Figure
2. Cellular dosimetry calculations showed that RIT
was ~1 000-fold more efficient in killing CN and ~100-
fold in killing HC than y radiation. Thus, RIT of fun-
gal cells using specific antibodies labeled with o- and
B-emitting radioisotopes was significantly more effi-
cient in killing CN and HC than 7y radiation when
based on the mean absorbed dose to the cell. These
results strongly support the concept of using RIT as an
antifungal modality.

Bacterial infection

Streptococcus pneumoniae (Pn) is an important
cause of community-acquired pneumonia, meningitis,
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Figure 4.—RIT of Pn infection with 213Bi-labeled mAb’s in C57BL/6 mice. 8-10 mice per group were used. Mice were infected IP with 1,000
organisms 1 h before treatment with mAb’s. Results of two experiments are presented.

and bacteremia. The problem of pneumococcal dis-
ease is exacerbated by increasing drug resistance.
Furthermore, patients with impaired immunity are at
high risk for invasive pneumococcal infections. Our
earlier encouraging results with RIT of CN and HC
provided the impetus for applying RIT to an experi-
mental bacterial infection. However, in contrast to
fungal infections which are usually chronic, dissemi-
nated bacterial infections can progress rapidly and
bacteria replicate much faster than fungi. For example,
the replication rate of Pn and C. neoformans are 20
min and 3 h, respectively. Cryptococci have average
diameters that are approximately 10 times larger than
pneumococci 4 and, consequently, present signifi-
cantly larger targets for RIT than bacterial cells. It
remained to be seen if the sensitivity of a microor-
ganism towards particulate radiation depended on
the amount of DNA per volume matter. In addition,
these two microbes elicit different inflammatory
responses with neutrophils predominating in pneu-
mococcal infections and macrophages predominat-
ing in cryptococcal infections. Consequently, the suc-
cess of RIT against experimental cryptococcal infec-
tion could not necessarily be extrapolated to bacteria
from the prior fungal study.

We investigated the feasibility of applying RIT
approach to the treatment of Pn infection by evaluating
the susceptibility of Pn to radiolabeled antibody ## vit-
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ro and in an animal infection model.8 For the specif-
ic antibody carrier we utilized a human mab D11,
which binds to pneumococcal capsular polysaccharide
8 (PPS 8), and selected a short range o-emitter 213Bi as
the radionuclide. The experiment showed that a
greater percentage of mice survived in the 213Bi-D11-
treated group relative to the untreated group (P<0.01)
(Figure 4). In contrast, administration of unlabeled
D11 (5 ng) did not prolong survival in comparison to
untreated mice (P>0.05). Similarly, the radiolabeled
control IgM did not have any therapeutic effect
(P>0.05). Mice in control groups succumbed to bac-
teremia on day 1-3, while mice treated with 80 uCi
213Bi-D11 demonstrated 87-100% survival. Furthermore,
mice treated with 213Bi-D11 were not bacteremic at 3,
6 and 10 h post-treatment as measured by CFUs in
their blood as well as on days 3 and 14 (data not
shown). Treatment with radiolabeled D11 was very
well tolerated—no weight loss was observed in treat-
ed animals. Thus, this study established the feasibili-
ty of RIT for the treatment of bacterial infections.

Toxicity
Based on data accumulated in RIT of cancer, the pri-

mary toxicity of RIT of infection is likely to be bone
marrow suppression. Important determinants of the
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Figure 5.—Platelet counts in RIT-treated mice. C57BL/6 mice infected TP with Pn and treated with 213Bi-labeled mAb’s 1 h postinfection.

extent and duration of RIT-induced myelosuppres-
sion are bone marrow reserve (based on prior cyto-
toxic therapy and extent of disease involvement),
total infection burden and spleen size.4. 42 We note that
RIT of NHL is effective in patients who have received
several unsuccessful courses of chemotherapy and
consequently, have depleted bone marrow reserves
and weakened immunity not unlike immunocom-
promised patients susceptible to infections. Neverthe-
less, the application of RIT to infectious diseases will
require optimization of the dose to ascertain and min-
imize toxic effects.

In our studies of RIT of fungal and bacterial infec-
tions we evaluated the hematological toxicity of radi-
olabeled antibodies in mice by platelet counts.5 ¢, 8
The platelet count nadir usually occurs 1 week after
radiolabeled antibody administration to tumor-bearing
animals.3, 4 For example, in C57BL/6 mice infected
systemically with Pn and treated with 80 nCi 213Bi-
D11 mAb only a transient drop in platelet count was
noted on post-treatment day 7 with counts returning
to pretreatment levels by day 15 (Figure 5). This lack
of hematologic toxicity can be explained by the very
specific targeting of radiolabeled antibodies to the
microbes. In fact, one of the advantages of using RIT
against infection, as opposed to cancer, is that, in
contrast to tumor cells, cells expressing microbial anti-
gens are antigenically very different from host tissues
and thus provide the potential for exquisite specifici-
ty and low cross-reactivity. It should be noted that in
all our studies the radiolabeled mAbs were adminis-
tered IP, and IP administration of the radiolabeled
mAbs was reported to be better tolerated than IV
route.%
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In addition, when using a radioactive therapy in
patients there is always a concern of long-term effects
such as neoplasms arising from radiation-induced
mutations. However, this risk should be extremely
low after short-term exposure and would likely be
outweighed by the benefits of treating or preventing
infections. Although infectious disease specialists have
little or no experience with radiation therapy, the effi-
cacy of RIT coupled with a significant education effort
should facilitate their acceptance of this therapeutic
modality.46

Radiobiological and immune mechanisms
of RIT of infection

The mechanism of antimicrobial action of RIT pre-
sumably reflects the delivery of radionuclide to a loca-
tion in close proximity to a microbe such that the
emitted radiation is cytotoxic to the microbe or to the
infected host cell. The radiobiological mechanisms
of cancer RIT are complex and are different from
those involved in killing the cancer cells using EBRT.
In clinical RIT, peak dose rates of only 0.1 Gy/h 2!
are observed. In comparison, high-dose rate radia-
tion, typical for EBRT, delivers 60 Gy/h. Thus, from the
viewpoint of radiation therapy, RIT delivers subopti-
mal doses to tumors but it is effective by promoting
apoptosis in irradiated tumor cells, “bystander” effect
(death of adjacent, non-irradiated cells) and cell cycle
arrest.47-49 In our studies of RIT of fungal infections we
also observed the discordance between efficacy of
external beam and RIT - human pathogenic fungi C.
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neoformans and H. capsulatum proved to be extreme-
ly resistant to external g radiation (LDy,=4 000 Gy), but
relatively susceptible to killing by RIT with 18Re- and
213Bi-labeled mAbs (LDyy=1-4 Gy).”

Radiobiological mechanisms of microbial cell killing
by radiolabeled mAbs might involve “direct hit” (killing
of a cell by radiation emanating from radiolabeled
antibody molecule bound to the microbial cell) and
“cross-fire” (killing of a cell by radiation emanating
from a radiolabeled antibody molecule on an adjacent
or a distant cell), cell cycle arrest, “bystander” effect,
and ability of antibodies to catalyze the synthesis of
reactive oxygen species (ROS). We have recently per-
formed a detailed study of the radiobiological and
immune mechanisms of RIT of CN infection in vitro
and in vivo.>

To elucidate the contribution of “direct hit” and
“cross-fire” effects to RIT of CN we compared the
fungicidal activity of a mAb conjugated to 213Bi and
188Re—isotopes with different emission ranges in tis-
sue—>50-80 um for 213Bi versus 2.4 mm for 188Re. In
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Figure 6.—Contribution of different radiobiological effects to RIT of
CN with 213Bi-18B7 and 188Re-18B7 mAbs: A) “cross-fire” and “direct
hit” for 213Bi-18B7; B) “cross-fire” and “direct hit” for 188Re-18B7.
The contribution of "direct hit" towards cell killing was calculated by
subtracting percentage of cells killed by "cross-fire" from 1percenmge
of cells killed by RIT; C) indigo carmine detection of 213Bi-18B7 -
triggered formation of reactive oxygen species (ROS).

cancer RIT 213Bi is assumed to kill by “direct hit”,
while 18Re through “cross-fire”. In principle every
cell with bound radiolabeled mAb molecules can be
killed by a “direct hit” and simultaneously serve as a
source of “cross-fire” radiation. By measuring the
killing of the cells in RIT and in “cross-fire” experi-
ments, we can calculate contribution of “direct hit”
towards cell killing by subtracting percentage of cells
killed by “cross-fire” from percentage of cells killed by
RIT. To observe “cross-fire” we had to ensure that the
cells that served as the sources of “cross-fire” radiation
could not be killed themselves by “direct hit”.
Consequently, we used heat killed CN cells.
Experiments with 213Bi-18B7 showed that although
most fungal cells were killed by “direct hit”, “cross-fire”
effect also contributed to the fungicidal effect of RIT
(Figure 6A). No killing of CN cells by unlabeled mAb
18B7 was observed. Previously we had shown that
radiolabeled irrelevant mAbs were unable to kill CN
cells.¢ For 188Re-18B7 “cross-fire” effect was responsi-
ble for most of CN killing (Figure 6B). This system per-
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mits experiments to elucidate precise mechanisms of
cell killing in RIT that have not been performed either
for microbial or cancer cells. In RIT targeting of can-
cer cells the antibody is often internalized after bind-
ing, adding significant complexity to the experiment.
One of the advantages of the C. neoformans system
is that the capsule is outside the cell wall and the
antibody is not internalized, thus allowing exploration
of this fundamental problem in radiobiology.
Exposing the mixture of CN cells and unlabeled
18B7 mAD to UV light initiated formation of singlet
molecular oxygen 0,* required for mAb-catalyzed
production of ROS5! (results not shown). Radiation
from radiolabeled mAb in solution which causes
hydrolysis of water also triggered the antibody-cat-
alyzed ROS generation. For 213Bi-18B7 ROS forma-
tion was dose-dependent with ROS formation
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Figure 7.—Interaction of radiolabeled antibodies with the compo-
nents of immune system during RIT of CN infection: A) killing of CN
cells by macrophage-like J774.16 cells in presence 213Bi-18B7 mAb;
B, O the levels of cytokines in the lungs and the brains of AJ/Cr mice
infected IV with CN. Three groups of 10 AJ/Cr mice were infected IV
with 105 CN cells and 24 h after infection: treated TP with 150 pCi 213Bi-
18B7 (30 pg per animal), or with 30 pg unlabeled 18B7, or left untrea-
ted.
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observed at 2.3 pCi/105 cells and none for 0.5 pCi/105
cells (slope not significantly different from zero,
P=0.37) (Figure 6C). No ROS was observed for con-
trol 213Bi-MOPC21 (P=0.2) suggesting a need for Ag-
Ab interaction in this process (Figure 6C). However,
ROS are unlikely to contribute significantly to fungal
cell killing since no significant oxidant formation was
observed for the dose of 0.5 pCi/105 cells which was
fungicidal.

As CN can reproduce within macrophages, we
investigated the interaction of macrophage-like J774.16
cells with 213Bi-labeled mAb 18B7. Macrophages
remained viable in the presence of radiolabeled mAb
but the efficacy of fungal killing by J774.16 cells was
significantly enhanced by 213Bi-18B7 mAb in com-
parison with unlabeled mAb (Figure 7A). This coop-
eration was impressive given that the efficacy of CN
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killing by mAb 213Bi-18B7 alone in DMEM or in mouse
serum was reduced when compared to killing in PBS
(results not shown). Thus, synergy with macrophages
in CN killing may be one of the immune mechanisms
of RIT of infection.

As mAb-mediated protection in the setting of CN
infection may be in part due to changes in cytokine
expression,52 53 we also investigated whether RIT
affected 1L-2, 1L-4, IL-10, TNF-0, and IFN-y expres-
sion in treated mice. These cytokines are representa-
tive of Th1- and Th2-related cytokines important in the
effective immune response to CN infection.52 54 55 RIT
was associated with changes in lung and brain
cytokine expression (Figure 7B, C). There was a sig-
nificant (P<0.05) reduction in the expression of TNF-
o, INF-y, IL-10 (brains and lungs), IL-4 (lungs), and IL-
2 (brains) in RIT-treated mice relative to the untreat-
ed controls. There was a trend toward increased IL-2
in the lungs of RIT-treated mice (P=0.06); also unla-
beled mAb 18B7 caused some increase in IL-4 in the
brains of the mice. It is conceivable that local radia-
tion could have affected inflammatory cell number
or location thus resulting in an alteration in cytokine
expression. Given the hypothesis that death in mice
with CN infection can be caused by host-inflammatory
damage,>* the decrease in the levels of cytokines in
RIT-treated animals raises the tantalizing possibility
of benefit from reduced inflammatory damage.

Future perspective

RIT for infection is theoretically useful for any
microbe susceptible to radiation killing including bac-
teria, fungi, viruses and parasites. The promise of RIT
for infection is based on the fact that the technology
is largely in place and that the only requirements are
the availability of microbe-specific mAbs and radionu-
clides. In fact, it is conceivable that targeting microbes
will be easier than targeting neoplastic cells because
of the enormous antigenic differences between host
and microbes. However, considerable basic work
remains to be done to ascertain the optimal conditions
for the efficacy of RIT for infection. It is likely that
development of RIT for each infectious agent would
encounter specific development issues given the vari-
ability inherent in microbes and their interactions with
the host. RIT for infectious diseases may be of par-
ticular value: 1) in special populations such as
immunosuppressed patients infected with C. neofor-
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mans or with other AIDS-associated opportunistic
infections that are refractory to treatment with standard
antimicrobial agents; 2) for treatment of latent infec-
tion in organ transplant patients; 3) for treatment of
infectious diseases caused by highly resistant microor-
ganisms for which therapeutic options are currently
very limited; 4) for infectious diseases where there is
no known treatment; 5) for protection against bio-
logical warfare agents.
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