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Abstract—A human malignant melanoma grown in the athymic nude mouse was
exposed to single doses of X-rays and tumour control (TC) was studied. The TCDs,
at 70 days post-irradiation was found to be27.4 0.6 Gy. This TCDs is considerably
lower than that predicted from the in vitro survival curve of cells from the
melanoma irradiated in vivo. Studies also indicated that the tumour regrowth delay
following large radiation doses possibly might be larger than indicated by the
survival levels measured in vitro. Thus the radiation sensitivity of the melanoma
measured in vivo appeared to be higher than that measured in vitro. This was
probably not due to radiation damage to the vasculature only, as indicated by
studies of the transplantability of irradiated tumours. An immune response by the
nude mouse perhaps also contributed, as indicated by studies of the
transplantability of the melanoma in whole-body-irradiated mice. If this was so,
results from studies of the response to therapy of human tumours in the nude
mouse, especially when tumour control is used as an endpoint, may not necessarily

be representative for tumours in man.

INTRODUCTION

SEVERAL methods for quantifying the radiation
response of experimental rodent tumours have
been developed [1]. The most commonly used
endpoints are tumour regrowth delay, local
tumour control and colony-forming ability in
vitro following irradiation in vivo. By using
different endpoints, it is possible to examine to
what extent tumour regrowth delay or local
tumour control is determined by inactivation of
clonogenic cells, and to what extent other factors
(e.g. radiation damage to the vasculature,
immune response by the host) contribute. Studies
of some rodent tumours have indicated a good
correlation between these in vivo endpoints and
colony-forming ability in vitro [2,3], while
studies of other tumours have indicated consider-
able discrepancies [4, 5].

The same endpoints are available for human
tumour xenografts as for syngeneic rodent
tumours. Few comparisons of results obtained
with different endpoints have been reported [6, 7].
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In previous work we have studied the radiation
response of a human melanoma grown in the
nude mouse using tumour regrowth delay and
colony-forming ability in vitro as endpoints [7].
The purpose of the present work was to study the
radiation response of the same xenograft using
tumour control as the endpoint. The consistency
between the data obtained with these three
endpoints is discussed, and their potential to
predict the radiation response of tumours in man
is commented upon.

MATERIALS AND METHODS

Mice and tumour

Male NMRI/nuw/nu/Han mice, kept under SPF
(specific pathogen-free) conditions, were used in
the present work.

The tumour (E.E. malignant melanoma),
derived from a metastasis of a patient at The
Norwegian Radium Hospital, was directly
transplanted into nude mice. Histologically, the
tumour tissue was composed of melanin-poor,
atypical naevus cells growing in large spheres.
Cells and nuclei varied greatly in size and shape.
Numerous mitoses were seen. The tumour was
grown serially in nude mice by implanting
fragments, approximately 2 X2 X2 mm in size,
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subcutaneously into recipient mice. Spontaneous
regression of the tumour has never been observed.

Passages 40-46 of the tumour, implanted
subcutaneously in the flank or in the leg of mice,
were used in the present work. The tumour
volume was about 200 mm® at the time of
irradiation. Light microscopic examinations
showed that the histological appearance of the
serially transplanted xenograft was similar to that
of the original tumour in the patient.

Irradiation procedure

Non-anaesthetized, normally breathing mice
were irradiated locally ata dose rate of 5.1 Gy/min
by using a ‘Stabilipan’ X-ray unit, operated at
220 kV and 20 mA, with 0.5 mm Cu filtration. A
15 X 15-mm hole through a 2-cm-thick lead block
served as the beam-defining aperture. During
exposure the mice were placed in specially made,
thin-walled Perspex tubes with a hole in the
cranial end through which they could breathe
freely. A piston in the tail end positioned the mice
firmly in the tubes. A hole was cut in each tube,
either half-way up the tube or at the lower part,
through which the flank tumours or the tumour-
bearing legs protruded. To ensure uniform doses
throughout the tumour volume, the mice were
turned 180° halfway through each irradiation.
The tumours were exposed to single doses in the
range 17.5-35.0 Gy. Each group consisted of
20-22 mice. The irradiation was performed
behind the SPF barrier.

Evaluation of tumour control

Denekamp {1] has indicated that tumours
should usually be followed for at least 90 days
before evaluation of tumour control. The
observation period of the present melanoma was
limited by the time an adequate number of mice
appeared healthy. Thus the tumours were
examined twice weekly and scored as being
controlled if regrowth was not observed within 70
days post-irradiation. Only mice which appeared
healthy until day 70, or had died before this time
due to a large recurrent tumour, were included in
the analysis. The TCDs,, i.e. the radiation dose
required to control 50% of the tumours, was
computed by logit analysis [8].

RESULTS

The TCDs, £ standard error of the mean for
tumours growing in the leg was found to be
27.4+0.6 Gy (Fig. 1). The regrowth of the
tumours which were not controlled after exposure
to 25.0-30.0 Gy was initiated between 2 and 8
weeks after irradiation (Fig. 2). Morphologically
intact tumour cells were not observed when the
tumour-bearing legs of mice scored as cured were
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Fig. 1. Probability of tumour control plotied against
radiation dose for a human melanoma xenograft growing in
the leg (closed circles) or in the flank (open circles) of nude
mice. Each point is based on 15-20 tumours. The horizontal
bar represents the standard error of the mean at the TCDs level.
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Fig. 2. Time distributions of observed recurrences following

exposure to 25.0, 27.5 and 30.0 Gy for a human melanoma

xenograft growing in the leg of nude mice. The columns of the

histograms represent the number of tumours which recurred

each week after irradiation. After 25.0 Gy 12 of 18 tumours

recurred, after 27.5 Gy 13 of 19 tumours recurred and after
30.0 Gy 5 of 20 tumours recurred.

subjected to histological examinations. In spite of
the limited life span of the mice, 3 mice exposed to
25.0 Gy and 5 mice exposed to 27.5 Gy remained
healthy for 6 months after irradiation, and
tumour regrowth was never observed beyond day
70 in mice scored as cured. This indicates that a
period of 70 days post-irradiation was sufficient
for an accurate determination of the TCDs, of the
present melanoma. The TCDs, of tumours
growing in the flank could not be determined, due
to severe radiation damage to the intestine at doses
above 27.5 Gy. However, tumour control data for
lower doses suggest that tumours growing in the
flank were slightly more radioresistant than those
growing in the leg (Fig. 1). The higher resistance
of the flank tumours was not due to differences in
tumour size.

The observed TCDs, was surprisingly low (cf.
Discussion section), and in order to shed light on
the underlying mechanisms, two types of
experiments were carried out.



Tumour Control of Human Melanoma Xenograft 1129

Firstly, the transplantability of irradiated
tumours was studied. Tumours growing in the
flank were irradiated, left in situ for 24 hr to allow
for repair of potentially lethal damage (PLD), and
then excised and cut into fragments, approxi-
mately 2 X2 X2 mm in size. The fragments were
implanted subcutaneously into the flanks of
recipient mice and examined with respect to
growth. Growth was observed in nearly 100% of
the implants from tumours exposed to 5.0 and
10.0 Gy and only rarely in those from tumours
exposed to 20.0, 25.0 and 30.0 Gy (Table 1).

Table 1. Fraction of tumours devel-
oped from implants from individual,
irradiated tumours

Tumour No.

Dose (Gy) I I 111
0 9/9 12/12 9/10
5 12/12 10/10 10/10
10 7/8 11/11 10/10
15 5/10 2/9 6/9
20 3/9 0/11 1/10
25 0/8 0/7 0/11
30 0/8 0/9 0/10

The mice were examined up to 100 days post-
implantation.

Secondly, the transplantability of the
melanoma in whole-body-irradiated mice was
studied. Tumour fragments, approximately
1 X1X1mm in size, were implanted sub-
cutaneously into mice which had received 3.5 Gy
whole-body irradiation 24 hr before implantation
[9] and into unirradiated mice. In irradiated mice
100% (9/9) of the implants developed tumours,
while in unirradiated mice only 75% (8/12)
developed tumours. The growth rate of the
tumours in unirradiated and in whole-body-
irradiated mice was not significantly different
(Fig. 3). However, the data in Fig. 3 suggest that
the latency period was a few days longer in
unirradiated than in whole-body-irradiated mice.

DISCUSSION

In a previous study with the same melanoma
[7], tumours growing in the flank were irradiated
in vivo with %°Co <y-rays before clonogenic cell
inactivation was assayed in vitro in soft agar.
When tumours irradiated in normally breathing
mice were left in situ for 14 hr after irradiation to
allow for PLD-repair, the exponential portion of
the survival curve was characterized by D, =2.90 £+
0.25Gy and n=4+%2. Assuming that (a) the
survival curve at high doses has the form S = n exp
(-Dy/D), (b) the tumours can recur from one cell
and (c) N is the number of clonogenic cells in the
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Fig. 3. Tumour volume plotited against time after implanta-
tion for a human melanoma xenograft growing in the flank of
nude mice. Tumour fragments were implanted in unirradiated
mice (open circles) and in mice exposed to 3.5 Gy whole-body
irradiation 24 hr before implantation (closed circles). Two
perpendicular tumour diameters were measured with callipers
and the tumour volumes were calculated asV =1 - ab?, wherea
and b are the longest and the shortest diameter respectively.
The curves are based on 8 tumours in unirradiated mice and 9
tumours in whole-body-irradiated mice. Standard errors of the
mean are indicated by vertical bars.

tumours, the TCDs, is, according to McNally and
Sheldon [5], given by:

TCDso =D, - [ln n-1n %‘} .

Theoretical TCDs, values for the melanoma, based
on the survival curve parameters mentioned
above, were calculated as a function of N using
this equation (Fig. 4). As shown in the figure, the
TCDs, measured in the present work suggests that
the number of clonogenic cells in the tumours is
in the range 10>-10* Since the in vitro survival
curve was established from tumours in the flank
irradiated with ®Co vy-rays and the TCDs, from
tumours in the leg irradiated with X-rays, the
results cannot be compared directly. However,
even though the measured TCDs, is corrected for
the higher resistance of tumours in the flank
suggested by Fig. 1 (TCDs, was assumed not to be
higher than 32 Gy) and for the difference in RBE
between *°Co y-rays (~0.86) [10] and X-rays(close
to 1), the number of clonogenic cells in the
tumours can probably not be estimated to be
higher than 10° (Fig. 4). Since the tumours consist
of 10%-10° cells/g tumour weight, the real number
of clonogenic cells per tumour (¥ ~200 mm?) is
probably higher than 107, corresponding to a
theoretical TCDs, higher than 50 Gy (Fig. 4).
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Fig. 4. Theoretical Ted 59 for a human melanoma xenograft,
based on in vitro measurements of clonogenic cell inactivation
following irradiation in vivo, plotted against number of
clonogenic cells per tumour ( ). TCD 5o measured for
tumours growing in the leg (———). ThisTD 54 corrected for
the higher resistance of tumours growing in the flank and for
the difference in RBE between °Co vy-rays and X-rays (see text)
(e ). Estimate of the real number of clonogenic cells per
tumour (——*——).

Consequently, the measured TCD;, for the
melanoma is considerably lower than that
predicted from the in vitro survival curve,
suggesting that tumour control can be obtained
without all cells being inactivated by the
radiation.

Results from previous studies [7,11] also
suggest that the tumour regrowth delay of the
melanoma does not appear to be determined
directly by the fraction of surviving cells as
measured in vitro. Figure 5 shows the tumour
regrowth delay as a function of the fraction of
surviving cells when allowing for PLD-repair.
The data are based on tumours in the flank of
mice irradiated with %°Co vy-rays [7}. If the
regrowth delay depended on the fraction of
surviving cells only, it would be expected that the
extrapolation of the curve would intersect the
abscissa close to the origin, since n =4 * 2 for the
in vitro survival curve. The extrapolation of the
curve in Fig. 5 intersects the abscissa relatively far
from the origin, probably mainly because the rate
of regrowth of the melanoma decreases with
increasing radiation dose [7, 11]. Consequently,
studies using tumour regrowth delay as the
endpoint also suggest that the radiation response
of the melanoma in vivo is probably higher for

8 5 3
T T
1 1

&~
o
T
\i
i

TUMOUR REGROWTH DELAY (DAYS)
=
¥
~
1

0 Vi 1 1
1.0 0.1 0.0 0.001 0.0001
SURVIVING FRACTION

Fig. 5. Tumour regrowth delay plotted against fraction of
surviving cells measured in vitro following irradiation in vivo
for a human melanoma xenograft. The bars represent standard
errors of the mean. Tumour regrowth delay was defined as the
time from the day the tumours were irradiated to the day they
had regrown to their original size. Details in the experimental
procedure have been reported previously [7, 11].

large radiation doses than that indicated by the
fraction of surviving cells as measured in vitro.
Although the vasculature of the melanoma is
considerably damaged by the present radiation
doses (manuscript in preparation), the results
presented in Table 1 suggest that the relatively
high radiation sensitivity in vivo is not due to
radiation damage to the vasculature only.
Tumour fragments approximately 2 X2 X2 mm
in size (ca. 105-107 cells) from tumours exposed to
25.0 Gy were not able to form tumours when
implanted into the flanks of mice with intact
vasculature. Since the fraction of surviving cells
measured in vitro following exposure to 25.0 Gy
is about 107 [7], other factors than clonogenic cell
inactivation and radiation damage to the
vasculature probably also contribute to the
radiation response of the melanoma in vivo.
The nude mouse has been shown to exhibit an
unusually high level of natural killer cells (NK
cells) compared with conventional mice [12]. It
has also been shown that certain lymphoid cells in
the nude mouse express surface antigens charac-
teristic of mature T lymphocytes [13]. The NK
cells and the ‘“T-like’ cells may interact with cells
of human tumours and hence enhance the
response to therapy of xenografts. Thus some
xenografts have been shown to be locally
controlled when treated with relatively low doses
of chemotherapeutic agents, and Steel and
Peckham [14] have suggested that this may be due
to participation of host defence mechanisms. The
present study indicated that the transplantability
of the melanoma was lower and the latency period
slightly longer in unirradiated than in whole-
body-irradiated mice (Fig. 3). Thus an immune
response by the host, in addition to radiation
damage to the vasculature, may perhaps explain
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the relatively large radiation response in vivo tumours in the nude mouse, especially when

observed for the melanoma. If this is so, results tumour control is used as the endpoint, may not

from studies of the therapeutic response of human necessarily be representative for tumours in man.
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