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The lymphocytes were fixed one hour after fusion according to the standard
protocol. The exact procedure used in Leiden is described by Natarajan et al
(1986). The clusters of single stranded human chromosomes condensed in G  were
examined and those comprising 46 or more objects were recorded.

Results and Discussion

The measured yields of chromosomal aberrations in 48 hour lymphocyte
cultures observed by the two laboratories at the two doses are shown in Tables
1l and 2. The results for micronuclei are shown in Tables 3 and 4 and for PCC

in Table 5.

Unstable chromosomal aberrations

Table 6 shows an analysis of the dicentric distributions from Chilton to
derive both the fraction irradiated and its dose compared with the known values
for each mixture. The methods used were the contaminated Poisson method as
described in the Appendix and tﬁe Qdr method or more strictly the Qd method as
it has been applied to the dicentrics alone rather than the dicentrics and
rings as originally formulated. The calculations of estimated dose utilised
dose response curves previously published (Lloyd et al 1986) by Chilton for
dicentrics

Y = ((3.64 + 0.53)107°D + (6.67 + 0.22)107°D°) oo (1)
and for total aberrations

Y = ((5.10 + 1.69)107%D + (11.1 + 0.7)107°D?) ... (2)
For calculating the fraction irradiated from the fraction irradiated and seen
(see equation 13 in Appendix) a D, value of 2.5 Gy was used. The true doses
and actual irradiated fractions as shown in columns 1 and 2, are very well
estimated by both methods. At both doses the mean of doses in column 4 are
within 10% of the known values. The discrepancy is a little higher at 8 Gy
possibly because at this dose the effects of saturation may been seen. A test
for constancy of the estimates of dose to the irradiated fraction shows a X

value a little greater than the degrees of freedom. The data points which
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deviate from the known dose and fraction irradiated by more than two standard
errors are indicated in Table 6. There is very little difference between the
corresponding estimates from the two methods. For the Qd method no estimates
of uncertainties are given because Sasaki does not give the method of deriving
these and the analysis is not a trivial one. However, standard errors should
not be too different from those given for the contaminated Poisson method.

Leiden chose to combine dicentrics and centric rings and in Table 7 the
results are analysed. Because the yield for the 100% irradiated sample
differed from those of Chilton, it was not possible to use the yield curve
(eq 1) shown above as applied in Table 6 to the data from Chilton. Therefore,
estimates of dose to the irradiated fraction could not be derived for Leiden.
Neither was it possible to use the Qdr method because a yield curve for total
unstable aberrations is required. Leiden has not generated its own dose
response data for this quality of X-rays. The present data were therefore
analysed using the contaminated Poisson method but quoting the aberration yield
in the irradiated fraction and the fraction of irradiated cells that was seen
(columns 4 and 5). For comparison the true doses and fractions were used
together with an assumed D, of 2.5 Gy to calculate the expected fraction
irradiated and seen and this is shown in column 3. Comparison of the values in
columns 3 and 5 shows a reasonable agreement between expected and the observed
fraction of irradiated cells that were seen at metaphase. The derived yield of
dicentrics plus rings to the irradiated fraction (column 4) should be
independent of the size of the irradiated fraction and thus the values should
not change as one goes down the column. Weighted means of the yields at each
dose are shown and also those points that differ from the mean by more than two
standard errors are indicated.

In Table 8 the results of an analysis for the data for total aberrations
is shown. Because it is known that total aberrations are overdispersed

compared with Poisson (Edwards et al 1979) and the four distributions of total
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aberrations for 100% irradiated samples shown in Tables 1 and 2 are all
overdispersed (az/y = 1.23, 1.32, 1.24 and 1.48), the assumption that the
Poisson distribution applies to total aberrations in cells which have been
irradiated breaks down. As shown in the Appendix this deficiency may be
overcome by describing the overdispersion by the negative binomial. This may
be specified using two parameters, the mean Y and a dispersion parameter, 6.
The parameter 1/6 is the ratio of variance to mean, so that 6 must lie between
zero and 1. When analysing the data allowing all the parameters, Y, 6 and F
(fraction of cells irradiated) to float, it was not always possible to obtain a
sensible solution. By fixing the value of 6 it was possible to obtain sensible
solutions in most instances. The value chosen for © was 0.9 based on our
previous experience of measured values for the ratio of variance to mean for
total aberrations produced by X and gamma rays (Edwards et al 1979). This
corresponds to a ratio of variance to mean for 100% irradiated samples of 1.11.
In practice, the derived yields and fractions irradiated were not very
dependent upon the choice of 6. On three occasions (5 Gy Chilton, 100%
irradiated and 8 Gy both laboratories 100% irradiated), it was not possible to
arrive at a solution. On three other occasions (Chilton 8 Gy 97%, 90% and 70%)
the numerical minimisation failed (see Appendix) but sensible solutions were
obtained using 6 = 0.89. The reasons for these problems are not yet
understood, but they are related to the way in which the NAG library routine is
being used. The other problem of accounting for a finite yield at zero dose
was solved by using a background yield of 0.0035 aberrations per cell (see
Appendix for details). If the yield equation for total aberrations (eq. 2
above) is used then doses of 5 and 8 Gy lead to expected yields of 3.0 and 7.5
aberrations per cell respectively, which are in reasonable agreement with the
yields from Chilton given in Table 8 (column 4). The corresponding values from
Leiden (column 6) are lower just aé they were for dicentrics. Nevertheless,

the consistency of the yields to the irradiated fractions in Table 8 and the
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reasonable consistency between the expected (column 3) and estimated (columns 5
and 7) fractions of cells irradiated and seen at metaphase leads to the
conclusion that total unstable aberrations as well as dicentrics and rings, can
also be used to predict the size of the irradiated fraction and its dose.

It is interesting to observe from Table 1 that some cells have no
aberrations in them, even for 100% irradiation at 5 Gy (11 in 171 from Chilton,
25 in 300 from Leiden). At 8 Gy however (Table 2) then in the 100% irradiated
samples no cell free of aberrations was seen but when only 1% of cells were
spared, then 6 in 33 (Chilton) and 22 in 100 (Leiden) were observed free from
aberrations. This raises the possibility that if some lymphocytes are seen
free from aberrations it is likely that in vivo some stem cells could remain to
multiply and cause a host versus graft interaction after a bone marrow
transplant. It would appear that the number of cells seen without aberrations
could be used as a simple indicator of the likelihood of some cells having been
spared from lethal exposure.

Micronuclei

Interpretation of the micronucleus data is rather more difficult than for
chromosomal aberrations. There has been insufficient experience with the
technique to measure reliable dose response curves and indeed Bauchinger (1990)
has reviewed published data and showed considerable disparity. A quantitative
estimate of how overdispersion varies with dose is not available. The only
information on this is given by Prosser et al (1988) and Littlefield et al
(1989) and the results are variable. The analysis presented here will there-
fore be to find parameters of the contaminated negative binomial distribution
and to compare with estimates derived from the known mixtures. The control
yield of micronuclei is taken as 0.012 which is the average of the zero dose
observations in Tables 3 and 4. For the 100% irradiated specimens the ratios
of variance to mean (Tables 3 and 4, Chilton and Leiden) were respectively 1.37

+ .13, 1.16 + .04, 1.04 + .08, 1.25 + .04. These average out to about 1.2 for
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the four measurements. It was therefore decided to fix the parameter 6 at 0.8
for the purpose of the analysis of the results which is shown in Table 9.

For both laboratories dose effect curves for micronuclei exist (Prosser
et al (1988) for Chilton and the Leiden curve is unpublished).

For Chilton Y = .0129 + .117D + .0087D° .o e(3)

For Leiden Y = .024 + .157D + .031D° —e.(4)
Table 9 shows for each dose and irradiated fraction the derived yields in
columns 4 and 7, the derived doses in columns 5 and 8 and the fractions
irradiated and seen in columns 6 and 9. The yields in columns 4 and 7 should
depend only on the dose to the irradiated fraction. Weighted means have been
calculated and chi-squared values are considerably greater than the corre-
sponding statistics for chromosomal aberrations in Tables 6, 7 and 8. From the
above dose effect curves, the dose is poorly predicted. The only set that
predicts the dose within reason is for Chilton at 8 Gy, although this could be
spurious because the curve has been extrapolated beyond the range of the data
from which it was derived. The Chilton laboratory seriously overestimates the
S5 Gy dose and Leiden seriously underestimates both doses. The deduced
fractions of cells irradiated and seen by Chilton (column 6) are in good
agreement with the expected values in column 3. The fractions deduced by
Leiden however, are higher than expected and at 5 Gy show no smooth downward
trend. Overall the micronucleus technique does not give such reliable results
as the aberration endpoint. It is clear that, at present, consistency in
deriving curves is lacking probably because the technique is relatively new.
Details of cell culture still need to be standardised both within and between
laboratories. Comparison of egns 3 and 4 above indicate that Leiden obtains a
higher dose response yet in the present work at both doses and all mixtures
Chilton reports higher micronucleus yields. It is notable that by contrast to
unstable aberrations even at 8 Gy 100% irradiated (Table 4) both laboratories

observe a considerable number of binucleate cells free from micronuclei.
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Prematurely condensed chromosomes

The PCC technique was carried out only at Leiden where the group has
investigated the dose response relationship (unpublished). With fusion one day
after irradiation a relationship over the range 1-8 Gy was obtained that fitted
best to a weighted linear regression Y = (1.45 + 0.03)D. The results of the PP.
experiments using samples irradiated at Chilton are shown in Tables 5a, b. Here
it may be seen that for zero dose control values each cell scored contained 46
chromosomal pieces corresponding to the human diploid number. At both 5 and 8
Gy 100% irradiated the number of cells containing 46 chromosomal pieces was
zero. At these doses therefore, there is good separation of irradiated and
unirradiated cells. At 5.0 Gy (Table 5a) the yield in the irradiated fraction
(final column) is constant for each sample wixture independant of the fraction
irradiated. The corresponding values at 8.0 Gy (Table 5b) are also quite
similar although there may be a slight tendency for the values to rise with
increasing fraction irradiated. The averages of the values in the final
columns are 6.26 and 11.35 excess PCC fragments per cell which from the linear
regression abeve lead to dose estimates of 4.3 and 7.8 Gy. At both doses the
percentages of cells damaged (penultimate column) correspond very closely to
the percentages of cells irradiated (column 1). This indicates that with the
PCC technique, there is no effect corresponding to the interphase death that
operates with chromosomal aberrations and micronuclei. It follows therefore
that in the situation of a small spared fraction one would expect to see more
undamaged cells by the aberration or micronucleus assays and indeed inspection
of the 95-99% irradiated values in Tables 2 and 4 shows this to be so.
Nevertheless Tables 5a and b show that in the 95-97% irradiated material PCC
cells without fragments were observed. It also follows that in the opposite

situation of a localised burn the PCC method could be a more effective assay

than aberrations or micronuclei.

- 60 -



Conclusions

This work has been done by in vitro mixing of irradiated and unirradiated
cells to simulate a partial body exposure. It is therefore a much more simplified
situation tnan that wnich applies in vivo where the distribution of doses over
the body would probably form a continuum rather than two homogeneous fractions.
The simplification also has taken no account of the distribution and
circulation characteristics of lymphocytes or any other physiological processes
that may operate on lymphocyte populations in vivo. Nevertheless, the work has
demonstrated that it should be possible to use biological dosimetry to give a
more refined indication of a high, but non-uniform irradiation, than simply
quoting an estimate of averaged equivalent whole body dose. Potentially the
methods described here may be able to provide the physician with sufficient
information to aid in taking decisions regarding the management of patients
thought to be at risk of severe depletion or destruction of their bone marrow.
It is clearly necessary to follow up the work described here by in vivo studies
of partially or inhomogeneously irradiated persons.

~ We have shown that by analysing the distribution data using the

contaminated Poisson or Qdr methods for dicentrics or the contaminated negative
binomial for total aberrations, reasonable estimates of the size of an
irradiated fraction of lymphocytes and its dose, can be deduced. A comparison
of the deduced values with the known values shows no particular advantage
whether the calculations have been done on data for observed dicentric
aberrations alone, or all unstable aberrations combined. On balance however,
it is easier to handle the data on dicentrics because one may assume an
underlying Poisson distribution of the aberrations. The opportunity has been
taken in this paper to present in an Appendix in detail the algebraic steps
that are involved in the calculations of the contaminated Poisson method. This
technique has been outlined before (eg. IAEA 1986) but never fully described.

A contaminated negative binomial method has been developed here and is
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presented for the first time to enable similar calculations for endpoints such
as total unstable aberrations or micronuclei that have a natural underlying
tendency for overdispersed distributions even with homogeneous irradiation.

A disturbing feature of the results in the present work is the difference
in aberration yields reported by the two laboratories that shared aliquots of
the same samples of blood. This points to the need, often cited previously,
(eg. IAEA, 1986) that interpretation of aberration yields in terms of dose
should be done using in vitro curves constructed in the same laboratory. The
lack of appropriate curves from Leiden has thus limited full derivation of
values in the present work. Nevertheless, presentation of the data from that
laboratory in terms of observed aberration yields compared with expected in the
irradiated fraction and the calculation of the size of the fraction has shown
that as for Chilton it is possible to distinguish even a few percent of spared
cells mixed with cells that have been highly irradiated. This esssentially
arises because of the selective advantage that unirradiated cells have in
preferentially reaching metaphase by 48 hours in culture.

It should be noted that even for 95% of cells irradiated at 5 Gy there was
still about 40% of cells seen that did not contain any aberrations and so were
apparently undamaged. At 8 Gy and 99% irradiated about 20% of cells seen were
normal. By contrast for 100% irradiated, at 5 Gy about 8% and at 8 Gy no cells
were seen to be free from aberrations. This information in itself is of
immediate qualitative value as an indication that some proportion of the cells
has been spared. The implication from this is that there is likely to be
natural recovery of bone marrow. For the analysis of a highly irradiated
subject this would be apparent after relatively few cells had been scored. The
clinician could then be informed early on with the expectation that when a
larger sample has been analysed a more quantitative estimate of inhomogeneous
irradiation would be available using the methods described in this paper.

The analysis of the results from the micronucleus measurements of both

laboratories indicate that this endpoint is less reliable than aberrations.
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The data showed even more variation both inter and intra-laboratory and less
concordance with the expected values deduced from the known doses and sizes of
irradiated fractions. Far less research has gone into characterising the dose
response for the newer micronucleus method compared with dicentrics and this is
reflected in the currently rather disparate published data. At present we see
no significant advantage in using the micronucleus assay as a biological
dosemeter for the particular purpose addressed by this paper of determining
inhomogeneous exposure.

Results for the prematurely condensed chromosome assay suggest that there
is no selective advantage for a small fraction of spared cells being
preferentially scored. This is because the phenomena of interphase death and
mitotic delay do not appear to operate with this assay. For detecting partial
body irradiation within two days of an accident the PCC technique seems to be
efficient. The number of normél cells observed reflects more accurately the
proportion of unirradiated lymphocytes in the mixture without the need for

correction. PCC may be the method of choice for the localised burn.
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Table 1

Roesults for aberrations in cells jirradiated at 5 Gy

A\ of cells Dicentric distribution Total aberration distribution
irradiated at Cells Dicentrics Centric Acentrics
5 Gy scored rings 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 8
0 500 0 0 1 500 499 1
30 451 32 [ 28 430 11 9 1 424 10 5 5 6 0 [} 1
50 247 45 3 32 225 4 13 5 216 10 7 4 6 4
20 200 81 5 59 162 15 12 [ 3 0 2 158 7 9 11 5 3 k) 1 1
80 200 102 13 67 154 17 12 11 3 2 1 144 13 11 6 11 6 8 1
90 120 103 9 38 80 12 7 13 4 3 0 1 23 9 10 11 ) 3 2 3 1
95 257 239 3 180 131 57 40 20 4 4 1 103 44 30 29 30 16 q 1
100 171 282 14 208 36 53 46 16 15 1 4 11 26 42 40 22 11 8 6 4

{(a) Chilton

0 200 0 6 200 194 6

30 200 6 10 195 4 1 188 8 4

50 200 36 76 182 7 4 7 154 24 6 S 2 3 4 2

70 200 17 7 166 21 13 144 21 17 10 7 1

80 200 58 101 157 30 11 2 132 19 26 10 9 3 0 1

90 200 26 140 131 46 19 4 107 24 33 10 18 5 2 1

95 100 50 100 65 22 11 2 50 12 14 8 6 2 4 4
100 300 312 454 112 92 69 26 1 25 71 88 33 37 19 16 7 4

(b)) teidon
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Table 2

Results for aberrations in cells irradiated at 8 Gy

A\ of cells Dicentric distribution Total aberration distribution
irradiated at Cells Dicentrics Centric  Acentrics

8 Gy scored rings 0 1 2 3 4 5 6 7 8 95 10 11 12 0 1 23 4 5 6 7 8 9 1011 12 13 14 1516

0 100 0 0 0 100 100

30 200 16 2 8 196 0 0 0 4 196 0 0 o0 1 0 0 2 1

50 300 35 0 23 293 0 0 1 3 1 0 1 1 292 0 1 1 0 1 0 1 0 1 2 0 1

70 438 129 7 101 402 3 8 12 k] 5 1 1 13 398 2 2 5 2 8 ] S 4 0 2 3 1

80 400 181 6 113 356 3 6 7 13 S 6 2 1 0 1 352 S 1 4 7 2 7 3 8 4 4§ 0 2 0 0 0 1
90 oo 227 . lo 132 239 5 13 11 14 8 4 5 1 236 0 3 6 11 8 10 13 7 2 2 2

95 146 253 12 145 83 5 9 16 11 9 86 1 1 2 0 0 1 80 1 4 5 6 11 13 7 8 3 4 1 2 0 1t
97 50 105 3 45 27 (] 2 4 ? 3 4 2 1 26 0 0 1 1 5 8 5 2 1 0 0 o0 1
99 33 102 q 47 6 1 8 5 3 5 3 11 6 0 2 3 5 4 3 4 3 0 3

100 21 100 4 45 0 0 3 2 4 6 2 3 0 1 0 0 2 1 1 2 2 3 5 1 o 2 2

(a) Chilten

0 100 0 3 100 0 97 k)

30 100 0 4 100 ] 96 14

50 100 7 22 96 1 3 91 3 0 13 1 1 0 0 1

70 100 42 54 87 1 3 L] 2 3 75 6 4 3 3 3 4 2 1

80 100 52 66 82 3§ 5 2 21 70 6 4 4 4 4 3 3 1 1

90 100 76 82 73 4 4 6 4 4 1 59 710 5 4 4 4 4 1 1 0 1

95 100 110 154 58 7 16 10 4 5 46 8 6 4 4 9 8 7 3 2 1 2

97 100 98 174 49 19 21 8 2 1 40 9 6 6 10 6 9 7 4 2 1

99 100 136 226 35 20 25 15 4 1 22 4 10 9 12 12 12 4 6 2 1 1 1
100 150 292 440 17 38 54 25 11 3 2 0 1S 2116 19 20 19 11 15 6 4 2 2

(L) Luidun
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Table 3

Results for micronuclei in binucleate cells at 5 Gy.

% of cells Cells Distribution
irradiated scored MN 0 1 2 3 4 5
0 500 3 498 1
30 500 64 464 20 4
50 500 101 445 31 11 7
70 1000 302 825 86 64 15
80 1000 394 778 108 72 29 11
90 500 185 379 76 29 13- 3
95 500 818 146 101 109 96 31 15
100 300 506 79 73 68 48 17 8
(a) Chilton
0 1000 14 986 14
30 1000 110 937 30 20 12 1
50 1000 198 879 70 28 20 3
70 1000 278 782 166 44 8
80 1000 426 706 188 80 26
90 1000 456 666 230 86 18
95 1000 542 636 220 112 30 2
100 1000 705 523 308 123 35 10 0

(b) Leiden
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Table 4

Results for micronuclei in binucleate cells at 8 Gy.

% of cells Cells Distribution
irradiated scored MN 0 1 2 3 4 5
0 500 6 494
50 500 26 488 6 2 0
70 500 57 477 3 3
80 500 118 445 18 16 16 5
90 500 188 408 27 42 17 4 2
95 500 344 328 71 49 39 9 2
97 400 347 225 73 57 29 7 9
99 283 344 118 56 63 29 13 2
100 300 517 63 81 71 56 20 8

(a) Chilton

0 500 7 493 7

50 500 105 430 45 15 10

70 500 170 400 55 25 15 5

80 500 250 370 65 30 20 10 5
90 500 287 331 90 40 39

95 400 264 248 84 36 20 12

97 1000 746 562 236 132 44 18

99 1000 826 496 302 126 48 18

100 1000 1184 332 360 184 70 32 14

{(b) Leiden
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Table 5a

Results for premature chromosome condensation at 5 Gy

PCC distribution

mean per
% of cells Excess Cells Cells % cell damaged
irradiated 46 47 48 49 50 51 52 S3 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 PCC scored damaged damage cell
0 95 0 95 0 0
10 96 0 1 0 2 3 3 2 1 1 1 84 110 14 11.3 ¢ 3.2 6.00 + .65
30 73 0 0 1 7 6 4 3 0 1 2 1 146 98 25 20.3 + 4.4 5.84 ¢ .48
50 24 0 0 1 4 5 3 2 1 1 1 0 1 115 43 19 44.2 + 7.6 6.05 ¢ .56
70 13 o] 0 0 9 12 8 7 2 1 3 248 55 42 76.4 1+ 5.7 5.90 ¢+ .37
80 9 ] 0 0 8 9 10 9 3 1 1 1 1 . 266 52 43 82.7 £ 5.2 6.19 ¢ .38
90 6 "] 0 0 7 12 12 13 4 1 2 2 1 346 60 54 90.0 + 3.9 6.41 ¢+ .34
95 3 0 0 0 10 12 9 7 7 3 1 1 2 KE) 55 52 94.5 ¢+ 3.1 6.37 ¢ .35
97 2 0 0 0 7 8 11 8 6 3 0 1 1 1 1 315 49 47 95.9 + 2.8 6.70 + .38
99 0 0 0 0 6 9 10 10 6 4 1 2 1 1 340 50 50 100 6.80 + .37
100 (4] 0 0 1 27 33 30 20 11 7 3 3 3 1 2 887 141 141 100 6.29 ¢+ .21
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Results for premature chromosome condensation at 8 Gy

Table Sb

PCC distribution

mean per
% of cells Excess Cells Cells % cell damaged
irradiated 46 47 48 49 50 51 52 53 54 55 56 57 58 53 60 61 62 63 64 65 66 67 68 69 pPCcC scored damaged damage cell
4] 156 0 156 0 0
10 82 ¢ o0 ¢ o 1 1 2 1 1 2 1 1 1 o0 1 o0 O o0 0 O 1 134 100 13 13.0 ¢ 3.4 10.3 ¢ .9
30 6 0 o o0 o0 0 O 0 2 4 4 4 2 o0 3 1 2 0 2 1 1 324 91 26 28.6 + 4.7 12.5 ¢ .7
S0 28 0o 0 o0 o © 1 2 5 3 2 o6 o0 1 0o 1 o0 o0 o0 o0 1 1 1 198 46 18 3%8.1 ¢ 7.2 11.0 &+ .8
70 14 o 6 0 0 o0 o S5 7 9 7 4 3 1 2 1 2 410 55 41 74.5 ¢+ 5.9 10.0 ¢+ .5
80 16 o 0 ¢ ©6 0 2 9 6 3 4 9 4 3 1 2 3 468 56 46 82.1 + 5.1 10.2 ¢+ .5
90 6 0 o 0 © o0 1 9 8 4 3 9% 4 2 4 1 4 1 1 542 57 51 89.5 ¢ 4.1 10.6 ¢+ .5
95 3 o o 0 o o0 1 S5 8 3 1 5 3 3 2 4 3 1 2 2 2 539 48 45 93.8 t+ 3.5 12.0 ¢ .5
97 i1 0 0o o o0 0 o0 S5 S5 5 4 4 3 4 7 5 2 3 2 0 0 1 1 627 52 51 98.1 £ 1.9 12.3 ¢+ .5
99 o o o o o0 o© o0 1 7?7 4 7 4 4 5 3 1 2 2 1 1 0 2 1 550 45 45 100 12.2 ¢+ .5
100 o o o0 o0 o o0 o0 S 10 9 13 7 S5 S5 2 3 4 3 4 1 2 2 2 2 979 79 79 100 12.4 ¢ .4
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Table 6

Analysis of results for dicentrics from Chilton

Expected Contaminated Poisson Qd
True fraction
Dose fraction irradiated Estimated Estimated Estimated Estimated Estimated Estimated
irradiated and seen dose fraction fraction dose fraction fraction
Do = 2.5 Gy irradiated irradiated irradiated irradiated
and seen and seen
5 Gy 1.00 1.00 4.80 ¢ .19 .96 + .05 .99 4+ .01 4.70 1.00 1.00
0.95 0.72 1.40 3 .20% .64 ¢ .05 912 4 .o14" 4. 0.67 0.92
0.9 0.55 5.63 + .34 .37 ¢ .05 .85 ¢ .03 5.38 0.40 0.85
0.8 0.35 5.04 ¢+ .32 .27 ¢ .04 .74 % .94 4.80 0.30 0.74
0.7 0.24 4.88 + .36 .2) ¢ .04 .68 + .05 4.98 0.22 0.68
0.5 0.12 4.71 + .48 .11 ¢ .02 .45 ¢+ .06 4.10 0.14 0.46
Weighted mean 4.80
x? 10.6
DF 5
8 Gy 1.00 1.00 *8.18 ¢+ .40 1 1 8.18 1.00 1.00
0.99 .80 7.16 ¢ .39+ .84 ¢+ .07 .99 ¢+ .01 7.25 .82 .99
0.97 .57 7.96 + .41 .47 ¢+ .07 .96 ¢+ .01 2.83 .48 .96
0.95 .44 7.42 3 .27 44+ .04 .94 + .01 7.31 .45 .94
0.90 .27 7.10 + .26" .21 ¢ .02 .82 ¢ .03* 7.01 .21 .82
0.80 .140 7.52 + .30 112 ¢ .016 .72 + .04 7.24 .12 .
0.70 .087 6.95 TN .085 ¢+ .014 .60 ¢+ .05 6.67 .092 .59
0,50 .039 8.36 + .74 .023 ¢+ .009 .41 ¢ .12 7.83 .027 .39
Weighted mean  7.42
X 10.9
or 7

* This sample was underdispersed (az/y = 0.71) and so the irradiated fraction is assumed to be 1.

Y Estimaton that duviate (1om tha tive valuoen by moro than 2 astandard errors.

The uncettaintio,

ahown ata
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Table 7

Analysis of results for dicentrics and rings from Leiden

Estimated fraction

True Expected fraction Estimated yield
Dose fraction irradiated and seen to fraction irradiated and seen
irradiated D, = 2.5 Gy irradiated
8 Gy 1.0 1.0 *1.95 + .11 1
.99 .80 1.72 + .19 79 £ .07
.97 .57 1.49 iﬁ.zo* .66 + .08
.95 .44 2.38 + .26 .46 + .06
.90 .27 2.61 + .34 .29 + .05
.80 .140 2.70 + .42 .19 + .04
.70 .087 3.08 + .52° 14 + .04
.50 .039 1.25 + .67 .06 + .03
W ;ghted mean 1.96
Xs 22.3
DF 7
5 Gy 1.0 1.0 *1.04 + .06 1
.95 .72 .76 + .19 .66 + .14
.90 .55 .70 + .13 .68 + .11
.80 .35 .63 + .16 .46 + .10
.70 .24 .69 + .18 .34 + .08
.50 .12 1.59 + .35 .11 + .03
Weighted mean 0.93
16.2
DF 5

*Distributions were underdispersed and so fraction irradiated was assumed to be 1.

*Estimates that deviate from the true values by more than 2 standard errors.

The uncertainties shown are standard errors.
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Table 8

Analysis of results for total unstable aberrations

Chilton Leiden
Dose True fraction Expected fraction Estimated yield Estimated fraction Estimated yield Estimated fraction
irradiated irradiated and seen to irradiated irradiated and seen to irradiated irradiated and seen
fraction fraction
5 Gy 1.0 1.0 2,95 + .16 1.00 + .02 2.55 + .10 1
.95 .72 2.49 + .15 .66 + .04 2.78 + .27 .54 + .06
.9 .55 3.02 + .29 .41 + .05 2.24 + .18 .53 + .04
.8 .35 3.10 + .27 .29 + .03 2.00 + .21 .40 + .04
.7 .24 3.32 + .32 .22 + .03 1.70 + .22 .35 + .04
.5 .12 2.34 + .34 .14 '+ .02 2.09 + .26 .26 + .04
Wczeighted mean 2.80 2.34
X 11.4 19.4
DF 5 5
8 Gy 1.0 1.0 7.10 + .61 1 4.88 + .19 1
.99 .80 5.65 + .49 .82 + .07 4.57 + .26 .79 + .04
.97 .57 6.39 + .55 .48 + .07 4.48 + .30 .60 + .05
.95 .44 6.21 + .33 .45 + .04 4.86 + .33 .54 + .05
.90 .27 5.85 + .32 .21 + .02 3.74 + .34 .42 + .05
.80 .140 6.65 + .44 A1 + .02 3.87 + .41 .30 + .05
.70 .087 6.07 + .43 .089 + .014 3.73 + .44 .25 + .05
.50 .039 7.22 +1.01 .027 + .009 3.21 + .75 .088 + .031
w?ighted mean 6.20 4.48
X 6.9 18.6
DF 7 7
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Table 9

Analysis of results for micronuclei

Expected Chilton Leiden
True fraction
Dose fraction irradiated Estimated Estimated Estimated Estimated Estimated Estimated
irradiated and seen yield to dose fraction yield to dose fraction
irradiated irradiated irradiated irradiated
fraction and seen fraction and seen
5 Gy 1.00 1.00 1.86 1 .12 9.4 4+ .4 .91 3 .04 .71 ¢ .03 2.9 ¢ .1 1
0.95 0.72 1.92 ¢ .10 9.6 + .4 .86 ¢+ .03 .70 & .07 2.9 ¢+ .2 .77 ¢ .07
0.90 0.55 0.77 ¢+ .13 4.8 + .6 .47 ¢+ .07 .48 + .07 2.1 + .2 .95 ¢+ .12
0.80 0.35 1.18 ¢ .11 6.7+ .5 .33-¢ .03 .64 £+ .08 2.7 ¢ .2 .66 + .07
0.70 0.24 1.12 ¢ .12 6.5 & .5 .26 ¢ .03 .32 3 .08 1.6 ¢+ .3 .88 ¢+ .23
0.50 0.12 1.34 ¢ .25 7.4 £ 1.0 .14 ¢+ .03 1.02 ¢+ .15 3.7 ¢+ .4 .19 + .03
Weighted mean 1.42 0.65
X 15 34
DF 5 5
8 Gy 1.00 1.00 1.72 ¢ .05 8.9 £ 0.2 1 1.18 .04 4.1 ¢ .1 1
0.99 0.80 1.60 ¢+ .14 8.4 ¢+ 0.5 .76 & .05 0.90 + .07 3.4 ¢ .2 .91 ¢+ .05
0.97 0.57 1.46 ¢t .13 7.9 ¢+ 0.5 .60 3 .04 1.03 ¢+ .07 3.8 ¢+ .2 .72 ¢ .04
0.95 0.44 1.50 ¢ .13 8.0 £ 0.5 .46 + .04 1.09 ¢ .13 3.9 ¢ .3 .60 ¢+ .06
0.90 0.27 1.62 ¢+ .19 8.5 + .07 .23 ¢ .03 1.05 ¢ .12 3.8 ¢+ .3 .56 ¢+ .05
0.80 0.140 1.83 ¢ .26 9.3 +1.1 .127 ¢ 019 1.39 ¢ .15 4.6 ¢ .3 .35 ¢+ .03
0.70 0.087 2.67 & .54 12.0 + 1.7 .039 3 .010 1.07 ¢ .16 3.9 4 .4 .31 ¢ .04
0.50 0.039 2.66 + .86 12.0 t 2.6 .016 + .007 0,76 + .18 3.0 ¢t .5 .27 ¢+ .06
Weighted mean 1.80 1.09
2 21.3 20.7
DF 7 7







APPENDIX

The derivation of the parameters of a contaminated Poisson

distribution from an observed distribution of dicentrics

The problem
Suppose that the following distribution of dicentrics is observed among

the cells. The distribution is tested for conformity with Poisson by a test
such as Papworth’s (1970) ‘u’ test and shown to be overdispersed. The variance

therefore is significantly greater than the mean.

cells with dicentrics

0 1 2 eee I ceeene r

n, nl n, ... I'li ceaca n

The hypothesis is that the distribution can be described by a mixture of a
fraction p of a Poisson distribution of mean m and a fraction (1-p) of zeros.
It is assumed that unirradiated cells contain no dicentrics.

The expected distributiqn is:

P(0) = 1-p + pe "

1 —-m

p(i) = P&

1! fori>1
' One would wish to find estimates for p and m which best fit the observed

-distribution.
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The maximum likelihood solution

The best estimates of p and m are assumed to be those which maximise the
likelihood L of the observations. In practice it is easier to solve the
equations which maximise the log-likelihobd. Formally the maximum occurs when

equations (1) and (2) are satisfied

8 logh _ (1)
ap

and 3 logL =0 (2)
I m

Furthermore, asymptotic estimates of the variance on m, var(m), the
variance on p, var(p), and the covariance of m and p, covar(m,p), can be

obtained using equation (3)

- - - +-1
var(p) covar(m,p) - gzlggg - 3'logL
: 8p2 Jdpam
= | -2logt - 3'logL (3)
covar(m,p) var(m) apam P ]

In this case it is possible to solve these equations analytically and this is
laid out below.
The likelihood L of the observations is

r

L = I p(i)%
i=0
n & i n
= (l-p+pe™)o I Ggfe") i
i=1 1!
n _n-n -(n-n_) :
= (l-p+pe™)op ome oMy (i)™
i=1
S logL = n log(l-p + pe ") + (n-n )logp + x log m —(n-n_)m - I n, logi!
i=1
3logL n (e "-1) n-n_ (4)
= +
3p l1-ptpe” P
3logL 3 n_ (-pe )+ f _ (n-n_) (5)
am 1-p+pe ™ m
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At the position of maximum likelihood expressions (4) and (5) are zero

no(e'"—l) n-n_ (6)
——————————— + - 0
1-p+pe”" P
no(—Pe— ) + X (n_no) = 0 (7)
1-p+pe "
Divide (7) by p and add to (6)
1-p+pe’” = mpn (8)
X
Substitute in equation (6)
n X
- (9)
1 _e-n n—no
From (6)
l1-p@-e™) _ _p
no (l_e-m ) n—no
1 - o) : _ n
RS RN

Substitute for 1l-e™™ from (9)

X n

noln—nbim nb(n—nb)

mp:

ol -4

(10)
Equations (9) and (10) can be solved to produce maximum likelihood estimates
and p. As far as we can determine these equations first appeared in Pershad

et al (1961) but without a derivation.

To estimate variances on fi and p, second derivatives are required. From (4)
and (5)

2 1oL n.o(e""--l)2 (n-n_)

2

ap (l_p+pe-ln )2 p2
3’ logL (1-p+tpe ")(-n e ™) - n_ (e""-1)(-pe ")
dpom (1-p+pe'")2
- - n%e"”
(1-p+pe™™)’
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logn = ~ MPLU-ppe)(—e") - eT(peT)] - x

2

an’ (1—p+pe")2 m
(1-p+pe ™)’ m’

The variance on f and p can be evaluated by substituting these expressions
into equation (3) using f and p for m and p respectively.

Having derived estimates of the yield fi and the fraction of cells which
were irradiated and observed P it is necessary to calculate the dose D to the
irradiated fraction and the fraction of cells irradiated taking into account
interphase death, mitotic delay and any other process that selectively prevents
an irradiated cell being observed at metaphase in 48h. For brevity, these will

in future be called interphase death.
The yield m is related to dose D by equation (11) and so D can be derived
m = C + oD+ gD’ (11)

The variance of D, var(D) is given by differentiating equation (11)

var(f) (12)
(e + 28D)°

The fraction irradiated F is related to the dose D and the fraction p by

var(s) =

equation (13) where D, is the dose required to reduce the number of irradiated

cells by a factor e due to interphase death.

D D

F = pe /Do = e /P (13)
D D
1-prpe o e Do - 1+%
The variance on g, var(%) is given by differentiating (13)
()] A IR’ - IF F L2 (14)
var(F) = &EJ var(p) + (55) var(D) + 2 3 D covar (p,D)
In equation (14)
D
L1 e /%
D
%P p(l-1+e 3%
p
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D

_Q_P_‘ = (]_.-p)e /Do
aD D
pp, (1 -1+e /D, )2
P
cov (ﬁ,ﬁ) _ covar(p,h)
o + 28D

This technique applies very well to distributions of dicentrics. However
if the distribution of total aberrations or micronuclei are used two problems
arise. Firstly the unirradiated fraction has a level of aberrations which
typically may be about 1/300 for total aberrations and 1 or 2 in 100 for
micronuclei. These may not be negligible whereas for dicentrics a typical
background value is 1,/1000 and this can be ignored and a yield of zero assumed
for the unirradiated fraction. Secondly the distribution for the irradiated
fraction is already overdispersed compared with Poisson. These can be taken
into account by introducing a non zero control and assuming that the
aberrations in the irradiated fraction follow a negative binomial distribution.

The negative binomial distribution

Two parameters are required s and 6
The probability that i aberrations occur in one cell is given by eqg. 15

P(i) = (s+1i-1)! & (1-o)t ...(15)

it(s-1)!

The mean of this distribution m and its variance ¢° are as follows

m = s(l1-06)
2]

o = s(1-6)
e2
The parameter © lies between 0 and 1 and will typically lie between 0.7
and 0.9 for total aberrations and micronuclei. The parameter s ought to be an
integer but could be treated as a variable if the factorials are replaced by
the appropriate I function.
At zero dose, the yield is so low that the chance of seeing a cell with

two aberrations is negligible. The frequency distribution is given below where

C is the control yield.

- 79 -



P(0) = 1-C
P(1) = C
P(i) = 0 i 22
Thus the frequency distribution of a negative binomial (parameters s and 6)

contaminated with a fraction (1-p) of the control yield C is shown in equations

(16)
P(0) = (l-p)(1-C) + pé°
P(1) = (1-p)C + ps€°(1-6) ...(16)
P(i) =

(s+i-1)! ¢ (1-8)*
1(s-1I)1
The log-likelihood logL of the observations n , n,, n, etc is
r
logk = I n, log(P(i))
i=o0

The maximum likelihood equations are:-

dlogL = 0
ap

dlogL = 0
96

It
o

dlogL
3s

Solving these analytically is too complicated. They are therefore solved
numerically. Second derivatives are also calculated numerically to use an
equation like (4) to estimate variances. It is easier to interpret the output
if the mean yield m of the negative binomial is used instead of the parameter s.
This is done by replacing s by m 6. Thus the variables are m, 6 and p and‘may
be determined using a minimisingzéoutine such as the NAG routine E04JBF. 1In
practice - logL is minimised. Having obtained the yield m and the fraction p

then the same procedure to deduce the dose D and the fraction F irradiated as

described previously can be used again.
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TREATMENT AND BIOLOGICAL DOSIMETRY OF EXPOSED PERSONS

INTRODUCTION

The experience with the treatment of heavily irradiated victims of
Chernobyl has led to the identification of a number of problems, some
of which can most probably be solved by limited investigations
employing already existing technology, others requiring relatively new
approaches with less certainty in outcome. At the time of the Chernobyl
accident, it was thought that patients who received a whole body dose
exceeding the LD 90 can only be rescued by bone marrow transplantation.
At lower doses, e.g. and LD 50, 50% of the patients will recover
spontaneously and the others will not. How to distinguish between the
two categories? Obviously such a distinction is even more important
with lower radiation exposures. We propose to develop a prognostic test
by measuring the hematological response of heavily irradiated rhesus
monkeys to a short term treatment with certain hemopoietic growth
factors. These factors, called GM-CSF, and Interleukin 3 (IL-3),
stimulate the proliferation of primitive multipotent stem cells in
vitro and may be expected to act similarly in vivo. The first project
aimed at 1/ establishment of the relationship between irradiation dose
given and growth factor response, and 2/ acceleration of hemopoietic
reconstitution by growth factor treatment. In the short duration of
this project, the hemopoietic growth factor GM-CSF
(granulocyte/macrophage colony-stimulating factor) was studied most
extensively, while the growth factor that stimulates hemopoietic stem
cells, interleukin-3 (IL-3), was cloned specifically for monkey
studies.

Autologous BMT has many advantages over allogeneic BMT, but is only
feasible when the wvictims' stem cells have been collected and
cryopreserved in advance. The techniques for bone marrow stem cell
preservation have been worked out and are widely used in the treatment
of leukemia. In those cases the stem cells are collected by multiple
bone marrow punctures under general anaesthesia. This 1is not a

desirable practice to apply to personnel at risk involved in reactor
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operations. The group of Fliedner, Ulm, has shown that stem cells can
be collected from the peripheral blood, but in order to collect
sufficient cell numbers, cell mobilizing agents have to be
administered. So far, this procedure is not without side effects and
there is a need for the development of non-toxic mobilizers. Such
research can best be performed in dogs, firstly because the experience
has largely been gained with that species and, secondly, because the
dog, due to its size, is more suitable for large scale collection of
peripheral blood cells. A contribution from the Rijswijk group could be
to study the possibility of expanding stem cell populations in vitro by
stimulation with GM-CSF or IL-3. If such expansion would yield a
substantial increase of the number of stem cells, smaller samples could
be collected from the peripheral blood obviating the need for
mobilizing agents. If that technique is promising it could perhaps also
be applied to fetal liver cells, which are a potential source of donor
material, but at the moment cannot be applied because the yield of stem
cells per fetus is inadequate to achieve the repopulation of an adult
recipient.

The second project thus aimed at expanding stem cell populations in
vitro by stimulation with hemopoietic growth factors to facilitate
engraftment following transplantation. This would in principle allow
for relatively small samples of stem cells to be grown in vitro to
full-scale autologous (or perhaps: allogeneic) grafts. To enable easy
handling of bone marrow cells and to improve reproducibility of
procedures, we set out with the development of a general method to

select hemopoietic stem cells by positive identification.

I. Evalution of the potential for autogenous hemopoietic recovery of

patients thought to have received a life-threatening whole body

irradiation by means of hemopoietic growth factors

In this project, we have been testing in vivo administration of the
hemopoietic growth factor GM-CSF for radioprotective effects,
prognostic properties to assess the residual number of hemopoietic
cells following exposure to total body irradiation (TBI), and for its
capacity to accelerate immunohemopoietic reconstitution after
transplantation of low numbers or autologous BM cells in rhesus

monkeys. The study is also directed at dose-finding and side-effects.
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In principle, there are three separate potential mechanisms, by which a
(combination of) hemopoietic growth factor(s) may provide
radioprotection: 1/ administration of HGFs before exposure to increase
the numbers of peripheral blood cells, which results in a later onset
of dangerous pancytopenia after exposure; 2/ administration of HGFs
that increase the number of stem cells before exposure, from which a
more rapid recovery of pancytopenia may be expected; 3/ administration
of HGFs immediately after exposure, which may also lead to a more rapid
recovery of pancytopenia by accelaration of the production rate of
blood cells (Figure 1). Although only the latter mechanism is relevant
in case of accidental high dose exposure, the full evaluation of HGFs
as radioprotective agents involves experiments directed at all three
putative mechanisms. To date, the dose-finding studies of GM-CSF and
its radioprotective properties and effects on reconstitution following
autologous BMT are largely completed.

Studies on the radiation sensitivity of primate stem cells, based on a
comparison of the autogenous regeneration rate after graded doses of
TBI with graded numbers of transplanted autologous bone marrow cells
after high dose TBI, led to a to a reappraisal of the D0 value
characterizing the radiation sensitivity of primate stem cells. A DO
value of 0.9 Gy (confidence limits 0.8 - 1.1) for orthovolt X-rays is
now assumed rather than 0.6 Gy as was earlier calculated. In principle,
a residual number of bone marrow stem cells capable of autogenous
regeneration can now be assumed up to doses of 10 Gy TBI. This
hypothesis was prospectively tested using extensive supportive care
{gastrointestinal decontamination, antibiotic treatment, fluid and
electrolyte administration and deliberate blood transfusions). The
results demonstrated that the LD 50 of about 5 Gy, hitherto reported,
will be shifted to about 9.5 Gy by providing this extensive supportive
care. Even at high doses of TBI, hemopoiesis will ultimately (6 - 8
weeks after TBI) regenerate. This observation raises serious doubts on
the validity of bone marrow transplantation as a means to rescue
victims of high doses of accidental exposure to ionizing radiation and
provides a scientific basis for attempts to accelerate hemopoietic
reconstitution by growth factor treatment.

To test the efficacy of the hemopoietic growth factor GM-CSF, rhesus

monkeys were irradiated with graded doses (4-10 Gy) of TBI (6 MV
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X-rays) and treated with GM-CSF or placebo (days 1-14). Another group
was given 2 x 6 Gy TBI (204 h interval), transplanted with a very small
number of purified autologous HSC (equivalent to 107/kg
unfractionated BM) and graded doses (3-100 ug/kg/day) of GM-CSF (days
1-30). All animals were subjected to complete supportive care. A
shortening of 5 days on an average pancytopenic period of 3 weeks
resulted from the GM-CSF treatment in the autologous BMT setting.
Continuation of GM-CSF administration after regeneration resulted in a
dose-dependent leukocytosis; 10 - 30 ug/kg/day GM-CSF appeared to be
optimal, toxic side-effects were not observed. Since these results were
rather disappointing, it was postulated that the response of the growth
factor was directly related to the number of stem cells available for
regeneration, which purposely was kept limited in this set of
experiments. This was approached by titrating TBI dose without BMT.
Following TBI without BMT, the efficacy of 30 ug/kg/day GM-CSF
decreased sharply from 5 Gy TBI (complete prevention of 2 weeks of
leukopenia) to 8 Gy (no significant clinical gain). Further evaluation
was done by relating cumulated blood cell counts (i.e. the sum of blood
cell counts over the period of observation to eliminate day-to-day
variations and to get a fair relative account of total number of cells
produced) for GM-CSF treated monkeys and placebo controls to the dose
of radiation given. From this evaluation, it was clear, that white cell
counts (mainly neutrophilic and eosinophilic granulocytes) were most
effectively stimulated by GM-CSF, while reticulocytes hardly showed a
response and thrombocytes took an intermediate position. It was also
clear that the response is directly related to the dose of irradiation
given and, therefore, to the number of residual stem cells. This also
explains, for instance, why the effectiveness of GM-CSF to stimulate
thrombocytes may vary in various clinical trials. These data were
compared to the blood cell regeneration rates following autologous
transplantation of graded numbers of bone marrow cells to assess the
numbers of residual hemopoietic stem cells following TBI without bone
marrow transplantation (Table I). The data were fitted to a
mathematical description relating GM-CSF effectiveness to residual
numbers of hemopoietic cells. This relationship can be used to
interpret clinical data on the use of hemopoietic growth factors
following TBI.
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The data also showed, that the early response to GM-CSF is related to
the number of residual hemopoietic stem cells and, therefore, to the
irradiation dose received. As such, it may serve as an indicator for
the need of bone marrow transplantation following accidental exposure
to radiation. We therefore further analyzed the time point after TBI at
which the GM-CSF response can be used to assess the radiation damage.
For that purpose, the effects of GM-CSF on the cumulated white blood
cells (WBC) were also analyzed for shorter observation periods. During
the fist five days following TBI, the white blood cells decrease, and
the cumulated white blood cells were not related to the radiation dose.
Although treatment with GM-CSF resulted in an increase of the cumulated
WBC during this episode, this effect was not related to the dose of
TBI. Hence the cumulated white blood cells during the first five days
following TBI cannot be used for biological dosimetry. In GM-CSF
treated monkeys, the cumulated leukocytes in the period between day 6
and day 8 were correlated weakly to the dose of TBI. This was not the
case in the control group. Therefore, the cumulated leukocytes in the
period between day six and day eight, allow for only a very rough
estimate of the dose of TBI (Table II). Longer observation periods (day
6 - 15 or day 6 - 22) result in a slight increase of the accuracy of
the dose estimate. Without GM-CSF, the cumulated cell counts can only
be used for biological dosimetry following 3 weeks of observation, and
the estimate of the irradiation dose is even less accurate.

The results are summarized in Table II. A full evaluation awaits
studies with IL-3, which acts on a developmentally more early cell type
than GM-CSF, and on studies in which the synergism between IL-3 and
GM-CSF or other growth factors can be explored in vivo. GM-CSF given
before irradiation had no beneficial effect.

Human recombinant interleukin-3 is considerably less effective on the
BM cells of Macaca species, including rhesus monkeys, than on human or
chimpanzee BM cells. Hence, the molecular cloning of the gene encoding
rhesus monkey IL-3 was accomplished. The nucleotide sequence of the
rhesus monkey IL-3 gene compared with the human IL-3 gene displays more
than 90% homology and is, similar to the human gene, divided into five
small exons; the mature protein comprises 124 amino acids, which is 9
residues shorter than the human counterpart. Overall protein homology

is about 80%. The two cystein residues that play an essential role in
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protein folding in the murine as well as the human IL-3 are also
conserved in the rhesus IL-3. The rhesus IL-3 gene was expressed in

Bacillus licheniformis for large-scale production and is currently

available. Using this material and similarly expressed human IL-3, we
indeed established that the affinity of human IL-3 for the bone marrow
IL-3 receptor is about 50-fold lower than that of rhesus monkey IL-3.

Recombinant rhesus monkey IL-3 was administered to normal rhesus
monkeys in graded doses ranging from 3 to 30 microgram/kg/day
subcutaneously for 30 consecutive days or given as a continuous
intravenous infusion at a dose of 30 microgram/kg/day for 16 days.
Following a lag phase of about one week, a highly increased, dose
dependent production of bone marrow derived blood cells was observed,
preceded by amplification of bone marrow hemopoietic progenitor cells.
Simultaneously, peripheral blood progenitor cells rose. The increases
included white cells {(monocytes and the three types of granulocytes,
Figure 2), the red cell series (normoblasts and reticulocytes) and
platelets. The continuous intravenous route of administration proved to
be more effective than subcutaneous administration, even if given in
multiple dayly injections. In the monkey which received IL-3 by
continuous infusion, white cells in the second week of treatment rose
to about 75 x 109/1, while the administration had to be discontinued
because of severity of side effects at day 16. Characteristically, a
peripheral blood T 1lymphocyte response was absent. Neither absolute
cell numbers nor the variety of cell types produced were precedented in
studies with human IL-3 in Macaca species. Analysis of nucleated blood
cells revealed, apart from vast increases in numbers of eosinophilic
and neutrophilic granulocytes, monocytes and normoblasts, the
appearance of large quantities of cells designated as atypical
(basophilic) granulocytes, also reported in studies with human IL-3 in
Macaca species. Accordingly, intracellular histamine 1levels of
peripheral blood cells rose directly proportional to the numbers of
these atypical basophils. Dose related side effects included urticaria
starting around day 10 of treatment, prominent axillary and inguinal
lyvmph nodes from day 20 onward, and at high IL-3 doses, facial and
scrotal oedema starting in the third week of treatment. The skin
lesions were most numerous and prominent in monkeys which received 30

microgram/kg/day IL-3. At such high doses of IL-3, thrombocytopenia



developed, contrasting thrombocytosis at lower doses. Thrombocytopenia
could not be explained from decreased production, since megakaryocytes
in bone marrow and shift platelets in blood were abundant.
Thrombocytopenia was coincident with vasculitis and hemorrhage in the
generalized skin lesions of the monkeys given IL-3 in high doses.
Withdrawal of IL-3 not only prompted spontaneous resolution of skin
lesions, but also of thrombocytopenia and other side effects without
any sequeles within two to four days. Recent sudies showed that the
side effects can be almost completely prevented by simultaneous
administration of histamine H1l antagonists without affecting the bone
marrow response.

Such results demonstrate that in vivo administration of homologous IL-3
to rhesus monkeys resulted in a dose-dependent stimulation of the
production of all bone marrow derived cell lineages. In line with
existing in vitro data and strongly supported by bone marrow analyses,
this may be simply explained by increased production of progenitor
cells from developmentally early, mnmultipotential bone marrow cells
resulting in augmented production of all bone marrow derived blood cell
lineages. It may now be predicted that many of the effects of IL-3 can
be selectively amplified if combined with 1lineage specific growth
factors, such as erythropoietin for red cells and G-CSF, M-CSF or
GM-CSF for <cells of the granulocyte/monocyte series. Selective
amplification of the response by other hemopoietic growth factors might
well provide a most versatile use of IL-3 and may reduce effective
single therapeutic doses of IL-3 and 1lineage-specific hemopoietic
growth factors to doses that more approach physiological requirements,
thus reducing side effects. Currently, IL-3 is being tested in

irradiated monkeys similar to the study completed for GM-CSF.

II. Expanding stem cell populations in vitro

Extensive studies in mice have shown the possibility of stimulating
murine repopulating stem cells with IL-3 and expand them about 3 to §
times, thus facilitating engraftment of autologous as well as
allogeneic bone marrow cells. In mice, we are in the process of
identifying the non-CFU-S population that is responsible for

hemopoietic reconstitution of irradiated recipients and of
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characterizing its HGF responses. Since the same HGFs are now available
for rhesus monkeys as well as humans, the mouse experiments provide
guide lines for experiments on primate bone marrow. Preluding on the
primate experiments with growth factors, we have developed a simple,
rapid and large-scale method for ©positive identification and
purification of rhesus monkeys and human stem cells and progenitor
cells. The high avidity non-cytotoxic mouse IgG2a anti human CD34
monoclonal antibody ICH3 reacts with the HPCA-1 molecule and recognizes
a similar epitope on rhesus monkey bone marrow (BM) cells. In both
species approximately 1-4 % of the BM cells are CD34 (ICH3) positive.
From the regeneration rate of 1lethally irradiated rhesus monkeys
transplanted with only 2 x 105 autologous ICH3+ cells/kg body weight,
it was concluded that the repopulating stem cells were 40- to 140-fold
enriched. To develop a method for large scale separation on this basis,
Protein A was covalently bound to immunomagnetic beads and ICH3 was
conjugated to the Protein A. Competitive elution of cells binding to
ICH3 was done by excess soluble IgG. The procedure may also serve as a
basis for positive selection of hemopoietic stem cells for autologous
as well as allogeneic bone marrow transplantation. Approximately 1% of
the original nucleated cell count was recovered as rhesus monkey ICH3+
cells and contained on the average 60% - 70% of the hemopoietic
progenitor cells; this compares very well with methods based on
negative selection of stem cells by eliminating unwanted cells. The
fraction of residual T lymphocytes was less than 1 % of the original
BM. Scatter plots of whole bone marrow versus CD3’4+ cells isolated in
this way are shown in Figure 3. Pilot experiments using stimulation of
such purified cell suspensions with relatively low concentrations of
rhesus monkey IL-3 demonstrated a rapid expansion of GM-CSF responsive
progenitor cells and the current availability of rhesus monkey IL-3
will allow us to complete these studies. Although prolonged stimulation
of murine stem cells with mouse IL-3 has been shown to result in large
production of committed progenitor cells but a concomitant loss of
repopulating stem cells, and, therefore, success in primates is not
guaranteed, we will study varying time schedules of IL-3 incubation in
vitro, using hemopoietic regeneration rate following autologous
transplantation in high dose irradiated monkeys as an end-point. Since

novel hemopoietic growth factors, notably SCF (stem cell factor), have
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recently been identified, it is not excluded that other growth factors
than those that are currently being developed for pharmaceutical
purposes, will be suitable for the purpose of expanding stem cell
populations.

The CD3Q+ cells suspensions produced in this way have meanwhile been
tested for capacity of autologous reconstitution. The experiments
showed, that as little as 2 x 105/kg CD3L}+ cells reconstitute as
well as 107/kg whole bone marrow cells. In addition, allogeneic
experiments demonstrated that the CD3L¥+ cells reconstitute myeloid as

well as lymphoid lineages.

SUMMARY

The present work has led to a reappraisal of the radiation sensitivity
of hemopoietic stem cells of primates. If the obtained data can be
extrapolated to humans, intensive supportive care rather than bone
marrow transplantation is the treatment of choice for victims of high
doses of accidental irradiation, since residual numbers of stem cells
can be expected to ultimately regenerate the blood-producing system
even at doses of 10 Gy TBI (the dose at which irreversible
gastrointestinal damage becomes the most important acute radiation
effect).

The research work done has further given clues about the use of
hemopoietic growth factors. Tested were the possibility that the early
response to GM-CSF can be used as a parameter for the number of
residual stem cells and, therefore, for the dose of irradiation
received, as well as the efficacy of this growth factor in shortening
or preventing the period of leukopenia. Although a relationship between
the early GM-CSF response and the dose of irradiation could be
established, the variability of the response and the time required for
a response did not support the idea that GM-CSF could be wused
practically for this purpose. However, GM-CSF was fully effective in
preventing leukopenia after a dose of 5 Gy TBI (an about 2-log stem
cell depletion). It became increasingly less effective at higher doses
of irradiation and was clinically ineffective after a dose of 8 Gy TBI
{an about 3-log stem cell depletion). To enable studies with the much
more broadly acting growth factor IL-3, it was necessary to clone and

express the gene encoding rhesus monkey IL-3 and to produce the
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protein, since the species specificity of human IL-3 made studies in
rhesus monkeys with the human growth factor unreliable. During the
contract period, the molecular cloning and production of rhesus monkey
IL-3 was successfully achieved and preclinical pilot studies, using
unirradiated monkeys, have been completed.

The practical feasibility of in vitro expansion of hemopoietic stem
cells requires a rapid and reproducible method to concentrate stem
cells. We endeavoured the positive selection of hemopoietic stem cells
by developing a large-scale method based on selection of CD318+ cells.
The method enables the selection of hemopoietic stem cells at any scale
within a matter of hours, yielding preparations that contain about 60 -
70% of the original stem cell contenf of bone marrow concentrated to
about 1% of its original cellular content. These preparations have been
successfully tested for autologous transplantation experiments and were
shown in allogeneic experiments to be <capable of hemopoietic
regeneration of along myeloid as well as lymphoid regeneration. The
availability of this method as well as the availability of rhesus
monkey IL-3 will enable us now to study the option of stem cell

expansion in vitro in detail.
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Table I GM-CSF EFFECTIVENESS RELATED TO THE IRRADIATION DOSE

cell type significant effect observed no effect expected at all

dose of corresponding fraction dose of corresponding
TBI of surviving stem cells TBI fraction of surviving
stem cells

leukocytes* <8 Gy 3 x 10'” 10 Gy 5 x 1072
thrombocytes <7 Gy 1073 9.5 Gy 7 x 1072
reticulocytes <6 Gy 3 x 10“3 7 Gy 10-3

* representing neutrophils, eosinophils and monocytes
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Table II

observation

BIOLOGICAL DOSIMETRY BASED UPON THE EFFECT OF GM-CSF ON CUMULATED

WBC FOLLOWING TBI

GM-CSF

PLACEBO

dose cunulated wbc dose range

cumulated wbc

dose range

period (Gy) (calculated) (95% conf 1lim) (calculated) (95% conf lim)
{(days)
6 - 22 4y 112 <5.0 21 5.6
6 68 4.6 - 7.1 16 7.2
8 28 6.9 11 6.4
6 - 15 b 61 <5.1 10
6 30 b9 - 7.0 8
8 0 >7.0 5
6- 8 4 21 <5.1 3
6 10 4.8 - 7.0 3
8 0 >6.8 2

wbec = white

blood cells
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Legends to Figures

Figure 1.

The three putative mechanisms by which hemopoietic growth factors may
mitigate cytopenia following cytoreductive irradiation, here indicated
for therapeutic purposes, but the same principles also applying to
accidental high dose total body irradiation. Upper panel: pretreatment
with HGFs resulting in a high peripheral blood cell count and
(hypothetically) an increase in stem cell numbers leading to a later
onset of and an earlier recovery from cytopenia. Lower panel:

accelerated reconstitution by treatment with HGFs.

Figure 2.

Peripheral nucleated blood cell counts following administration of
graded doses of Rh-IL-3, from top to bottom panels: continuous infusion
of 30 microgram/kg/day during 16 consecutive days, and daily single
subcutaneous injection of 30, 10 and 3 microgram/kg/day, respectively,
given for 30 consecutive days and a simultaneous control monkey, which
did not receive IL-3, but was otherwise treated identically. The
differential counts were cumulated, from top to bottom: normoblasts,
eosinophilic and neutrophilic granulocytes, neutrophilic bands,
atypical granulocytes, monocytes and lymphocytes. Note scale difference

between upper panel and the other panels.

Figure 3.

Scatter plot of forward and perpendicular light scatter showing the
selected CD3LI+ bone marrow cell population in comparison to whole
bone marrow of rhesus monkeys. The population shown in the lower panel
contains 60 - 70% of hemopoietic stem cells and progenitor cells, with
cell numbers reduced to about 1% of the original bone marrow. E, L, G
and B stand for respectively erythrocytes, lymphocytes, granulocytes

and blast cells.
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FIGURE 3
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1. Introduction

It is the purpose of this report to describe the scientific
work that has been conducted within the
"Post-Chernobyl-Programme" of the European Communities
between March 1, 1988 and February 28, 1990 by the Radiation
Medicine Research Group of the Department of Clinical
Physiology, Occupational and Social Medicine of the
University of Ulm. This group concentrated its efforts on
the "Acute Radiation Syndrome", its pathophysiology as well
as its diagnostic and therapeutic implications. The

guesticns o be answered by the research grcocup may be statad

1. What observations were published about the acute
radiation syndrome as a conseqguence of the

Chernobyl-accident?

2. What are similarities and dissimilarities in
comparison to other radiation accidents since
1945?

3. What are the principle pathophysiological
mechanisms leading to the acute radiation
syndromes observed after accidental whole body

exposure?

4. Which are appropriate diagnostic indicators to
predict course and outcome of the acute
radiation syndromes?

5. What is known about possibilities and

limitations to appropriate take care of persons
suffering from the acute radiation syndrome?
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6. What are consequences out of the analysis of the
"state of the arts" for further research work in
.order to improve existing and develop new
strategies for medical radiation accident

management in Europe?

The efforts of the Ulm research group represent only part of
the work <carried out by Eurcpean research laboratories in
the "Post-Chernobyl-Programme". Through a series of meetings

with the other groups it was ©possible <to complement the

different activities. It also became obvious, that it is
desirable if not essentizl, tT0 Iorm & "Eurcpean Research

N .. . . e g : .
Netwerk in Radiaticn Accicent Xedicinse" In crder to impreove

Tion accident management and
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2. Acute radiation syndrome observations in the Chernobyl

accident

On April 26, 1986 a severe radiation accident occured in the
Cherncbyl-Atomic-Power-Plant, the health consequences of

which are still being explored even today, 4 years later.

In August 1986, a conference was held at the International
Atomic Energy Agency in Vienna (IAEA) in order to inform the
scientific public about the event. 1In the proceedings of
this conference, Annex 7 describes the medical-biological
oroblems. It is entitled: "Data cn ccerational and emergency
staff of the nuclear power plant who were exposed to

radiaticn: size of doses received and the conseguences ior

This report allowed to obtain information on the signs and
symptoms of 203 exposed persons who developed the "acute
radiation syndrome". This material served as an important
input for the further research work carried out at the
University of Ulm in an attempt to review "the state of the
arts" and to come to recommendations about the possibilities
and limitations in the European Community to appropriately
handle radiation accidents should they occur in the future

from the medical perspective.

In Table 1, the major signs and symptoms are listed as
observed in 203 persons that received a total body radiation
exposure in the very early phase after the radiation
accident. These persons were classified into four groups
suffering in different degrees from an acute radiation
syndrome. 105 persons showed only a mild syndrome. There
were only a few hematological changes, but there was neither
a gastrointestinal symptomatology nor skin lesions. None of
these persons died within the first few months after
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Table 1

exposure. The estimate dose was 0.8-2.1 Gy. It ig known from
previous analysis, that such doses would be far below the
LD50/60 days and would not require a special therapy. 53
persons ware classified into a group designated as "grad
II". 1In these patients, there was a general symptomatology
with nausea and vomiting but of a mild type. It was reported
that these patients showed some nausea and vomiting, blood
cell changes of a mild to significant degree, some
alterations of the . gastrointestinal tract but no  skin
lesions. There were no deaths in this group. The radiation
dose estimates ranged from 2-4 Gy. A total of 23 patients
were assigned to the group "grad III". It is noteworthy that
there were 7 casualties in this group with death occurring
between day 14 and 49. This fact, together with the signs
and symptoms - significant nausea and vomiting, blood cell
changes and a gastrointestinal symptomatology - indicate a
"hematological form of the acute radiation syndrome. There
were severe skin burns in 6 of 23 patients. It is quite
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possible that these burns were the major reason for the
fatal outcome in these cases and not the hematological and
gastrointestinal alterations. A total of 22 patients were
assigned to the group "grad 1IV". 19 of them died between
4-50 days. There were intensive evidence for nausea and
vomiting early after the accident. There were also severe
blood cell changes and a gastrointestinal symptomatology
between day 7-9 after exposure. All of them had extensive
skin burns (40-90% of the body surface). The calculated dose
was in excess of 6 Gy perhaps going up as high as 16 Gy.

It has been of interest to analyse the signs and symptoms of
these patients with an acute radiation syndrome in some more
detail (Table 2).

Klassifizierung Ses apuged StrahleasyAdeans nach Schwersqrsd/Tachesnoby]

{UGSSA-Bericnt (AfA«Konferenz Wien, Avd. 19869

v |
| Sveetome Grac iy ; Graa il Grao I Grad |1
I
Primgrreaxtion < X Ain, 30-60 Min, 142 31, ¥
|' (Obalkelt. Erbrechen; | ¢St
i
| Latenzoertoce 6-8 3. 1 8-ir 4. 15428 d.
[ (bI$ 2um Nenepunkr X i
der Reaktion) '
Kamatologle .
' Lmonozyten/m® {4100 364, [100-200 369, | %00-500 3-6 a. §00-31000 35 ¢,
i Granglozvtensmd ~500 7-9¢. |«1000 8-200, | 51000 20-30 4. | 3000-400C §-9 0,
Thromoozy tenvmr 640,000 8-10 d. [440.000 Iuelb a.{ 240.000 L17-2% 3. | 40.000+50.000 25-28 @,

Table 2

As can be seen, there is a correlation between the primary
reactions (nausea and vomiting) and the extend of radiation
exposure: the earlier the onset of this symptomatology, the
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higher the exposure dose. Also, the time between the maximal
reactions of the organism and the exposure is the shorter,
the higher the exposure dose has been. The hematological
parameters indicate, that the patients of the group "grad
IV" suffered from gastrointestinal form of the radiation
syndrome with 1little if any chance of hematopoiesis to
recover spontaneously. The patients classified into the
group grad IV showed a symptomatology pattern, compatible
with a severe form of the hematological radiation syndrome,
whiie those classified 1into the group "grad II" suffered

frcm a milder hematological form. The blood cell changes in
cersons assigned to group "grad I" were obvious but at no
time was there any evidence for zn irrsversible damage <o
<he 2loecd cell preduction.

Unicrtunately, there has not been ~ so far - a detailed

report on the clinical signs and symptoms of all these 203
accident victims. However, it will be of great importance
for the future to compare the clinical course and outcome
in these patients to the course and outcome of patients in
other radiation accidents. It is only then that one will
begin to understand similarities and differences and whether
the skin burns in the Chernobyl cases contributed in what

way to the outcome.

However limited the information may be, it is of interest
to at least compare 2 reported cases (August 1986, IAEA
conference) (1) with the hematological data in our

accidents.

In figure 1, the granulocyte changes are depicted for the 2
reported Chernobyl patients in comparison to patients A and
C of the Oak Ridge accident of 1958 and to persons exposed
in March 1954 on the Marshall islands. In figure 2, the data
are given for the platelets.
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Figure 1

As far as the granulocyte changes are concerned (fig. 2) it
is obvious, that in the 2 Chernobyl and in the 2 Oak Ridge
patients, there was in all cases an "abortive rise" between
days 8-18 after exposure and a nadir of values on or around
day 28-30. This course of events clearly indicates that in
these instances there was a spontaneous granulocyte recovery
which means that the damage to the stem cell pool was
reversible (see later). Thus, one would expect that the
exposure dose to the 2 Chernobyl patients must have been
similar to that calculated for the Oak Ridge patients.
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Figure 2

These conclusions are also born out by the observations
regarding the platelet count. Some reservations must be
expressed with respect to the platelet numbers because it
was not stated, which counting method had been employed.
However, the main observation in that the platelets reached
their lowest level between day 20 and 30 which is support
for the notion, that the megakaryocyte system did not cease
to support platelet production and that there was a
spontaneous platelet recovery beyond day 30. These patients
were treated by platelet transfusions in order to overcome
the consequences of thrombocytopenia. In Oak Ridge, such
measures were not considered to be necessary. It may well be
that the biologically effective dose in the Chernobyl
patients was a little higher than in Oak Ridge but probably
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not more than 10-20%. In any event, the granulocyte as well
as platelet pattern is indicative of a reversibility of the
hemopoietic damage requiring only "replacement" therapy as

described earlier (2).

The similarity in the clinical course of the 2 reported
Chernobyl cases and the Oak Ridge patients is also born out

by the analysis of early lymphocyte changes (Fig. 3).
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It can be seen, that the lymphocytes in the Chernobyl and
the Oak Ridge cases decreased to 30-40% of normal within 2
days after exposure. This pattern is distinctly different
from the case "Los Alamos II" who was exposed to about 12
Gy, a dose causing a severe lymphopoiesis (down to 10% of

normal) within 24 hours.

These studies lead to the conclusion, that it would be of
great importance for radiation medicire research to try to
obtain as much information as possible on the actual
clinical observations in radiation accident victims in order
to compare one to the other and to extract from all
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observations the key differences and similarities. These
data  would then form the basis for a further
pathophysiological analysis in order to study the mechanisms
of the'radiation syndrome and to derive suggestions for an
improvement of existing and the development of new

approaches to handle such patients in the most effective

way.
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3. Establishemnt and utilization of a data base for

radiation accident victims

In the course of this “Post-Chernobyl-Project" it was
considered necessary to try to establish a data base of as
many as possible radiation accidents since 1945. The goal
was to register all accidents that resulted in whole body
exposurees with penetrating ionizing radiation and that lead
to acute radiation syndromes of different degrees of
clinical severity. For each person involved, an attempt is

made to collect &as many clinical signs and symptoms &s

(Y]
l..—J
]
cl
[

cossible and to tzy to corr nematolcgical and other

a2stablish a series of “"biological indicators" that ars of
value to ;ZEClCt ea::ly arter exoesurs (*..e. within 1-3 Cla_fS)
the most likely clinical courss and to establish the mest
optimal therapeutic ccncepts.
Number Number Number
Radiation Accident Year of Type of of Persons of Persons  of Deaths References
No. Accident Radiation tnvolved Cvaluated
1. Los Alamos ] 1943 Camma, n 2 2 ! 23
2. Los Alamos 11 1906 - hd 3 7 1 23
3. Argonne 1932 - - ] L] 6,22
8. USSR 1933 e b ? 2 20
3. Marshall Istands 1934 Fallout 290 267 L?
6. Oak Ridge 1958 Gamma, n 3 3 7,13
7. Yinca 1958 - - ) [ 1 26,27,)2
3. Los Alamos 11l 1958 . b n 2 1 b1
9. Lockport 1960 X-rays ? 2 12,2825
10, Madison 1960 - Gamma 12 1 36
1. Hanford 1962 - n 22 ! 1
12. Puerte Rico 1962 b 7 L] 3
13. Wood River Junction 1968 - n b t 1 30
18, Mol 1963 . - | I 3,28,)3
13, New Yersey 197% - ] t 2
16. Tennessee 1975 o t 1 43,0
17, Brescia 1973 - | ] t 28,35
18. New Yersey 1927 . 1 I 2
19. China & 1930 . ! 1 16,17
20. Norway 1932 - ! | [} 38
21, Chernobyl 1926 d n 203 3 28 19,33
+ Fallout
22. China 6 1986 Gamma 2 2 16,17
98 321 b2

Table 3
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In table 3, the present state of the global radiation
accident data base is summarized. The research group in Ulm
was able so far to collect information on 22 accidents
between 1945 and 1986 resulting in acute radiation syndromes
in 598 persons. The most important type of radiation
involved was gamma radiation alone or in combination with
neutron irradiation. In a few cases, the radiation was
produced in a X-ray tube. The inhabitants of the Marshall

Islands and the Chernobyl victims were also expeosed to

-

radiative nuclids resulting in contamination ¢ the skin

and/or incorporation. C£f the 598 perscns invelvaed, 35 died
(3.8%) as a direct ccnsegusnce cf <the exposure. It will be
¢ interest to try in ths future <o Zind out what happerned
later (1-30 years) to these exposed ©persons and what was
The rpattern oI health impairments developing as "late
=ffzcts" : i lincial nd s logical
sifscts". A more extensive clincial an hematologica

evaluation has been performed so far in 68 of 321 registered
individual case histories. It became obvious, that it will
not be possible to collect detailed infcrmation on many of
the patients. However, in collaboration with the global
scientific community, it might well be possible to extend
the present analysis to more cases. In addition, although a
lot of information has been collected on the 290 individuals
exposed in 1954 on the Marshall-Islands (thanks to the
collaborative efforts of scientists at the Brookhaven
National Laboratory), these data are not yet discussed
in this report since most of them belong to the exposure
category I (low exposure) and their evaluation does not add
much to the present report on indicators for the management
of the severe acute radiation syndrome.

In this report, it appears of greatest interest to analyse
the case reports registered in the data base with respect
to changes of neutrophils, platelets and lymphocytes in the
course of the response to whole body irradiation. The
analysis was performed with the question in mind, whether
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these changes would help to answer the decisive question
that a physician needs to answer: 1is the damage to the
hemopoietic stem cell pool likely to be reversible or not,
does the patient require replacement or substituion therapy

(see 2).

It was possible to form 6 exposure categories on the basis
of blood cell response patterns. This assignment of patients
to "hemopoietic response categories" was done by plotting

cr each patient his own granulocyte, platelet and

= b

ymphocyte changes as a functicn of time after radiation

exposure up o 30 cays.
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lany 1
» (¥} et e.001 (Y]] 600t 0.001 001 0.001 (Y- T]
Table 4

Table 4 shows the results of a first analysis of the
granulocyte response pattern in 68 patients exposed in
radiation accidents to whole body irradiation. The first
"indicator" is the "initial granulocytosis". With this is
meant the increase of granulocytes in the first 2-3 days

after exposure significantly above the normal level. It is
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of great interest to note, that the most intensive
granulocytosis was observed in 2 patients that received
radiation doses in excess of 20-30 Gy and died within 3 days
of exposure ("CNS-Syndrome"). In these patients the
granulocytosis reached values of more than 900% within 24
hours. In the response categories II to V it was always
possible to observe an initial granulocytosis within 1-2
days with values of 167 to 200% of normal. This initial
granulocytosis has been recognized as an important parameter
since 1955 when our group established its pathophysiological
mechanisms and termed It as a “stress-reaction" of the bone
marrow caused by shift o0f granulocytes ZIrom marginal to
circulating pools and Zzom bone marrow into blocd as 2
consegquence of sinuscidal reactions of the marrcw

micrececirculation.

A second "indicator" oif importance and of pathophysiological
significance is the first maximum of granulocytes. In table
4 it is of interest, that there 1is a distinct difference
between patients in category IV and V. In the latter, the
neutrophil count drops to 4% of normal within 7 days.
Actually, the major drop occurs between day 4 and 6 due to
the fact, that the maturation time since the last myelocyte
division is for granulocytes (T 1/2 = 7 hours in blood) 4-5
days. If all dividable precursors in the marrow are
radiation injured then no newly produced granulocytes enter
the blood after 4-5 days so that the steep drop in
granulocyte counts is expected to occur at this time. On the
other hand, if somewhere in the body some myelocytopoiesis
and hence granulocyte productions is left, the extend of the
first granulocytopenia after exposure will not be excessive.
This explains that the first minimum for patients in
categories IV, 1III and II reaches only 22, 50 and 54% of
normal at days 9, 10 or 11l respectively. The extend of this
first granulocyte minimum between 5 and 10 days can be
considered of utmost importance in trying to answer the
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question, whether a spontaneous recovery of hemopoiesis (and

of the patient) is likely or unlikely.

A third indicator is the height of the abortive rise. The
higher the damage, the lower is this abortive rise. There is
a distinct difference between category IV on the one hand
and categories II and 1III on the other. This corresponds
actually to the appearance of the granulocyte nadir in these
categories: the more extensive the damage, the shorter the
duration of the abortive rise and the earlier the nadir

which - in cateogry IV - is 27 days.
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Figure 4

This concept was first developed by our group in 1965 (2)
and has now been used to develop a biomathematical computer
model to simulate the granulocyte pattern after total body
exposure and to calculate the "remaining stem cell units" in
the bone marrow from which a spontaneous recovery of

hematopoiesis could commence.
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This concept establishes the hypothesis, that total body
exposure results in the damage of pluripotent stem cells in
the body whereever in the skeleton they might be localized.
The exposure will result in a damage in accordance with a Do
of about 80 to 100 cGy. There will then be stem cells
remaining from which a recovery could commence. If there are
unirradiated or repaired stem cells ("surviving cells") then
they would be the origin of the eventual recovery of the
system. The biology of total body irradiation shows,
that <the response to radiation can only ke
explainad iZ cne assumes a Iurther category oI stem cells,

~ha so called injured stem cells. They would nct any lenger

reccvery is the less pronounced and the shorter, the lower
the number of the "injured stem cells" is. This hypothesis
would 1lend support to the idea, that the abortive rise
phenomenon could be wused in the evaluation of radiation

exposed individuals.

The radiation accident data base so far established provided
the opportunity to also analyse in detail the significance
of lymphocyte changes as an indicator for radiation

exposure.

The lymphocyte pattern was evaluated in 55 patients
suffering from an acute radiation syndrome. The questions to
be asked were as follows: Are these characteristic changes
in lymphocyte counts during the observed postaccidental
period? 1If yes, do patterns exist which are comparable to
the known granulocyte patterns? For each person analysed,
the lymphocyte curve was plotted. Figure 5 shows the
lymphocyte pattern of all 55 persons. Their physical dose
estimated ranged from 8-8800 cGy. It is obvious that not
much information can be derived from this graph except to
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conclude that there is, in most of the patients, an early

lymphocyte drop after irradiation.
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Hocwever, if one takes patient by patient and triss to bring
the individual response patterns into response categories,
it Dbecomes obvious, that there are some 4 distinctly

different patterns to be recognized.

Group A: No or Minimal Effect (n = 20)
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Figure 6
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This category group A contains all patients who
demonstrated a lymphocyte drop during the first 4 days but
who did. not reach values at or below 1000 per mm23. This
pattern corresponds to no cr minimal effect. There was a

second group of patients: category group B (figure 7).

Group B: Moderate Effect (n = 8)

6000
> 5000
2
W 4000
$ 3000
9 ‘
= wom} l {
,:: ~ | i ] -
= mool“ ll“ﬁﬂnz”]ld““h”/‘M!f [ 11 |
o T 20 e < s i

Time [ d)

Figure 7

These patients showed an initial lymphocyte decline and the
counts leveled off at the 800-1100 per mm3 mark. It is
interesting, that this group contains patients whose
exposure dose was calculated to be between 120-240 cGy.

Figure 8 shows the pattern of lymphocyte changes who
developed a severe course of the acute syndrome. There was
an initial lymphocyte drop and a lymphocyte level of 200-800
per mm2. There was a spontaneous recovery of hemopoiesis,

including the lymphocytes.
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Group C: Severe Effect (n = 18)
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Tigure § shows the lymphocyte pattern in the group cf

patients that developed a very severe form of the acute

radiation syndrome. In all these patients there was a severe

Group D: Extreme Effect (n = 6)
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Figure 9
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initial drop. The lymphocyte leveled off at belcw 200 per
mm3. This pattern is typical for an irreversible damage to
the hemopoietic stem cell pool. The one patient who survived
in this category was the recipient of a stem cell

transfusion that was capable to restore hematopoiesis.
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Figure 11

In summary (figure 11) one can relate the lymphocyte changes
to the extend of damage to hematopoiesis. One may - at this
point - confirm the notion, that there is no or little
radiation damage if the lymphocyte count remains at levels
above 1000/mm3 within the first 2-4 days after exposure. One
may also say, that there was a significant radiation
exposure if the lymphocyte count declines to values below
1000/mm® within 4 days after exposure. However, it is
difficult if not impossible to use the degree of lymphocyte
depression within 4 days of exposure to predict whether
hemopoiesis will recover spontaneously or not. If the
lymphocyte evaluation, however, is combined with the
evaluation of the granulocyte pattern, then one can state

that a granulocyte decline to values of less than 200/mm3
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after 4-5 days and after an initial granulocytosis on days
1 and 2, combined with a severe lymphopenia as seen in group
D of values below 200/mm2® is indicative of a degree of
radiation injury that requires stem cell substitution if it
is not a case that needs to be considered as a CNS-form of

the acute radiation syndrcme.
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4. Pathophvsiological models to evaluate the consequences of

radiation exposure

From the analysis of previous accidents it is evident that
the physician will not be able to obtain information on
physical or chemical exposure (stress) estimates (measured
in dose units). Such information would describe at best the
amount and guality of external or internal stress
experienced by the individual patient. Since the physician
has to deal with an individual characterized by age, sex,
genetic disposition and a previous personal health history,

it must be the objective <+to analyse and determine the

Siress Sirain
{zs 2 conssquence of donizing rzdiztion)
fxposure Ziological Conseouences
{external, internel) {C4S. COrgan Sysiems)
- Type influencing variebles
- Quality - Genetic factors
- buration - Age
- hate - Previous health impairments
- Sex (?)
etc. etc.
(to be determined by (1o Le determined by
physical and chemical physical examination and tests
indicators) to evaluate extend of reparable
and irreparable damage)
> |
s

N

// ?

Figure 12

radiation induced strain. The physician has to rely on the
analysis of biological indicators to determine the
possibilities and limitations of a recovery of the organism
as such and of the "critical organs" such as the skin, the
central nervous system or, in other cases, the hematopoietic
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system. Based on the experience of all accident casualties
examined, it is essential to answer one single question: Is
there a chance for a spontaneous recovery of the

hematopoietic stem cell pool within a clinically reasonable

period of time (i.e. some 2-3 weeks after exposure). If the
answer is affirmative, then the therapeutic strategy will
have to include the so-called “"replacement" therapy (to

replace temporarily missing functions such as that of

granulocytes, platelets, red-cells, electrolytes etc.). If

the answer 1is negative, indicating that a hematopoietic

recovery is unlikely or would be tco delayed to be useful,
c

n" therapy needs to te attempted includin

1 " et
Tien sulsclcultl
.

ransplantazticn c¢I hematopoietic stem c¢ells which may be
s

available zcdav f£rom a variety of

Informatica about the type, extend and gquality ci exposure
which decribes the radiation incuced “"stress" Zfor the
individual is wuseful for medical management but is not
decisive. It 1is not only unnecessary but sometimes
misleading to use biological response patterns describing
the "strain" experienced by a patient to extrapolate back to
the "stress" that can be measured to determine "a dose" in

air or in tissues.

The use of hematological indicators to predict the clinical
course in a given patient after accidental exposure to
ionizing radiation is of critical importance in certain
phases of the management process. The "management decision
tree" indicates that a number of questions need to be
answered (Fig. 13). Initially, an answer is needed to the
question: "Was the person exposed to ionizing radiation or
not?" If the answer is affirmative, then new questions need
to be answered, such as "Was there contamination with or
without incorporation of radiocactive nuclides" or "was there
incorporation alone?" In all these instances, the additional
question is: "Was there total or partial body exposure?"
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se guestions will be relatively easy to answer using the
information on hand and using simple instrumentation
(monitors). However, it goes without saying that the answers
to these questions will depend on anecdotal evidence and
will only be qualitative. Exposure doses will not be
available with any useful degree of accuracy. In the next
phase, the medical personnel will have to determine the tYpe
and degree of additional physical, thermal or chemical
injury present such as wounds or burns. The answers to these
questions are very important in order to initiate
appropriate therapy, such as management of external burns or
surgical interventions in case of wounds. It becomes obvious
that decontamination and care of wounds as well as
restoration of wvital functions take precedent over
decontamination procedures. Finally, the "sequential
diagnosis process" to determine whether or not a classical
acutee radiation syndrome will develop, the type it will be
and what type of clinical management should be used, will be

possible.
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What does 'sequential diagnosis" mean or imply? The
experiences gathered from post radiation accidents indicate
that there is a typical sequence of biological events and
changes that depend on the type and degree of damage
inflicted upon hematopoietic and epithelial cell renewal
systems. It 1is especially important to know the type and
degree of damage caused in the stem cell pools. It is
important to explore whether the damage inflicted on the
stem cell pools is reversible or not. We have no direct
measure of the stem cell pcol damage in man. However, as far
as hematopoiesis is concerned, the vpattern of Dblood cell

diation exposure is so

Hh
ot

ce

[

H
{
fu

changes as a function oI time a
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pattern. Since his pool 1is dis

e

skeleton (reportedly ccnsisting of more than 200 individual
bones), any degree of non-homogenity in irradiation of the
bedy due to the radiation pattern or due to the specific
position of the body within the radiation field will affect
the «c¢ell pool damage. Since it 1is not possible to
extrapolate from one "blood cell count"” back to the extend
of stem cell pool damage, one has to determine the pattern
of blood <cell changes during the first 5-10 days after
exposure in order to know whether one has to assume a
reparable or irreparable damage to the hemopoietic stem cell

pool.

From this logie it follows that one may have already gained
relevant information about the probability of stem cell
damage by day 1-2 after exposure by observing
granulocytosis, lymphopenia and mitotically connected
abnormalities in bone marrow smears (Fig. 3). However, by
day 5, a definitive answer 1is possible regarding the
question whether a spontaneous hemopoietic recovery can be
expected or not (for pathophysiological mechanisms involved
see ref. 1). This answer can be based on the pattern of
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granulocyte, lymphocyte, platelet and reticulocyte changes
during the first 5 days after radiation exposure. During

that period, the medical personnel will try to assure the

patients survival in case of severe injury to the CNS, to
the cardiovascular systems or to the skin or injury
inflicted by thermal burns or chemicals. "Sequential

diagnosis" thus denotes the attempt to determine by daily

thorouch examination of the patient the development of

chances of the hemopoietic and other cell renewal systems

and the development of changes in other body svstems (CNS,

skin) with or without therapeutic interwventions. In other

n
crds, fcr the management of individuals exposed to ionizing

<y

s

radiation it is useful to have guantitative information on
the details of external and internal stress (i.e. dosimetry)
Dut this is not  essential. It is sssential, however, =0

s
cetermine the resultant strain and to analyse by appropriate
indicators such as the course of granulocyte and lymphocyte
changes in the blood, the extend of reparable injury. This
is necessary to plan and perform appropriate therapeutic

measures.

In order to establish - at this point in time
retrospectively - the radiation induced strain to the
hematopoietic stem cell system as one of the key biological
indicator to predict the clinical course of patients and to
plan intervention strategies accordingly, a biomathematical
model was developed to determine the number of stem cell
units remaining from which a spontaneous regeneration might

be expected to occur.

The basis for this computer model has been described
elsewhere in detail (3). It has been adapted to simulate the
granulocyte pattern observed in radiation accident victims.
This computer model consists of a series of cellular and two
regulation compartments (Fig. 8). It has been found to be
useful 1in dogs and man for describing physiological and
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pathological perturbations of the granulocytic cell renewal
system such as a leukapheresis response, a response to
cyclophosphamid administration, a response to total bedy
irradiation with or without stem cell transplantation. In
this model, to simulate granulocyte changes after total body

exposure, it is important to indicate that the stem cells

need to be categorized into 3 groups: 1. destroyed stem
cells (no evidence for repair at all), 2. damaged stem cells
with limited reparability and, 3. stem cells intact or with
complete reparability. In this model (fig. 8) the stem cell
rcol ccntaining the eliminated or destroyed stem cells ist
hcwn. The 2 ccompartments shown contain as “"intact stem
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Figure 14

cells" those that were not irradiated at all (i.e. because
they were localized during whole body exposure in a shielded
part of the body) or are capable of complete reparation. The
compartment "injured stem cells" coontain those the damage

of which is partly reparable os that they are able to

undergo one or several replicative cell divisions before
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dying out.

For simulating the granulocyte changes after total body
exposure it had to be assumed that the cellular contents of
pools S, CBM and CBL as well as P can be reduced by
radiation exposure in accordance with a Do of 100 cGy. It
was further necessary to assume that a certain £fraction of
stem cells already have or have regained a normal
(essentially unlimited) replicative potential while another
(usually larger) <fraction is endowed with only a restricted

raplicative potential.

calculata ths numb tem cell units
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In order tO TIY TO
granulocyte changes in the Dblced stream observed

dzys aifter accidental whole body expesure, 10

3]

patients were selected cut c¢if <the more then 300 so fa:
incorporated into the Ulm radiation accident data base. All
10 patients had a typical form of an “acute radiation
syndrome and the course of <clinical events was largely
determined by the hematological responses. They were
assigned to several "granulocyte response categories". Three
patients (from the Oak Ridge accident 1958 and the Tennesse
University accident 1975) were assigned to category II

(figure 15).

Figure 15 shows a typical but "mild" course of events. It
can be seen that there is an initial granulocytosis, then a
phase of granulocyte decline between days 1 and 10. The
granulocyte pattern between day 10 and 30 indicates
continued granulocyte production and release of varying
degrees. The granulocyte nadir is reached between day 30 and
40 followed by a slow recovery to stable normal values. The
solid 1line 1s the result of simulating the course of
granulocyte changes by assuming a certain number of
reparable stem cells that remain in the stem cell pools from
which the initial and the final system recovery occurs.
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Figure 16 shows the granulocyte pattern of 2 patients
involved in the Oak Ridge Accident of 1958. The pattern
observed here is similar to that described for patients in
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Figure 16
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category II but more pronounced. There is a distinct initial

granulocytosis (days 1-3), a primary granulocyte decline

(days 3-10), an abortive rise (days 10-25), a secondary

decline with a nadir around day 30 and a final recovery
beyond day 35-40. The solid curve is the result of a

computer simulation assuming a certain number of reparable

stem cells in the stem cell pool (see Dbelow). The

granulocyte changes are even more pronounced in the 3

patients assigned to category IV (from the Vinca accident

1958) (Fig. 17). This is a pattern very close to failure of

hemcpoietic reccocvery  but attainable with intensive

ﬂ_.? RADIATION ACCIDENTS
<3 CATEGORY 1V

Patients 11 (e); 12(+) and 13 (o))
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Figure 17

replacement therapy. The primary granulocyte decline during
the first 10 days is extensive. But it 1is essential to
realize that between days 5-10, there are day by day
measurable levels of granulocytes in the peripheral blood
(above 200-500 per mm?®). There is evidence for an abortive
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20 and a secondary decline and
25-35. There is, however, a
The computer curves

rise between days 10 and
final nadir around days

spontaneous recovery beyond day 35.
simulate this pattern and are based on a certain number of

reparable stem cells which are present in the stem cell
pools. There are so far no observations between this

category IV and the patients
a response pattern after an irreparable
The granulocyte response category V contains 2

of category V characteristic of
damage to the stem

cell pool.

patients (from the accidentss in Los Alamos 1946 and Brescia

1975) (71 18). Thers was an initial pronounced
1-3 or 4 and an abrupt decline of

granulocytosis during davs 1
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Figure 18

blood granulocyte concentrations between days 4-6. This is

indicative of a complete block 1in granulocytopoiesis at the
myelocyte-promyelocyte and stem cell level (granulocyte

values below 200 per mm3).
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There 1is a severe granulocytopenia combined with a
significant thrombocytopenia and lymphopenia present on day
10. The clinician would describe the findings on day 10 as
"severe aplastic anemia" without a chance of spontaneous
recovery. The computer derived curve simulates the

granulocte pattern using certain numerical assumptions as

discussed below.

It is of interest to use this computer model of
granulocytopoiesis to calculate hcw many stem cell units of
different quality of 1limited or unlimited replicative
potential must have remained in the four granulocyte
response categories shown to allow for regeneration or
failure. 1In teble 5 it can be seen <that the number oi
cestrocyed or irraparably damaged stem cell units increases

[t}

as the granulocyte response pattern "gets worse". This means

that the granulocyte pattern becomes more distinct in
relation to the initial granulocytosis, the primary
granulocyte decline, the extend and duration of abortive
rises, the time and duration of secondary decline and the

granulocyte nadir and course of final recovery.

Computer derived Calculations of Stem Cell Pool Stizes

Radiation Response} Remaining Intact Remaining Injured | Destroyed | Ranaes of Physical
Category Stem Cells X Stem Celis % Stem Cells | Dose Estimates In
(Cell number) (Cell numper) 2 cGy

Category 11 0.008 4.0 76 127 - 236
Pat. 4,5,38 (1.0 x 10%) (3.0 x 108)

Category 111 0.0024 4.8 55 339 - 365
Pat. 1, 3 (3.0 x 104 (6.0 x 107)

Category IV 0.0008 2.4 97.6 323 - u26
Pat. 11,12,13 (1.0 x 109 (3.0 x 107)

Category V 0 0.0006 99, 9004 1.114 - 1.200
Pat. 17, 37 (0) (7.7 x 103

Table 5
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But it is of great interest that in the categories II, 1III
and IV, the granulocyte response pattern is compatible with
the notion that there are stem cell units remaining after
radiation injury. Some are intact or are completely
reparable and some are of restricted reparability. It
appears as if there is a <clinical “"threshold" for the
reversibility of damage to the granulocytic cell renewal
system. There must be at least 0.0008% or 8 in 10.000 stem
cells intact, or completely repaired to allow a spontaneous
recovery. There must have been between 2.4 and 24.0% of stem

O

ells with restricted reparability, responsible for the

i
A

is cbvious, that this <zTyvpe o©f granulocyte response

Tecorizaticon allows one to determine the radiaticn induced

fn

sTtrain in a given patient (see Fig. 1). It may well be that
This strain may be influenced by individual parameters such
as previous health impairments genetic factors, age or sex.
Such an analysis shows the potential in allowing the
quantification of an individual strain in terms of remaining
stem cells which are intact or repaired completely from

which the final recovery can commence.
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5. Hematological indicators to predict the course and

outcome of acute radiation syndromes

The Ulm radiation accident data base and the biomathematical
simulation model of radiation injured hematopoietic cell
renewal systems will have to be completed and extended to
evaluate more patient data and to include more cell systems,
such as megakaryocytopoiesis, erythropoiesis. This
information will eventually be used to develop a knowledge
based expert system to be useful in the management of
radiation injured persons. This develcpment, however, will
raequire further intensive work in the Ulm Radiaticn Medicine

Research Group.

However, on the basis of available knowledge and experience
iz appears cossible already today, to describe
constellations of blcod cell changes early after accidental
whole body irradiation that are very useful in predicting
the most likely clinical course of an irraidated patient and

to plan the essential therapeutic strategies.

The key question to be asked in the “"sequential diagnostic
process" subsequent to an accidental total body exposure is:
"Can one expect a spontaneous hematopoietic recovery or
not?" At this moment, there 1is good probability for an

answer within 6-7 days after an accidental exposure to
ionizing irradiation. but it 1is possible to predict the
course of events even earlier, that is 3-5 days after an
accident. Such predictions will always have to be based on
very carefully performed evaluations and accurately recorded
blood cell counts during the first 10 days. Aside from the
granulocyte count, one may take into consideration also the
concentration of lymphocytes, platelets, reticulocytes and
red cells.
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The blood cell response pattern typical for irreversible
damage to the hematopoietic stem cell pool is the result of
the pathphysiology of the different blood cell renewal
systems (cellular kinetics, radiobiological properties,
functional and regulatory mechanisms) and can be described

as follows.

If one finds on day 1 and 2 (24-48 hours after removal of

the individual from the radiation field) a significant

granulocytosis and at the same time a severe
lymphocytopenia (less than 30-50% of pre-irradiation values

one can assume sicgnificant damage <to <the hematopoietic
ed by examining bcne

svstems. This noticn will De suppo

—
-— b

marrow smears prepared Ircm the most intense irradiation
mo

sita. Cne would =xpect a large =number of injursd cells
(nuclear edema, chageccytosis ¢  cell nuclei but in
particular mitotically connected abnormalities in

normoblasts and other red cell precursors to some extend in
all cell types capable of cellular proliferatiocn) (2).

A high probability of an irreversible damage to the
hemopoietic stem cell pool can be attached to the following
observation to be made on day 5 after exposure: if on this
day the granulocytes have declined or are declining to very
low values (less than 200 per mm® on day 5 or 6) and if the
lymphocyte concentration is also very low (less than 10-30%
of normal) and if the platelets show a progressive fall with
values on this day of some 40-60% of normal, then a
spontaneous recovery of hemopoisis within reasonable periods

of time is unlikely (see category V, figure 18).

It is possible to predict whether or not reversible or
irreversible damage to hematopoiesis can be expected on day
10. If on this day the granulocytes are still below 300 per
mm3, the lymphocytes still low or absent and the platelets
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approaching very low levels (less than 50.000/mm3), then the
hemopoietic tissue must be injured to such an extend that a

spontaneous recovery is unlikely.

In reverse, if the early pattern of blood cell changes is
similar to the patients described in category IV (see figure
17) (some granulocyte and platelet production continuously
present on the basis of cell kinetic considerations) then it
can be assumed that the stem cell pool has a fair chance to
recover and that the final hemcopoietic recovery will beccme

arent (depending on the extend of stem cell ©pool damage)

fu
e
'

between days 30-40 aftsr exposure.

These above considerztions have importa

implications. All patients described in ca
and IV experienced a2 spontaneous hematopoietic
Their therapy, hcwever, had to takse care of the transient
electrolyte imbalance (due to damage to the intestinal
surfaces: "radiation induced burns of the inner surfaces of
the body"), the transient granulocytopenia (with infections
complications requiring antibiotics or even granulocyte
transfusions) and the transient thrombocytopenia resulting
in bleeding episodes requiring platelet transfusions. In
all these instances (supported in many instances by strict
isolation or even bacterial decontamination to sterilize the
g..t and the skin flora) hemopoiesis recovered
spontaneously. It is likely, that these patients would have
been able to recover faster if they had had an identical
twin to serve as a stem cell donor or if there would have
been a bank of cryopreserved autologous hemopoietic stem

cells (from blood or from bone marrow).

In patients with a blood cell response pattern dentical or
similar to that described for category V, there is only one
possible curative therapeutic approach. These patients
should be treated as if they were patients with "severe
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aplastic anemia". For these patients one would look for a
suitable stem cell donor (allogeneic bone marrow or blood
stem cells). Since in many, if not all instances, one would
not be able to Jjudge the degree and sufficiency of
immunological suppression by the radiation exposure, one
would have to "condition" the patient by appropriate means
(chemotherapy as in the preparation for stem cell

transplantation for severe aplastic anemia).
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6. Possibilities and limitations to treat persons suffering

from acute radiation syndromes

The work performed within this EC-contract did not cover all
aspects to treat radiation injured persons. The Chernobyl
experience added a new dimension to the management of
radiation injured persons, skin burns in addition to the
total body exposure by penetrating ionizing radiation. In
this report emphasis will be on the question of establishing
a blood stem cell bank as a means to treat persons at high

risk of being exposed as a consequence of radiation

accidents.

In the previcus chagter 4 it was pointed cut that one must
ccnsider in principle 2 situations: radiation exposure
categorises resulting In a zsversible hematopoistic damage

and those resulting in an irreversible hematopoietic damage.

The Chernobyl accident (see tables 1 and 2) providul
evidence that all persons in Grades I through III need to be
considered as having been exposed to such an extend that the
hemopoietic damage was reversible. The fatal casualties
observed in grad III are attributable to the severe burns of

the skin.

Aside from considering the therapeutic strategies with
respect to skin burns and incorporation of radiocactive
nuklides, the therapy of choice for taking care of the
consequences of the transient hemcpoietic failure, in
particular infection and bleeding has been described as
replacement therapy (4). It consists essentially of trying
to remove exogenous and endogenous bacteria and other
microbial organisms from the skin and the gastrointetinal
tract by antibiotic therapy. It is in cases of severe
granulocytopenia advisable to induce a "gnotobiotic state"
and to treat the patient in a sterile isolation system
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(reverse isolation). 1In this way, one can wait for the
granulocytes to recover on or around day 30 after total body
irradiation and one <can also tolerate low platelet counts

without high risk of bleeding. This form of therapy has been

described previously.

If there 1is a severe thrombocytopenia with a risk of
bleeding, it may be necessary to perform platelet
replacement therapy as was done in one o©of the Chernobyl

cases (see figure 2).

ot
ogo
*

D

It may also be necessary to take special caze of
slectrolyte balance, especially hibed some form ot
gastrintestinal damage beccmes obviocus (diarrhea).

In this report, sufficient evidence was given for the fact,
that there is, after acute radiation exposure, the onset of
spontaneous granulccyte and platelet recovery on or around
day 30. It is thus necessary to provide optimal care during
this transient phase of hematopoietic failure (gnotobiotic
care, provision of adequate fluids, platelet support if

necessary).

What about stem cell substitution? If there is evidence of
an irreversible damage to the stem cell system as described
above, it is essential to provide hematopoietic stem cells
for restoring the hematopoietic function of the bone marrow.
Other research institutes participating in this
Post-Chernobyl programme have concentrated their efforts on

the improvement of bone marrow transplantation.

The Ulm Research Group together with the Group of Professor
Hunstein in the Medical Department of the University of
Heidelberg has established the concept of a blood stem cell
bank. This approach may become useful if there are persons
at high risk for radiation exposure who are prepared to
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be
at ultralow

stem cells to

allow their pluripotent hematopoietic
peripheral blood, stored

antotransfused if necessary after

collected from the
temperatures and being
unexpectedly high radiation

evident after a radiation accident when the necessity arises

exposure. This risk may become

to engage in clean-up operations. In the Chernobyl
situation, there was evidence for radiation exposure in the
teams of technicians participating in rescue and clean-up

operations.

The blood stem cell bank cconcept has been developed at the

at the University of Ulm

preclinical level (dog model) and

2= tha clinical lsvel a2t

Th2 ccncept o©f an autologous Dblced stsm cell bank  was
cevelcped as 2 msans tO treat cpatisnts with acuzs
myelogencus leukemia (AML). All transplants were performed
in the <£first remission following conventicnal induction
chemotherapy.
The patients data are listed in table 6.
ABSCT ABMT p value
no patients 20 23
male 12 L n.s.
female 8 9,
age (med!an, range) 41 (5-48) 33 (12-50) p = 0.05

WBC at dlagnosis
(median, range)

time between start of
CR preceding transpleant,
and transplant
(median, range)
FAB H1

H2

M3

H4

Hs

5300/yl (500-268,000)

3,5 months (2-12)

N N N Y e

17600/ul (700-277,000)

4 months (2-6)

- W W N W

Table 6
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Blood stem cell collection

Blood derived hemopoietic stem cells were collected by
continuous flow cytopheresis using a Fenwal CS 3000 blood
cell separator (BAxter Deutschland GmbH, Milinchen, Federal
Republic of Germany). For mobilizing stem cells from
extravascular sites into the circulation, aphereses were
performed at the time of bone marrow recovery following
chemotherapy-induced transient myelosuppression. The regimen
used was identical to the consolidation treatment of AML:

ARA-C 100 mg/m2 g 12 hr s.c., days 1-5; Deunorubicin 45

mg/m?2, days 3 and 4 (11). Stem cell arhereses were initiated
when the vpatient had =eached a perirheral Ww3C count oI
1,000/ul, and a i

veriphsral platelet count of 40,000/ul. The
edian number ci aphereses per patient was 10 (r
eses was 1-3 days.
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The MNC-enriched peripheral leukocytes were collected
according to a program designed by the Baxter Company (12).
The median percentage of MNC collected from 199 aphereses
was 91,7% (range, 50.8-100).

The harvested MNC-enriched leukocyte suspension was then
pelleted and resuspended with ABO compatible human plasma to
a final volume of 50 ml, and transferred to a freezing bag
(Delmed, Canton, Mass.). 50 ml of cold S-MEM supplementted
with 20% DMSO were added to end up with a final DMSO

concentration of 10%.

Marrow collection and processing

The technical aspect of bone marrow collection and
processing has been described in detail elsewhere (10).
Briefly: marrow was collected by multiple aspiration from
the posterior iliac crest and the sternum. The cell
suspension was depleted of red blood cells (RBC) and most of
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the polymorphonuclear cells (PMN) by a two-step procedure: a
buffy~coat and a Ficoll-Metrizoat (FM) gradient
centrifugation using the IBM Blood Cell Processor 2991 as

described by Gilmore et al. (13).

Mafosfamide(®>, a stable substitute ¢f the activated
primary metabolite of CY, was added at a concentration of 60
to 80 ug per 2x107 WBC and was incubated with agitation at
37°C for 30 min. Cells were washed, resuspended with ABO
compatible human plasma and transferrsd to freezing bags, 50
ml per bag. 50 ml of cold S-MEM supplemented with 20% DMSO
were added to each bag.

itl e

2loecd stem cell / marrcw crveoresarvaticn and transfusion

‘he c¢ell suspensicn was then igmediately ZIrczen at a

t

controlled rate of 1-2°C/min from +10°C to -70°C/min up to
-100°C (BV-10 3iological Freezer, Cryoscn GmbH, Federal
Republic of Germany). The frozen bags were stored in liquid
nitrogen. Thawing was performed rapidly in a 42°C waterbath
without the DMSO being removed. The cell suspension was then
aspirated into 50 ml syringes and immediately injected into
the patient’s central line (Hickman catheter) at a rate of
10 ml/min.

The median total volume of cell suspension transfused per
patient was 1025 ml for ABSCT patients (range, 600-1520),
and 400 ml for all ABMT patients.

Pretransplant regimen

The hyperfractionated TBI was slightly modified according to
Shank et al. (14). The median total body dose at body center
was calculated to be 14.5 Gy (range, 14.4-15.3) for ABSCT
patients, and 14.4 Gy (range, 12.1-16.7) for ABMT patients.
120 cGy per fraction were given 3 times daily on days 1, 2,
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3, and twice on day 4, four hours apart for 11 fractions
(total 12.1-13.7 Gy) or 12 fractions (total 13.8-14.9 Gy),
three fractions per day. The dose range between 15.0 and
16.7 Gy included 12 fractions, 130 cGy each. A 23 MeV linear
accelerator source (Saturne) (38 cases) or, alternatively, a
Coé° gamma source (3 cases) was used with a mid-line dose
rate of 7-18 cGy per min. The lung dose was limited to 9 Gy.
Additional boosts with electrons of a maximum of 15 MeV
(depending on the chest wall thickness) were given to the

previously shielded areas, particularly the ribs, to reach

the total maximum dose. Fcllowing TBI (days -9, -8, -7, =5)
CY was given i.v. on each of 4 consecutive days (-3, -%, -3,
-Z) 2zt a daily dose o 30 mg/kg. After cne cday of est

Transplantaticn was periormed cn day 0.
TwC more patients were treated with busulfan (15 mg/kg) and
CY (200 mg/kg) prior to bloed stem cell (1 case) or bone

marrow transplantation (1 case).

Intensive care post transplantation

The patients were kept in reverse isolation from the
beginning of high dose CY until a peripheral PMN cell
concentration of 500 per ul was reached. Prophylactically
they all received acyclovir, ketoconazole and
CMV-hyperimmunoglobulin together with partial antibiotic
decontamination of the gut (15) up to 100 days post
transplantation. When fever exceeded 38.5°C broad spectrum
antibiotics were administered, and, when fever persisted for
more than 4 days despite appropriate antibacterial treatment
amphothericin B was added systemically. All platelet support
was HLA-A/B matched and CMV negative if the patient was
negative as well. All blood products were irradiated with 20

Gy to avoid the risk of GvHD induction.
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Statistical evaluation

Clinical and laboratory data were obtained from the bone
marrow transplant data base and analysed by standard
statistical methods using the SAS software program. Basic
characteristics of the patient groups were compared by means
of chi-square tests. 1In the case of uncensored gquantitative
variables the usual Mann-Whitney-Wilcoxon-Tet was applied.

Plotting the distribution of censored variables and

o

estimating median values was carried out according to th

p g

n-Meier method. The main variable of interest was LTS,
ined as <the time frcom transplantaticn to relapse. Three
atients died without relapse, two oI them were counted =zs

as considered as a censorasd observaticn,
tacause ¢ death cus 0

infscticon. The comparison oi A3MT and A3SCT or Drognostic
subgroups with respect to DFS was based on the log ranx
test. Theh estimation of a "cure rate" did not seem
appropriate, instead we calculated rates for two-year
disease~free survival with confidence intervals based on the
standard errors supplied by the Kaplan-Meier method. Other
censored variables such as hemopoietic reconstitution and
duration of hospital stay were analysed in the same way, but
tests were based ont eh generalized Wilcoxon statistics.
Formal significance levels of p = 0.05 were ﬁsed without

adjustment for multiple testing.
The probability of DFS or relapse was calculated from the
day of transplantation (day 0) and was analysed as of June

1, 1989.

Harvesting and transfusion of cells

To guarantee a sufficient blood stem cell autograft, its
total number of pluripotent stem cells should be comparable
with that from the marrow. Since Dblood stem cell
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concentration is only about 1/10 to 1/20 of that in the
marrow, the total number of blood MNC harvested had to be

adjusted.

The median yield of MNC collected by a single
continuous-flow apheresis was 5.4 x 10° (range, 0.2-14.5) or
13 x 10% CFU-GM (range, 1-180). The total number of blood
derived MNC transfused per kg b.w. was 80.0 x 107 (range,
17.3-140.9) or 2.35 x 10* CFU-GM (range, 0.2-4.1). The
marrcw stem cell graft, c¢n the other hand, contained 4.7 x
107 (zange, 0.6-13.0) MNC at a median. The respective median

number cof marrow (CIU-GM Trznsiused per kg b.w. was low with

PORBEINGE, T

The total number of pluricotent stem cells and WBC as well
as cell composition of the autograft determines the
characteristic  kinetics of hemopoietic reconstitution
following myeloablation and ABSCT or ABMT. As Figure 19
shows on a daily blood count basis, the reconstitution of
peripheral leukocytes started significantly earlier
following ABSCT compared to ABMT. The difference in speed of
hemopoietic reconstitution of peripheral leukocytes started
significantly earlier following ABSCT compared to ABMT. The
difference in speed of hemopoietic reconstitution within 28
days after transplantation was highly significant each day
from day 1 on (p = 0.0001). The median time it took for the
peripheral WBC count to reach 1000/ul was 10 days (ABSCT)
compared to 28 days (ABMT) (p = 0.0001) (Figure 2) or 14
days (ABSCT) compared to 42 days (ABMT) (p = 0.0001), which
was the median time it took for the peripheral PMN count to
reach 500/ul. The kinetic of platelet reconstitution were in
favour of ABSCT patients; the median time to reach a stable
20,000/ul platelet concentration was 30 days (ABSCT)
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compared to 46 days (ABMT) with a borderline significance (p
= 0.05). Three out of 20 ABSCT patients did not reach a
stable 20,000/ul platelet count before day 100 post
transplént compared to 8 out of 22 evaluable ABMT patients.

Autologous Stem Cell Transplantation
in Human Patients after Total 3cdy Irradiatioa (1,400 cCy)
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Figure 19

Early transplant-related morbidity and mortality

ransient supraventricular tachycardia and severe mucositis
were seen in almost all patients. One ABMT patient died of
septicemia, whereas there was no mortality among the ABSCT
patients. The median hospital stay was 45 days for ABSCT
patients versus 73 days for ABMT patients (p = 0.005).

Due to the rather large volume of the blood stem cell
autograft (1025 ml at a median) transfused over a central
line, patients suffered from chills, stomach ache and muscle
cramps at the lower extremities. Those side effects ceased

shortly after transfusion was concluded, and were not as
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severe during marrow cell transfusion, when an
autotransplant at a lesser volume (400 ml) was carried out.

Disease-free survival

When compared statistically, there were no differences to be
observed in both the ABSCT or ABMT groups as far as sex, WBC
concentration at diagnosis, the time between start of
remission and transplant, and FAB subclassification were
concerned, while the median age oI ABMT patients was less

than that of ABSCT patients (p = 0.05) (Table 1).
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roup o 23 ABMT patients the two-year DFS rate was
$ confidence interval from 38% to 80%), to date no
relapses have occured later than 9 months post transplant.
As can be seen in Figure 5 the Kaplan-Meier estimates for
DFS in both groups are crossing and the long rank test is
not significant (p = 0.33). Of 20 ABSCT patients autografted
in 1st CR, 11 have relapsed; of 23 patients autografted with
bone marrow, 9 have relapsed or died too early to be

evaluated (1 patient).

Relevance for radiation accident management

It is apparent from these clinical data, that it is feasible
to set up blood _stem cell banks in order to collect and

store pluripotent hematopoietic stem cells from the
peripheral blood of persons who are at high risk to be
exposed in extraordinary circumstances, for instance in
radiation accident clean-up operations. Further work,
however, 1is essential in this field in two aspects. It
appears of interest to develop new approaches to mobilize
stem cells into the blood from extramedullary sites. 1In
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patients, the high yield of blood stem cells was obtained by
pretreatment with cytotoxic drugs, such as ARA-C and
Dannorubicin. Cyclophosphamide has also be shown in dogs and
man to produce a high concentration of hematopoietic
progenitor cells in the blood within 10-14 days. In dogs, it
has been shown that dextran sulfate (DS) 1is capable of
inducing a significant increase of ciruclating progenitor
cells within 3-4 hours after DS administration. It appears
therefore useful to explore the mechanisms for this type of
mobilization and to transfer the experience gained to the
clinical level. A second area requiring further intensive
research 1is evident if one considers the advances made in
utilizing =rsccmbinant hemopo ctors in the

lure. The cuesticn 1is whether

ne coculd utilizs very smal numbers of blocd derived stem

ct

cells and enhance heir replication and differentiation
potential by post-transfusion application of such
recombinant growth factors. In this case, one might be able
to collect a sufficient number of pluripotent blood derived

stem cells with one single leukapheresis.
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7. Further research needs to improve existing and develop

further strategies to handle persons accidentally exposed

to ionizing radiation

It is apparent from this report that a lot of progress has
been made in trying to improve means and ways to adequately
take case of persons accidentally exposed to ionizing radia-
tion. However, a lot of mon work has to be done which may be

summarized as follows.

The Chernobyl experience shculd e fully analysed by 2st
c

T there wers many more people sexposed tc icnizing radia-

ot besen adequately ana-
lysed. There are also a large number cf persons who partici-
pated in clean-up.operations who may have had significant

radiation exposures.

The goal of such a collaboration would be to set up an in-
ternationally accessible data base of persons accidentally
exposed to ionizing radiation possibly in a continuous or
protracted way. This type of research would be of great im-
portance for radiation protection planing in Europe.

There is a great need to analyse all clinical data that
become available in the future of accidentally radiation ex-
posed persons. There are - most likely - a relatively large
number of persons exposed to high dose of radiation that
have not as yet been published in the international litera-
ture. It is desivable to establish an international data
base for a many cases of acute accidental radiation exposure

as appropriate.

On this basis, it would become of importance to develop an
knowledge based expert system for assisting medical doctors
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in the decision making in case of radiation accidents. This
would require a further analysis of the pathophysiological
mechanisms of radiation induced changes in cell renewal sy-
stems at risk employing also biomathematical computer simu-

lation technics.

Of particular importance is the development of further bio-
logical markers for radiation exposure. Blood cell changes
need to be ccmplemented by mcre sophisticated methods
mensing damage and complete or incomplete repair at the sub-

cellalar and molecular level. This apprcach will beccme ss-
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oD new apprcaches to the tresatment of radiation in-
duced health impair ments. The advent of recombinant factors
such as” IL-3 alone or in combination with erythropoitin
signals new possibilities to influence hematopoietic recove-
ry positively. Therefore, it is mandatory to do more re-
search 1in the field of using such recombinant factors in

cases of radiation induced hemopoietic failure.

Finally, it appears essential to set up a European network
of radiation medicine centres to establish a collaborative
system for handling radiation accident cases if necessary.
This network should also take over the responsibility to
train a sufficient number of European physicians to partici-
pate - if necessary - in the optimal can of radiation acci-

dent victims.
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STUDIES OF SIDE AND LONG TERM EFFECTS OF
HEMATOPOIETIC GROWTH FACTOR THERAPIES

| GENERAL

Hematopoiesis is under the control of growth and differentiation
factors which allow the organism to adapt itself to the new
situations by consequeatly modulating its own response. Some of
these factors are well known, some others are only hypothetical.
The most studied factors are:

-the Granulocyte-macrophage colony stimulating factor

(GM CSF)

-the Granulocyte colony stimulating factor (G CSF)

-the growth factor for the red cell line: Erythropoietin (EPO)

-the growth factor for undifferentiated cells: interleukin 3

(IL 3).

Those factors are small proteins which bind to specific receptors
on the membrane of the target cells. They stimulate the
proliferation or differeatiation of hematopoietic progenitors.
Furthermore, they act on the functions of mature cells (for

exemple: the phagocytic function of granulocytes for G CSF).
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Recent advances in the study and large scale production of these
hematopoietic growth factors have allowed their use for
therapeutic purposes. The main field of clinical investigations are:
- bone marrow toxicity control for antitumoral treatment (such as
chemotherapy)

-treatment of global or elective aplastic anemia

-treatment of infection related leukopenia.

GM CSF is a protein acting at very low doses (picomolar
concentrations) for the in vitro stimulation of colonies of
differentiated  granulocytes and monocytes (GM CFU: Granulocyte
Macrophage colony-forming unit). The successful cloning and
expression of cDNA encoding human GM CSF gene, has allowed the
production of recombinant human (rHu) GM CSF which is now
submitted to laboratory studies and clinical trials for few years.
The recombinant human GM CSF bind to high affinity receptors on
the membrane of the responding target cells and possesses
biologic activity for the proliferation and/or differentiation of
granulocyte, mixed granulocyte-macrophage, pure eosinophilic
(CFU eo) and mixed cell colonies (CFU mix) from human normal
blood, bone marrow and some leukemia cell lines (such as HL 60,
where GM CSF acts as a weak inducer of differentiation, increasing
the number of cells displaying monocytic or eosinophile
differentiation patterns).

In the presence of erythropoietin, GM CSF stimulates also the
growth of human erythroid bucrst forming unit (BFU E). GM CSF has a

wide range of effects: in vitro and in animal studies it enhances
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the functions of mature granulocytes, monocytes/macrophages and
eosinophils on which its receptors are also present in small
quantities. In functionnal studies GM CSF stimulates neutrophil
viability, inhibit neutrophil migration (in vivo, in about 30% of the
patients cellular migration into a sterile skin window appears to
be reduced after GM CSF treatment), and stimulates superoxyde ion
production 1in response (o bacterial chemo-attractant.

Furthermore, GM CSF stimulates the neutrophil oxydative
metabolism involved ian granulocyte microbicidal or tumoricidal
activities, so that the granulocytes appear to be activated and are
more efficient in bacteria killing after GM CSF stimulation. The
phagocytosis of bacteria and cytotoxicity are also stimulated by
GM CSF.

GM CSF enhances the viability of eosinophils and act on the
antibody dependent cell-mediated cytotoxicity (ADCC) and oan
antitumoral activities of macrophages. Furthermore when
associated with other growth factors it helps to the development
of red cell progenitors and megakaryocytes (thus acting on
platelet renewal). The GM CSF has been used in a variety of
clinical settings in order to reduce the time of aplasia and the risk
of infections  during the chemotherapeutic or radiotherapeutic
treatment of cancer (solid tumors) patients, during the treatment
of malignant hematologic diseases, following a bone marrow
transplantation (autologous or allogenic) in order to reduce the
aplastic phases, to reduce leukopenia during acquired
immunodeficiency syndrome (but also other infectious disorders),

for the treatment of diseases involving myeloid disorders (such as
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congenital agranulocytosis, aplastic anemia or myelodisplastic
syndrome). The beginning of the clinical trials has evidenced the
positive aspects of its use: GM CSF was found to be well tolerated
and able to induce dose dependent increases in blood leukocytes
counts (neutrophils but also eosinophils and monocytes). For
exemple, a shortening from 7.4 to 3.5 days of the mean neutropenia
duration was observed for patients submitted to a chemotherapy
for solid tumors and receiving GM CSF doses from 4 to 32
microgramme/kg/day. The observed hematopoietic recoveries are
unstable (less than two weeks after the end of the treatment) and
for most of the patients GM CSF infusion must be extended in order
to maintain a high level of leukocytes. For patients with severe
idiopathic aplastic anemia important individual variations were
observed: a granulocyte peak appeared in the blood betweenl and
21 days (mean time 4 days) after the beginning of the treatment. A
better general physical condition for the patients and a reduced
frequency of infections have been often reported suggesting that
GM CSF has also corrected some defects in neutrophil and
monocyte functions.

Because of these effects GM CSF could be of high interest for the
treatmeént of the hematopoietic syndrome during radiation
accidental exposure.

The GM CSF has already been used in the treatment of some
patients with bone marrow failure due to an accidental radiation
exposure. It was concluded after the Gotania accident that by

initiating GM CSF use early after exposure to near lethal doses of
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radiations, the period of granulocytopenia may be shortened and

survival improved.

The optimal schedule of GM CSF seems to be 5 to 15
microgramme/kg/day subcutaneously. Side effects included bone
pains, chills, headhaches, mild myalgias and fever, but also for
higher doses (60 microgramme/kg/day), capillary leak syndrome
with generalized edema, pleural and pericardial effusion was
reported as well as large vessel thrombosis. [t was reported that a
high dose (64 microgramme/kg/day) GM CSF assay for
myelodisplastic syndrome patients had initiated rather than

prevented the onset of acute myeloid leukemia.

Whether GM CSF has carcinogenic potential or will stimulation
with GM CSF results in bone marrow exhaustion or stem cell
failure were some of the questions that had to be solved before
hemopoietic growth factors could be used on a large scale and for
radiopathology purposes. Taking advantage of phasel and 2
clinical trials as well as compasionnate need cases GM CSF cures,
we have developed during this contract an experimental protocol in

order to study the long term and side effects of GM CSF.

Long term bone marrow cultures (LTBMC) have provided a powerful
tool to demonstrate important cell-cell interactions together with
the 1influence of hemopoietic growth factors necessary for the

maintenance of hemopoiesis.
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In order to study the long term interaction between GM CSF
hemopoietic cells, tumoral cells and stromal bone marrow cells.
we have set up a LTBMC assay during (and after) the course of GM
CSF clinical trial for treatment of leukopenia observed after
autologous bone marrow transplantation in advanced solid tumor
therapies. LTBMC were set up before any treatment and
sequentially after each step of the protocol (double autologous
bone marrow traansplantation with radiotherapy, chemotherapy and
GM CSF infusion) up to one year after treatment. Hemopoiesis was
assessed by granulocyte macrophage progenitors (GM CFU) and
mature cell production in the supernatant of the LTBMC. Stromal
cells were studied for their growth and differentiation pattern.
The presence of abnormal cells was studied by culture, cytological
or immunological methods. Controls were assessed using bone

marrow samples from the same patient before treatment and from

normal donnors with matching ages.

Following a bone marrow transplaatation or myelosuppressive
therapy, patients with severe boane marrow failure have received
GM CSF as compassionates. As the bone marrow of this kind of
patients may be closer to the marrow of a radiopathology patient
than the bone marrow of solid tumor patients, we have developed a
LTBMC assay to study the aplastic bone marrow. Short term and
side effects of the growth factor therapy were studied during this
assay. The effects of repeated growth factor therapies were also

investigated.
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Although short term effects of GM CSF were well documented
through in vitro and animal studies, when this study was
initiated, the knowledges about long term in vivo effects of GM
CSF on human were scarce. Therefore, we have designed a protocol
to study paraclinical long term effects of GM  CSF during the
course of an autologous bone marrow transplantation programme,
and paraclinical and clinical side effects of GM CSF during a
protocol of treatment of bone marrow failure. These two main

points are developed below.
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2 AUTOLOGOUS BONE MARROW TRANSPLANTATION STUDY

Granulocyte-macrophage colony stimulating factor (GM CSF) is
under clinical trials and shows promising effects over
hematopoiesis. Disseminated neuroblastoma are treated with
massive therapy followed by two autologous bone marrow
transplantations (ABMT). As a small amount of malignant cells is
still present in the marrow of these children after the induction
treatment, neuroblastoma cells are magnetically depleted in vitro
with specific monoclonal antibodies before grafting. In order to
shorten granulopenia, GM CSF is administered after one of the two
ABMT so that all patients received GM CSF once.

We have previously developed a long term bone marrow culture
(LTBMC) system with potential application to the follow up of
stage IV neuroblastoma children treated with high dose
radiotherapy combined to chemotherapy followed by autologous
bone marrow transplantation. The effects of in vivo GM CSF
infusion over the LTBMC system were assessed during the clinical
trial in order to study the interaction with neuroblastoma cells,

hematopoietic and stromal bone marrow cells.

Children were diagnosed with metastatic neuroblastoma  and
enrolled in this prospective study. All patients were treated
according to the SFOP NB 87 induction protocol and the current

LMCE consolidation regimen which have been described already.
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Briefly, induction chemotherapy regimen consisted in four
alternating chemotherapy cycles of CADO (Cyclophosphamide
300mg/m2/day on dayslito 5, Doxorubicin 60mg/m2/day on day 5.
Vincristinel S5mg/m2/day on daysland 5) and VP/CIS (Etoposide
100mg/m2/day on daysito 5 and Cisplatinum 40mg/m2/day on
daysl to 5) starting with a CADO cycle. Surgery was performed at
the end of the induction chemotherapy prior to bone marrow
harvest for graft. Autologous bone marrow was purged using an
immunomagnetic depletion technique slightly modified by Lopez et
al. from the method initialy described by J. Kemshead.
Consolidation regimen was performed after a predetermined plan:
-Patients in complete remission (CR) or in very good partial
remission (VGPR) received the association of Vincristine,
Melphalan and a 12 Grays fractionated total body irradiation (TBI)
followed by autologous purged bone marrow rescue.

-Patients in partial remission (PR) underwent the double
autologous bone marrow transplantation (ABMT) programme of the
LMCE group consisting of a first consolidation made of BCNU 300
mg/m2 on day 1, VM26 250 mg/m? on days 2 to 5, Carboplatinum
250 mg/m? on days 2 to 6. A second bone marrow harvest with
immunomagnetic depletion was performed prior to a second
consolidation made of Vincristine, Melphalan and TBI. These
patients received as part of a double blind study of recombinant
GM CSF 14 microgramme/kg/day as a continuous infusion of CHO
material(Sandoz) during 14 days following either the first or the
second ABMT (so that all patients received GM CSF and placebo

once),
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The timing for bone marrow sampling for the study was as follow:
a sample was harvested from four different sites of the iliac bone
under anesthesia at diagnosis, after induction chemotherapy
(around first bone marrow harvest for ABMT), between the two
grafts if applicable. The post-graft sampling was made of 7
samples harvested (when possible due to the poor condition of

some of these patients) at 2, 6, 9, 12,18, 24, 28 months post TBI.

Information about long term survivors were obtained by studying
the marrow from patients treated by other induction chemotherapy
protocols who underwent the same single ABMT consolidation

regimen as CR patients.

Patients were between 2 and 4 years old. Ten hematologically
normal patients (stage 1| neuroblastoma patients with comparable
ages), normal bone marrow samples from healthy allogenic bone
marrow (ransplantation  donors were also investigated as

controls.

Long term bone marrow culture study (LTBMC) were as follow.

The sample (about 2 ml over heparine-Roche) was diluted (1/3)
with Iscove's medium (Gibco) and centrifuged over ficoll of
density 1.119 (Sigma) 10 minutes at 200 g followed by 15 minutes
at 400 g to get rid of most of the red cells. The nucleated
overlaying cells were washed three times (10 minutes at 400 g) in

Iscove’s medium 2% foetal calf serum (FCS-Boehringer) and
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cultured (5% CO, at 33°C) after the viability of the cells had been
assessed by the trypan blue exclusion test (2.106 viable cells/ml
in Iscove's medium 10 % FCS, 10% horse serum - Boehringer, 106
M hydrocortisone hemisuccinate - Sigma). Half of the supernatant
was removed each week, the collected cells were counted
(expressed 1n million cells per millilitre, C/ml) and the
clonogenicity of granulocyte-macrophage progenitors (GM CFU)
was tested in triplicate among the non adhering cells using
conditioned medium of the human 5637 cell line as a source of
hemopoietic colony stimulating factors (105 cells/ml in Iscove's
medium, 0.3 % agar -Difco, 20% conditioned medium of 5637 cell
line, 15 % FCS, cultured in Petri dishes at 5% CO,, 37°C). The
presence of preadipocytic cells identified among the stromal cells
by fat inclusions (Fluorescence of Nile red dye -Aldrich, 10 mg/ml,
excitation wavelength: 450-500 nm, emission wavelength >580

am) was also monitored.

Cultures in agar without conditioned medium from 5637 cells
were also set up in order to test the growth of other cell types
(1.e. tumor cells). All the semi-solid cultures were scored on day
11, the «colonies being defined as groups of more than 50 cells,
clusters as groups of 10 to 50 cells. The mean counts of three
Petri dishes containing GM CFU colonies was expressed as the
quantity of clonogenic cells to the number of viable cells
harvested per millilitre of LTBMC supernatant, on the day of

collection and agar culture (GM CFU/ml).
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Supernatant samples from LTBMC were cytocentrifuged (10
minutes at 200 g) on glass slides. The cells were stained to
evaluate the presence of tumor cells in the culture. Three
dimensional out growth of potential tumor cells occured 1n the
cultures established from patients with advanced bone marrow
metastatic neuroblastoma. They were removed from the stroma
layer in some of the flasks of each cultured sample by flushing
with medium and subcultured for 4 to 8 weeks, in order to initiate
spheroid growth (Iscove's medium, 15% FCS, 0.2% agar at 5 % CO,,
37°C). The spheroids of cells obtained were freezed down or
included in parafin and processed for histological analysis and/or
assayed for neurone specific enolase (NSE) or anti GD2 respoase
using enzymo-immunological assays (DAKO). Due to the large
variation of results observed between various batches of serum,
all the horse and fetal calf serum used have been preselected
through long term and short term cultures of normal human or
mouse boge marrow and the same batches has been used during all

the length of the study.

Among the 12 studied patients only 5 have completed the protocol.
The semilogarithmic scaled figures show the quantity of cells and
the pattern of clonogenicity of the GM CFU among supernatant cells
during the time course of the cultures. Results of clonogenicity
experiments using colonies counts or cluster plus colonies counts
are comparable. In most of the experiments of secondary semi-

solid culture from neuroblastoma patients bone macrrow cells, as
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well as some colonies or clusters of tumor cells may be evidenced
due to their peculiar morphology.

The quantity of viable cells and the clonogenicity of the GM CFU
among supernatant cells during the LTBMC were followed for at
least one month. The settling tumor cells could be subcultured and
characterized as spheroids. The interactions between
neuroblastoma cells and the bone marrow stiroma could be
evidenced through the culture, histological and immunocytological
data. When available fresh stromal layer where also investigated.
The clinical trials of GM CSF have already evidenced its usefulness
in the treatment of granulopenia, however long lasting effects on
other cells (stromal cells or tumoral cells) are not well
documented. The human LTBMC assay we have developed
demonstrate the production of hemopoietic stem cells for several
weeks and might be of diagnostic and prognostic value to assess
neuroblastoma invasivness and the functions of the bone marrow
during treatment. During this assay no long term effect of GM CSF
was evidenced when comparing ABMT and placebo versus ABMT and
GM CSF for each patient

(figures la to 5a: Cellularity in LTBMC from patient 1-5, figures
1b to Sb: Clonogenicity in LTBMC from patient 1-5). The long term
bone marrow cultures of the neuroblastoma patients are impaired
in terme of cellularity and clonogenicity when compared to stage I
neuroblastoma patients with comparable age as controls (figures
6, 7, 8, 9. Mean cellularity in LTBMC from patients at diagnostic,
Mean clonogenicity in LTBMC from patients at diagnostic, Mean

cellularity in LTBMC from controls, Mean clonogenicity in LTBMC
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from controls). The results of the cultures for patients who did
not received GM CSF and for the patients who received it are very
similar suggesting that the treated patients do not evidence long
term effect of GM CSF on the bone marrow (figures 10, 11, 12, 13:
Mean cellularity in LTBMC from patients after ABMT, Mean
cellularity in LTBMC from patients after ABMT and GM CSF Mean
clonogenicity in LTBMC from patients after ABMT, Mean
clonogenicity in LTBMC from patients after ABMT and GM CSF).
LTBMC from normal bone marrow donors give very similar results
to LTBMC from stage I neuroblastoma controls. Late survey (more
than 10 months after total body irradiation and up to 28 months)
do not evidence a clear GM CSF effect either, although the LTBMC
evidence the long lasting impairment of the marrow functions
following the therapies (figures 14, 15, 16, 17: Late survey of
clonogenicity in LTBMC after ABMT without GM CSF, Late survey of
cellularity in LTBMC after ABMT and GM CSF, Late survey of
cellularity in LTBMC after ABMT without GM CSF, Late survey of
clonogenicity in LTBMC after ABMT and GM CSF).

No secondary diseases have appeared for these patients. No bone
marrow exhaustion related to GM CSF treatment was reported. We
did not evidenced any effect of GM CSF on preadipocytes among
stromal cells during long term follow up.

Cloning and growth of neuroblastoma cells in semi-solid media
have been reported previously and the fundamental importance of
the interaction between tumor cells and hemopoietic function for
diagnosis, prognosis and follow up has been emphasized. We did not

evidence any action of GM CSF either on the number of clonogenic
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tumoral cells,which may be representative of the quantitative
growth potential of the tumor, or on the spherotd subcultures,
which may be closer to the typical growth behavior of the tumors.
Histochemical stainings, cytological examinations and
immunoenzymatic assays for the presence of NSE and GD2 did not
evidence any change in the differentiation pattern of
neuroblastoma cells following growth factor therapy. The observed
normal initial hemopoietic cell production already documented
suggests that the interaction between impaired bone marrow
function and neuroblastoma cell growth is not a direct inhibition

of the hemopoietic stem cell production.

Results evidence no long term effect of GM CSF infusion when
compared to control either on normal (hematopoietic or stromal)
cells or on tumoral cells. The assay we developed might be of
diagnostic and prognostic value to assess the functions of the bone
marrow during treatment and to assess the effect of

hematopoietic growth factors. During the GM CSF clinical trial for
solid tumor patients, at the level of LTBMC, we have not evidenced
adverse or posiuve effects of GM CSF on stromal cells. The GM CFU
clonogenicity assays and the production of mature cells in LTBMC
supernatant are not modified either. Abnormal cells do not appear
more frequently suggesting that in this peculiar disease the
tumoral cells are not senmsitive to the growth factor. No abnormal
bone marrow cells was evidenced by culture techmique. This
results suggest that, in this protocol, GM CSF has no long term

adverse effects on the bone marrow.
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3 HEMATOPOIETIC GROWTH FACTOR TREATMENT OF SECONDARY
APLASIA STUDY

GM CSF was used as a treatment in 21 compassionate need cases. A

study of short term side effects and in vitro effects of the growth

factor was set up.

Patients had marrow failure (less than 500 blood leukocytes/mm3)
following allogenic bone marrow transplantation for the treatment
of aplastic anemia, chronic or acute leukemias (the conditionning
regimen included a {0 Gy single exposure total body irradiation)
and was associated with graft versus host disease (11 patients),
cytomegalovirus  or other viral infections (10 patients), veino
occlusive disorder (in one case), aspergillosis or candidosis (3
patients). Patients received a first cure of 0.216 mg per day for 14
days subcutaneously. The treatment was continued when needed
and well tolerated. Vital signs monitored were weight, systolic
pressure, diastolic pressure, radial pulse, respiratory rate, body
temperature and maximal temperature. Karnofsky performance was
scored.  Hematology included blood leukocytes, erythrocytes,
platelets, reticulocytes, eosinophils, monocytes, lymphocytes,
basophils, neutrophils, hemoglobin, hematocrit. Biochemistry
included measurement of Sodium, Potassium, Creatinine, Urea,
Calcium, Total Bilirubin, ASAT (GOT), ALAT (GPT), Gamma GT,
Alkaline phosphatase, Total Cholesterol, Total Protein, Albumine,

Globuline, Uric Acid, Glucose. Overall tolerability and efficacy was
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correlated to the concomitant medications and assessed by
investigators. Attempt to established long term bone marrow
cultures for some of these patients and for patients with severe
aplastic anemia patients who did not received GM CSF were
realised. The sample (aboutl ml over heparine-Roche) was diluted
(1/3) with Iscove's medium (Gibco) and centrifuged over ficoll of
density 1.119 (Sigma) 10 minutes at 200 g followed without stop
by 15 minutes at 400 g to get rid of most of the red cells. The
nucleated overlaying cells were washed three times (10 minutes
at 400 g) in Iscove's medium 2% foetal calf serum (FCS-
Boehringer) and cultured (5% CO; at 33°C) after the viability of
the cells had been assessed by the trypan blue exclusion test
(2.108 viable cells/ml in Iscove's medium 10 % FCS, 10% human AB
secum - CNTS, 106 M hydrocortisone hemisuccinate - Sigma). Half
of the supernatant was removed each week, the collected cells
were counted (expressed in million cells per millilitce, C/ml) and
the clonogenicity of granulocyte-macrophage progenitors (GM CFU)
was tested in triplicate among the non adhering cells using
conditionned medium of the human 5637 cell line as a source of
hemopoietic colony stimulating factors (105 cells/ml in Iscove's
medium, 0.3 % agar - Difco, 10% conditioned medium of 5637 cell
line, 15 % FCS, cultured in Petri dishes at 5% CO,, 37°C).The main
probleme encouater was the very low quantity of cells in the
sample (we had to use Leighton tubes or 10 square centimeters
dishes in order to keep a high concentration of cells in the culture

as attempt to culture the cells at lower density were
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unsuccessful) and its sensitivity to the toxic effects of horse

serum.

Overall tolerability was good or very good in 17 cases, moderate
in 4 cases, no poor tolerability was reported. Efficacy was good or
very good in 12 cases, moderate in 5, slight in one case and no
efficacy at all was reported in 3 cases. The large heterogeneity of
the indications for compassionate need case do not allow to draw
a general conclusion from this. study. However it appears that the
dose used during this assay (which was about 8
microgrammes/kg/day) was well tolerated and had a positive role
on leukopenia in most patients as evidenced by the results of the
hematology couats

(figures 18, 19, 20, 21, 22: Mean leukocytes counts during GM CSF
treatment, Mean erythrocytes counts during GM CSF treatment,
Mean platelets counts during GM CSF treatment, Mean hemoglobin
level during GM CSF treatment, Mean hematocrit during GM CSF
treatment) The observed changes on platelets and red cells counts
correlate with transfusion of these elements to the patients and
are not likeky to be due to a direct positive role of GM CSF on
these cell lines. When a patient received more than one treatment
it appear that there was no long lasting effects on leukocytes
blood counts and that the effects of the cure were not really
cumulative although some patients had higher leukocyte level
during the repeated cures (figures 23a to 23e: Leukocytes couants
in GM CSF treatments of five patients). Cell production exhaustion

was not reported in response to GM CSF therapy although the given
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dose had to be enhanced for some patients in an attempt to reach a
better efficacy (up to 0.638 mg per day). The growth factor
therapy does not seems to act on the other studied parameters.
Study on bone marrow failure using a long term bone marrow
culture technique has laid to unclear results: we have been able to
developpe an assay for aplastic bone marrow (using human AB
serum instead of the classical horse serum used in LTBMC, a
stromal layer was established in a majority of the cultured
samples from severe aplastic anemia patieants) but the important
individual variability and the poor condition of the patients has
not allowed us to evidence any gain or loss from GM CSF with the
techniques we used. We concluded that this type of culture is

inappropriate for those patients.
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4 CONCLUSION

Although a large variety of clinical trials have been set up,

the efficiency of human recombinant GM CSF therapy in the
tceatment of leukopenia is not well established yet. Our results
suggest that there is no contraindication to the use of GM CSF for
the treatment of leukopenia due to adverse long term effect of GM
CSF or because of the rather mild side effects reported during

these studies.

Most of the initial studies were performed in vitro and in vivo
with glycosylated GM CSF produced by gene expression in
eukaryotic cells (namely chinese hamster ovary cells). However
the GM CSF now available for clinical trials is obtained from
prokaryotic strain (E. coli) and thus non glycosylated. In vitro
studies have shown that non glycosylated growth factors (except
erythropoietin which is highly glycosylated in its natural form)
have comparable activities to glycosylated forms. However, the
presence of antibodies to non glycosylated GM CSF has been
observed 1n the serum of treated patients. The selective
immunization could hinder the efficacy of the treatment.
Furthermore, a lower efficacy for blood hematopoietic stem cell
harvesting (for autologous blood stem cell transplantation) has
been recently reported. The differences observed between in Vivo
effects of non glycosylated versus glycosylated growth factors

suggest that further studies are needed.
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Granulocytes colony stimulating factor (G CSF) and interleukin 3
are promising hemopoietic growth factors entering clinical trial
for the treatment of aplasia. Other growth factors are going to be
on clinical trial and some of their properties may be important for
radiopathology patients (such as interleukin | wh.ch may have a
radioprotective effect, interleukin 6 which may act on primitive
stem cells, TGF [ which protect experimental animals against
sepsis). Although their side effects are rather well identified,
long term effects are not known, and may be of peculiar
importance for IL 3 which is known to stimulate the growth of
some leukemia cell lines. Furthermore clinical trials for
combination of growth factors (IL 3 plus GM CSF for example) are
going to be set up and the side and long term effects are not well
documented. The assays we have developed will be adapted to the
new protocols in order to assess their long term effects. New
other assays should be developed in order to study the potential

use of these factors for overexposed patients.
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