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ABSTRACT

The possibility of using a boronated analog of thymidine for Neutron Cap-
ture Therapy (NCT) is intriguing, as the boron is targeted to the cell's
most sensitive location. Such an analog has been synthesized in the form of
dihydroxyboryldeoxyuridine (DBDU). Data are presented indicating that DBDU is
indeed incorporated in the nucleus, and that significant radiosensitization is
produced in cell cultures as a consequence of this uptake.



1. INTRODUCTION

Of the various biomolecules used for boron transport to tumor, the
thymidine analog 5-dihydroxyboryl 2'-deoxyuridine (DBDU) is one of the most
interesting (7). Since boron would be localized directly in the nucleus, the
greater biological efficacy would permit utilization of lower boron concentra-
tions. Presumably differential boron concentration could result from increased
uptake in rapidly proliferating tumors. Specifically however, one would antici-
pate using DBDU in the treatment of brain tumors, where the surrounding normal
tissues would not be synthesizing DNA. DBDU as an analog of thymidine (Thd) in
the DNA molecule, has been shoOT to sensitize V-79 Chinese hamster cells to neu-
trons via the ^B(n,a)^Li reaction. Radiation enhancement, or "RBE" values be-
tween 2.1 and 2.5 have been demonstrated using neutron beams at the Brookhaven
Medical Research Reactor (BMRR). Calculations show that at 5% substitution of
DBDU for Thd in DNA, boron content of a 5 U diameter nucleus (66 pg) would be s
40 Vg B/g and for a 7.6 y diameter nucleus (230 pg), ̂ 11.5 ]Xg B/g (reference 1).

Cells grown in a "pulsing" medium which includes DBDU as an analog, along
with enzymatic inhibitors which prevent the de_ novo synthesis of Thd, have
demonstrated the ability to replicate within the standard doubling time period.
Variations in the concentration of DBDU offered does not seem to be a signifi-
cant parameter in the degree of sensitizstion achieved through neutron exposure,
so long as minimum levels of required nucleoside are provided.

Survival curves have been obtained which show that cells grown in the pres-
ence of DBDU demonstrate radiosensitization to pure y rays analogous to that pro-
vided by the Thd analog 5-iodo-2'-deoxyuridine (idUrd). Survival curves
measured at the mixed radiation field of the BMRR have been obtained with and
without the thermal neutron component, and show a marked response due to the

B(n,ct)'Li reaction. The contribution to the observed radiation enhancement of
^.5 from the 10B(n,a)7Li reaction, y-rays, fast neutrons, and the 1^N(n,p)1^C
reaction has been evaluated and the residual response from the ^ B reaction
correlated with anticipated boron content in the DNA.

While it is not immediately obvious that it will be possible tc obtain a
nuclear boron concentration adequate to be used alone for Neutron Capture Ther-
apy (NCT), it is clear that DBDU could contribute significantly as part of a
"cocktail" of boronated molecules.

2. METHOD

When investigating the affinity of various boronated compounds for tumor,
the quickest and easiest method is via in vivo experiments; tissues are analyzed
for boron content at various time points following administration of the com-
pound being investigated. This technique obtains in particular for cases in
which binding occurs to existing sites as with melanin affinic agents. The situ-
ation is different in the case of agents possibly incorporated in cell-cycle-
dependent metabolic processes such as DNA synthesis; in the latter case success-
ful incorporation is dependent on so many parameters that the success of an imme-
diate and direct in vivo administration without evaluating conditions requisite
for incorporation would perhaps be fortuitous. Such conditions are best
evaluated by in vitro experiments where each parameter can be carefully



controlled. This procedure is bein^ followed in our laboratory in the evalua-
tion of IdUrd for Photon Activation Therapy (2) and is likewise being used for
the investigation of DBDU.

2.1 Cell Irradiation

Cells were irradiated at the patient port of the BMRR, with a thermal
neutron beam. The dosimetry of this beam and the apparatus used for cell irradi-
ations are described in detail in references 1 and 3 respectively. The thermal
neutron flux density was 5.45 x 10 n/cm -sec, and the contaminating dose rates
from fast neutrons and Y~rays were 9.0 and 9.2 rads/min respectively. Absorbed
dose from the B(n,ct) Li reaction is calculated from the equation (see refer-
ence 3), where D = dose, F = the fraction of boron by weight, and <)> = flux;

D(rads, 10B) = 8.43 x 10~6 • F • 0 .

The N(n,p) C dose rate is evaluated by:

D(rads, l4N) = 1.03 x 10"11 • 0 .

Data are summarized in Table 1.

2.2 Cell Culture Techniques

Replicate dishes of V-79 Chinese hamster cells are seeded at 2.0 x
10 cell/dish in 100 mm tissue culture dishes in DME growth medium with fetal
bovine serum and penicillin/streptomycin. Cell counts of these replicate dishes
provide close monitoring of the onset of exponential growth phase, as well as
the determination of the doubling time of the cell population. After the
exponential growth phase has been reached, the seeding medium is aspirated and
replaced with the pulsing solution. Cells are grown in this pulsing solution
for 1 cell cycle (̂ 12 hours).

The pulsing medium is a 10 UM solution consisting of complete growth
medium (DME and 10% dialized fetal bovine serum), 0.1 UM hypoxanthine to serve
as a purine source, 1.0 UM animopterin to block the de novo synthesis of
thymidine, and 10 UM nucleoside thymidine (Thd) and/or 5-dihydroxyboryl 2
deoxyuridine (DBDU) in various ratios. The exponentially-growing cells are
incubated in a humidified, 5% CO^ atmosphere. The pulsing period is monitored
by counting replicate plates until a population doubling has occurred. The lat-
ter step is mandatory in order to achieve reproducible results. The cells are
then trypsinized, harvested, counted and prepared for irradiation.

Cells with DBDU incorporated in DNA and control cells (with Thd only)
are suspended in F10 medium (which contains Thd) in 1—1/2 ml micro-test tubes,
inserted into a lucite rotating device and irradiated to the various doses, 25
cm from the port face at the BMRR. The cells are accompanied to the source by
control specimens which are not irradiated.

When the graded-dose irradiations have been completed, all cells are
returned to the laboratory for the colony assay. This is the test of choice in
determining the ability of the V-79 cells to maintain their reproductive integ-



rity. Serial dilutions are done from which appropriate alliquots (to yield
colonies/dish) of cells are seeded into 100 mm tissue culture dishes with com-
plete growth medium (F10 with FBS,PS). These dishes are then incubated for 7
days to permit undisturbed colony formation. At this time cultures are rinsed
with phosphate buffered saline, fixed in 10% formalin, stained in 4% Giemsa,
and counted on an Artek colony counter. Survival curves are obtained with dose
enhancement ratios (RBEs) determined by comparison of doses for the same 10%
survival.

In the text we have used the term RBE interchangeably with the more
correct parameter "Dose Enhancement."

3. RESULTS AND DISCUSSION

Preliminary experiments were carried out with unenriched DBDU (natural iso-
topic abundances), using cell incubation or "pulsing" procedures developed for
incorporation of IdUrd. It was found that - sdiation enhancments of up to 1.8
were obtained from survival curves following irradiation at the neutron irradia-
tion facility at the BMRR, and that small amounts of Thd were necessary in order
to obtain reasonable plating efficiencies (Table 2).

Mammalian cells are assumed to have ̂ 6 pg of DNA per cell nucleus, or ̂ "3.2
x 10^ Thd sites per cell. If we assume 5% replacement of Tyd by DBDU in our ham-
ster V-79 cells (nuclear diam. = 7.6 ]i, or 230 pg; reference 3), then the nu-
clear boron content would be 1.1.7 ]ig B/g nucleus (1). Calculations indicate
that for a given nuclear boron concentration, biological effect (from the
103(n,cO'Li reaction) is ̂ 1/2 that from.the same concentration extended through-
out the cell and surrounding environment (4). Thus 5% replacement would result
in an effective boron concentration of ̂ 6 yg/g, which would in turn produce an
RBE of <̂ 2.2 in V-79 cells at our irradiation facility (as measured with H3IOBO3;
reference 3).

In order to proceed effectively, we then synthesized DBDU 96% enriched in
1 0B. Survival curves obtained with the enriched compound produced an RBE of
^2.2 (Table 2), with nucleoside ratio (DBDU/Thd) of 10:1 (see Fig. 1). Such a
ratio would have produced an average replacement of 40-50% with IdUrd or BrdUrd
(5).

It was found that;

1. No signficant advantage was gained by loading the pulsing medium with
DBDU (DBDU/Thd = 50:1 to 200:1) (Table 2) although some increase in plating effi-
ciency was obtained,

2. Lowering the DBDU/Thd ratio to 1:1 significantly reduced the RBE (to
£1.3).

3. Maintaining the DBDU/Thd ratio at 10:1 but increasing the availability
of Thd reduced the RBE (2.2 to 1.6).

From these data one would infer that DBDU is bound during DNA synthesis,
but that it does not compete with Thd as effectively as IdUrd and BrdUrd.



At a DBDU/Thd ratio of 10:1, the RBE of 2.2 indicates a nuclear boron con-
centration of ̂ 12 Ug *^B/g (5% replacement). From our work with IdUrd, such a
nucleoside ratio should have resulted in a replacement of ̂ 40%, or ̂ 96 ]ig B/g.
Thus it appears that the relative efficiency for replacement of DBDD for Thd is
^12.5%.

While halogenated pyriraidines are known to sensitize cells to Y~radiation,
the mechanism of sensitization is not known well enough to predict whether DBDU
would similarly sensitize. Consequently, survival curves with DBDU were
obtained at a Cs-?.37 y-source, at 50 rads/min (Table 2). The RBE of ̂ 1.7 is
indicative of a replacement of ̂ 15%, or 3 times that indicated by the response
to the thermal neutron beam. (This assumes that the sensitizing properties of
the boronated Tyd analog are similar to those of IdUrd and BrdUrd (5).) From
these data one would infer that:

1. DBDU must be incorporated in DNA, in order to have sensitizing effects
analogous to the halogenated analogs and,

2. Replacement of Thd by DBDU is some place between 5 and 15% at a
DBDU/Thd ratio of 10:1.

In order to evaluate the contribution of sensitization to the observed RBE
of 2.2 measured in the neutron beam, cells (with and without DBDU) were
irradiated behind a Li metal filter (2 mm Li) tc remove the thermal neutrons
(Table 2, and Fig. 2). At the usual 10:1 nucleoside ratio, the RBE was vTl.3 vs_
the usual value of 2.2, indicating that the bulk of the response from the DBDU
is from the ^^B(n,Ct)^Li reaction. (Since both controls and cells with DBDU were
shielded from the thermal neutron flux, the sole source of the enhanced effect
producing the RBE would have to be the interaction of DBDU with Y~rays and or
fast neutrons.) Analysis of the observed sensitization (RBE = 1.3) based on the
Y-component of the neutron beam (Table 1) indicates that if the cells were
sensitized to Y's alone the replacement would have to be ̂ 37% vs_ the expected
5-15% based on the neutron and Cs-137 irradiations. Thus it must be that the
cells are sensitized somewhat to the fast neutrons, as would be expected from ir-
radiation with intermediate LET particles (̂ 50 keV/VO, based on the work by Tym
and Todd (6).

The latter aspect was further explored by irradiating cells at the MRR
with BrdUrd substituted for Tyd at replacement levels of 40-50%. No significant
interaction with thermal neutrons would be expected from Br, and an RBE of J*2.2
was obtained (Table 1). Analysis of the results based on the y-component alone
in Table 1 would require a sensitization of 4.7 which exceeds the highest values
found in the literature (2.5-3; reference 5). This demonstrates clearly that
the fast neutron recoils and protons from the ^N(n,p)^C reaction (both of simi-
lar average LET of >̂ 50 keV/y) contribute to the observed sensitization. Such
contributions are additive to the effects from the B(n,oO?Li reaction, show
little repair (5), and thus are a welcome addition to the overall therapeutic ef-
fect.



4. SUMMARY

The above results demonstrate that cells exposed to DBDU for 1 cell cycle
incorporate an amount of boron such that the resultant biological effect is
equivalent to a boron concentration of 6 Ug B/g cell. Other studies have
shown that it should be possible to effect successful BNCT with a boron concen-
tration of >̂ 15 yg B/g cell (with an epithermal neutron beam; thermal beams
would require more; reference 1). Thus it would appear that DBDU is capable of
delivering boron concentrations approaching that which should be useful for ther-
apy.

In vivo studies with our murine melanoma have not demonstrated any
toxicity from DBDU following multi-day i.v. infusions. Thus the possibility
exists that incorporation in DNA may be built up over a period of time. In addi-
tion, DBDU might be used as one of several boronated compounds employed
simultaneously to build up boron levels for NCT.



REFERENCES

1. Fairchild, R.G. and Bond, V.P. Current status of ^B-neutron capture
therapy. Int. J. Radiation Oncology Biol, Phys. U_, 831-40 (1985).

2. Fairchild, R.G., Brill, A.B., Ettinger, K.V. Radiation enhancement with
iodinated deoxyuridine. Invest. Radiol. JĴ : 407-416, 1982.
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