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Adenovirus-infected tissue culture cells have been investigated by a variety
of methods, including light and electron microscopy and cytochemical and
fluorescent antibody techniques (1-7). The results of these studies have shown
that adenoviruses produce characteristic sequential alterations in host-cell nu-
clei, and have demonstrated that certain of the structures which develop contain
virus-like particles, deoxyribonucleic acid (DNA), and type-specific viral anti-
gen. This evidence indicates that the intranuclear alterations described are
manifestations of viral synthesis. The information provided by these studies is
incomplete with respect to the role that sequential changes and various inclu-
sions play in viral development because the techniques employed do not dif-
ferentiate between infectious and non-infectious viral materials. Consequently,
little is known of the infectivity of the particles and inclusions present in in-
fected cells. Experiments were therefore designed to correlate the stages of
adenovirus-induced cytologic change with production of infectious virus in
HelLa cells. Adenoviruses types 5 and 7 were selected for investigation as being
representative of two major subdivisions of the adenovirus group (7). The re-
sults of these studies form the basis for this report.

Maierials and Methods

Viruses.—The prototype strains of the type 5 and 7 adenoviruses employed were furnished
by Dr. R. J. Huebner.

Tissue Culture~Details of the propagation of the HeLa cell line and the preparation,
growth, and maintenance of the stationary tube cultures have been described elsewhere
(8, 9.

* This investigation was conducted under the sponsorship of the Commission on Acute
Respiratory Diseases, Armed Forces Epidemiological Board, and was supported in part by
the Office of The Surgeon General, Department of the Army, and by grants from the Brush
Foundation, the Robert Hamilton Bishop, Jr. Endowment Fund, and the Republic Steel
Corporation.
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866 INFECTIOUS VIRUS WITH CYTOLOGIC ALTERATION

Experimental Design.—For correlative studies a large number of HeLa cell cultures were
prepared in tubes, approximately one-half of which contained coverslips. The same media
and techniques were used throughout for those cultures to be studied cytologically and those
to be used to measure viral growth. The culture tubes were inoculated simultaneously with
0.1 ml. of viral suspension, and at the end of a 5 hour period to permit viral adsorption, the
supernatant fluids containing unadsorbed virus were removed. Each culture was washed with
4 ml. of Hanks’ balanced salt solution (BSS), after which 1 ml. of fresh maintenance mixture
(8) was added. At selected intervals thereafter the supernatant fluids and cells from 4 replicate
tube cultures were pooled and frozen for subsequent viral titration (9), and 4 to 6 companion
coverslip cultures, including uninfected controls, were fixed and stained for microscopic study
(6). The time intervals at which viral production and cellular changes were compared were
selected on the basis of previous studies with the same viruses (7, 10). No attempt was made
to follow the details of the cytologic process in the late, degenerative stages beyond 48 hours;
i.e., after the peak production of infectious virus had occurred.

The multiplication cycle of the virus was reconstructed from the results of infectivity titra-
tions of the fluids and cells collected at each of the chosen intervals after infection. The pooled
materials from each set of cultures were frozen and thawed 6 times, followed by centrifugation
to remove cell debris. The virus-containing supernatant fluids were then stored frozen (—25°
to —28°C.) until the infectivity titer of each pool was determined. Infectivity titrations were
done using serial 1:3.2 (10~°5) dilution increments as previously described (9). The infec-
tivity titer of each pool was defined as the highest dilution of virus in a 0.1 ml. inoculum which
produced cytopathic changes in 50 per cent of the cultures 6 days after inoculation.

For cytologic studies the coverslip cultures were removed from culture tubes at selected
intervals, fixed in 95 per cent ethyl alcohol, stored in 70 per cent ethyl alcohol, and later
stained with hematoxylin and eosin. Prior to staining, the coverslip cultures were mixed and
coded by an assistant so that at the time of microscopic observation the observer was unaware
of either the interval after infection at which any given culture had been fixed or whether or
not it had been infected. Three to 4 infected cultures and 2 control cultures were studied for
each time interval; 100 cells were counted in each of § different areas on every coverslip cul-
ture examined. A minimum of 1500 cells was thus counted in infected cultures for each time
interval. Each consecutive cell which appeared in the field of view was classified as to whether
it appeared normal or infected and, if infected, to which stage of the cytologic sequence it
belonged. The stages of the cytologic sequence were described in detail in earlier studies (7).
The results of the differential counts were not assessed nor the coded slides identified until
all cultures had been examined.

Statistical Methods.—Because it was not possible to determine experimentally the relative
numbers of infectious units produced by cells in each of the various stages of infection, these
were estimated statistically on the basis of certain assumptions. The following equation was
used:

YV = 01Xy + 82Xo + 03X3 + 04Xy

Y is the relative number of infectious units at a given number of hours of infection; X
is the proportion of cells which were in stage 1 or had entered a subsequent stage by that time
(i.e. those in stages 1, 2, 3, and 4); Xy, the proportion of cells in stage 2 or a later stage (those
in stages 2, 3, and 4); X3, the proportion of cells in stage 3 or 4; and X4, the proportion of
cells in stage 4. The b’s, the quantities to be estimated, are the relative numbers of infectious
units assumed to be produced in the respective stages. It was assumed in using this equation
that the infectious units produced were stable and did not undergo inactivation during the
cycle studied; previous studies indicated that adenoviruses were extremely stable under the
experimental conditions employed (11). Finally, it was also assumed that there was no experi-
mental error in estimating the percentage of cells in each stage.
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The b values were estimated by a “least squares’ method (14, 15). The nature of the ex-
periment was such that the “error” in the infectivity titers was approximately constant. This
implies that the “error” in the experimentally determined relative numbers of infectious units
was a constant per cent. For example, an “error” of 10,000 at a titer of 1:100,000 had the
same significance as an error of 100 at a titer of 1:1,000. This relationship was incorporated
into the least squares solution by “weighting” each observation by the reciprocal of its ¥
value (i.e. dividing each of the 4 X’s of an observation by its ¥, and taking ¥ as “one”).

EXPERIMENTAL

The evolution of characteristic virus-induced cytologic changes was com-
pared with the production of infectious adenovirus in 3 separate experiments.
The first 2 experiments were performed with type 5 adenovirus, and the third
with type 7 virus. Detailed descriptions of the sequences of nuclear alterations
which develop in HeLa cells infected with these 2 viruses were given in a pre-
vious paper (7) and therefore will not be repeated. The principal cytologic fea-
tures of the various stages are, however, shown diagrammatically in Fig. 1.

Type 5 Adenovirus

In the first study with type 5 adenovirus, cultures were inoculated with ap-
proximately 10%45 TCDjgg per 7 X 10* cells in an effort to infect a large propor-
tion of the cells within a short time. Infected cultures were collected for study
at a number of different intervals after infection; then, for each interval, the
infectivity titer of the cells and supernatant fluid was measured in one set of
infected cultures, and the per cent of apparently unaffected cells and the per
cent of cells exhibiting changes characteristic of each of the 4 virus-induced
cytologic stages (Fig. 1) were determined ina companion set. The results of the
first experiment with type 5 adenovirus are given in Table I and Figs. 2 and 3.

In Table I the per cent of cells which manifested characteristic virus-induced
alterations (including all stages in the cytologic sequence) is compared with the
amount of virus measured in companion cultures at each time interval studied.
The amount of virus is expressed both in terms of infectivity titer and per cent
of the maximum titer of virus produced during the multiplication cycle studied
From the graphs in Fig. 2, in which the per cent of cells showing nuclear changes
typical of viral infection (here not subdivided into stages) and the per cent of
maximum viral titer reached at each time interval are plotted, it can be seen
that the development of nuclear changes preceded the appearance of newly
synthesized infectious virus. At 12 hours, 8 per cent of the cells already revealed
well defined nuclear alterations but no new virus was detectable. The majority
of infectious virus was not measured until several hours after characteristic
virus-induced alterations had appeared in the majority of cells.

It was next of interest to relate the formation of infectious virus to the evolu-
tion of the individual stages of the cytologic sequence. Fig. 3 illustrates the
per cent of cells in each of the 4 cytologic stages in cultures taken for study at
the indicated intervals after infection. The sequential nature of the stages is
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clearly shown by the maximum per cent of cells in stages 1, 2, 3, and 4 related
to time after infection. Since the cytologic stages do occur in sequence, it may
be assumed that each infected cell has already passed through the preceding
stages. If developing viral particles should undergo maturation and become

STAGE | STAGE 2 AGE 4

TYPE 5

STAGE | STAGE 2 STAGE 3 STAGE 4

TYPE 7

Fic. 1. Diagrammatic representation of sequential stages of alteration which develop in
nuclei of HeLa cells infected with the prototype strains of adenovirus types 5 and 7: 4,
nuclear membrane; B, eosinophilic inclusion; C, nucleolus; D, rearranged “chromatin”;
E, granular basophilic core of inclusion; F, rim of inclusion; G, late stage basophilic, granular
inclusion; H, eosinophilic; Feulgen-negative crystal-like structure; I, homogeneous, ampho-
philic background material; J, early irregular eosinophilic inclusion; K, central mass contain-
ing uniform granules; L, clear peripheral nuclear zone; M, basophilic, Feulgen-positive crystal;
N, honeycomb-like central mass; O, central mass consisting of matrix and small crystals.

infectious during one particular stage in the sequence, then infectious virus
would be expected to occur in cells in that and in subsequent stages.!

Tig. 3 also demonstrates the relative amount of infectious virus associated
with cells in the 4 stages of infection. Stages 1 and 2 do not appear to be asso-
ciated with infectious virus. At 16 hours, when over one-half of the cells re-
vealed changes typical of stage 1, almost no infectious virus could be detected

1 Previous studies have shown that adenoviruses are very stable and do not dissociate
readily from infected HeLa cells; artificial cell disruption is necessary to induce release of
the majority of infectious virus (9, 11).
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(0.02 per cent), and 18 hours, when more than 40 per cent of the infected cells
were in or had passed through stage 2, the per cent of virus which had been
synthesized was still quite small (1.8 per cent). It was between 22 and 24 hours
after infection that the curve representing the percentage of the maximum titer
of infectious virus rose most steeply, when stages 3 and 4 were becoming pre-
dominant, Interpretation of the exact position and slope of the curve repre-

TABLE 1

Comparison of Per Cent of Cells Showing Virus-Induced Changes with the Amount of Infectious
Virus Measured in HeLa Cell Cultures Infected with 105 TCDyo of Type 5 Adenovirus

Per cent of cells showing characteristic virus-induced changes* | A t of virus ed

e .

tter ffeetion Stage 1 Stage2 | Stage3 Sat:ﬁegf T:tt:;es;ﬂ tiﬁf’t’i‘?%, Per cent||
8 1.0 0 0 0 1.0 —0.759 0.001
12 8.4 0 0 0 8.4 —-0.75 0.001
14 27.3 0.85 0 0 28.2 —_ —_
16 58.8 11.2 0 0 70.0 —-2.0 0.02
17 56.0 14.6 0.2 0 70.8 —-3.0 0.18
18 43.9 37.3 3.8 0 85.0 —4.0 1.8
19 38.4 34.0 10.8 0.1 83.3 —4.25 3.0
20 26.0 37.3 24.7 4.3 92.3 —4.75 10.0
22 18.0 30.8 36.3 7.5 92.6 -5.0 17.8
24 12.2 23.6 38.8 21.5 96.1 —5.75 100.0
30 4.2 9.6 28.7 54.4 96.9 —~5.75 100.0

* For eachinterval a total of 2000 cells was counted on 4 different coverslip cultures; the
percentage figures given are averages of the findings.

1 Celis in stage 5, rare before 30 to 48 hours, were included in stage 4 when they were en-
countered.

§ Infectivity titer = highest dilution of virus in 0.1 ml. inoculum which produced cyto-
pathic effects within 6 days in 50 per cent of the cultures inoculated.

|| Per cent of maximum titer reached in experiments.

8 The virus measured at 8 and 12 hours represents virus from the original inoculum re-
maining despite the washing procedure, not newly synthesized virus.

senting infectious virus and its relation to the other 4 curves describing the
progression of the cytologic stages will not be attempted because of the limita-
tions in quantitating infectious adenovirus and in accurately performing cell
counts.

The above evidence suggests that Hel.a cells showing characteristic early
changes of infection with type 5 adenovirus contain only small amounts of
infectious virus. In order to demonstrate this observation in a more objective
manner, the relative numbers of infectious units associated with each of the
stages of infection were exhibited by the “least squares” solution as de-
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scribed in Materials and Methods (Table II). Using estimated &’s hypothetical
infectivity titers were determined for each time period studied during the
multiplication cycle and these titers were compared to those determined
experimentally. This comparison appears in Fig. 4. It is apparent that deter-
mined and computed infectivity titers were very similar. The specific & values
suggest that almost no infectious particles were associated with stages 1 and 2,
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F16. 2. Comparison of the per cent of cells showing cytologic changes characteristic of in-
fection with the production of infectious virus in HeLa cell cultures infected with 1052 TCDg,
of type 5 adenovirus. A large number of tissue culture tubes, half of which contained cover-
slips on which cells were growing, were simultaneously inoculated with virus. At each indicated
time period, 4 tubes without coverslips were harvested, their contents pooled and after all
specimens were collected, infectivity titrations were performed. At the same time periods,
coverslips were removed from companion tubes, fixed, stained with hematoxylin and eosin,
and examined for changes due to type 5 infection.

and that over 3 times as many infectious units were associated with stage 4 as
with stage 3.

The second experiment with adenovirus type 5 was carried out with a
smaller infecting inoculum (104°IDgo/HeLa cell culture of approximately 7 X
10* cells) to determine whether the relationships between the cytologic stages
and production of infectious virus observed in the first experiment could be
confirmed or whether they were merely coincidental occurrences under the
experimental conditions employed.

The results of the second experiment are presented in Table TIT and Figs. 5
and 6. It is apparent that the data obtained in the second experiment are
quantitatively but not qualitatively different from those observed in the first,
in which a larger viral inoculum was used. First, considering the cytologic
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findings, it is evident that within the experimental period employed fewer
cells became infected when exposed to the smaller inoculum: 30 hours after
infection only 20 per cent of the cells revealed morphologic signs of infection,
as compared to 97 per cent in the first experiment. The stages of nuclear change
progressed more slowly (compare Figs. 3 and 6). The qualitative nature of the
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Fi6. 3. Comparison of the virus infectivity titer with the progression of stages of sequential
cytologic change in HeLa cells infected with 10%-% TCDgg of type 5 adenovirus. Tissue culture
tubes, half of which contained coverslips on which cells were growing, were simultaneously
inoculated with virus. Three or 4 coverslips were removed at each indicated time and stained
with hematoxylin and eosin; a minimum of 1500 cells was examined at each time period and
the per cent of cells in each of the 4 stages of infection was determined. At each time period
4 tubes without coverslips were harvested, their contents pooled, and infectivity titrations
performed on all specimens simultaneously.

cytologic alterations did not differ, however, in the two experiments. In regard
to the production of infectious virus, the maximum viral titer reached in the
second experiment was lower and was not attained until later after inoculation
(48 hours as compared to 24). Most significant, however, was the finding that
the development of infectious virus showed fundamentally the same relation-
ship to the progression of the cellular changes that was observed in the first
experiment. The appearance of cytologic changes preceded the detection of
newly formed infectious virus (Fig. 5); cells in stage 1 appeared to lack infec-
tious virus, and the largest amounts of virus per cell were present in association
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with the late stages of cytologic change, particularly stage 4 (Fig. 6). Table IV
and Fig. 7 demonstrate the marked degree of similarity between the infectivity
titers determined in the experiment described and the infectivity titers com-
puted by the “least squares” method. As in the experiment using the larger
amount of type 5 virus, the b values in this experiment suggest that very little

TABLE II

Comparison of Observed Infectivity Tilers with Infectivity Titers Computed by the ““ Least Squares’
Method in HeLa Cell Culiures Infected with 1052 TCDso of Type 5 Adenovirus (Derived from
Data in Table I)

. . Y
Proportion of cells in 4 stages of
No. of hrs. cytological change*
after in- Observed Computed with b’s
fection
X1 X Xs X No. Log$ No. ( Log}
8 1.0 0 0.0 0.0 1 0 0.13 ofl
12 8.4 0 0.0 0.0 1 0 1.10 0
14 28.2 0.85 0.0 0.0 | No ohser- - 4.40 0.75
vation !
16 70.0 11.20 0.0 0.0 18 1.25 19.00 1.25
17 70.0 14.80 0.2 0.0 178 2.25 82.00 2.00
18 85.0 41.10 3.8 0.0 1,780 3.25 1,200.00 3.00
19 83.3 44.90 10.9 0.1 3,170 3.50 3,400.00 3.50
20 92.3 66.30 29.0 4.3 10,000 4.00 | 13,000.00 4.00
22 92.6 74.60 43.8 7.5 17,800 4.25 | 21,000.00 4.25
24 96.1 83.90 60.3 21.5 100,000 5.00 | 40,000.00 4.50
30 96.9 92.70 83.1 4.4 100, 000 5.00 | 79,000.00 5.00
by 0.13 0.90 | 300.0 | 1,000.0 i l

* X, is the proportion of cells in stages 1 to 4 at indicated time; X, is the proportion in
stages 2 to 4; X3, those in stage 3 or 4; X, those in stage 4.

} ¥ is the relative number of infectious units at the indicated time.

§ The logarithms were taken to the nearest 0.25,

|| The logarithm was taken arbitrarily as zero.

9 b is the relative number of infectious units estimated to be produced upon entrance into
each stage.

infectious virus was associated with cytopathic stages 1 and 2 and that large
quantities of infectious virus were associated with stages 3 and 4.

Thus, the result of the second experiment, employing an inoculum containing
104°TDy of type S adenovirus, confirmed the relationship between the cytologic
alterations and the production of infectious virus found in the first experiment,
in which approximately 18 times more virus was used as an infecting inoculum.
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Adenovirus Type 7

Type 7 adenovirus was found to be less suitable for quantitative cytologic
study than type S because the differences between the stages of cellular altera-
tion produced by type 7 were less distinct (7). The results of only one experi-
ment correlating the virus multiplication cycle and the cytologic changes
evoked by type 7 virus will be presented.

-51 DETERMINED e N » _o
-~
COMPUTED O=m—=—= - //’

g ~
[a]
(&)
To-ar
(.4
S
©
o
F -3
p
=
Z
‘—
pr
w "2
z
(2]
2
x
>

_' =

o tr—o~ 1 T T

L)
6 9 12 15 18 2| 24 27 30
HOURS AFTER INFECTION

Fic. 4. Comparison of infectivity titers determined after infection of HeLa cells with 1052
TCDsg of type 5 adenovirus with titers which were computed from a fitted equation (see
text).

An inoculum containing 103-%® TCDjg of type 7 virus was used and a 5 hour
period allowed for viral adsorption. The results of this experiment are illustrated
in Table V, and in Figs. 8 and 9. Table V and Fig. 8 reveal that typical cytologic
alterations (shown diagrammatically in Fig. 1) were apparent before any newly
synthesized virus was detected, and that the development of the initial cytologic
changes in the majority of cells preceded the appearance of the majority of
the mature infectious virus. Fig. 9 demonstrates that the stages of cytological
change occurred sequentially, as was the case with type 5 virus; i.e., that
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TABLE III

Comparison of Per Cent of Cells Showing Virus-Induced Changes with the Amounts of Virus
Measured in HeLa Cell Cultures Infected with 104% TCDyo of Adenovirus Type 5

Per cent of cells showing characteristic virus-induced changes* | Amount of virus measured
fIt\To.‘off hx;s_. .
aier infection Stage 1 Stage 2 Stage 3 S;i%e§4 T:tt:glezll t%?fffﬁ?ﬁﬂ, Per cent}
6 0 0 0 V] 0 <0 0
14 1.1 0 0 0 1.1 <0 0
16 1.7 0 0 0 1.7 <0 0
18 2.7 0.2 0 0 2.9 <0 0
20 4.9 0.5 0 0 5.4 —0.50 0.03
22 7.0 1.0 0.3 0 8.3 —1.00 0.10
24 6.4 2.7 0.6 0 9.7 —2.00 1.00
30 7.8 5.1 5.2 0.9 19.0 —-3.25 17.80
40 2.9 2.8 7.8 8.0 21.5 -3.75 56.20
48 1.2 1.0 4.1 14.4 20.7 —4.00 100.00

* For each interval a total of 1500 cells was counted on 3 different coverslip cultures; the
percentage figures given are averages of the findings.
1 Per cent of maximum titer reached in experiments.
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Fic. 5. Comparison of the per cent of cells showing cytologic changes characteristic of in-
fection with the production of infectious virus in HeLa cell cultures infected with 10*% TCDsp
of type 5 adenovirus. The experiments were done exactly as described in legend for Fig. 2.
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adenovirus type 7-infected cells in stages 1 and 2 were associated with little
mature infectious virus, and that cells in stages 3 and 4 were associated with
large amounts.

A comparison of the observed infectivity titers with the titers calculated by
the “least squares” method is shown in Table VI and Fig. 10. It can be seen
that the observed and calculated values are remarkably similar. The & values
(estimated relative quantities of infectious virus) were very low for stages 1 and
2 (0.15 and 0.17, respectively) and much higher for stages 3 and 4 (84 and 390,
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F1c. 6. Comparison of the virus infectivity titer with progression of stages of sequential
cytologic change in HeLa cells infected with 10*% TCDsq of type 5 adenovirus. This experi-
ment was done exactly as described in legend for Fig. 3.

respectively). Thus, the experiments with type 7 adenovirus are in close agree-
ment with the experiments with the type 5 virus and suggest that with the two
adenovirus types studied the majority of infectious virus was associated with
cells in the late stages of infection.

DISCUSSION

The results of the studies reported above correlating the development of
adenovirus-induced cytological changes with the production of infectious virus
confirm and extend previous observations which indicated that the intranuclear
alterations were manifestations of viral synthesis (1-7). In experiments with
both adenovirus type 5 and type 7, nuclear changes preceded the appearance of
newly synthesized infectious virus. The relationship between the development
of nuclear alterations and the production of virus remained the same, although
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the proportion of cells which manifested virus-induced changes, the rate at
which the changes progressed, the maximum titer of virus produced, and the
length of time required for the maximum virus titer to be attained, varied with
the size of the inoculum.

The evidence obtained is consistent with the hypothesis that cells in the

TABLE IV

Comparison of Observed Infectivity Titers with Infectivity Titers Computed by the* Least Squares™
Method in HeLa Cell Cultures Infected with 1049 TCDygq of Type 5 Adenovirus (Derived from

Table I11)
| ! rt
: Proportion of cells in 4 stages !

No. of hrs. | of cytological change* = - -
after in- ! ! Observed i Computed with ’s§
fection I i } -

s X1 { X X { X, ! No. Logl ? No. ’ Logl|
! ! { !

6 | 0 [0 0 ;0 1] 0 0 07
14 I 8 (U 0 0 ‘ 11 0 ! 0.66 § Of
16 170 0 0 o | o 10 | 1.00| 0
18 290 1 0.2 0 ! 0 { il 0 ! 1.70 | 0.25
20 . 5.40 ) 0.5 1] 0 :1 3 0.30 | 3.20| 0.30
22 ; 8.30 ! 1.3 0.3 1‘ 0 i 10 1.00 | 15.00 | 1.25
24 970 | 3.3 0.6 | 0 | 100 | 2.00 j 26.00 ¢ 1.50
30 1 19.00 i 11.2 ( 6.1 | 0.9 | 1780 3.25 ! 850.00 | 3.00
4 2150 ) 18.6 | 158 | 8.0 i 5620 | 3.75 | 6200.00 | 3.75
48 ‘ 20.70 19.5 18.5 } 14.4 ; 10,000 | 4.00 | 11,000.00 | 4.00

i AU U SO SO DU NS S S S

pe* iosni—m 3.0 {7000 | |

* X, is the proportion of cells in stages 1 to 4 at indicated time; X, is the proportion in
stages 2 to 4; X5, those in stage 3 or 4; X, those in stage 4

{ Y is the relative number of infectious units at the indicated time.

§ In these computations b, (—2.7) was taken arbitrarily as zero.

|| The logarithms were taken to the nearest 0.25.

9§ These logarithms were taken arbitrarily as zero.

** b is the relative number of infectious units estimated to be produced upon entrance into

each stage.

first and second stages of nuclear alteration, although actively engaged in viral
synthesis, contain little or no mature infectious virus, whereas cells in the
later stages contain relatively large amounts. This hypothesis is in accord with
other data concerning the nature of the cell structures which characterize the
various stages, as discussed below.

In the case of infection with adenovirus type 5, the inclusions present during
stage 1 are eosinophilic and Feulgen-negative, and thus appear to lack, or
contain very little DNA (7). Fluorescent antibody studies reveal that stage 1
cells generally contain less viral antigen than do cells in the succeeding stages
(7). Unfortunately, it is not feasible to correlate the light microscopy and
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Fic. 7. Comparison of infectivity titers determined after infection of HeLa cells with
10%% TCDgp of type 5 adenovirus with titers which were computed from a fitted equation
(see text).

TABLE V

Comparison of Per Cent of Cells Showing Virus-Induced Changes with the Amounis of Infectious
Virus Measured in HeLa Cell Cultures Infected with 1032 TCDyo of Adenovirus Type 7

Per cent of cells showing characteristic virus-induced ch * A t of virus ed
flzl'eo._offl:u;s_. s
atter infection Stage 1 Stage 2 Stage 3 Stage 4 T:ggle:“ ti:[t:fre'li‘:(évll)tsz, Per cent}
6 0 0 0 0 0 —~0.25 0
10 0.4 0 0 0 0.4 -— —
12 2.0 0 0 0 2.0 0 0
14 7.0 0.3 0 0 7.3 0 0
15 - — —_ -— — 0 0
16 11.5 1.6 0 0 13.1 —~0.50 0.02
17 — — —_ — — —~1.50 0.18
18 16.2 4.4 0.4 0 21.0 —~1.75 0.32
19 — — — _ — —-2.00 0.56
20 20.7 8.2 2.5 0.3 31.7 —2.50 1.80
22 16.2 11.0 10.5 5.5 43.2 -3.50 17.80
24 17.3 17.4 9.6 4.2 48.5 ~4.00 56.00
30 8.0 6.6 19.4 24.4 58.4 —4.25 100.00
40 —_ -— — — — —4.50 >100.00
48 5.9 3.4 11.0 35.8 56.1 —4.25 100.00

* For each interval studied 2 minimum of 1500 cells was counted on 3 different coverslip
cultures; the percentage figures given are averages of the findings.
1 Per cent of maximum titer reached in experiments.
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Fic. 8. Comparison of the per cent of cells showing cytologic changes characteristic of
infection with the production of infectious virus in HeLa cell cultures infected with 10%-%
TCDs of type 7 adenovirus. The experiments were done exactly as described in legend for
Fig. 2.
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Fic. 9. Comparison of the virus infectivity titer with progression of stages of sequential
cytologic change in HeLa cells infected with 1032 TCDgg of type 7 adenovirus. The experi-
ments were done exactly as described in legend for Fig. 3.
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TABLE VI
Comparison of Observed Infectivity Titers with Infectivity Tsters Computed bythe * Leass Squares’
Method in HeLa Cell Cultures Infected with 1032 TCDso of Type 7 Adenovirus (Derived from
Data in Table V)

Proportion”of cells in 4 stages of v
No. of hrs. cytological change®
after in- Observed Computed with 8’s
fection
p.¢] X X3 P No. Log$ No. Log$
6 0 0 0 0 1.0 | © 0 oY
10 0.4 0 0 0 No obser- — 0.06 | 0Y
vation
12 2.0 0 0 0 1.0 0 0.30 | oY
14 7.3 0.3 0 0 1.0 0 1.106{ 0.00
15 No observation 1.0 0 — _
16 3.1 t6 |0 | o 3.2 | 0.50 2.20| 0.25
17 No observation 32.0 1.50 — —
18 21,0 | 4.8 | 04 | O 56.0 | 1.75 38.00 | 1.50
19 No observation 100.0 2.00 —
20 31.7 | 11.0 2.8 0.3 320.0 2.50 360.00 | 2.50
22 43.2 | 27.0 | 16.0 5.5 3,200.0 3.50 3500.00 | 3.50
24 48.5 | 31.2 | 13.8 4.2 | 10,000.0 4.00 2800.00 | 3.50
30 58.4 | 30.4 | 43.8 | 24.4 | 18,000.0 4.25 | 13,000.00 { 4.00
40 No observation 18,000.0** 4.25 — -
48 56.1 | 50.2 | 46.8 | 35.8 | 18,000.0 4.25 | 18,000.00 | 4.25
b1t 0.15 0.17 | 84.0 | 390.0

* X, is the proportion of cells in stages 1 to 4 at indicated time (Z.e. those in stages 1,2,
3, and 4); X. is the proportioninstages 2 to 4; X, those in stage 3 or 4; X, those in stage 4.

1 Y is the relative number of infectious units at the indicated time.

§ The logarithms were taken to the nearest 0.25.

[| Table V shows —0.25 for the infectivity titer, but this was taken arbitrarily as zero titer.

9 These logarithms were taken arbitrarily as zero.

** Table V shows —4.5 for this infectivity titer, but this was taken arbitrarily as —4.25
titer.

11 bis the relative number of infectious units estimated to be produced upon entrance into
each stage.

fluorescent antibody observations of the early stages of type 5 infections re-
ported (7) with the electromicroscopic findings reported by other investigators
(12, 13). It is thus impossible to state whether the cells here designated as
stages 1 and 2 contain virus-like particles or not. It would be of interest to
determine whether cells corresponding to these stages contain precursor matrix
material or recognizable viral particles, possibly in an early stage of develop-
ment. Those cells which are associated with infectious virus (stages 3 and 4 and
possibly 2) possess inclusions which contain DNA as well as specific viral
antigen, in contrast to cells in stage 1. From the electron micrographs of Morgan
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et al. (13), it is evident that regular arrays of well developed virus-like particles
are present in type 5 adenovirus-infected cells in stages 3 and 4; cells in these
stages can be identified by the presence of the eosinophilic, bar-shaped type
of crystal.

In regard to type 7 adenovirus infection, the inclusions of cells in the first
stage of the cytologic sequence lack both DNA and type-specific viral antigen,
although some viral antigen which cross-reacts with type 5 antiserum is already
present (7). These stage 1 inclusions probably correspond to the “reticulated”
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Fic. 10. Comparison of infectivity titers determined after infection with 10%% TCDjgg of
type 7 adenovirus, with the titers which were computed from a fitted equation (see text).

condensations of dense granular “matrix” observed by electromicroscopists in
nuclei of HeLa cells considered to be in early stages of infection with adenovirus
types 3, 4, and 7 (3). The crystals characteristic of infection with type 7 virus
(and also types 3 and 4), are first apparent by light, phase, and fluorescence
microscopy in the second stage of cytologic change, and become increasingly
prominent in stages 3 and 4; crystals of this sort have been shown to contain
DNA, specific viral antigen, and virus-like particles (3, 4, 6, 7). The correlative
studies described above indicate that infectious virus is produced by cells
which contain such crystals; i.e., cells in stages 3 and 4, and possibly 2.

One other finding of interest in the present studies was the high percentage
of HeLa cells that could be infected nearly simultaneously under the conditions
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employed. This observation is in contrast to data reported by other investiga-
tors (2), which indicated that only a small percentage of cells in HeLa cultures
became infected when exposed to adenoviruses. This discrepancy in the propor-
tion of cells which appear infected presumably is related to the size of the
infecting inoculum and the susceptibility of the cells under different experi-
mental conditions.

SUMMARY

Studies correlating the production of infectious adenovirus (types 5 and 7)
and the progression of the stages of virus-induced cytologic change in HeLa
cells are presented. The results reveal a close relationship between the develop-
ment of the characteristic nuclear changes and adenovirus synthesis. They
suggest that cells manifesting the first stages of nuclear change, characterized by
the appearance of eosinophilic, Feulgen-negative inclusions, contajn little or no
mature infectious virus, whereas cells in the later stages, with Feulgen-positive
and basophilic inclusions, contain relatively large amounts.

The authors are grateful to Dr. George F. Badger and Dr. Arthur S. Littell for advice with
the statistical analyses of the data.
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