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ABSTRACT

TrorNE, H. V. (Research Institute, Animal
Virus Diseases, Pirbright, England). Kinetics of
cell infection and penetration by the virus of
foot-and-mouth disease. J. Bacteriol. 84:929-942.
1962.—The kinetics of cell infection by the virus
of foot-and-mouth disease were determined, using
acidification to pH 5.7 to eliminate virus from
the system and to stop the reaction at required
times. The infection curve was sigmoidal in form
with an initial lag stage followed by a linear
region of slope, at moderate concentrations, pro-
portional to the virus and cell concentrations.
The infection rate was very small below 15 C but
increased rapidly with increasing temperature.
Cell infection was 909, complete in about 3 min
at 37 C and about 20 min at 25 C. By comparison
with kinetic equations derived for a simple model
of the infection process, adsorption and penetra-
tion rate constants were calculated. The adsorp-
tion rate constants were of the same order as
those obtained from direct measurements of virus
adsorption. The half-time for the penetration
reaction was about 30 sec at 37 C and 6 min at
20 C; the rate decreased to near zero values
below 15 C. The energy of activation for pene-
tration was 24,000 cal/mole.

—_————

A study of the kinetics of infection of cells by
animal viruses provides a means for exploring the
kinetiecs and mechanism of virus penetration as
well as being important for timing the following
events of virus multiplication. Penetration is
considered here to be the reaction between cell
and virus particle, following adsorption, during
which the virus particle loses normal infectivity
and initiates the multiplication process. The
number of cells infected at any time represents
the number of cells into which virus has pene-
trated, the rate of infection of the cell population
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being determined by the over-all rate of the
adsorption and penetration reactions. If allow-
ance can be made for the contribution of the
adsorption time, it should be possible to derive a
rate constant, characteristic of the penetration
reaction alone, from the rate of cell infection.

To determine the number of infected cells in a
cell-virus mixture, it is necessary to eliminate
virus particles in the liquid medium and at-
tached to the cells; the speed of this elimination
determines the accuracy with which the kinetics
of a penetration reaction can be followed.
Specific neutralizing antiserum of high titer
eliminates free virus rapidly, but neutralization
of adsorbed virus is often incomplete, particularly
at high virus concentrations, and the procedures
for removal of antiserum are disadvantageous.

The rapid inactivation of the virus of foot-and-
mouth disease (FMD) at acid pH values permits
the elimination of extracellular and cell-as-
sociated virus by momentary acidification of the
medium to pH values in the range 5.5 to 6.0
(Cartwright and Thorne, 1958), and use of this
method indicated that penetration of this virus
was very rapid at 37 C. A more extensive investi-
gation of the kinetics of infection of pig-kidney
cells in suspension at several temperatures is
recorded in this paper, and an attempt is made to
characterize separately the kinetics of the process
of penetration by comparing the results with the
predictions of a theoretical model of the infection
process. A summary of the results was presented
previously (Thorne, 1961).

MATERIALS AND METHODS

Media. The growth medium for cells, and the
medium normally used in studies of cell suspen-
sions, was Earle’s saline containing 0.019, yeast
extract, 0.5% lactalbumin hydrolysate, and 109,
ox or sheep serum (medium A). Monolayers in
petri dishes were grown in an atmosphere of 59,
CO; and air. The medium used for production of
virus was medium B, i.e., medium A without
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serum. Agar overlay consisted of medium B to
which were added 1.5%, Difco agar and 59, ox
or sheep serum. Phosphate-buffered saline
(PBS) was the diluent for virus titrations (Dul-
becco and Vogt, 1954). Penicillin (100 units/ml),
streptomyecin (100 units/ml), polymyxin (100
units/ml), nystatin (40 units/ml), and phenol
red (1:100,000) were incorporated in all media.

Cell cultures. Pig-kidney monolayers were
prepared essentially by the methods described
by Sellers and Stewart (1959); these cultures
were considerably variable both in growth and
in sensitivity to virus. Secondary monolayers in
6-cm or 10-cm petri dishes were used for assay.
Cell suspensions were prepared from primary
monolayers grown (5 to 7 days) in Roux bottles.
The monolayers were washed with Ca- and Mg-
free PBS, treated with an ethylenediaminetetra-
acetic acid (EDTA)-trypsin mixture (0.019
EDTA plus 0.019 trypsin in Ca- and Mg-free
PBS) for 15 to 30 min at 37 C, and the cells
collected by centrifugation. The cells were
washed and suspended in medium A and counted
in a Fuchs-Rosenthal counting chamber to at
least 400 cells. Counts in the presence of 0.1,
trypan blue showed that 959, or more of the cells
were unstained. Suspensions of the Stice pig
kidney cell line were obtained from monolayers
in the same manner. Suspensions of bovine
tongue epithelial cells were prepared by the
method described by Cartwright, Pay, and
Henderson (1957).

Virus strains. Strain M11 (type O) virus
grown at 37 C in pig-kidney monolayers and
harvested after 8 hr was used in the main in-
vestigation, but a few experiments were done
with Dutch 57 and Ven. 1 (type O) strains grown
in surviving fragments of cattle tongue epithelium
in tissue culture. Virus suspensions were stored
at 4 C and used within 10 days.

Assay of virus and infected-cell suspensions.
M11 virus suspensions were titrated as described
by Thorne and Cartwright (1961). After acidifica-
tion to remove virus, the number of cells in-
fected with the M11 strain was determined in the
same manner except that 109, serum was
incorporated in the PBS diluent. This gave a
509 higher plating efficiency for infected cells
than PBS alone. Final titers were based on a total
count of at least 100 plaques.

Dutch 57 and Ven. 1 virus and infected-cell
suspensions were titrated by intraperitoneal
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inoculation of unweaned mice (Skinner, 1951),
using a threefold dilution interval and ten mice
per dilution. End points were calculated by the
method of Spearman-Kiérber (Kérber, 1931).

Actd treatment. To remove virus from infected-
cell suspensions, 1 N CH;COOH or 1 v HCI was
added. Acidification to pH values in the range of
5.5 to 6.0 was found to be suitable, and pH 5.7
was chosen for routine use. In kinetic experi-
ments, samples were taken rapidly from cell-virus
suspensions by pipetting volumes of 2 ml into
small bottles containing the quantity of acid, in a
volume of 0.1 ml, required to bring the pH to
5.7. The pH was restored to neutrality after 1
min by the addition of 1 N NaOH.

RESULTS

Applicability of the pH method. The rapid rate
of inactivation of the virus of FMD at acid pH
is well established (Pyl and Klenk, 1933; Bach-
rach et al., 1957a; Cartwright and Thorne, 1958).
For the strains used in this work, the rate con-
stants for inactivation at pH 5.7 and 25 C were
greater than 10 min™!, corresponding to at least
99.9999, inactivation of infectivity in 1 min. In
the presence of cells, the rate of inactivation of
all virus, free and adsorbed, was determined in
the following manner. After varying periods of
adsorption, the pH was changed instantaneously
to 5.7; at intervals, the pH of a sample was
rapidly restored to pH 7.6 with 1 N~ NaOH, the
cells immediately disrupted with sodium dodecyl
sulfate (Cartwright and Thorne, 1958, 1959),
and the residual virus assayed. By this means,
the infected cells, which would otherwise register
as infective units, were destroyed and the residual
cell-associated virus dispersed. In a typical
experiment with bovine tongue epithelial cells,
for a virus input of 107 ip5/ml the residual virus
was less than 105 1ps/ml, i.e., less than 0.19, of
the number of cells infected (10*5/ml), within
30 sec of adding acid. (A sample of the original
suspension, treated with antiserum for 15 min
and washed five times by centrifugation with
PBS before disruption, still contained 10* 15/
ml. Washing six times without antiserum treat-
ment gave a final titer of 10 ip5/ml.) The major-
ity of adsorbed virus, as well as unadsorbed
virus, therefore was inactivated at pH 5.7 within
30 sec.

Similar results were obtained with pig-kidney
cells. As a result of the loss of infectivity of most
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of the M11 virus adsorbed by pig-kidney cells
(Thorne and Cartwright, 1961), cell-associated
virus was much less than in the other virus-cell
systems. After 30 min adsorption time and one
washing, cell-associated virus was only of the
same order numerically as the number of in-
fected cells and, after six washings, was reduced
100-fold. Acidification alone reduced the amount
of cell-associated virus another 100-fold. As in
the previous experiments with a 509, end-point
assay, the number of infected cells was unchanged
after times of at least 30 min at 25 C and pH 5.7
(Table 1), and the yields of virus at 37 C, 200 to
300 plaque-forming units (pfu)/cell, were equal
to the maximal yields obtained without pH in-
activation (Cartwright and Thorne, 1958).

Infection of bovine tongue epithelial and pig-
kidney cells by Dutch 67 and Ven. 1 strains. Figure
1 shows the log titers of the numbers of tongue
epithelial cells infected, determined by 50%, end-
point assay, after increasing times of contact of
cells and virus at several temperatures. The cells
were kept in suspension in- all experiments by
intermittent shaking. At high virus concentra-
tions (~ 108 1Dso/ml), the number of cells in-
fected was near maximum after a time as short
as 1 min at 37 C, within the accuracy of the
assay, and it was concluded that the two events
of adsorption and penetration took place very
rapidly; the longest time for penetration was 1
min plus the negligible time for pH inactivation.
At 30 and 20 C, the initial rate of the reaction
was decreased. There was no significant cell
infection at 4 C. Results with pig-kidney cells
were similar in all cases.

Infection of pig-kidney cells by the M11 strain.
To compare theory and experiment, a study of
the kinetics of cell infection under various condi-
tions, using a plaque assay, was made. The sensi-
tivity of cell suspensions and assay monolayers

TABLE 1. Survival of infected pig-kidney cells at

pH 67
No. of infected cells (pfu/ml X 1073)
Time
Expt 1 Expt 2

min
1 80 100
5 72 91
10 78 114
15 75 96
40 93 96
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FI1G. 1. Kinetics of infection of tongue epithelial
cells by the Dutch 57 strain at several temperatures
(0,37C; @,30 C; X,21 C; V,4C; 1078 1Dy/ml;
4.0 X 108 cells/ml; | signifies no positive reactions).

to virus varied and influenced the values of some
of the experimental parameters, but experiments
of the same type were repeated several times
to show that the observed relationships were
generally valid. When variables other than tem-
perature were studied, the experiments were
performed at 25 or 37 C. The form of the cell-
infection curve was better revealed at 25 C than
at 37 C, and experiments of longer duration were
possible without complication by virus multipli-
cation. Experiments with medium A and medium
B gave similar results; results quoted are for
medium A only.

Influence of time and temperature. The general
form of the curve for temperatures from 20 to
37 C giving the number of cells infected at dif-
ferent times after mixing cells and virus is shown
by a typical curve for 25 C (Fig. 2A). An initial
transient portion of increasing slope was followed
by a linear region, where the greatest rate of
increase occurred, and finally by a region from
15 to 20 min onwards (for 25 C), where the rate
decreased to zero. At high virus concentrations,
incubation for 4 hr after this time (at 25 C) pro-
duced no further increase in the number of in-
fected cells (Fig. 2B) despite the continued
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FIG. 2. Kinetics of infection of pig-kidney cells ©
by the M11 strain at 25 C; (A) 1.5 X 10° pfu/ml,
& X 105 cells/ml; (B) prolonged adsorption, 1.3 X
10" pfu/ml, §.4 X 10° cells/ml (different cell prepa-
rations).

presence of 509 of the original virus in the
liquid medium.

Two parameters will be used to characterize
the experimental curves: the slope of the linear
portion of the curve in infected cells/min and
the intercept which the linear portion makes on
the time axis. The general features of the curve
were the same for all temperatures examined
above 15 C (Fig. 3). Increasing the temperature
from 15 C at constant cell and virus concentra-
tion increased the rate of the reaction and re-
sulted in an increase in slope and a decrease in
the intercept. The rate of cell infection was very
small at 15 C and near zero at 10 and 5 C (Fig.
3, inset). The proportion of cells infected at 30
min at different temperatures for constant cell
and virus concentrations is shown for two ex-
periments in Table 2.

Influence of virus concentration. Increasing the
virus concentration at constant cell concentration
and temperature increased the final number of
cells infected (Thorne and Cartwright, 1961), the
number of cells infected at all prior times, and the
slope (Fig. 4 and 5). At moderate virus concentra-
tion (below ca. 10% pfu/ml), the slope increased
proportionally to the virus concentration (Fig. 6).
The intercept remained constant within limits of
error up to ca. 5 X 10° to 10® pfu/ml; this was
most apparent at 25 C where the intercept was
sufficiently large for significant variations to be

TIME(MIN)

FIG. 3. Kinetics of infection of pig-kidney cells
by the M11 strain at several temperatures (8.0 X
10* pfu/ml; 6.2 X 105 cells/ml).

TABLE 2. Influence of temperature on the number of
pig-kidney cells infected by the M11 strain after
adsorption for 30 min®

Temp (C)
Expt
5 10 15 20 25 30 37
1 0.02 0.2 2 40 80 100 100
2 0.01 — 1.7 37 9 90 100

s Results are expressed as cells infected as
percentages of the number at 37 C.

observed. Above ca. 10% pfu/ml, the intercept
decreased; e.g., an increase in virus concentration
from 10 to 107 pfu/ml reduced the intercept
from about 5 min to about 2 min.

Influence of cell concentration. Increasing the
cell concentration increased the rate of cell
infection (Fig. 7). At a fixed virus concentration,
the slope was proportional to the cell concentra-
tion up to about 5 X 105 cells/ml. At higher cell
concentrations, the slope increased more slowly
(Fig. 8). The intercept. (Fig. 7) was independent
of cell concentration up to 5 X 105 to 108 cells/ml
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F1G. 4. Influence of virus concentration on the
kinetics of infection of pig-kidney cells by the M11
strain at 25 C (O, 1.8 X 105 X, 9.0 X 10%; @,
4.6 X 104 V¥, 2.3 X 10* pfu/ml; 1.0 X 108 cells/ml).

at a fixed virus concentration, and decreased at
higher concentrations.

The combination of high cell and high virus
concentrations produced very rapid rates of cell
infection; e.g., 4 X 108 cells/ml and 2 X 107 pfu/
ml gave a rate of 2.2 X 10° infected cells per ml
per min at 25 C.

Early stages of the reaction. It follows from
mathematical treatment of the infection process
(see below) that, for the earliest stages of the
reaction, the number of infected cells should be
proportional to the square of the time (). When
cell-infection curves were replotted as a function
of #2, the existence of an initial linear region was
apparent at all temperatures, and, when the
final number of cells infected was small, e.g., at
20 C, the curve was linear up to at least 15 min.
Linearity at 37 C was demonstrated by sampling
at times up to 2 min (Fig. 9). The slopes of all
2 plots were found to be proportional to initial
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FIG. 5. Influence of virus concentration on the
kinetics of infection of pig-kidney cells by the M11
strain at 87 C (O, 2.0 X 105; X, 1.0 X 105; @,
5.0 X 104 'V,2.6 X 10* pfu/ml; 4.0 X 105 cells/ml).
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FIG. 6. Influence of virus concentration on the
slope of the M11-pig kidney cell infection curve at
25 C (4.0 X 10° cells/ml).

cell and virus concentrations. Figure 10 shows
the influence of virus concentration.

Vartations between cell preparations. The vary-
ing rates of adsorption and proportions of cells
infected for different preparations were described
previously (Thorne and Cartwright, 1961).
Similar variations were apparent in the present
experiments. The rates of infection at 37 C of
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F1G. 7. Influence of cell concentration on the
kinetics of infection of pig-kidney cells by the M11
stratn at 25 C (@, 2.0 X 10%; O, 5.0 X 10%; X, 2.0 X
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F1G. 8. Influence of cell concentration on the slope
of the M11-pig kidney cell infection curve at 25 C
(1.7 X 10° pfu/ml).

four cell suspensions, each derived from a
separate kidney, were obtained during the early
stages of the reaction (Fig. 11). The curves
differ significantly in slope when the number of
cells infected is plotted against ¢, as shown, or #2.
For clarity, only three curves are shown.
Suspensions of the Stice cell line gave curves of
the same form as primary pig-kidney cells, with
an intercept of 5 min at 25 C. However, the num-
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F1G. 9. Initial stages of infection of pig-kidney
cells by the M11 sirain at 37 C plotted vs. (O) t and
(@) 2 (4.4 X 10 pfu/ml; 5.2 X 10° cells/ml).
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FI1G. 10. Influence of wvirus concentration on the
slope of the M11-pig kidney & plot at 25 C (O,
8.6 X 10%; @, 1.7 X 105 cells/ml).

ber of cells infected and the slope at a given virus
concentration were much less than for primary
cells. This was consistent with the very slight
adsorption of virus by the Stice cell line (Thorne
and Cartwright, 1961).
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F1G. 11. Kinetics of infection of different prepa-
rations of pig-kidney cells by the M11 strain at
37 C (2.1 X 10% pfu/ml; 4.0 X 105 cells/ml).

Cell infection after adsorption at low temperature.
Although infection is almost completely sup-
pressed below 15 C, adsorption of virus is com-
paratively unaffected (Thorne and Cartwright,
1961), and at 4 C is still about a third of the rate
at 37 C. To eliminate the influence of the adsorp-
tion time on the cell-infection curve, adsorption
was completed at low temperature before increas-
ing the temperature to allow penetration. The
virus and cell suspensions were mixed at 4 or 10 C
for 1 hr, diluted 50-fold into medium at the re-
quired temperature, and the number of cells
infected at intervals after dilution determined.

In both medium A and B, a rapid increase from
the origin with no lag was observed (Fig. 12).

Influence of medium constituents on infection.
Cell-infection curves, using PBS, medium A, or
medium B as suspending media, were indistin-
guishable, showing that the additional constitu-
ents in the latter two media were unimportant
for infection. The omission of Ca and Mg ions
reduced the number of cells infected after 30
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min contact of virus and cells 50-fold; this is in
accordance with the results of Bachrach et al.
(1957b) , who showed that Ca and Mg ions were
essential for adsorption of the virus to bovine
kidney cells. On addition of the ions at this point,
a normal infection curve was obtained.

The infection process was not influenced by
the presence of ribonuclease. This was evident
both from the identity of the infection curves
with and without serum, since ribonucleases are
present in serum, and from experiments with
cells in suspension in PBS, which showed no
influence of added ribonuclease up to 100 ug/ml.

THEORY

For the purpose of deriving a rate constant to
characterize penetration, only a simple model of
cell infection will be considered. Cell infection is
considered to take place by two reactions: (i) ad-
sorption of the virus particle to the cell surface,
and (ii) irreversible reaction of the virus with the
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F1G. 12. Kinetics of infection of pig-kidney cells
by the M11 strain after prior adsorption at 10 C
(O, 87 C; @, 25 C; 4.5 X 10% pfu/ml; 8.0 X 105
cells/ml).
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cell (penetration), which causes infection and
initiates the production of virus. This model
resembles mathematically the reaction between
an enzyme and its substrate (Laidler, 1958).

To simplify the treatment, cells are assumed
to have one and the same site for adsorption and
penetration. Virus and cells are assumed to react
according to the equation

k k
V+cC —*ﬁi_ ve—— ¢* o)

where k; and k. represent the rate constants
governing adsorption of virus to the cells and
dissociation of virus, if this occurs, from the
virus-cell complex (VC), respectively, and k; the
rate constant governing penetration of the virus
and rate of production of infected cells (C*). V
and C represent concentrations of free virus and
uninfected cells, respectively. The differential
equation describing the process is then

d2C*
dt?

. ok _ .}_ d_C* —(O* — l ‘i‘f
[V" T :":CO O ]
where Vo and Co are initial concentrations of V
and C, respectively.

It is not possible to obtain analytical solutions
for equations of this type, but, approximate
solutions can be obtained. Some of these are
presented in the following.

(i) If only the earliest stages of the reaction are
considered, when ¢ is small and C ~ Coand V ~
Vo, then equation 2 reduces to

b b+ k) % = T KVIC) = ko Ko
@

aC* dc*
ky + kz) —- = k1 ks[Vol[Co 3
o + (ke + k) i 1 ks[Vol[Co) 3)
Cmax= Vo Cmax= Co
J
s
~
P
w
—
[&]
w
[T
Z
it A B c
C,J" Co»C Co>»Vo Vo »Co
(&]
1
L 1 1 1 1 1 1 1 1 ]
10 20 30 10 20 30 10 20 30
TIME(MIN)

F1G. 13. Theoretical forms (schematic) of the
cell infection curve for (A) Co> C*, (B) Co> Vo,
and (C) Vo > Co.
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With boundary conditions ¢ = 0, C* = 0,
dC*/dt = 0, the solution to this equation is

« _ kiksVoCot | kik; VoCo o~ katka)t
ks + ks (k2 + ks)?
4)
_ kl k3 VoCo
(k2 + ks)?

which is of the form shown in Fig. 13A. The ex-
ponential term decreases in importance with time,
and the plot becomes linear after the initial lag.
The intercept of the extrapolated linear portion
of the curve on to the horizontal axis, 7, is given

by

_ 1
T_k2+ka

®)

and is independent of the cell and virus concen-
trations. The slope of the straight line is

dC* ki ks VoCo

dt ket ks ©

and is proportional to both Co and Vo. From
these two equations, the value of the product
kiks can be derived from the experimental slope
and intercept and the values of Co and To.

When the following approximations are ap-
plicable, the individual values of &k, , k., and ks
can be derived from equations 5 and 6. (a) For
ks > ko

T= ’:3 )
and the slope becomes
dCc*
= 1 VoCo ®
(b) For k2 > ks
1
T= '122 9)
and
dC*  k
Lé 1k3 VOCO (10)

dt k2

For times very soon after mixing cells and
virus, when ¢ is small, the exponential in equation
4 can be expanded and, neglecting the third and
higher powers of ¢, C* becomes

k1 ks VoCo P
2

C*=

: (63))
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C* is therefore initially a linear function of ¢,
and from this equation another estimate of kiks
can be obtained. For particular relationships
between the values of the parameters %, , k., and
k3 , therefore, estimates can be made of the values
of ki, k2, ks, and kik; from the preceding equa-
tions.

(ii) A second solution can be derived when
Co > Vo, applicable to the whole reaction and
not only the initial stages, of the form shown in
Fig. 13B and given by the equation

b— Vb —4c —bv-Ve_ac
x= Vo |14 2L YO Zde, Sty
¢ OI: * 20 — 4c ¢ : 12)
b+ Vb —dc —bsVivoac,
_I2T VY TR,
24/ — 4c¢ :

where b = k,Co + ks + ks and ¢ = kiksCo. This
equation again predicts an initial lag before the
second term, which diminishes rapidly with time
compared with the third, becomes negligible. On
expanding the exponentials in equation 12, again
for ¢ small,

kl k’; VoCo-t*
2

C*=

(13)
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(iii) When Vo > Co, a solution of the same
form as equation 12 is obtained (Fig. 13C) with
Vo replacing Co throughout. Equation 13 applies
for ¢ small.

Sections i, ii, and iii should give valid approxi-
mate solutions when each cell has one and the
same site for adsorption and penetration. For
the virus of FMD, the problem is certainly more
complex, since at least 20 to 30 pfu can be ad-
sorbed per cell (Thorne and Cartwright, 1961)
and presumably, therefore, each cell has many
sites for adsorption. If all of these sites act inde-
pendently as penetration sites, then at low virus
concentrations similar equations describe the
infection process, with the total number of sites
replacing Co, and adsorption and penetration
rate constants are derived as before. But other
possibilities in which, for example, only some of
the sites allow penetration or penetration at one
site affects adsorption and penetration at others
are too complex to warrant further examination
at present.

Comparison of theory and experiment. For a two-
stage reaction of the type postulated, the rate of
the adsorption reaction should be proportional

TABLE 3. Dependence of the paramelers of the cell-infection curve on Vo at 25 and 37 C

Expt® Co Vo Slope” B¢ k¢ b X k3¢ kiks?
cells/ml pfu/ml

1 1.7 X 10° 3.7 X 10% 1.1 X 108 1.7 0.2 3.4 X 107° 1.5 X 1079
1.8 X 10° 4.9 X 10% 1.5 0.2 3.0 X 107 1.3 X 10°°

9.2 X 104 2.3 X 102 1.4 0.2 2.8 X 107® 1.1 X 107®

4.6 X 10* 1.4 X 102 1.8 0.2 3.6 X 107° 1.3 X 107°

4.3 X 10° 3.7 X 10% 1.3 X 108 0.8 0.2 1.6 X 107° 6.2 X 1071

1.8 X 10° 7.4 X 10% 0.9 0.2 1.8 X 107° 7.0 X 10710

9.2 X 104 5.2 X 10? 1.3 0.2 1.6 X 10—® 1.1 X 107°

4.6 X 104 2.1 X 102 1.1 0.25 2.8 X 107 9.0 X 10710

8.7 X 10° 3.7 X 10° 2.1 X 103 0.7 0.3 2.0 X 107° 1.0 X 10°?

1.8 X 10° 1.4 X 108 0.85 0.2 1.7 X 1079 1.0 X 10°°

9.2 X 10¢ 7.2 X 10? 0.65 0.25 1.6 X 107° 1.2 X 107°

4.6 X 10* 3.6 X 10? 0.9 0.25 2.3 X 107® 1.0 X 107°

2 2.2 X 10% 4.8 X 108 1.3 X 10¢ 1.2 0.7 8.4 X 1078 3.9 X 107*
2.4 X 108 1.2 X 10* 2.2 0.6 1.3 X 1078 6.7 X 107°

1.2 X 10¢ 9.5 X 102 3.6 0.65 2.3 X 1078 1.1 X 1078

6.0 X 10° 4.3 X 103 3.2 0.6 1.9 X 1078 2.1 X 1078

3 4.8 X 10° 1.1 X 10¢ 1.4 X 104 2.7 1.7 4.6 X 1078 1.7 X 1078
5.4 X 10° 9.0 X 103 3.5 1.3 4.6 X 1078 1.6 X 1078

2.7 X 10° 4.6 X 103 3.6 1.0 3.6 X 1078 1.7 X 1078

1.3 X 10° 2.4 X 10® 3.8 1.0 3.8 X 1078 2.3 X 1078

« Experiments 1 and 2 were performed at 25 C, experiment 3 at 37 C.

b Infected cells per ml per min.

<f, ks, and k1 X ks are from plots of infected cells vs. time; %, expressed as em? min™! pfu~! X 103

and %; as min™.

4 The kik; values are from plots of infected cells vs. 2.
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to the number of encounters between, and thus
to the product of the concentrations of, virus par-
ticles and cells. At moderate concentrations,
therefore, the infection rate also should be pro-
portional to these concentrations. However, as
the virus or cell concentration and thus the en-
counter rate is increased, the time taken by the
second stage begins to have a greater relative
influence on the over-all time of the reaction. As a
result, the proportionality holds no longer; for
very large concentrations, when adsorption
becomes effectively instantaneous, the rate of
reaction should become independent of the con-
centration and thus relate only to penetration
time. The infection curves obtained are in agree-
ment with these general predictions of the simple
theory. By assuming the applicability of the
theory, values of the rate constants can be deter-
mined if their relative magnitudes are such as to
allow the use of equations 7, 8, or 9. In the ab-
sence of information on the numbers of adsorption
and penetration sites and the possible relation-
ships between them, the cell concentration has
been used to represent the concentrations of
these sites. The results of Thorne and Cart-
wright (1961) indicated that k. was very small or
zero; since, from sections ii and iii the intercept,
7, was independent of virus and cell concentra-
tion, as required by theory up to 5 X 105 pfu or
cells/ml, estimates of k3, denoted %; , were calcu-
lated from the experimental curves from ks = 1/7.

For concentrations below about 5 X 10° to
10¢/ml, the slope of the experimental curve was
proportional to Vo and Co and, again neglecting
k., a constant, %, was calculated from
slope
VoCo

Finally, since the theoretically expected linear
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relationship was found between C* and # for the
early stages of the reaction, values of kik; were
calculated from k; ks 2 X slope

VoCo
values of &, ks, k1 X ks, and %, /s are given in
the tables.

Adsorption rate constant (k,). The dependence
of k; on virus and cell concentration at 25 and
37 C is shown in Tables 3 and 4. In accordance
with theory, the values are approximately con-
stant at low concentrations but decrease at higher
concentrations. Different values of k; were ob-
tained for different cell preparations. The ranges
and means for virus concentrations less than 106
pfu/ml were 8 X 10%-1.1 X 107 (3.3 X 1078)
cm?® min~! pfu~ at 25 C and 3.5 X 1078-3.0 X
1077(7.8 X 1078) cm3 min~! pfu at 37 C. Results
for four separate preparations assayed with a
single batch of monolayers are given in Table 5.

In addition to real differences in adsorption
rate between preparations (Thorne and Cart-
wright, 1961), errors in C*, Vo, and the effective
Co contribute to the variations. Vo probably
makes the greatest contribution to variation,
since the plating efficiency for virus on different
batches of monolayers varies in the extreme as
much as tenfold. Variations in plating efficiency
for infected cells (C*) are much less than for
virus (Thorne and Cartwright, 1961), probably
because each cell provides many particles capable
of plaque initiation. The cell count Co may in-
clude varying proportions of nonviable or in-
susceptible cells. Staining indicated that varia-
tions due to nonviability were probably small,
but the variable proportion of cells infected (20 to
70%) by high virus concentrations (Thorne and
Cartwright, 1961) indicated heterogeneity of the
cell populations.

. Corresponding

TABLE 4. Dependence of the parameters of the cell-infection curve on Co at 25 C

Co Vo Slope® 12 ks k1 X ks® kiks
cells/ml pfu/ml
2.0 X 108 6.6 X 103 1.9 0.33 4.4 X 107° 2.6 X 10
1.3 X 108 4.4 X 103 1.9 0.4 3.8 X 107 3.7 X 107
1.0 X 108 3.8 X 103 2.2 0.3 4.4 X 10° 2.7 X 10™°
5.0 X 10% 1.7 X 10% 2.9 X 103 3.3 0.25 8.0 X 10°® 4.2 X 107*
2.0 X 10% 1.6 X 103 4.6 0.25 1.2 X 108 4.9 X 107°
5.0 X 10¢ 3.1 X 102 3.6 0.2 7.2 X 107* 3.3 X 10
1.0 X 10¢ 8.1 X 10! 4.7 0.2 9.4 X 1079 4.7 X 107

2 See footnotes to Table 3 for explanation.
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TABLE 5. Parameters oy the cell-infection curve for different pig-kidney cell preparations at 37 C

Prep. Co Vo Slope® Fa® k3® k1 X k3® k1ks®
cells/ml pfu/ml
1 4 X 10° 2.1 X 108 9.0 X 102 10.7 2.0 2.1 X 107 1.0 X 1077
2 9.6 X 103 11.4 1.3 1.5 X 1077 5.4 X 107t
3 7.8 X 103 9.2 2.0 1.8 X 1077 1.0 X 1077
4 4.6 X 10 5.5 1.4 7.7 X 1078 3.7 X 1078

s Sec footnotes to Table 3 for explanation.

If the simple theory for one adsorption site
applied, or if all sites allowed penetration, the
values of k, and those of the rate constant from
adsorption measurements should agree. Values
obtained in two experiments at 25 and 37 C, using
cells from a single kidney pool, are in reasonable
agreement (Table 6), as also are the mean values
from adsorption and cell infection at 25 C,
6.3 X 10~%m3 min~! cell™! (Thorne and Cart-
wright, 1961) and 3.3 X 1078 cm?® min™! pfu™?,
respectively. This suggests, since each cell can
adsorb at least 20 to 30 pfu, that cells may
possess many sites, each capable of adsorption
and penetration.

Dependence of ki on temperature. The de-
pendence of the slope of the cell-infection curve
on temperature was described in section i. The
calculated values of k; are given in Table 7, and
Arrhenius plots of log % vs. the reciprocal of the
absolute temperature for two experiments are
shown in Fig. 14. Both plots are linear down to
20 C and give activation energies with a mean
of 14,000 cal/mole. The break below 20 C is
probably due to the fact that here penetration
becomes the slowest reaction and therefore rate-
limiting, and the slope no longer gives the value
of k; . The adsorption-rate constant from meas-
urements of virus adsorption (Thorne and Cart-
wright, 1961) with an activation energy of 6,000
cal/mol (Qi = 1.5) was less affected by tempera-
ture than that from cell-infection rate (Quo
= 2.3). This discrepancy could possibly be
explained by the existence of temperature-de-
pendent reactions after attachment, before the
cell becomes infected by the penetration reaction
of the simple theory. Or, measurement of virus
adsorption by determination of virus remaining
in the supernatant predominantly may measure
adsorption reactions which are unrelated to the
adsorption reaction preceding infection and have
a different temperature dependence. The loss of
infectivity of much of the virus adsorbed to pig-

TABLE 6. Comparative values for adsorption rate
constant from adsorption and cell-infection

experiments
Temp Cell infection (1)® Adsorption (k)®
C
37 3.8 9.8
25 2.7 4.7

o Expressed as em® min~! pfu™! X 108,
b Expressed as ¢cm® min™! cell™! X 108,

TABLE 7. Influence of temperature on k®

b

Temp

Expt 1 Expt 2
Cc
37 5.0 10.7
30 2.6 4.1
25 2.8 2.7
20 1.5 1.8
15 0.11 0.04

s Expt 1: 5.3 X 105 cells/ml; 1.3 X 10° pfu/ml;
expt 2: 5.2 X 10 cells/ml. 8.0 X 104 pfu/ml.
t Expressed as cm?® min~! pfu~! X 108.

kidney cells at 4 C, as well as at higher tempera-
tures (Thorne and Cartwright, 1961), would be
consistent with the second of these possibilities.

Penetration rate constant (ks). The typical values
given in Tables 3 and 4 show that k; remained
substantially constant at virus and cell concen-
trationsbelow 5 X 10° pfu orcells/ml, The means
of 30 values of ks at 25 C and 25 values at 37 C
were 0.25 (& 0.1) min™ and 1.5 (% 0.5) min™?,
respectively. The k; showed a much smaller
range of variation from one experiment to another
than did the %; , most values lying in the 0.2 to
0.25 min™! range at 25 C.

At high values of Vo or Co, the intercept de-
creased and the values of k; increased; e.g., in



940

7

x——
ofr

o
(@]
-

3l °

1 1 o\ |
33 34 35x10~4
|/.ro

FIG. 14. Arrhenius plot for ki (data of Table 7).

TABLE 8. Estimation of k; from cell-infection
rates at high virus concentrations

Vo Co k3 Temp
pfu/ml cells/ml min~1 C

6.0 X 108 2.2 X 10° 0.12 25
1.2 X 108 2.2 X 10 0.15 25
2.4 X 10¢ 2.2 X 108 0.15 25
4.8 X 108 2.2 X 10° 0.12 25
9.6 X 10¢ 2.2 X 10° 0.21 25
2.2 X 107 2.2 X 108 0.22 25
1.3 X 10¢ 4.2 X 105 0.19 37
2.5 X 108 4.2 X 10% 0.19 37
5.0 X 10¢ 4.2 X 10° 0.44 37
1.0 X 107 4.2 X 10° 0.70 37

one experiment at 25 C with 2 X 10° cells/ml, &,
was 0.2 for 5 X 10° pfu/ml and 0.5 for 107 pfu/ml.

At high virus concentrations, an alternative
means of estimating ks is theoretically possible,
if the rate of adsorption can be increased so that
penetration rate becomes the rate-limiting factor
and the time for adsorption can be neglected.

dCc*
Then = = ks [VC], where [VC] represents the

dt
concentration of complexes capable of reacting
to give infected cells. This concentration will be
given by the total number of sites at which pene-
tration can occur, assuming that all such sites
will be occupied. But to allow for insusceptible
cells, the final number of cells infected has been
used as an estimate of this concentration. Esti-

mates of k; have therefore been calculated from
1 dc*

the formula k; = C* max dt and are given in
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Table 8. At high virus concentrations, these
values are in good agreement with the values
obtained by the intercept method.

Dependence of ks on temperature. The values of
ks showed a greater dependence on temperature
than those of &, (Table 9). There was an increase
in k; of about fivefold between 25 and 37 C
(Qu = 4); below 25 C, the values decreased
rapidly. At 10 C, the amount of penetration as
measured by the number of cells infected was
0.2% of that at 37 C. The Arrhenius plots (Fig.
15) corresponding to those for k; were linear
throughout, with a mean activation energy of
24,000 cal/mole.

Composite constant ky ks from £ plots. Values
of ki k3 , although independent of Co and Vo over
a wide range for a single preparation, varied
between preparations in a similar manner to
k1. In Tables 3, 4, and 5, k, k; values and the
products of k; and k; obtained with the same cell
suspensions are given. It is evident that there is a
fairly constant ratio between the two values,
ki X ks being about twice &, k5 . Since theoretically

TABLE 9. Influence of temperature on ks®

ks (min™)
Temp Mean half-time
Expt 1 Expt 2
C min
37 1.0 1.25 0.6
30 0.55 0.6 1.2
25 0.25 0.25 2.7
20 0.09 0.13 6.3

s Expt 1: 5.3 X 105 cells/ml; 1.3 X 10° pfu/ml;
expt 2: 5.2 X 10° cells/ml; 8.0 X 104 pfu/ml

of

1
35X10-4

FI1G. 15. Arrhenius plot for ks (data of Table 9).



voL. 8%, 1962

TABLE 10. Estimation of ks from cell-infection
rates after adsorption at 10 Ce

k3 (min™1)
Temp

Expt 1 Expt 2
C
37 1.0 0.8
30 0.6
25 0.12
20 0.2

akxpt 1: 1.0 X 106 cells/ml; 5.3 X 10¢ pfu/ml;
expt 2: 8.0 X 105 cells/ml; 4.5 X 10® pfu/ml.

both of these products give kk; irrespective of
the relative magnitudes of Co, Vo, k, , ks, or ks,
the ratio should be unity. The discrepancy
probably arises from the oversimplification of the
theoretical model.

Determination of ks from cell infection after
adsorption at low temperature. For adsorption at
low temperature followed by dilution to the re-
quired temperature, the equation describing the
cell-infection curve becomes C* = C*,.x
(1 — e7*), and a penetration rate constant can
be derived from the initial slope, where C* =
C*naxkst, or from log e(C*nax — C*)/C¥*pax =
—kst.

The values of k; in Table 10 are in fair agree-
ment with the range of values derived from inter-
cept measurements. This suggests that the as-
sumptions as to the relative magnitudes of
ki, ks, and k; employed in approximating the
theoretical equations were reasonable.

DISCUSSION

The lability of the virus of FMD at acid pH
has made possible the study and tentative in-
terpretation of relationships between cell and
virus concentrations and the kinetics of cell
infection. The experimental results clearly
establish a multistep process for infection and
can be semiquantitatively accounted for by a
simple model involving only a second-order
adsorption reaction and a first-order penetration
reaction. At temperatures above 20 C, the virus
and cell concentrations are predominant in the
determination of the over-all infection rate. The
penetration reaction which determines the
temperature dependence of the over-all reaction
is very fast at 37 C (half-time about 30 sec), re-
sulting in 909, completion of cell infection in
about 3 min, but rapidly decreases in rate at
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lower temperatures. Further investigation is
required to determine whether viral or cellular
enzymes (or both) function in this reaction.

The few reported estimates of penetration
rate for other animal viruses were obtained using
antiserum to inactivate free virus. However,
several viruses have been shown to be only partly
neutralized when adsorbed to cells and, unless it
is shown that the adsorbed virus escaping neu-
tralization is negligible, the distinction between
adsorption and penetration becomes blurred and
the penetration rate can be overestimated. It is
nevertheless of interest to compare the values
for the rate at which antiserum resistance is
acquired for different viruses. For HeLa cells
at 37 C, the half-time is about 30 min for polio
virus (Payne, Kurtz, and Ackermann, 1958),
2 hr for herpes virus (Farnham and Newton,
1959), and 5 min for Newcastle disease virus
(Marcus, 1959). Whether these differences for
the same host cell arise from different viral
properties or distinct cellular sites (or both) can-
not yet be decided. Accurate studies of the
temperature dependence of these reactions, and
determination of the energy involved, could help
to clarify the problem. There appears to be a
correlation between the time for penetration and
the length of the latent period, since the virus of
FMD with the shortest penetration time has a
latent period of 90 min, compared with about 4
hr for polio virus and 12 hr for herpes virus. These
differences in penetration rate and latent period
may result from differing complexities of the
respective reactions for different viruses.

Current conceptions of viral infection mechan-
isms would suggest that the penetration reaction
studied represented penetration of the virus
nucleic acid. A comparison of the kinetics and
thermodynamic constants for infection by free
infectious nucleic acid and intact virus might
help to decide whether these processes are equiva-
lent and occur at the same cellular site. Since
cell infection was unchanged in rate or extent in
the presence of ribonuclease, the occurrence of
an intermediate stage in which ribonucleic acid
(RNA) is released at the external surface of the
cell appears unlikely. Even if ribonuclease were
unable to attack RNA adsorbed in this way, the
absence of infection after adsorption at low
temperature followed by mild acidification indi-
cates that external breakdown of the infecting
virus to RNA, with continuing attachment before
penetration, is an unlikely mechanism.
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