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Comparative hemagglutination-enhancement (HE) tests demonstrated diversified
patterns of antigenic specificities both in the fiber and vertex capsomer part of pen-

tons of human adenovirus types 3, 11 (subgroup I), 9, 15 (II), 1, 2, 4, 5, 6 (III), and
12. All fibers contained a type-specific antigen. Subgroup II and III fibers, in addi-
tion, contained specificities both unique for each subgroup and also common to the
two subgroups. Fibers of serotypes 4 and 12 displayed a somewhat deviating be-
havior. All vertex capsomers tested shared a group-specific part. This was the only
antigenic specificity demonstrable for serotype 12. Maximal penton HE titers of all
sera were reached in tests with incomplete hemagglutinin of type 11. In addition,
maximal HE activity of sera against individual serotypes also was recorded against
pentons of other members of the same subgroup. Antigen characteristics of vertex
capsomers of type 4 indicated a closer relationship to subgroup I than to subgroup
III. The toxin activity of pentons was more sensitive to trypsin treatment than
their capacity to function as incomplete hemagglutinin. Homotypic antipenton
sera, unabsorbed or absorbed with homotypic fibers to remove antibodies against
this component, and, to a varying extent, also heterotypic antipenton sera could
neutralize toxin activity. Antifiber sera could neutralize toxin activity of pentons
carrying short fibers (10 nm, type 3) but not of those carrying long fibers (28 to 31
nm, type 2). It is concluded that toxin activity is carried by a specific part of vertex
capsomers and that cell detachment can be brought about via a direct contact be-
tween this component and cell membranes. Fiber-mediated attachment does not
seem to be necessary for this biological activity to become expressed-

The capsid of the adenovirus virion is com-
posed of 240 nonvertex capsomers (hexons) and
12 vertex capsomers carrying projections [pentons
(5, 29)]. Pentons are responsible for toxin (cell
detachment) activity (1, 16, 21) and are composed
of vertex capsomers, which have been described
as both subgroup- (17, 29) and group-specific
(6, 13, 27, 28), and fibers showing structural and
immunological type and in some cases subgroup
characteristics (5, 7, 10, 14a, 19, 25, 26, 29).

In the present study, the immunological com-
plexity of fibers and pentons was studied in tests
with sera against these two types of components
from selected serotypes belonging to the three
different subgroups. The tests employed were
hemagglutination-enhancement (HE) and toxin
neutralization (TN). A special interest was
focused on the relationship between toxin ac-
tivity and subunits of pentons.

MATERIALS AND METHODS
Preparation of virus material. The prototype strains

of adenovirus types 1, 2, 4, 5, 6, 9, 11, and 15 were ob-

tained from Arne Svedmyr, Central Bacteriological
Laboratory of Stockholm City. Prior to arrival in this
laboratory these strains were passaged on HeLa and
KB cells between 14 and 22 times. In this laboratory,
no serotype was passaged more than four times. An
isolate of serotype 3 obtained from Torsten Jonsson,
National Bacteriological Laboratory of Sweden, was
used. The infectivity of this serotype was neutralized
by hyperimmune sera against the prototype strain of
adenovirus type 3. Virus preparations and sera against
serotype 12 (Huie strain) were kindly provided by Jaro
Ankerst, Department of Medical Microbiology,
University of Lund.

Concentrated stock materials were prepared in
monolayer cultures of either a human bone marrow
cell line, MAS-A cells, or a human embryonic lung
cell line, Lu 106, as has been described elsewhere (27).
Serum was excluded at the last change of maintenance
medium before harvest.

Purification of virus-specific structural components.
Before separation of soluble components, virions and
empty capsids were removed by three consecutive
centrifugations at a performance index (Pi) of 5.3
(20,000 rev/min, rotor 40, Spinco Division, Beckman
Instruments, Inc., Fullerton, Calif.; reference 14).

Purification of fibers of the various serotypes for
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preparation of specific antisera included the following
procedures.

Anion exchange chromatography on Sephadex A25
(Pharmacia Fine Chemicals, Uppsala, Sweden) was
used on types 6 and 15 (7, 27). The same technique
combined with exclusion chromatography on spheri-
cal agarose BioGel A1Sm (BioRad Laboratories,
Richmond, Calif.) was used on types 2, 4, and 5 (24a,
25). Exclusion chromatography on Sephadex G200
was used on type 3 (9). All fiber preparations used as
incomplete hemagglutinins in HE tests were purified
either by zonal centrifugation or exclusion chroma-
tography.

Monomers and polymers of pentons of the different
adenovirus types studied, which were used for prepara-
tion of specific antisera, were isolated by the following
procedures. Pentons of serotype 2 and pentons and
dodecons of serotype 3 were prepared as previously
described (9, 24a). Pentons of serotype 4 and ag-
gregates of pentons of serotypes 5 and 6 were iso-
isolated by exclusion chromatography on Bio Gel
A15m (27). Dodecons of type 9 were eluted from
human 0 cells by receptor-destroying enzyme (10).
The corresponding components of serotypes 11 and
15 were purified by rate zonal centrifugation (7, 8).

Pentons of the various serotypes used as incomplete
hemagglutinins in HE tests were prepared as described
above for fibers. None of the penton preparations used
displayed HE after incubation with heterotypic fiber-
specific antisera, indicating the absence of free fibers.
Hexons of serotype 2 were prepared by a procedure

including anion-exchange chromatography on diethyl-
aminoethyl-Sephadex A25, exclusion chromatography
on Sephadex G200, and rate zonal centrifugation (27).
Purification of hexons of serotype 3 was previously
described (9).

Tests for biological activities. The techniques for
hemagglutination, hemagglutination-inhibition (HI),
HE antibody consumption (HEC), and HI inhibition
antibody consumption tests were previously described
(6, 11, 12, 24a, 27). The latter three types of tests in-
dicate incomplete hemagglutinins, i.e., pentons or
fibers or both, vertex capsomers, and the type-specific
part of fibers, respectively. Complement fixation (CF)
tests were performed with a modified Takatsy micro-
drop technique as previously described (28).

Titration and neutralization of toxin activity. The
previously described technique (27) was used in most
of the tests. The TN tests were performed by incubat-
ing 1 volume of twofold dilutions of serum with 9
volumes of toxin (dialyzed against maintenance
medium), containing 8 arbitrary units per ml, for
2 hours at room temperature and overnight at 4 C.
Of this mixture, 1 ml was inoculated into each of two
tubes containing confluent monolayers of Lu 106
cells. The following toxin preparations were used:
pentons of serotype 2 isolated either by zonal cen-
trifugation or by exclusion chromatography on Bio
Gel A15m (27) and pentons and dodecons of serotype
3 recovered after adsorption and elution of soluble
components on monkey (Cercopithecus aetiops) red
cells (6). To reduce the consumption of reagents and

thus to be able to perform TN at low dilutions of sera,
different microtechniques were developed and com-
pared with the previously applied technique. One of
these, which was used to determine toxin neutraliza-
tion by sera at dilutions <20, was carried out as de-
scribed above. The only differences were that this test
involved 0.1 ml and was performed in disposable trays
(Linbro FB-48; Flow Laboratories, Ltd, Irvine, Scot-
land). These trays were also used in a simplified tech-
nique for titration of toxin activity, essentially repre-
senting a modification of the test for inhibition of cell
spreading developed by Sanderson (22). The latter
technique was used in experiments concerning the
kinetics of trypsin susceptibility. The virus material
was titrated in serial twofold dilutions of 0.05 ml con-
taining Hanks' medium with 10% calf serum, by a
microtiter equipment for serological tests (Flow
Laboratories Ltd.); 50,000 Lu 106 cells in 0.05 ml of
the above mentioned medium was added to all cups,
after which these were sealed by adhesive covers. The
trays were then incubated in a 5% CO2 air atmosphere
for 16 to 18 hr. The test was considered to be positive
if more than half of the number of cells remained
rounded up at that time. The results appeared to be
rather insensitive to variations in the number of cells
employed. The titers obtained corresponded to titers
of cell detachment determined in tubes with confluent
monolayers of Lu 106 cells.

Determination of trypsin sensitivity. Pentons of sero-
type 2 isolated by exclusion chromatography on Bio
Gel A15m (25) and concentrated by forced dialysis
against polyethylene glycol were, prior to the enzyme
treatment, dialyzed against a buffer of pH 7.8 (at
37 C) containing 0.05 M tris(hydroxymethyl)amino-
methane (Tris)-hydrochloride, 0.1 M NaCl, and 0.01 M
CaCI2. After incubation in a water bath at 37 C with
trypsin (2 X crystallized, Fluka AG, Buchs, SG,
Switzerland) at various concentrations for different
times, samples were placed in an ice bath and a double
amount of soy bean trypsin inhibitor (5 X crystals
lized; Nutritional Biochemicals Corp., Cleveland,
Ohio) was added.

Preparation of hyperimmune sera. Rabbits were
inoculated intramuscularly with 4 ml of virus material
mixed with Freund's complete adjuvant. An intrave-
nous booster of 1 ml was given 4 to 5 weeks later, and
the animals were exsanguinated after another week.

Absorption of hyperimmune sera. Sera to be ab-
sorbed were mixed with antigen in amounts calculated
to be four to five times higher than that required to
combine with all specific antibodies. After incubation
at room temperature for 2 hr and overnight at 4 C,
the complexes of antigen-antibody formed were re-
moved by centrifugation at Pi 16.7 (SW39, 35,000
rev/min) for 2 hr. After absorptions with fibers, it was
found necessary to separate antigen-antibody com-
plexes from free antibodies by exclusion chromatogra-
phy on Sephadex G200. Fractions containing isolated
immunoglobulin G were concentrated by ultrafiltra-
tion and adjusted to the original volume. The low
HA activity noted in most sera after absorption with
antigen was eliminated by adsorption with prepara-
tions of packed rat or green monkey erythrocytes
(24a).
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Specificity of hyperimmune sera. The type specificity
of sera was controlled in HI tests. Sera against fibers
were negative both in HE tests with pentons of sero-
type 11 and with group-specific hexons in CF tests.
Penton antisera displayed no reactivity in CF tests
with group-specific hexons, with the exception of sera
against aggregates of pentons of serotypes 5 and 6 in
which moderate CF activity was noted. Hexon anti-
sera were negative both in HE tests with pentons of
serotype 11 and in HI tests with soluble components.
However, these antisera displayed HI by homologous
purified virions (14). Hexons but not host cell com-
ponents reacted in CF tests with hexon sera.

RESULTS
Fiber HE by sera against serotype 12 and

selected members of subgroups HI and m of
adenoviruses. Fibers of adenoviruses belonging
to subgroups II and III contain antigenic speci-
ficities besides the type-specific antigen (7, 13,
17), which allow their demonstration as in-
complete hemagglutinins in HE tests. This test
was used to determine the immunological re-
lationship between fibers. Serotypes 9 and 15
(subgroup II), 1, 2, 4, 5, 6 (subgroup III), and 12
were studied. Two different sera against each
serotype included were tested, and good agree-
ment between the results was noted. No HE
activity of any of the fiber preparations was
demonstrable in tests with sera against fibers of
adenovirus type 3 (subgroup I). Sera against
members of other subgroups displayed varying

HE titers in tests with heterotypic fibers, except
those of subgroup I. This finding was repeat-
edly encountered, and a distinct pattern of im-
munological reactivity with heterotypic fibers,
in the following referred to as "titer profile,"
could be established for each antiserum.

Besides the reactivity shared between members
of subgroups II and III, a distinct subgroup-
specific preference was prevalent within sub-
group II (Fig. 1). All sera against serotype 12 and
members of subgroup Ill displayed a distinct
preference in the relation to fibers of serotypes
1, 2, 5, and 6. However, somewhat paradoxi-
cally, the sera against the latter components
displayed comparatively low HE titers with
fibers of serotypes 4 and 12 similar to those ob-
tained with fibers belonging to subgroup II
(Fig. 1). Antigen specificities of subgroup nature
were confirmed to occur within both subgroups
II and III by absorption experiments, in which
sera against serotypes 5 and 9 were absorbed with
fibers of types 2 and 15.

Penton HE by sera against monomers or
polymers of pentons of selected adenovirus types.
In view of the complex immunological composi-
tion of the fiber presented above and the occur-
rence of both type- (2, 3, 9, 15, 30) and group-
specific (2, 3, 9, 15, 18, 29, 30) antigenic spec-
ificities of the hexon, also the vertex capsomer
might be expected to display an immunological
diversification extending beyond the group-

I 9 15 12 4.5 12 9 15 12 4 5 6 12 9 15 12 4 5 6 29 15 12 4 5 6 12
<1:16-

1- 1.64-

1:256

' 9 15 1 2 45 6 12 9 15 1 2 4 5 6 12 9 15 1 2 45 6 12 9 1S 1 2 4 56 12

TYPE OF FIBER EMPLOYED IN THE TEST

FIG. 1. Hemagglutination enhancement (HE) activity ofsera againstfibers of serotype 12 and sekected members
of subgroups 11 and 111 in tests with fibers of different serotypes (denoted along bottom part ofcolumns). Crossed
columns mark the serotype origin of antibodies examined in individual sets of HE tests. Upper row: sera against
type 9 dodecons, type 15Sfibers, type 4fibers, and type 12 crude virus material. Lower row: sera against serotype 1
crude virus material, serotype 2fibers, serotype Sfibers, and serotype 6fibers. The HE titer of sera in tests with
differentfibers is expressed in a relative fashion. The unfilled part of a column gives the ratio of serum HE activity
with a specifticfiber over the maximal titer obtained with any heterotypicfibor.
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specific reactivity so far demonstrated (6, 13,
27, 28). HE of pentons by different penton anti-
sera appeared to represent the most sensitive
system available for mapping relationships be-
tween vertex capsomers of different serotypes.
Types 3, 11 (subgroup I), 9, and 15 (subgroup
II) and 1, 2, 4, 5, and 6 (subgroup III) were
studied. Unfortunately, pentons of serotype 12
could not be included in this study owing to the
fact that they occur spontaneously only in small
amounts (9a). Two different sera against each
type of pentons included were studied, and,
generally, a good agreement between the titer
profiles of these sera were noted. All sera dis-
played HE with every heterotypic penton prepa-
ration.
The titer profiles of sera against the four sero-

types representing subgroups I and II were, as a
whole, similar (Fig. 2). However, some sub-
group-specific preference was suggested, in
particular, in tests with sera against subgroup I
members. The titers obtained with pentons of

serotype 11 were equivalent to the maximal titers
in all sera tested with exception for sera against
serotype 2, whereas type 3 pentons generally
displayed lower titers by a factor of two to four.
The HE titers of sera against members of sub-
groups I and II noted for pentons of serotypes 4
and 6 approached the values observed with sero-
types from subgroup I. In tests with pentons of
type 5, somewhat lower serum titers were re-
corded, although they still exceeded the low
titers, corresponding to the group-specific ac-
tivity, obtained with type 1 and 2 pentons. The
high titers observed when the latter components
were incubated with serotype 15 antisera repre-
sented the single exception to this simplified
general description.
Among the sera against pentons of serotypes

belonging to subgroup III, the sera against type
4 differed from the remaining antisera. The titer
profile of type 4 antisera displayed a close cor-
relation to the titers obtained with sera against
serotype 3. The sera against the remaining mem-
bers of subgroup III displayed a subgroup-specific

1:4 -

1:16.

1:64.

1:256- ! !
3 11 9 15 1 2 4 5 6 3 11 9 15 1 2 4 5 6 3 11 9 15 1 2 4 5 6

1:4 -

14-I
1:16 -

1:64-

C1:256 -

3 11 9 15 1 2 4 5 6 3 11 9 15 1 2 4 5 6 3 11 9 15 124 5 6
TPOFPENTON EMPLOYED IN THE TEST

FIG. 2. Hemagglutination enhancement (HE) activity of sera against monomers or polymers of pentons
ofselected serotypes in tests with different heterotypic pentons. Top row: sera against serotypes 3, 11, and4. Middle
row: sera against serotypes 9 and 15 and crude virus material of type 12. Bottom rowv: sera against serotypes 2, 5,
and 6. Concerning arrangement ofstaple diagram see Fig. 1.
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"preference," since all HE titers in subgroup-
specific relations were on a level with or, in the
case of serotype 2, higher than the titers obtained
with pentons of serotype 11. HE titers noted for
pentons of serotype 3 were intermediate between
the subgroup-specific titers and the compara-
tively low titers obtained with pentons of sero-
types belonging to subgroup II. In this respect,
sera against type 2 also represented an exception,
since the lowest titers were obtained with pentons
of serotypes 3 and 4. Conversely, type 2 pentons
were responsible for the minimal HE titers re-
corded in tests of antisera against both serotypes
3 and 4. The absence of any marked variation in
HE titers of the antisera against type 12 con-
trasted with the behavior of antisera against all
other types tested.

Absorption of sera against pentons of serotype
4 by heterotypic pentons. A number of biological
characteristics (13, 14, 23, 26, 28) and also the
results presented above seem to indicate that
serotype 4 appeared to be more closely related to
members of subgroup I than to subgroup III.
To establish the immunological relationships on
the vertex capsomer level between this and other
serotypes, the sera against pentons of serotype 4
were absorbed with the following preparations:
pentons of serotypes 11, i.e., preparations of
soluble components from which dodecons have
been removed by erythrocyte adsorption (8);
pentons of serotypes 15 and 2 isolated by anion-
exchange chromatography (7) and exclusion
chromatography (25), respectively; and dimers
of pentons of serotype 6 obtained after zonal
centrifugation (27). The remaining HE activity
was tested with pentons of all serotypes under
study. These absorptions had to be carried out
at different dilutions of serum on account of the
large span between the minimal and maximal HE
titers obtained with different pentons (Table 1).

It was found that absorption with pentons of
serotype 2 did not affect the titer of any hetero-
typic serotype except type 1. This titer was re-
duced but not altogether removed. Absorption
with both serotypes 6 and 15 eliminated the HE
antibody reacting with types belonging to the
same subgroup. Type 15 removed in addition the
HE reactivity with pentons of types 1 and 2,
whereas serotype 6 reduced the HE activity of
subgroup I pentons and eliminated the HE
antibody reacting with the remaining serotypes.
Absorption with serotype 11 pentons eliminated
all demonstrable HE activity with the serotypes
tested. It should be noted, however, that changes
in the HE titers obtained with pentons of sero-
types 1 and 2 could not have been detected at
the high serum dilutions used for absorption
with pentons of serotypes 6 and 11.

TABLE 1. Remaining HE activity (units per 0.4 ml)
in a serum against pentons of adenovirus

type 4 after absorption with
different heterotypic pentons

against Serum sample absorbed with
pentons of pentons of types

Type Sub- 0 11 15 2 6 dimersgroup pentons pentons pentons of pentons

3 I 20,480 < 320 10,240 20,480 2,560
11 II 40,960 <320a 40,960 40,960 5,120
9 II 640 < 320 <40 640 < 160
15 II 1,280 < 320 <40 1,280 < 160
1 III 128 < 320 <40 64 < 160
2 III 128 <320 <40 <8 <160
5 III 2,560 <320 1,280 2,560 <160
6 III 5,120 < 320 2,560 5,120 < 160

aiValues
italics.

for corresponding peptons are in

Studies on the significance of different penton
structures for the toxin activity were conducted.

Trypsin digestion of pentons of adenovirus type
2. The previously reported relative resistance of
pentons of serotype 2 to trypsin treatment (27)
was further studied in two kinds of experiments
in which (i) the relative concentrations of trypsin
needed to reduce the toxin activity and the ca-
pacity of vertex capsomers to react with HE anti-
bodies were compared and (ii) inactivation rates
of these two biological properties of type 2 pen-
tons were determined (Fig. 3).

Digestion with trypsin, in a concentration of
0.1 ,g/ml for 2 hr at 37 C, of type 2 pentons pre-
pared by exclusion chromatography on Bio Gel
AiSm was sufficient to reduce the toxin activity,
whereas a hundred times higher concentration
of enzyme was needed to bring about a reduction
of the HE antibody combining activity.
A trypsin concentration of 30 ,ug/ml was found

to destroy the toxin activity in less than 1 min,
whereas the penton HE activity was not signifi-
cantly reduced until after 30 min. The HEC ac-
tivity (not included in Fig. 3), indicating vertex
capsomers isolated or as part of pentons, was
reduced to the same extent as the HE activity.
HE tests with an antiserum against type 5 fibers
demonstrated that the trypsin treatment caused
a gradual release of free fibers.

Effect of homotypic and heterotypic antisera on
toxin activity of adenovirus types 2 and 3. The
active principle of the toxin activity was sug-
gested to reside in a part of vertex capsomers
(Fig. 3). Since a group-specific reactivity of the
vertex capsomer can participate in the HE reac-
tion, it was considered of interest to determine
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FIG. 3. Effect of trypsin on biological aclivities of
pentons of adenovirus type 2. (A) Effect of incubation
with various concentrations of trypsin for 2 hr at 37 C
on the following activities of the penton: (0) toxin
activity; (-) HE with an antiadenovirus type 11
dodecon serum, i.e., indicating penton incomplete HA;
(U) HE with an antiadenovirus type S fiber serum, i.e.,
indicating fiber incomplete HA. (B) Inactivation rate
ofdifferent penton activities in thepresence of 30 ,ug/ml
of trypsin. Symbols are described under A.

the effect of some of the penton antisera (Fig. 2)
on the toxin activity.

All sera tested, specific for monomers or poly-
mers of pentons, displayed neutralization of
the toxin activity carried by pentons of types 3
and 2 (Tables 2 and 3). To be able to compare
the relative neutralizing capacity of sera against
different adenovirus types, the ratio between
the titers obtained in HE and TN tests was
determined. A wide range of ratios was
noted. The highest ratio observed, 530, was that
between the titers in HE and TN tests with toxin
of serotype 3 by a serum against serotype 4
pentons. The ratios recorded for toxins of both
adenovirus types 2 and 3 with antisera against
serotypes belonging to subgroup II ranged be-
tween approximately 50 and 170.
A considerable capacity to neutralize the toxin

activity of both serotypes 2 and 3 was present
in antisera against serotypes of subgroups I and
III with the exception of type 4. All these sero-
types displayed toxin activity (1, 6, 16, 21, 27).
The ratios of HE to TN titers found were com-
paratively low, ranging between approximately
5 and 20. It should be noted that the homotypic
ratio was also included in this range.
The specificity of the TN results was also ex-

amined in tests with homotypic hexon antisera.
These sera displayed a CF titer with group-
specific hexons of 640 units per 0.025 ml. No
neutralization of toxin activity could be detected.
Toxin neutralization tests with homotypic anti-
fiber sera revealed an interesting discrepancy
between serotypes 2 and 3. The TN titers of the
sera against serotype 3 fibers and pentons were
of the same magnitude, whereas two different
sera against serotype 2 fibers (HI titers about
6,400 units/0.4 ml) did not neutralize 8 units of
the homotypic toxin. This observation corrobo-
rated recent findings by Pettersson et al. (19).
However, it was noted in this laboratory that
serial dilutions of toxin of serotype 2 in the pres-
ence of large amounts of homotypic antifiber
antibodies repeatedly caused a twofold reduction
of the titer as compared to the control.

Effect of absorption by homotypic fibers on
toxin-neutralizing activity of sera against adeno-
virus type 3 pentons. The relative effect of anti-
bodies against the fiber and vertex capsomer
part of pentons in the TN activity of adenovirus
type 3 by homotypic antipenton sera could not
be evaluated from the data presented above.
For this reason, an experiment was performed in
which antipenton sera absorbed with homologous
fibers were compared to the same untreated serum
with regard to toxin-neutralizing capacity. The
HI titer was reduced by a factor exceeding 100
after absorption, whereas approximately half of
all toxin-neutralizing activity remained (Table 4).
This indicates that antibodies against the vertex
capsomer part of the penton alone can neutralize
the toxin activity of pentons of serotype 3.

DISCUSSION
A large variety of antigenic specificities dis-

playing relatively complex relationships appear
to occur in hexons (2, 3, 9, 14, 30) and also, as
demonstrated above, in pentons of different
adenovirus types. Techniques employed to dem-
onstrate these differences were antibody ab-
sorption tests and, in the case of pentons, also
determination of HE antibody profiles of specific
sera. It should be mentioned that the reliability
of results derived from this kind of experiments
will be dependent upon the requirement (i)
that no antigenic specificities are selectively
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TABLE 2. Capacity ofantisera against various structural components ofdifferent serotypes
to neutralize the toxin activity of type 3 pentons

Sera against

Component

Pentons
Dodecons
Fibers
Hexons
Dodecons

Dodecons
Dodecons

Pentons
Pentons
Dimers of
pentons

Subgroup

I

II

III

TN activity
against type 3

pentons5

640-1,280
320-450
450-900

<10
450-640

8
8-22

32-45
22-32

225-256

Homotypic
HI6

12,800
25,600
51,200

32
12,800

12,800
25,600

10,240
3,200

20,480

HE of type 11
pentonb

25,600
5,120
<10
<10

5,120
5,120

40,960
2,560
20,480

HE of type 3
pentonb

12,800c
-d

5,120

640
2,560

20,480
160

5,120

HE titer with
type 3 pentons/

TN titer

13

9

80
170

530
6

21

a Expressed as units per 1.0 ml.
bExpressed as units per 0.4 ml.
- Determined by use of serum absorbed with homotypic fibers.
d No test was performed.

TABLE 3. Capacity of antisera against various structural components of different
serotypes to neutralize the toxin activity of type 2 pentons

Sera againstSeraagainst_______________ _ -
TN activity against Homotyic HIb HE of type 2 HE titers with type

type 2 pentonea HomotYPic Hlb pentonsb 2 pentons/TN titer
Type Component Subgroup

3 Pentons I 64 l2,800 640 10
11 Dodecons 16-22 12,800 80 4

9 Dodecons II 8-22 12,800 1,280 85
15 Dodecons 45-64 25,600 2,560 47

4 Pentons III 4 10,240 320 80
2 Pentons 900-1,280 3,200 -c

2 Fibers <10 6,400 _
2 Hexons <10 <10
5 Dimers of pentons 225-252 2,560 2,560 11
6 Dimers of pentons 1,280-1,800 20,480 20,480 13

a Expressed as units per 1.0 ml.
bExpressed as units per 0.4 ml.
c No test was performed.

TABLE 4. Capacity of antiserum against type 3
pentons to neutralize homotypic toxin

activity before and after absorption
with homotypic fiber

Absorbed TN activity Ho~ HE of HE of
with TIT typeypHoo type 11 ptype 3bhomotypic againtnstyp typic Hl pentonb pentonb
fibers 3pnos

_ 1,280 64,000 68,000 -c

+ 450-900 500 68,000 34,000

a Expressed as units per 1.0 ml.
b Expressed as units per 0.4 ml.
c Not demonstrable due to the high amount of

HI antibodies present.

destroyed by purification procedures used (this
is of importance both for antigen prepared for
immunization and for absorption), and (ii) that
the animals used for immunization respond in a
reproducible fashion to all antigenic specificities
present. The fact that both crude virus material
and purified components-used either for im-
munization or absorption-gave similar antibody
"profiles" in different rabbits suggests that
neither one of these two possible restrictions have
any major significance on the outcome of the
present experiments. An analysis of the results
obtained reveals that certain groupings and
preferences on both the fiber and the vertex

Type

3
3
3
3

11

9
15

4
2
6
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capsomer levels can be deduced from the char-
acteristic HE titer profiles of sera against in-
dividual serotypes.

(i) The fibers of members of subgroups II and
III can be demonstrated as incomplete hemag-
glutinin in the presence of sera against members
of both these two subgroups, thus indicating the
occurrence of common antigen specificities.

(ii) Interestingly enough, a distinct subgroup-
specific preference was demonstrated among the
-fibers of subgroup Il, although the lengths of
the former were only 12 to 13 nm (7, 10). Within
subgroup III, the 23- to 31-nm long (14a) fibers
of serotypes 1, 2, 5, and 6 displayed strong rela-
tions. The remaining member of this subgroup,
serotype 4 with 17- to 18-nm long fibers and the
28- to 31-nm long fibers of serotype 12, reacted
only on the level of the common antigen spec-
ificity for subgroups II and III, with the fiber
antisera of these four types. However, fiber
preparations of serotypes 1, 2, 5, and 6 displayed
maximal titers in antisera against both types 4
and 12. This discrepancy might be explained if
it is assumed that the fibers of serotypes 4 and
12 formed comparatively inefficient hemag-
glutinins after combination with heterotypic
antibodies. Alternatively, these fibers might con-
tain antigenic sites which are immunogenic in
vivo but less prone to form hemagglutinating
complexes with immunoglobulin G antibodies
in vitro.

(iii) Fibers of all adenovirus types tested
carried a type-specific antigen responsible for
the reaction with HI antibodies (5, 8, 10, 12,
24a). This was the only antigenic specificity dem-
,onstrated for the 10-nm long fibers of serotypes 3,
11, 16 (5, 8, 12), members of subgroup I.
The relationships between vertex capsomers

can be summarized as follows.
(i) The vertex capsomer contained a group-

specific part. Serotype 12 alone displayed only
this antigenic specificity.

(ii) On the vertex capsomer level, certain
special features in the relationship between sero-
types belonging to different subgroups according
to Rosen (20) could be demonstrated.

First, generally high titers were observed with
vertex capsomers from subgroup I, in particular
with serotype 11. This may partly be due to the
fact that the vertex capsomer of this serotype
probably contains the major portion of the anti-
genic variants among the serotypes tested, and
partly the fact that pentons of serotype 11 can
form unusually stable hemagglutinin. It should
be mentioned that the sensitivity to temperature
variations (6, 24, 24a) might represent one reason

for the somewhat lower titers obtained with
pentons of serotype 3.

Second, the HE profile obtained with pentons
of serotype 4 was characteristic for subgroup I.
This is not unexpected, since type 4, also with
regard to a number of other biological char-
acteristics, appears to be associated with this
subgroup (23, 28).

Third, compared to the remaining serotypes
the relationship between the vertex capsomers of
serotype 2 and the types belonging to subgroup
I plus type 4 was relatively weak. In contrast to
this, a somewhat unexpected strong relation on
the vertex capsomer level between serotypes 2 and
15 was noted.

(iii) Subgroup specificity was clearly observed
in the vertex capsomers of serotypes belonging
to subgroup I. A similar specificity was also
demonstrated within the other subgroups, al-
though the maximal HE titers never (except with
sera against type 2) exceeded those obtained with
serotype 11 pentons. It is of some interest to note
that antiserum against serotype 4 reacted with
certain members of subgroup III, even after all
subgroup II specific activity was removed by
absorption with pentons. This suggests that there
exists a vertex capsomer specificity not carried by
subgroup II members which relates type 4 to
members of subgroup I and also to two members
(types 5 and 6) of subgroup III.

(iv) Type specificity of the vertex capsomers
was not demonstrated, but could not be excluded
on the basis of the indicator system used.

Since the maximal titers of the sera tested were
obtained in HE tests with pentons of serotype
11, this test system can be generally employed for
demonstrating antibodies against vertex cap-
somers. The sensitivity of this test appears to
exceed complement fixation by a factor of the
order of magnitude of 20 to 100 (4; Wadell,
unpublished data).
Toxin activity has been demonstrated in prepa-

rations of serotypes 3 and 11 and 1, 2, 5, and 6
among the serotypes studied. The distribution
of this activity could not be correlated to any
relationship revealed by the HE tests. Neutrali-
zation of the toxin activity of adenoviruses has
previously been described both to be (1), and not
to be type-specific (21). Three different mecha-
nisms possibly can be responsible for TN: mecha-
nism a, direct interaction between antibodies
and the toxin-carrying part of pentons; mecha-
nism b, sterical interference caused by antibodies
combining with antigenic determinants (either
on vertex capsomers or on fibers) adjacent to
the toxin-active part of vertex capsomers; and
mechanism c, changes of this active part due to
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allosteric effects resulting from the combination
between antibodies and pentons.
Our data clearly demonstrate the occurrence

of a heterotypic TN. Specific antisera against all
the serotypes studied inhibited the toxin activity
of both serotypes 2 and 3. This neutralization
did not appear to indicate any distinct qualitative
difference between toxins of these two serotypes,
representing subgroup III and I. The toxin ac-
tivity in preparations of subgroup III members,
however, somewhat exceeded that of subgroup I
members when preparations of equal HE titers
were compared. A certain degree of neutralization
of toxins of both types 2 and 3 was also noted
with sera against pentons of serotypes 4, 9, and
15, in preparations of which no toxin activity
has been demonstrated. This might indicate
either that neutralization of heterotypic toxin
preparations represented a more sensitive tech-
nique for indication of toxin present in too low
concentrations to be detected in direct tests
(mechanism a) or, alternatively, that the effect is
mediated via mechanisms b or c presented above.
The possibility that either one of the latter two
mechanisms can have significance is suggested by
the observation that specific sera against the
10-nm long fibers of serotype 3 (5) displayed a
marked capacity to bring about homotypic
toxin neutralization. Almost no such effect could
be demonstrated when antisera against fibers of
serotype 2, measuring 28 to 31 mm (14a), were
assayed against homotypic pentons. Immuno-
globulin G antibodies by their size preferably
should be capable of causing sterical interference
in the first system. However, no results are avail-
able which allow the exclusion of mechanism c.
A number of the findings discussed above

suggest that a fiber-mediated attachment of
vertex capsomers to cell membranes is not needed
for a toxin activity to be expressed. In particular,
the absence of any neutralizing activity of anti-
adenovirus type 2 fiber sera on homotypic toxin
activity should be mentioned. It can furthermore
be mentioned that preincubation of cells with
fibers of type 2 in amounts sufficient to block
all receptors on cells does not block the toxin
activity of pentons of the same serotype (Wadell,
unpublished data). Thus free vertex capsomers
would be expected to carry toxin activity. This
was recently demonstrated by use of type 2
vertex capsomers isolated from pyridine-treated
material in a parallel study by Pettersson and
Hoglund (Virology, in press).

ACKNOWLEDGMENTS

The excellent technical assistance of Marianne Peterson, Ylva
GolUmar, and Ragnvi Svensson in biological testings is gratefully
acknowledged.

This investigation was supported by grants from the Swedish

Medical Research Council (project no. B69-16X-548-05A) and the
Swedish Cancer Society (project no. 171-K68-02X).

LITERATURE CITED

1. Everett, S. F., and H. S. Ginsberg. 1958. A toxin-like material
separable from type 5 adenovirus particles. Virology 6:770-
771.

2. Kasel, J. A., D. W. Alling, P. R. Glade, and P. A. Banks. 1967.
Heterotypic antibody responses in man following vaccina-
tion with adenovirus type 1 hexon antigen. Proc. Soc. Exp.
Biol. Med. 126:895-896.

3. Kjelledn, L., and H. G. Pereira. 1968. Role of adenovirus anti-
gens in the induction of virus neutralizing antibody. J. Gen.
Virol. 2:177-185.

4. Marrack, J. R. 1963. Sensitivity and specificity of methods of
detecting antibodies. Brit. Med. Bull. 19:178-182.

5. Norrby, E. 1966. The relationship between the soluble antigens
and the virion of adenovirus type 3. L. Morphological char-
acteristics. Virology 28:236-248.

6. Norrby, E. 1966. The relationship between the soluble antigens
and the virion of adenovirus type 3. IL. Identification and
characteristics of incomplete hemagglutinin. Virology 30:
608-617.

7. Norrby, E. 1968. Comparative studies on the soluble compo-
nents of adenovirus types 9 and 15 and the intermediate
strain 9-15. J. Virol. 2:1200-1210.

8. Norrby, E. 1968. Identification of soluble components of
adenovirus type 11. J. Gen. Virol. 2:123-133.

9. Norrby, E. 1969. The relationship between the soluble antigens
and the virion of adenovirus type 3. IV. Immunological
complexity of soluble components. Virology 37:565-576.

9a. Norrby, E., and J. Ankerst. 1969. Biological characterizationt
of structural adenovirus type 12 components. J. Gen. Virol.
5:183-194.

10. Norrby, E., B. Nyberg, P. Skaaret, and A. Lengyel. 1967. Sep-
aration and characterization of soluble adenovirus type 9
components. J. Virol. 1:1101-1108.

11. Norrby, E., and P. Skaaret. 1967. The relationship between the
soluble antigens and the virion of adenovirus type 3. Il.
Immunological identification of fiber antigen and isolated
vertex capsomer antigen. Virology 32:489-502.

12. Norrby, E., and P. Skaaret. 1968. Comparison between soluble
components of adenovirus types 3 and 16 and of the inter-
mediate strain 3-16 (the San Carlos agent). Virology 36:
201-211.

13. Norrby, E., and G. Wadell. 1967. Soluble components of
adenovirus type 4. Virology 14:592-600.

14. Norrby, E., and G. Wadell. 1969. Immunological relationships
between hexons of certain human adenoviruses. J. Virol.
4:663-670.

14a. Norrby, E., G. Wadell, and H. Marusyk. 1969. Fiber-asso-
ciated incomplete and complete hemagglutinins of adeno-
virus type 6. Arch. Gesamte Virusforsch. 28:239-244.

15. Pereira, H. G. 1956. Typing of adenoidal-pharyngeal-conjunc-
tival (APC) viruses by complement fixation. J. Pathol.
Bacteriol. 72:105-109.

16. Pereira, H. G. 1958. A protein factor responsible for early
cytopathic effect of adenoviruses. Virology 6:601-611.

17. Pereira, H. G., and M. V. T. de Figueiredo. 1962. Mechanism
of hemagglutination by adenovirus types 1, 2, 4, 5 and 6.
Virology 18:1-8.

18. Pettersson, U., L. Philipson, and S. Hoglund. 1967. Struc-
tural proteins of adenoviruses. I. Purification and charac-
terization of the adenovirus type 2 hexon antigen. Virology
33:575-590.

19. Pettersson, U., L. Philipson, and S. Hoglund. 1968. Structural
protein of adenoviruses. IL. Purification and characteriza-
tion of the adenovirus type 2 fiber antigen. Virology 35:204-
215.

20. Rosen, L. 1960. A hemagglutination-inhibition technique for
typing adenoviruses. Amer. J. Hyg. 71:120-128.

21. Rowe, W. P., J. W. Hartley, B. Roizman, and H. B. Levy.
1958. Characterization of factor formed in the course of

679VOL. 4, 1969



WADELL AND NORRBY

adenovirus infection of tissue culture causing detachment of
cells from glass. J. Exp. Med. 108:713-729.

22. Russell, W. C., K Hayashi, P. J. Sanderson, and H. G.
Pereira. 1967. Adenovirus antigens a study of their proper-

ties and sequential development in infection. J. Gen. Virol.
1:495-508.

23. Schlesinger, R. W. 1969. Adenoviruses: The nature of the
virion and of controUing factors in productive or abortive
infection and tumorigenesis. Advan. Virus Res. 14:1-61.

24. Simon, M. 1962. Hemagglutination experiments with certain
adenovirus type strains. Acta Microbiol. Acad. Sci. Hung.
9:45-54.

24a. Wadell, G. 1969. Hemagglutination with adenovirus sero-

types belonging to Rosen's subgroups II and III. Proc. Soc.
Exp. Biol. Med. 132:413-421.

25. Wadell, G., and E. Norrby. 1969. The soluble hemagglutinins
of adenoviruses belonging to Rosen's subgroup III. II. The

slowly sedimenting hemagglutinin. Arch. Gesamte Virus-
forsch. 26:53-62.

26. Wadell, G., E. Norrby, and U. Schonning. 1967. Ultrastruc-
ture of soluble antigens and the virion of adenovirus type 4.
Arch. Gesamte Virusforsch. 21:234-242.

27. Wadell, G., E. Norrby, and P. Skaaret. 1969. The soluble hem-
agglutinins of adenoviruses belongtng to Rosen's subgroup
III. 1. The rapidly sedimnenting hemagglutinins. Arch.
Gesamte Virusforsch. 26:33-52.

28. Wadell, G., and P. Skaaret. 1967. Separation of adenovirus
type 4 components. Arch. Gesamte Virusforsch. 21:366-
382.

29. Valentine, R. C., and H. G. Pereira. 1965. Antigens and struc-
ture of the adenovirus. J. Mol. Biol. 13:13-20.

30. Wilcox, W. C., and H. S. Ginsberg. 1963. Production of
specific neutralizing antibody with soluble antigens of type
5 adenovirus. Proc. Soc. Exp. Biol. Med. 114:37-42.

680 J. VIROL.


