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A quantitative study has been made of the interactions between radiation leu-
kemia virus (RadLV), its murine sarcoma virus pseudotype, and their C57BL host
cells. The elimination of interference phenomena by delayed infection of cells with
RadLV made possible the quantitative determination of the pseudotype in terms of
defective sarcoma and endogenous RadLV particles. This in turn permitted the
quantitative assessment of RadLV helper activity and of the various factors which
influence the accuracy and sensitivity of the helper assay.

Research in the field of murine leukemia
has long been hampered by the lack of a rapid
and precise in vitro procedure for the titration of
the corresponding viruses. An indirect approach
to such an assay finally became possible with the
discovery of murine sarcoma virus (MSV) (6,
10), which can be assayed in vitro by the forma-
tion of foci of morphologically altered cells
(5, 11). This virus undergoes loss of infectivity
in the hamster and can be rescued from the de-
fective state with the help of murine leukemia
viruses (7).
By studying titration patterns of MSV, O'Con-

nor and Fischinger (12, 13) showed that three
viral components are involved in focus forma-
tion: defective MSV particles, leukemia virus,
and fully competent MSV particles, which appear
to consist of aggregates of the first two. With this
knowledge, it became possible to titrate murine
leukemia viruses in terms of their helper activity.

Radiation leukemia virus (RadLV) was first
tested for helper activity by Igel et al. (8), who
established that it does behave as a helper virus,
and that a RadLV pseudotype of MSV can be
obtained. Later, Fischinger and O'Connor (3)
adapted the quantitative helper titration to
RadLV, using as indicator the Moloney leu-
kemia virus (MLV) pseudotype of MSV,
MSV(MLV), and Swiss mouse embryo fibro-
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blasts as host cells. Attempts to use cells from
C57BL mice, the host of origin of RadLV, re-
sulted in reduced focus formation.

It appeared of interest to us to investigate
RadLV helper activity, using the RadLV pseudo-
type of MSV and C57BL cells. From a practical
standpoint, it would avoid the introduction into
the laboratory of an extraneous virus, MLV.
Titration of RadLV would thus take place
entirely within its own system, and might result
in a more sensitive assay. Furthermore, the
characterization of our MSV(RadLV) stocks in
terms of their viral components should be
possible in such a system.

MATERIALS AND METHODS

Equations and symbols used. The equations used in
the text are fully explained and justified in the ac-
companying article (4); we summarize them here for
the convenience of the reader: equation 6, PT _
dV/NKi; equation 5, 'i.d X d = N[NPT(O)]/V2;
equation 9, l(assay) = NAF(O)/[V(assay)Vid d]K-i.
PT = probability of transformation; N = number
of cells; Ki = dilution factor; NPT(O) = extrapolation
to zero dilution of foci per dish; AF(O) = extrapola-
tion to zero dilution of A foci; V = volume of fluid
containing virus particles; C, D, L = competent, de-
fective, leukemogenic particles; c, d, I = concentra-
tions of above (in particles per milliliter); Li.d =
leukemogenic particles in indicator; L(assay) = leuke-
mogenic particles in helper.

Accuracy considerations. Error in estimate of cell
number, ±5%; error in volume accuracy, ±5%;
error in extrapolations, ±5%; error in dilutions (at
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1:160), ±E3%; standard error of the mean as in-
dicated in the figures.

Derivation of virus stocks. RadLV was used either
as a cell-free extract in phosphate-buffered saline
(PBS of RadLV-induced lymphoid tumors of
C57BL/Ka mice (9) or as plasma ofW/Fu rats with
RadLV-induced autochthonous or isologously trans-
planted lymphomas (1). For some experiments, the
plasma-derived virus was purified by banding on PBS-
sucrose density gradients and by using the active frac-
tion at density 1.16 g/cm3. The virus-containing rat
plasma and the density gradient bands were obtained
through the courtesy of E. F. Walker of this depart-
ment.
MSV(RadLV) was obtained by a modification of

the method of Igel et al. (8) for the rescue of the
defective MSV genome by RadLV; the original pro-
cedure was not successful in our hands. The modifica-
tion (M. Lieberman, A. Decleve, and H. S. Kaplan,
Proc. Amer. Ass. Cancer Res., p. 51, 1969) consisted
of (i) exposing the hamster tumor line HT-1, which
is known to bear the defective MSV genome, to
X-ray irradiation in a single dose of 5,000 r, to counter-
act its tendency to overgrow the normal cells; and (ii)
substituting RadLV-infected cultures of infant C57BL/
Ka spleen or thymus for the embryonic fibroblasts
used by Igel et al. (8). The HT-1 cell line was obtained
through the courtesy of H. Igel, National Institutes of
Health, Bethesda, Maryland. After co-cultivation for
1 week, the mixed cell population was injected into
neonatal C57BL recipients, both intramuscularly
and intraperitoneally. In 7 of 12 animals, localized
tumors in the thigh and on the diaphragm developed
after about six weeks and were found on histologic
examination to be fibromyosarcomas. Similar tumors,
which grew progressively and killed nearly 100%0 of
the recipients in 2 to 3 weeks, were produced by in-
jection of coarse cell suspensions from the primary
tumors, and of cell-free extracts of such transplant
tumors into neonatal C57BL hosts. Of the other
strains tested, only BALB/c mice and their F, hybrids
with C57BL were found susceptible to sarcoma in-
duction. The rescued MSV genome thus appears to
have the sarcomagenic host range that would be ex-
pected of the RadLV pseudotype (8). In addition,
recent work indicates that it is neutralized by anti-
RadLV serum. For these reasons, we designated it
MSV (RadLV); subsequent cell-free passages have
been numbered Pi, P2.... In the studies reported
here, we used the sixth passage of the pseudotype and
refer to it as P6 indicator virus.

Preparation of virus-containing extracts. The same
proCedure was used in the preparation of RadLV
and of the MSV(RadLV) pseudotype. The source of
material was, in the case of RadLV, lymphoid
organs from leukemic C57BL mice and, in the case of
MSV(RadLV), the sarcomatous growth at the site of
virus injection, usually the thigh of mice of the same
strain. The entire procedure was carried out at 4 C.
The tissue excised from the donor animals was ground
in a mortar with sand, and the resulting homogenate
brought to 20% with PBS. This suspension was then
clarified by four cycles of centrifugation of 10 min
each at ca. 2,000 X g, in the multispeed attachment

of the International refrigerated centrifuge. The final
supernatant fraction served as virus stock and was
stored frozen in liquid nitrogen.

In the case of MSV(RadLV) extracts, an additional
step, designed to remove competent aggregates (13),
was introduced. The 20% extract was diluted 1:10
in PBS and subjected to centrifugation at ca. 3,000 X
g for 15 min in the SW 39 rotor of the Beckman-Spinco
preparative ultracentrifuge. The upper 3/4 of the
centrifugate was carefully aspirated, and the bottom
layer discarded. The supernatant fluid was shaken on a
Vortex mixer, at the time dilutions were made for
inoculation of cell cultures and just before inoculation
of the cultures.

Cell culture. Strain C57BL/Ka mouse embryo
fibroblasts (MEF) were used for the focus assay of
MSV(RadLV) and for the assay of RadLV helper
activity.

Cells (12 X 106) from embryos aged 12 to 14 days
were plated in 75-cm2 plastic culture flasks (Falcon
Plastic, Los Angeles, Calif.) in a growth medium con-
sisting of McCoy's medium (Grand Island Biological
Co.) with 15% fetal bovine serum (heated 30 min
at 56 C) and 100 Aug/ml of penicillin and streptomycin.
The cultures were incubated at 37 C in a humidified
atmosphere of 5% CO2 in air.

Secondary cultures were prepared 5 days later by
trypsinization. Suspensions of 4 X 105 cells in 5 ml
of growth medium were plated in integrid culture
dishes (60 by 15 mm; Falcon Plastic, Los Angeles,
Calif.) and incubated for 24 hr as above. At that time,
the cultures were ready for infection. One or 2 dishes
per tray of 12 were trypsinized for a direct cell count;
cell density was usually 1.5 X 105 to 3.5 X 105 per
dish. In each experiment, the actual cell number found
was used for the calculation of virus titer.
MVS(RadLV) focus assay. The focus assay pro-

cedure was essentially that of Hartley and Rowe (5)
as modified by Fischinger and O'Connor (2). In each
titration, the secondary MEF cultures were infected
with at least seven serial dilutions of virus stock. At
the lower dilutions, 6 dishes were used per dilution
and up to 12 at the higher dilutions to decrease the
standard error. Growth medium was removed from
the dishes, and 0.2 ml of the appropriate MSV(RadLV)
dilution was added. The dishes were returned to the
incubator for 1 hr, and then received either 0.1 ml
of medium or 0.1 ml of a saturating dilution ofRadLV
(see below for definition). After additional incubation
for 1 hr, the cultures were fed with 5 ml of mainten-
ance medium, consisting of McCoy's medium with
5% agamma calf serum (heated for 30 min at 56 C),
antibiotics, and 50,ug of mycostatin per ml. They were
then incubated for 5 days to permit development of
foci.

Counting of foci. To avoid the necessity of scanning
all dishes on the same day, the cultures were per-
manently fixed, and foci were counted when it was
convenient. The fixation procedure consisted of re-
moving the medium from the cultures, washing with
PBS, fixing for 10 min with 10% glutaraldehyde in
PBS, washing with distilled water, and inverting to
dry. At the time foci were to be counted, a small
amount of water was added to the dishes, to facilitate
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viewing. The foci were counted microscopically by
two readers and by a third person whenever there was
a discrepancy of more than 15%.

Assay of RadLV helper activity. The procedure used
was similar to that just described for focus assay with
the following exceptions: the secondary cultures were
infected with 0.2 ml of a predetermined dilution of
MSV(RadLV) indicator, and, after 1 hr of incuba-
tion at 37 C, 0.1 ml of serial, 1.5-fold dilutions of
RadLV was added.

RESULTS

Effects of interference and their elimination.
The focus assay of MSV(RadLV) yields the
results shown in Fig. 1. When the indicator
stock obtained after centrifugation and shaking
is used, the titration curve is a straight line with a
450 slope, indicating that few, if any, competent
particles remain. If, however, the final shaking
step is omitted, the curve flattens out at the
higher virus dilutions, indicating that competent
virus is present. This confirms the earlier sug-
gestion (13) that competent particles consist of
aggregates of leukemia and defective sarcoma
virions. The tendency to aggregate appears to
be strong: after centrifugation to remove existing
aggregates, competent particles are still evident,
presumably formed by reaggregation. However,
such aggregates must be loosely bound, since
they can be dispersed by mere shaking.
By extrapolation to zero dilution of the

straight line in Fig. 1, it is possible to determine

.,,i05
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S.0.

13 104
Virus dilution

FiG. 1. Focus titration pattern of P6 indicator on

C57BL MEF. Symbols: 0, virus preparation cen-

trifuged;-, virus preparation centrifuged and shaken.

the titer of the preparation expressed as focus-
forming units per milliliter (4.4 ± 0.2 X 106).
This value, however, gives no indication of the
actual composition of the pseudotype in terms
of defective (D) and leukemogenic (L) virions;
it merely reflects the combined effect of these
two types of particles on the host cell. By use of
equation 5, the additional information may be
gained from the focus-forming units per milli-
liter value, that the product of lind X d is

N[NPT(0)] 2.5 X 105(4.4 i 0.2 x 106)
V2 4 X 10-2

= 2.8 0.1 X 1013 (particles/ml)2

To obtain an independent estimate of the value
of d, a titration must be performed with sufficient
helper virus (L particles) present to permit
essentially every D particle to express itself.
Only under such conditions can equation 6 be
applied.
We performed a helper assay by the procedure

of Fischinger and O'Connor (2) to establish the
amount of RadLV which must be added to
achieve helper saturation. The results, plotted as
A foci versus dilution of RadLV, are shown in
Fig. 2. The general appearance of the curve can
be described as follows: a first region, at virus
dilutions <10-fold, showing diminished focus
formation, consistent with the finding of
Fischinger and O'Connor, which has been at-
tributed to interference; a second region (at

.L_

1WI 10 102 ldJ
Dilution of- helper virus

FIG. 2. Effect of interference on helper assay of
RadLV with P6 indicator. Increasing dilutions of
RadLV were added to cultures, together with a dilu-
tion of indicator which by itself yielded 6.7 0.5
foci.
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10- to 30-fold virus dilutions) featuring an ap-
parent plateau ("pseudo-plateau"); and a third
region (at dilutions of 30- to 650-fold) which is
more or less linear, but with a slope of less than
450. The sharply descending last portion of the
curve, at higher dilutions, is an artifact of the
plotting procedure. The A foci here approach
zero (and the log of 0 approaches minus infinity).
From the overall appearance of the curve, one
may suspect that interference is still effective at
helper dilutions well beyond the pseudo-plateau.
Clearly this experiment cannot yield data useful
for the calculation of helper activity. The helper
assay procedure requires a true plateau followed
by a linear region of 450 slope.
We therefore investigated the possibility that

sequential application of the indicator and
RadLV might significantly reduce interference.
Prior infection with indicator should permit the
defective particles, which, as will be shown
later, are relatively few in number, to attach to
sites on the cell membrane but leave additional
sites vacant for subsequent infection with RadLV.
Conversely, prior infection with RadLV might
permit the leukemia virions to occupy most
sites, thereby reducing the probability of coin-
fection with defective sarcoma virus particles.
To test this possibility, cultures were infected by
three procedures: TO procedure, in which both
virus preparations were added to the culture
dishes within 5 min of each other; T+ procedures,
in which helper virus was added 1, 2, or 3 hr
after infection with indicator; and T- pro-
cedures, in which helper virus was added 1, 2,
or 3 hr before infection with indicator. Control
cultures received an equivalent volume (0.1 ml)
of medium in the place of helper virus prepa-
ration. In Fig. 3, the upper curves are numbers of
foci ob.ained with indicator alone (curve b)
and indicator plus RadLV (curve a). The in-
crease in number of foci seen in curve b for the
T+ procedures is probably a result of the in-
creased time interval h--wua infection by in-
ciic.a-or and dilwiti)rn of thc virus by feeding, al-
iow.,ting for irmproved contact between the host
cell and both Lind and D virions. Decreases in
v;u;;.ber of foci for the T - 3 procedure may be
partially due to the fact that 0.2 ml of medium
was added to the cultures 1 hr before the in-
dicator. This was done to keep the cells moist
and may have diluted the virus somewhat,
thereby reducing contact with the cells.
From curve 3a, it is difficult to estimate ac-

curately the extent of interference and the time
intervals during which it is operative. For this
reasaJ. we have calculated curve 3c which nor-
l-,ve 3a to take into account the differ-

enc&s in nurrlilers of foci obtained with the differ-

-3 T-2 T- TO T+1 T+2 T+3
Time o- addition og Pad LV (curve a)

or medium (curve b)
FIG. 3. Results of timing experimenits. P6 indicator

diluted 1:380; RadLV stock diluted 1:5. Curve a,
infection with both indicator and RadLV. Curve b,
infection with indicator only. Curve c, data of curve a
niormalized to accommodate variationis in the number
offoci obtained withl indicator alon2e (curve b).

ent T procedures, relative to the results with
indicator alone (curve 3b). Since two types of
particles are involved in focus titration, we have
subtracted the square roots rather than the
actual focus numbers.
Curve 3c shows that interference occurs with

the TO, T - 1, and T - 2 procedures. It appears
to lessen from TO to T - 3, at which point it is
no longer observable, for reasons which are not
clear at present. It is evident that the T+ pro-
cedures effectively abolish interference.
Focus titrations were performed with the

indicator alone by the use of procedures T - 3,
TO, and T + 3 to ascertain that the differences
observed in Fig. 3, curve b, would be maintained
at other virus dilutions. The results plotted in
Fig. 4 yield three parallel straight lines of 450
slope. Other experiments, however, have re-
vealed that the displacement of the parallel
lines is not constant from one experiment to the
other. The number of foci to be expected from a
given indicator with the T + 3 procedure is thus
not predictable; hence, the T + 3 procedure is
not appropriate for routine use. The method of
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FIG. 4. Titration patterns of P6 indicator for TO,

T - 3, and T + 3 procedures. The fact that these
lines are essentially parallel justifies the procedure
utsed to obtain Fig. 3c. The slopes (least squares) are

-0.98, -1.06, and -0.99 for T + 3 (D0), TO (0),
and T - 3(0), respectively. Corresponding residual
variance values are 0.005, 0.005, and 0.011.

choice appears to be the T + 1 procedure, since

(i) there is no interference at this interval; (ii)
the level of foci produced by indicator alone is
predictable, i.e., it is the same as that found at
TO; and (iii) the procedure is more rapid, so

there is less chance of damage to the host cells.
The T + 1 procedure was therefore routinely
employed for helper assays in all subsequent
studies.

It may be pointed out that interference de-
pends not only on the time interval between
inoculation of indicator and of helper, but also
on their respective concentrations. Thus it was
found that a RadLV dilution which produces
interference with a fairly concentrated indicator
preparation will not do so when used with a
less concentrated indicator. However, any ad-
vantage derived from the use of a less concen-
trated indicator is nullified by the resulting loss
in sensitivity.

Composition of indicator and assay of RadLV.
A series of experiments was performed to study
the composition of MSV(RadLV) and to measure
the helper activity of RadLV. The T + 1 pro-
cedure was used and control assays were run

simultaneously with the same ingredients, but
following the TO procedure (Fig. 5). It is evident
that the curve depicting the TO assay has es-

sentially the same features as already described
for Fig. 2; a few additional comments are in

order. (i) The curve appears to have a linear
segment with a 450 slope. That part of the curve
could be used for extrapolation to zero dilution,
but it is located at low A foci values. Here the
standard errors become quite large, a necessary
consequence of Poisson statistics and ex-
perimental limitations. This portion of the
curve is, therefore, unsuitable for precise de-
terminations. (ii) It will be noted that the stand-
ard errors are also quite large in the region of
the pseudo-plateau, although for a different
reason: there is considerable variation in num-
bers of foci in replicate dishes at this level. In
addition, the foci are not well defined, leading to
difficulty in counting.

Elimination of interference by the use of the
T + 1 procedure results in the titration pattern
also shown in Fig. 5. This curve differs from the
preceding in the following respects.

(i) The 450 slope extends to higher values of
A foci with resultant improvement in standard
error and suitability of this portion of the curve
for extrapolation.

(ii) A true plateau is reached, at higher A
foci levels than could be obtained by the TO
procedure, indicating that saturation of the
system with helper has been achieved. Note the
small standard error in this zone, due to the
greater constancy in numbers of foci and their
more characteristic appearance, hence, ease of
counting.

It seemed advisable to repeat the helper assays
just described with a more active RadLV prepa-

0
LL
._

10o J0 10O'
Rod LV\ dilution

FIG. 5. Comparison of TO and T + I procedures for
helper assay. The P6 indicator alone, diluted 1:160,
yielded 32.1 + 2.2 foci. Symbols: 0, TO procedure;
*, T + I procedure.
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ration, so that it might be possible to extend
the saturation plateau beyond the 10-fold dilu-
tion feasible with mouse-derived virus. A highly
viremic rat plasma was used for this purpose
(Fig. 6). It is evident that, provided the plasma
virus has been purified by banding on a density
gradient, the T + 1 procedure eliminates inter-
ference even at high RadLV concentrations,
whereas the TO procedure leads to the previously
described interference effects. When nonpurified
rat plasma is used, there appears to be inhibition
of focus formation at low dilutions. This effect
gradually subsides with dilution and the titra-
tion curve reaches the same plateau level as that
observed for the purified preparation. The mecha-
nism of this inhibition is not understood; im-
munological factors may be involved.
The T + 1 curve can be used for determina-

tion of the viral components of the system.
The concentration of defective particles can be
derived from the plateau level by use of equation
6. As an example, one may use the information
obtained in Fig. 5. In the experiment in Fig. 5,
2.5 X 105 cells/dish were counted at the time
of infection. The indicator, P6, yielded an average
of 32.1 foci by itself at the 1:160 dilution used.
The observed value for A foci was 31; hence,
the total number of foci at the plateau level was
32.1 + 31 = 63.1. The concentration of de-
fective particles in the diluted indicator is given
by equation 6 for the 1:160 dilution: d = PTN/V =
63 i 2/(0.2 i 0.01) = 315 i 18 defective
particles/ml; the concentration in the undiluted
indicator stock is then 315 X 160 _ 5.0 -fi 0.35
X 104 particles/ml. It was pointed out earlier,
in the text discussion of the data of Fig. 1, that,
for the indicator, lind X d = 2.8 _±i 0.2 X 1013
(particles/ml)2. Hence there are in undiluted

102

0

.1o

FIG. 6. Helper assay with rat-derived RadLV. The
P6 indicator alone, diluted 1:250, yielded 13.0 0.9
foci. Symbols: O, TO procedure-RadLV purified
by density gradient banding; *, T + I procedure-
RadLV purified by density gradient banding; 0,

T + I procedure-non-purified RadLV. (*) The
AF values for RadLV dilutions 1:10 and 1:15 are not
shown because they represent numbers of foci lower
than those given by indicator alone; such negative
numbers would be meaningless in the graph.
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P6 stock 2.8 i 0.2 X 10'3/(5.0 0.35 X 104)
5.5 i 0.5 X 108 Lind particles/ml.

Figure 5 can also be used to calculate the
number of virions [L(assay)] in the RadLV
helper virus preparation, using either the pro-
cedure of Fischinger and O'Connor (2) or equa-
tion 9:

l(assay) NAF(0)

d X V(assay) X Vi.d
2.5 x 105 x 1.6 x 103 x 160

5 x 104 X 0.1 x 0.2

_ 6.3 ±t 0.8 X 107 particles/ml

Importance of endogenous leukemia virus.
If every defective particle in an indicator stock
is to be expressed, sufficient helper must be avail-
able to saturate the system, i.e., to ensure that
every host cell is infected by at least one leu-
kemia virion. According to Poisson statistics,
this means that there must be on the average
five virions per cell; at this concentration, the
probability that a given cell contains no virion is
about 0.01.
The very high concentration of leukemia virions

(Lind) found in the P6 indicator (5.5 X 108
particles/ml of undiluted stock) suggests that
they may well contribute to saturation in assays
of exogenous RadLV.
To test this hypothesis, we performed a focus

titration of indicator in the presence of a constant
amount of rat-derived RadLV. The numbers of
reacting particles at each indicator dilution are
given in Table 1, and the results of the experiment
are expressed in Fig. 7 as foci versus dilution (A)
and as focus-forming units per milliliter versus
dilution (B). Under the conditions of this experi-
ment, the system is saturated with helper virus
when there are a total of approximately 1.5 x

106 leukemia virions present. The column show-
ing total number of leukemia particles in Table
1 shows that the sum of li'd + l(assay) falls
below saturation level at indicator dilutions
greater than about 1:150. The expected break
in the titration curve is indeed observed in this
region, verifying the hypothesis. From this
point on, the number of foci becomes a function
of the dilution of Iid as well as of d; hence the
450 angle of the slope in curve 7b (corresponding
to 63.50 in curve 7a).

This experiment illustrates the importance of
specifying with accuracy the composition of the
indicator to achieve a better understanding of
the interactions between the defective sarcoma
and helper viruses.
Maximum values of A foci at various indicator

dilutions and their effect on assay accuwacy and

- F mTf r Tr C 1:1 1:111111 Illll Iiiilll I j
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TABLE 1. Titration of P6 inzdicator with conistanit amounit of RadLVa

P6 indicator, 0.2 ml Rat RadLV, 0.1 ml

Indicator dilution
No. of defective particles No. of leukemia particles No. of leukemia Total no. of leukemia

in indicator in indicator material particles

1/100 1 X 102 b 1.1 X 106 9 X 105 2.0 X 106
1/150 0.66 X 102 7.3 X 105 9 X 105 1.6 X 106
1/225 0.44 X 102 4.8 X 105 9 X 105 1.3 X 106
1/337.5 0.29 X 102 3.2 X 105 9 X 105 1.2 X 106
1/506.25 0.19 X 102 2.0 X 10' 9 X 105 1.1 X 106

a Total of 2.5 X 105 to 3.0 X 105 cells per dish were counted at the time of infection. Rat-derived
RadLV, 0.1 ml of a 1:105 dilution of a stock yielding 9 X 1011 L/ml. P6 indicator, 0.2 ml of various
dilutions of a stock containing 5.5 X 108 L/ml and 5 X 104 D/ml.

b Note that although the data are listed to two significant figures, these are merely the result of cal-
culation and do not imply such accuracy. However, the small dilution steps used (1:1.5) do result
in relatively good accuracy.

A

0 ~~~~~~~~~~~103

0~~~~~~~~~~~~0
10 lo2 0 10lo00o

lndicotor dilution

FIG. 7. Focus titration ofP6 indicator in the presenzce
of a constanit amotunt of helper virus (see Table 1).

sensitivity. An important consideration in the
helper assay is the determination of the indicator
dilution which will yield a large value of A foci,
thereby increasing the sensitivity of the test.
For this purpose, focus titrations were performed
with P6 indicator, either alone or in combina-
tion with a constant, saturating dilution of
RadLV. The T + 1 procedure was followed, and
the results are shown in Fig. 8, expressed as

foci versus dilution and as focus-forming units
per milliliter versus dilution.
At low dilutions of indicator, there is suffi-

cient endogenous leukemia virus present to
saturate the system; hence, the same results are
obtained with or without added RadLV. As
would be expected, the data points thereafter
describe a straight line with a 450 slope when the
system is saturated with RadLV and a 63.50
slope with indicator alone (Fig. 8A). In Fig.
8B, conversion of number of foci to focus-
forming units per milliliter brings these slopes to
00 and 450, respectively.
The values of A foci can be obtained from

Fig. 8A by subtracting the numbers of foci in

line b from those of line a. These A foci values
are plotted in Fig. 9, which also shows estimates
of standard errors calculated according to:
(SEA foci)2 = (SEiind)2 + (SEs.t. RadLV)2.

It is evident that the largest values of A foci
are obtained at indicator dilutions between 150
and 200, but it is also apparent that, at these
dilutions, large standard errors are to be ex-
pected. Optimal dilutions appear to lie between
200 and 400.
The failure to reach a value of A foci higher

than 30 to 35 stems from the high proportion of
L nd in the P6 indicator. It points out the im-
portance of determining the concentration of
Lind in an indicator stock, since this concen-
tration plays a dominant role in the sensitivity
of the helper assay.

DISCUSSION
In the foregoing experiments, we have de-

scribed the interactions within a system consisting
of RadLV, its MSV pseudotype, and C57BL
MEF cells. RadLV was previously described (3)
as essentially nonfunctional as a helper in C57BL
cells. It should be noted, however, that the in-
dicator, MSV(MLV), used in that study con-
tained an unrelated murine leukemia virus,
MLV. In the homologous system described
here, the only leukemia virus known to be present
in the assay was RadLV, and it behaved as a
competent helper.
Our attempts to quantitate the viral com-

ponents involved were hampered by the inter-
ference exerted by exogenous RadLV against
MSV(RadLV) in the helper assay. When inter-
ference occurred, it was impossible to achieve
expression of all the defective sarcoma particles
(by saturation with RadLV), and hence to de-
termine their number. Interference was over-
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FIG. 8. Assay of P6 inzdicator oni C57BL cells, expressed as: (A) foci, (B) focus-forminig units per milliliter
versus indicator dilution. Curves a (0), titration of indicator in the presence of a saturating concentration of
RadLV helper and by using procedure T + 1. Curves b, (0), titration of inidicator alone. The predicted slope,
the measures slope (least squares estimates), and residual variance are, for the indicator alone, -1 (45), -1.02,
and 0.001, respectively. For the indicator plus helper, they are -2 (63.5), -1.99, anzd 0.001.
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FIG. 9. Expected values ofA foci for various dilui-
tions ofP6 indicator when saturating amounts of helper
virus are added. Data are obtained. by subtracting
curve b from curve a in Fig. 8A. Symbols: solid lines,
calculated curve; 0, experimelntal values.

come by a modification of the usual assay tech-
nique: a 1-hr interval was introduced between
inoculation of cells with indicator and the ad-
dition of helper. This allowed maximal expres-

sion of the focus-forming capacity of MSV-
(RadLV) and made possible the quantitative
determination of this indicator in terms of its
viral components.

It was found that MSV(RadLV) consists, as

do other MSV pseudotypes, of defective sar-

coma particles, endogenous RadLV, and com-

petent units which probably are aggregates of
the two. The 104:1 ratio of leukemia to defective
particles which obtains in the indicator stock

studied here is higher than that observed for
other pseudotypes. It should be pointed out,
however, that this ratio is based on the assump-
tion (4) that the two types of particles are equally
efficient in infecting host cells. A further point
which should be noted is that there is no evi-
dence as yet to indicate whether the leukemogenic
and the helper activities of RadLV are located
in the same particle. Therefore, when mention is
made in this article of leukemia virus particles,
endogenous or exogenous, no direct reference
to their leukemogenic activity is intended.
The data presented are consistent with the

theoretical formulation and the computer simu-
lation described in a companion paper (4).
The internal consistency of the theory and the
data suggests that the assumptions upon which the
theory is based are probably not far removed
from biological reality.
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