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Original Research

Effects of Route of Inoculation and Viral Genetic
Variation on Antibody Responses to Polyomavirus
SV40 in Syrian Golden Hamsters

Jody L Swain,'? Vojtech Sroller,>* Connie Wong,> Shaojie Zhang,” Steven J Halvorson,* Alan J Herron,'?
Claudia A Kozinetz,* and Janet S Butel>

Genetic variants of polyomavirus SV40 are powerful agents with which to define viral effects on cells and carcinogenesis
pathways. We hypothesized that differences in biologic variation among viral strains affect the process of viral infection and are
reflected in antibody responses to the viral nonstructural large T-antigen (TAg) protein but not in neutralizing antibody responses
against the inoculated viral particles. We analyzed the production of TAg antibody and neutralizing antibody in Syrian golden
hamsters that were inoculated with SV40 viral strains by intracardiac, intravenous, or intraperitoneal routes and remained tumor
free. Compared with the intraperitoneal route, intravascular (that is, intravenous, intracardiac) inoculation resulted in increased
frequency of responsiveness to TAg but not in higher TAg antibody titers. The intravascular route was superior both for eliciting
neutralizing antibody responses and for higher titers of those responses. Viruses with complex regulatory regions induced TAg
antibody more often than did viruses with simple regulatory regions after intraperitoneal but not intravascular injections, with no
differences in antibody titers. This viral genetic variation had no effect on neutralizing antibody production after intraperitoneal
or intravascular inoculations or on neutralizing antibody titers achieved. These findings confirm that SV40 variants differ in their
biologic properties. Route of inoculation combined with viral genetic variation significantly influence the development of serum
antibodies to SV40 TAg in tumor-free hamsters. Route of inoculation—but not viral genetic variation—is an important factor in

production of neutralizing antibody to SV40.

Abbreviation: TAg, large T antigen.

Polyomavirus SV40 was discovered as an unrecognized con-
taminant of early poliovaccines® and was shown promptly to be
an oncogenic virus.”'>”!® Syrian golden hamsters are the small
animal model that is susceptible to SV40 tumorigenicity.”131827.3%
Since its discovery, SV40 has proven to be an outstanding tool for
the discovery of mechanisms underlying carcinogenesis and for
viral influences on cellular processes.'?>1%233%

Genetic variants of SV40 exist.162026283334363741 This variation
typically occurs in the viral regulatory region, in which some
strains have duplications or rearrangements (or both) in the en-
hancer region, and in the C-terminal region of the large T-antigen
(TAg) gene, in which nucleic acid variations may result in amino
acid changes in the protein. TAg is an essential viral replication
protein and the major viral oncoprotein. An important question
is whether SV40 viral variants differ in their biologic proper-
ties, including in host responses to infections, as this could affect
the spectrum of viral disease pathogenesis. We previously have
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shown that the viral regulatory region influences SV40 tumor
induction in hamsters®* and vertical transmission of the virus
in hamsters® and that the route of inoculation influences SV40-
mediated carcinogenesis.” Because TAg is not a component of
the virus particle but instead is synthesized in virus-infected cells,
we hypothesized that differences in antibody responses to TAg
reflect biologic variation among viral strains with respect to the
process of viral infection. In contrast, we expected that neutral-
izing antibody responses arise primarily against the injected viral
particles, which represent a single serotype, and therefore are less
informative about viral variation. We report here that an analysis
revealed that the route of inoculation—in combination with vi-
ral genetic variation—significantly influences the development
of serum antibodies to SV40 large TAg but not the titer of those
antibodies in virus-exposed, tumor-free hamsters. The route of
inoculation—but not viral genetic variation—influenced both
the frequency of development and the titers of virus-neutralizing
antibodies in the same animals.

Materials and Methods
Viruses. The viruses used in the current study, including
the construction of recombinant viruses, have been described
previously.*® Strain SVCPC and its recombinants contain a



simple (1E) regulatory region structure, whereas strain 776 and its
recombinants and strain VA45-54 contain complex (2E) regulatory
regions that include sequence duplications, rearrangements, or
both. Viral stocks of SV40 strains and recombinant viruses were
prepared in TC7 cells, and virus titers were quantitated by plaque
assay.’

Animal experiments. Sera collected and analyzed from the in-
tracardiac study performed here were compared with sera col-
lected previously from animals inoculated by intravenous and
intraperitoneal routes. Comparable experimental conditions were
maintained for those previous experiments, including source of
animals, housing conditions, amounts of virus inocula, and use
of young adult animals.

Syrian golden hamsters (Mesocricetus auratus) were purchased
from Harlan Laboratories (Indianapolis, IN) and were housed in
the biohazard facility at the Center for Comparative Medicine
(Baylor College of Medicine, Houston, TX). All hamsters were
maintained in accordance with the Guide for the Care and Use of
Animals,”* the Animal Welfare Act,* and all other applicable laws
and guidelines. The facility and its program are fully AAALAC-
accredited. The studies were IACUC-approved.

We previously described the procedures by which 3-wk-old
hamsters were inoculated intravenously” or intraperitoneally™®
with 1.0 x 107 pfu virus (0.2 mL IV, 0.5 mL IP) or uninfected cell
lysate (0.2 mL IV, 0.5 mL IP). For intracardiac injections, 5- to
7-wk-old hamsters were anesthetized with isoflurane in a bio-
safety cabinet. The depth of anesthesia was assessed by monitor-
ing respiration and the pedal reflex. The hamsters were injected
into the heart under sterile conditions with 1.0 x 107 pfu virus (0.1
mL) by using a 27-gauge needle with a 1-mL syringe. The heart
was palpated gently, and the needle was inserted into the skin
and positioned at a 15° to 30° angle. The needle was advanced
slowly into the thoracic cavity on the animal’s left side, between
the intercostal spaces and toward the left ventricle of the heart.
Needle placement was verified by pulsation of blood into the
needle. The inoculum was injected slowly into the heart over 20
s, and then the needle was removed carefully. To decrease trauma
and cardiac tamponade, only 2 injection attempts were allowed
per animal. Control hamsters were injected with uninfected cell
lysate (0.1 mL) under the same conditions. After inoculation, the
hamsters were placed in a cage in sternal recumbency, kept warm,
and monitored for signs of cardiac or respiratory distress until
fully recovered. The hamsters were observed daily for evidence
of illness. Survival after this procedure was 99%.

Both male and female hamsters were used in all experiments,
except that only female hamsters were used for intracardiac in-
oculations. At the termination of experiments, hamsters were
euthanized by deep anesthesia with isoflurane followed by ex-
sanguination by cardiocentesis. Either serum or plasma was col-
lected. Necropsies were conducted on all hamsters inoculated by
the intracardiac and intravenous routes and on many of those
inoculated intraperitoneally.

Antibody assays. Indirect immunofluorescence was used to de-
tect and titer IgG antibodies against SV40 TAg.®* Briefly, SV40-
transformed hamster cells expressing nuclear TAg were cultured
on round glass coverslips and then were harvested and fixed
for 3 min in acetone at room temperature. Sera or plasma were
screened at a dilution of 1:10 or 1:5 by using a secondary rab-
bit antibody against hamster IgG that was labeled with fluores-
cein isothiocyanate. Plasma Sample Diluent (BioFX Laboratories,
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Owings Mills, MD) was used to dilute the plasma samples. As-
cites fluid from an SV40 tumor-bearing hamster served as a posi-
tive control antiserum against TAg. Each sample was tested in
duplicate. A plaque reduction test was used to detect SV40 neu-
tralizing antibodies.®”” Sera were heat-inactivated for 30 min at 56
°C, were diluted 1:10, and then were mixed with an equal volume
of an SV40 virus dilution containing 50 to 100 pfu per 0.1 mL. The
virus—serum mixture was incubated for 30 min at 37 °C, and then
0.2 mL was inoculated onto TC7 cell monolayers. After adsorp-
tion for 2 h at 37 °C, the monolayers were overlaid with an agar—
Eagle medium mixture. Plaques were counted on day 15. Positive
samples reduced the number of plaques by 50% or more as com-
pared with the virus-only sample. A hyperimmune rabbit serum
against SV40 was used as a positive control virus-neutralizing
antibody. Each sample was tested in triplicate.

Statistical analysis. Nonparametric statistics were used, because
they matched the level of measurement of the data. The Z test for
the comparison of proportions was used to determine statistical
differences in the frequency of SV40 antibody responses between
groups according to route of inoculation and viral strain. The %*
test was used to compare distributions of titer cut-offs. A P value
of 0.05 or less was considered statistically significant. All statisti-
cal analyses were performed by using SAS software (version 9.2,
SAS Institute, Cary, NC).

Results

Characterization of antibody responses to SV40 viral proteins
in hamsters. The majority of SV40 tumor-bearing hamsters have
antibodies against SV40 TAg (the viral oncoprotein). In addition,
many virus-exposed hamsters respond immunologically to TAg
yet do not develop tumors.?”*** Factors affecting the T-antibody
responses in the absence of tumors have not been analyzed. The
current study examined T-antibody responses in archival sera
from SV40-inoculated hamsters that had remained tumor-free for
9 to 12 mo after inoculation. We compared 3 routes of inoculation,
2 of which involved injection into the bloodstream (intracardiac,
intravenous); the other was injection into the intraperitoneal cav-
ity (Table 1). In addition, we assessed multiple SV40 strains, in-
cluding those with either simple (1E) or complex (2E) regulatory
regions, to examine viral genetic influences on serologic respons-
es. A total of 167 virus-exposed, tumor-free hamsters were ana-
lyzed, as well as 43 control animals that had been inoculated with
uninfected cell lysate. Table 1 shows the percentage of hamsters
positive for TAg antibodies and for viral neutralizing antibodies
in each experimental group.

After intravascular (intracardiac, intravenous) inoculation,
many of the virus-exposed hamsters produced TAg antibodies,
regardless of virus strain, sometimes reaching 100% of animals
per group. In comparison with those inoculated intravascularly,
hamsters exposed through the intraperitoneal route revealed a
more variable pattern of serologic responsiveness (Table 1). Two
independent experiments involving intraperitoneal injections are
shown. There was a wider range in frequency of SV40 TAg anti-
body production among the groups of virus strains, with viruses
with complex regulatory regions appearing to elicit antibody
more frequently than did those with simple regulatory regions.

All of the hamsters inoculated by the intravenous and intra-
cardiac routes produced SV40 neutralizing antibody, whereas
hamsters inoculated intraperitoneally only sporadically produced
detectable neutralizing antibody. The viral regulatory region
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Table 1. SV40 T-antigen IgG and neutralizing antibody in sera from tumor-free hamsters at 9 to 12 mo after virus inoculation

Route of Virus SV40 T-antigen IgG SV40 neutralizing antibody
inoculation regulatory region Virus strain No. tested No. positive (%) No. tested No. positive (%)
ICe complex 776-2E 13 10 (77) 13 13 (100)
simple SVCPC 13 12 (92) 13 13 (100)
Controls 11 0(0) 11 0(0)
Ive complex VA45-54 2 2 (100) 2 2 (100)
complex 776-VA 4 4 (100) 4 4 (100)
complex 776-CPC 1 11 (100) 11 11 (100)
simple SVCPC 3 2(67) 3 3 (100)
Controls 12 0(0) 12 not done
IP-A® complex 776-2E 18 13 (72) 18 13 (72)
simple SVCPC 16 10 (62) 16 10 (62)
simple SVCPC-776 5 0(0) 5 3 (60)
Controls 10 0(0) 10 0(0)
IP-B complex 776-2E 27 22 (81) 27 16 (59)
complex VA45-54 10 6 (60) 10 2 (20)
complex 776-VA 19 9 (47) 19 6 (32)
simple SVCPC 15 7 (47) 15 8(53)
simple SVCPC-776 1 4(36) 1 4(36)
Controls 10 0(0) 10 0(0)
“This report.

"From reference 27.
‘From reference 35.

structure appeared to have less influence on the patterns of neu-
tralizing antibody production. None of the control animals from
any of the experiments had serologic evidence of SV40 infection.

Factors affecting SV40 antibody responses in hamsters. Statisti-
cal analyses were performed to determine factors that signifi-
cantly influenced detectable antibody responses to viral antigens
(Table 2). For these analyses, the results from the 2 independent
intravascular injections (intravenous, intracardiac) were pooled,
and the 2 intraperitoneal experiments were combined. Routes of
inoculation were compared, and potential contributions of the
viral regulatory region were considered. Both TAg IgG antibody
and neutralizing antibody responses were evaluated, considering
whether sera were antibody-positive or -negative.

Analyses of the SV40 TAg IgG antibody responses revealed the
strong influence exerted by the route of inoculation (Table 2). This
antibody response is dependent on virus infection of cells and the
synthesis of TAg (which is not a component of the virus particle).
Significantly (P < 0.05) more antibody-positive responses oc-
curred when hamsters were inoculated by the intravascular route
as compared with the intraperitoneal route. This observation was
consistent whether all the viruses were considered together (in-
travascular, 89%; intraperitoneal, 59%; P = 0.001) or whether vi-
rus variants with complex (2E) or simple (1E) regulatory regions
were compared separately with intraperitoneal injections (90%
compared with 68%, P = 0.02; 88% compared with 45%, P = 0.003,
respectively). Whereas the frequency of generation of antibody
to TAg differed between 2E and 1E viruses that were introduced
intraperitoneally (68% compared with 45%, P = 0.01), no such dif-
ference was apparent after intravascular injection (90% compared
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with 81%, P = 0.2). There were no differences in T-antibody re-
sponses when the intracardiac and intravenous routes were com-
pared (P = 0.2) or when the 2 independent experiments involving
intraperitoneal injections were compared for all viruses (P = 0.4),
for 1E viruses only (P = 0.7), or for 2E variants only (P = 0.8).

We also compared neutralizing antibody responses, which are
directed against the SV40 viral capsid (Table 2). Presumably, this
immune response was elicited primarily by the inoculated vi-
rus particles and was not dependent on virus replication. The
superiority of the intravascular route over the intraperitoneal
route of inoculation on SV40 neutralizing antibody production
was even more pronounced than that for TAg IgG antibody, with
more significant effects for all virus variants compared together
(100% compared with 51%, P < 0.0001), for 2E viruses only (100%
compared with 50%, P < 0.0001), and for 1E viruses only (100%
compared with 53%, P = 0.001). However, in contrast to TAg anti-
body, frequency of neutralizing antibody responsiveness between
the 2E and 1E viruses was not different after intraperitoneal (50%
compared with 53%, P = 0.73) or intravascular (100% compared
with 100%, P = 1.0) inoculation. This result is not unexpected,
given that the viral capsid is the same for all the virus variants.
Significant differences in frequency of neutralizing antibody
production were not detected in individual experiments involv-
ing intracardiac and intravenous injections (P = 1.0) or in the 2
intraperitoneal experiments that compared viruses with simple
regulatory regions (P = 0.2). However, a difference in neutralizing
antibody responses was detected between the 2 IP experiments
that compared 2E viruses (P = 0.03; the IP-A experiment included
only a single 2E virus).
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Table 2. Statistical analysis of the effects of route of inoculation and viral genetic variation on the frequency of SV40 antibody responses in tumor-free

hamsters
Route of inocu- No. positive/ Statistical analysis
Group lation Virus strain no. tested (%) Groups compared P
SV40 T-antigen IgG
1 1C 776-2E 10/13 (77) All viruses, IV+IC Vs All viruses, IP 0.001
2 SVCPC 12/13 (92) (groups 1,2, 3,4,5, (groups 7, 8,9, 10, 11; 59%
6; 89% positive) positive)
3 v SVCPC 2/3(67) 2E viruses, IV+IC Vs 2E viruses, IP (groups 0.02
4 VA45-54 2/2(100) (groups 1,4, 5, 6; 7,10, 11; 68% positive)
5 776-VA 4/4 (100) 90% positive)
6 776-CPC 11/11 (100)
1E viruses, IV+IC Vs 1E viruses, IP (groups 0.003
(groups 2, 3; 8, 9; 45% positive)
88% positive)
7 IP (total)? 776-2E 35/45 (78) 2E viruses, IP Vs 1E viruses, IP 0.01
8 SVCPC 17/31 (55) (groups 7, 10, 11; (groups 8, 9; 45% positive)
9 SVCPC-776 4/16 (25) 68% positive)
10 VA45-54 6/10 (60)
u 776-VA 9/19 (47) 2E viruses, IV+IC vs  1E viruses, IV+IC (groups 0.2
(groups 1,4, 5, 6; 2, 3; 81% positive)
90% positive)
12 1P-A 776-2E 13/18 (72) All viruses, IC Vs All viruses, IV (groups 0.2
13 SVCPC 10/16 (62) (groups 1, 2; 81% 3,4,5, 6;95% positive)
14 SVCPC-776 0/5 (0) positive)
All viruses, IP-A Vs All viruses, IP-B (groups 0.4
(groups 12,13, 14; 15,16,17,18,19; 61%
59% positive) positive)
15 IP-B 776-2E 22/27 (81) 1E viruses, IP-A Vs 1E viruses, IP-B (groups 0.7
16 VA45-54 6/10 (60) (groups 13, 14; 18, 19; 42% positive)
17 776-VA 9/19 (47) 48% positive)
18 SVCPC 7/15 (47)
19 SVCPC-776 4/11 (36) 2E viruses, IP-A Vs 2E viruses, I[P-B 0.8
(group 12; 72% (groups 15, 16, 17; 69%
positive) positive)
SV40 neutralizing antibody
20 1C 776-2E 13/13 (100) All viruses, IV+IC vs All viruses, IP <0.0001
21 SVCPC 13/13 (100) (groups 20, 21, 22, (groups 26, 27, 28, 29, 30;
23,24, 25; 100% 51% positive)
positive)
22 v SVCPC 3/3(100) 2E viruses, IV+IC vs 2E viruses, IP <0.0001
23 VA45-54 2/2(100) (groups 20, 23, 24, (groups
24 776-VA 4/4 (100) 25; 100% positive) 26, 29, 30;
25 776-CPC 11/11 (100) 50% positive)
1E viruses, IV+IC Vs 1E viruses, IP 0.001
(groups 21, 22; (groups
100% positive) 27,28;
53% positive)
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Table 2. Continued.

Route of inocu-

No. positive/

Statistical analysis

Group lation Virus strain no. tested (%) Groups compared P
26 IP (total) 776-2E 29/45 (64) 2E viruses, IP vs 1E viruses, IP (groups 0.73
27 SVCPC 18/31 (58) (groups 26, 29, 30; 27,28; 53% positive)

28 SVCPC-776 7/16 (44) 50% positive)
29 VA45-54 2/10 (20)
30 776-VA 6/19(32) 2E viruses, IV+IC Vs 1E viruses, IV+IC 1.0
(groups 20, 23, 24, (groups 21, 22;
25; 100% positive) 100% positive)
31 IP-A 776-2E 13/18 (72) All viruses, IC Vs All viruses, IV 1.0
32 SVCPC 10/16 (62) (groups 20, 21; (groups
33 SVCPC-776 3/5 (60) 100% positive) 22,23, 24, 25; 100% posi-
tive)
All viruses, IP-A Vs All viruses, IP-B 0.01
(groups 31, 32, 33; (groups 34, 35, 36, 37, 38;
69% positive) 44% positive)
34 IP-B 776-2E 16/27 (59) 1E viruses, IP-A Vs 1E viruses, IP-B 0.2
35 VA45-54 2/10 (20) (groups 32, 33; (groups 37, 38; 46%
36 776-VA 6/19 (32) 67% positive) positive)
37 SVCPC 8/15 (53)
38 SVCPC-776 4/11 (36)

2E viruses, IP-A Vs
(group 31; 72%
positive)

2E viruses, IP-B (groups 0.03
34, 35, 36;
43% positive)

°[P (total; groups 7-11 and 26-30) are the combined totals of animals from the IP-A and IP-B experiments.

We then assessed whether route of inoculation or viral factors
significantly influenced the titers of antibody-positive responses;
only antibody-positive sera were included in these analyses. The
number of sera considered with each virus group is itemized in
Table 3. Several comparisons were made by using different cut-
off dilutions; the most informative dilutions are shown in Table
3 (1:100 for TAg antibody, 1:1000 for neutralizing antibody). Bar
charts of summary data (Figure 1) illustrate the strikingly differ-
ent effects of conditions on the titers obtained for TAg antibody
and neutralizing antibody responses.

For TAg antibody (Table 3), most of the factors that influenced
whether a detectable response occurred (Table 2) did not result in
different titers of those responses. The only significant difference
in TAg antibody titers was observed when all viruses were com-
pared for the intravenous and intracardiac routes (79% compared
with 27%, P = 0.001; Figure 1 A).

We then compared the titers of neutralizing antibody responses
(Table 3). The superiority of the intravascular route over the in-
traperitoneal route was again apparent, often affecting the titer
of antibodies produced. Higher titers of neutralizing antibodies
were induced whether all viruses were compared (intravascular,
59%; intraperitoneal, 15%; P < 0.0001) or 2E (intravascular, 50%;
intraperitoneal, 16%; P = 0.003) and 1E (intravascular, 75%; in-
traperitoneal, 12%; P < 0.0001) viruses separately. Higher titers
of neutralizing antibodies were also induced by the intravenous
route compared with the intracardiac route when all viruses were
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included (80% compared with 42%, P = 0.01; Figure 1 B). Anti-
body titers in positive sera did not differ after intraperitoneal in-
oculation of 1E and 2E viruses.

Discussion

We used archived serum to evaluate the immune responses
to SV40 TAg and the production of viral neutralizing antibod-
ies by weanling Syrian golden hamsters that were exposed to
infectious strains of SV40 by different routes of inoculation. The
capsid proteins on the surface of a viral particle, against which the
neutralizing antibody response is directed, are similar to an inert
antigen. However, in the case of a viral antigen that is not part of
the mature virion but is synthesized in infected cells (that is, SV40
TAg), important considerations are the exposure of susceptible
cells to the virus and the extent to which virus expression occurs
after infection. By analyzing immune responses to both the viral
capsid and TAg, we were able to evaluate the immune responses
of hamsters to 2 different aspects of SV40 infection.

Antibody responses to inert antigens are influenced by mul-
tiple factors, including the efficiency of delivery of antigen to
lymphoid tissues, the degree to which the antigen is distributed,
and whether an adjuvant is used.” The intravenous and intracar-
diac routes deliver antigen primarily to the spleen and secondary
lymph nodes, whereas intraperitoneal inoculations allow antigen
to be taken up by the lymphatic system and transferred to drain-
ing lymph nodes and the thoracic duct.” Different routes of inoc-



Antibody responses in hamsters to SV40

Table 3. Statistical analysis of the effects of viral genetic variation and route of inoculation on titers of SV40 antibody responses in tumor-free ham-

sters
Statistical analysis of antibody-positive sera
Route of No. of positive
Group inoculation  Virus strain  sera analyzed Groups compared P
SV40 T-antigen IgG
1 IC 776-2E 10 All viruses, IV+IC (groups 1, Vs All viruses, IP (groups 7, 8, 0.27
2 SVCPC 12 2,3,4,5,6;51% positive ?) 9,10, 11; 62% positive )
3 v SVCPC 2 2E viruses, IV+IC (groups 1, Vs 2E viruses, IP (groups 7,10,  0.29
4 VA45-54 2 4,5, 6; 56% positive) 11; 62% positive)
5 776-VA 4
6 776-CPC 11
1E viruses, IV+IC Vs 1E viruses, IP (groups 8,9; 0.27
(groups 2, 3; 43% positive) 62% positive)
7 IP (total)® 776-2E 35 2E viruses, IP (groups 7, 10, Vs 1E viruses, IP (groups 8, 9; 0.99
8 SVCPC 17 11; 62% positive) 62% positive)
9 SVCPC-776 4
10 VA45-54 6
1 776-VA 9 2E viruses, IV+IC Vs 1E viruses, IV+IC 0.44
(groups 1, 4, 5, 6; 56% (groups 2, 3; 43% positive)
positive)
12 1IP-A 776-2E 13 All viruses, IC (groups 1, 2; Vs All viruses, IV (groups 3,4,  0.001
13 SVCPC 10 27% positive) 5, 6; 79% positive)
14 SVCPC-776 0
All viruses, IP-A (groups vs All viruses, IP-B 0.7
12,13, 14; 65% positive) (groups 15,16, 17, 18, 19;
60% positive)
15 IP-B 776-2E 22 1E viruses, IP-A (groups 13, Vs 1E viruses, IP-B (groups 18, 0.86
16 VA45-54 6 14; 60% positive) 19; 64% positive)
17 776-VA 9
18 SVCPC 7
19 SVCPC-776 4 2E viruses, IP-A Vs 2E viruses, IP-B (groups 15,  0.53
(group 12; 69% positive) 16, 17; 59% positive)
SV40 neutralizing antibody
20 IC 776-2E 13 All viruses, IV+IC (groups Vs All viruses, IP (groups 26,  <0.0001
21 SVCPC 13 20, 21, 22, 23, 24, 25; 59% 27,28, 29,30;
positive) 15% positive)
22 v SVCPC 3 2E viruses, IV+IC (groups 20, Vs 2E viruses, IP (groups 26, 0.003
23 VA45-54 2 23, 24, 25; 50% positive) 29, 30; 16% positive)
24 776-VA 4
25 776-CPC 11
1E viruses, IV+IC (groups 21, Vs 1E viruses, IP (groups 27,  <0.0001
22;75% positive) 28; 12% positive)
26 IP (total)® 776-2E 29 2E viruses, IP (groups 26, 29, Vs 1E viruses, IP (groups 27, 0.64
27 SVCPC 18 30; 16% positive) 28; 12% positive)
28 SVCPC-776 7
29 VA45-54 2
30 776-VA 6 2E viruses, IV+IC (groups 20, Vs 1E viruses, IV+IC 0.1
23, 24, 25; 50% positive) (groups 21, 22;
75% positive)
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Table 3. Continued.

Statistical analysis of antibody-positive sera

Route of No. of positive
Group inoculation Virus strain  sera analyzed Groups compared p

31 IP-A 776-2E 13 All viruses, IC (groups 20,21;  vs All viruses, IV (groups 0.01
32 SVCPC 10 42% positive) 22,23, 24, 25;
33 SVCPC-776 3 80% positive)

All viruses, IP-A (groups 31, Vs All viruses, IP-B 0.37

32, 33; 19% positive) (groups 34, 35, 36, 37, 38;
11% positive)

34 IP-B 776-2E 16 1E viruses, IP-A (groups 32, Vs 1E viruses, IP-B (groups 37,  0.59
35 VA45-54 2 33; 15% positive) 38; 8% positive)
36 776-VA 6
37 SVCPC 8
38 SVCPC-776 4 2E viruses, IP-A (group 31; vs 2E viruses, IP-B (groups 34, 0.4

23% positive)

35, 36; 12% positive)

“Percentage positive at 1:100 dilution.

°IP (total), groups 7-11 and 26-30, are the combined totals of animals from the IP-A and IP-B experiments.

ulation elicit different types of immune responses. For polyclonal
antibody production, intravenous inoculation has been recom-
mended when using particulate antigens, whereas intraperitoneal
inoculation is preferred with soluble antigens.”

The current study revealed that both the route of inoculation
and the genetics of the inoculated virus significantly influenced
the frequency of antibody responses to SV40 antigens. Intravascu-
lar inoculation of virus elicited more frequent antibody responses
than did intraperitoneal inoculation. This superiority applied to
the production of both TAg antibodies and neutralizing antibod-
ies and was observed regardless of the genetics of the viral strain
inoculated. This finding suggests that introduction of SV40 virus
directly into the bloodstream delivers the inoculum very effi-
ciently to cells involved in the immune response, whereas uptake
of virus from the peritoneal cavity is less efficient in some ani-
mals. In a study of visceral leishmaniasis,* different inoculation
routes coupled with different doses of parasites evoked particular
immune responses. Specifically, a greater Th2 response was de-
tected after intracardiac inoculation of a high dose of leishmania,
whereas a better Th1 response was seen following subcutaneous
inoculation of a low dose of parasite.

We also noted an effect of the structure of the viral regulatory
region on the host response to viral nonstructural proteins after
intraperitoneal injections. TAg IgG antibody seroprevalence was
higher after infection with viruses having complex (2E) regula-
tory regions as compared with simple (1E) viruses. Given that
TAg is a nonstructural protein synthesized in infected cells, TAg
IgG antibody production is a marker of successful infection and
gene expression in susceptible cells by SV40. We speculate that
the 2E viruses induced detectable levels of TAg expression more
often than did the 1E viruses. Although the number of positive
responses was greater, there was no significant difference in the
titers of the positive sera. This difference in induction of TAg an-
tibodies did not occur after intracardiac inoculation of 1E and 2E
viruses, perhaps reflecting a more efficient exposure of suscepti-
ble cells to the infecting virus by this route that negated any regu-
latory region effects. These observations suggest that a threshold
level of expression of the viral TAg protein may be needed to elicit
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Figure 1. Effect of route of inoculation and variation in the viral regula-
tory region on titers of SV40 antibody responses in tumor-free hamsters.
(A) Positive responses for SV40 T antibody by group at a cut-off titer of
1:100. (B) Positive responses for SV40 neutralizing antibody by group at
a cut-off titer of 1:1000.

a specific immune response, the immunofluorescence titers of
which are relatively low. These data from tumor-free hamsters
reemphasize previous observations that virus-inoculated rabbits
and monkeys can produce TAg antibody responses®**#* and con-



firm that the development of antibodies to TAg is a sign of SV40
infection and not necessarily a sign of neoplasia.

Observations from systems involving other persistent viral
infections similarly have shown that the characteristics of dif-
ferent viral strains may elicit variable immune responses. The
lymphocytic choriomeningitis virus model revealed that slowly
replicating strains not only induced weaker cytotoxic T cell re-
sponses than did more rapidly replicating strains but also were
more successful at establishing persistent infections.* In the mouse
polyoma virus system, infection of newborn mice leads to robust
viral replication and easily detected persistent infections, often
with subsequent tumor formation, whereas healthy adult mice
show reduced replication, persistence at low viral loads, and lack
of tumor development.® This difference is thought to reflect the
relative maturity of the host immune system. The tissue pattern of
murine polyomavirus persistence depends on the route of inocu-
lation of the newborn mice, with intranasal exposure leading to
persistence in both lungs and kidneys, whereas intraperitoneal in-
oculation produces mainly kidney infections.™ In an encephalitis
virus model, benign strains of Venezuelan encephalitis virus were
cleared more rapidly than were virulent strains after intracardiac
inoculation of hamsters.?

We noted several differences in the patterns of SV40 neutral-
izing antibody responses compared with TAg IgG antibody
responses in our weanling hamsters. Compared with intraperi-
toneal injection, intravascular inoculation of SV40 strains result-
ed in more neutralizing antibody responses and higher titers of
antibody. However, no differences were observed when 2E and
1E viruses were compared directly for frequency of production
of neutralizing antibody or in the titers of those responses after
inoculation by either the intravascular or intraperitoneal route.
These are predicted results, because the exteriors of virus particles
containing the different viral genomes were identical. Given that
the neutralizing antibody response presumably was generated
against viral particles introduced in the original inoculum, viral
genetic variation likely had no effect.

Our conclusions from the current study are based on analy-
sis of combined data from several independent animal experi-
ments. We believe that pooled data sets are the most appropriate
for comparisons of serologic responses, because this condition
accommodates the inclusion of all of the various virus strains.
Because the viral strain varied among the individual experiments,
combining the 2 intravascular experiments (intracardiac, intrave-
nous) and the 2 intraperitoneal experiments (IP-A, IP-B) leads to
representation of a common pool of viral strains.

The current study has some limitations. The sera analyzed were
considered to be from tumor-free hamsters. Even though many
of the animals had been necropsied and appeared to be tumor-
free, undetected microtumors might have been present in some
animals. Whether microtumors induce detectable TAg antibody is
unknown. We interpret the TAg antibody responses as being gen-
erated against newly synthesized TAg in the hamsters. Although
we consider it unlikely, TAg might have been present in a viral in-
oculum (as carry-over from the cell cultures used to grow the virus
stock) in sufficient amounts to elicit a TAg antibody response.

In conclusion, we found that the intravascular route elic-
ited more frequent serologic responses of both SV40 TAg IgG
antibody and neutralizing antibody against capsid protein than
did intraperitoneal inoculation. We noted an influence of the
regulatory region structure of the virus on the TAg antibody re-

Antibody responses in hamsters to SV40

sponse only after intraperitoneal injection. Route of inoculation
and viral genetic factors had minimal effects on the titers of the
TAg antibody responses. In contrast, intravascular inoculation of
SV40 resulted in higher titers of neutralizing antibody:.
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