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The role of B7 binding CD28 in the regulation of T- and B-cell responses against viral antigens was assessed
in transgenic mice expressing soluble CTLA4-Hg1 (CTLA4-Ig tg mice) that blocks B7-CD28 interactions. The
results indicate that transgenic soluble CTLA4 does not significantly alter cytotoxic T-cell responses against
replicating lymphocytic choriomeningitis virus (LCMV) or vaccinia virus but drastically impairs the induction
of cytotoxic T-cell responses against abortively replicating vesicular stomatitis virus (VSV). While the T-
independent neutralizing immunoglobulin M (IgM) responses were within normal ranges, the switch to IgG
was reduced 4- to 16-fold after immunization with abortively replicating VSV and more than 30-fold after
immunization with an inert VSV glycoprotein antigen in transgenic mice. IgG antibody responses to LCMV, as
detected by enzyme-linked immunosorbent assay and by neutralizing action, were reduced about 3- to 20-fold
and more than 50-fold, respectively. These results suggest that responses in CTLA4-Ig tg mice are mounted
according to their independence of T help. While immune responses to nonreplicating or poorly replicating
antigens are in general most dependent on T help and B7-CD28 interactions, they are most impaired in
CTLA4-Ig tg mice. The results of the present experiments also indicate that highly replicating viruses, because
of greater quantities of available antigens and by inducing as-yet-undefined factors and/or cell surface changes,
are capable of compensating for the decrease in T help caused by the blocking effects of soluble CTLA4.

Specific immune responses are the result of antigen stimu-
lation and complex lymphocyte interactions guided by complex
lymphoid-organ structures (37, 46, 61). Multiple interactions
and signal transmissions permit a relatively tight control of
both antibody and T-cell responses. Originally a two-signal
concept was proposed to describe available experimental ob-
servations (9, 56). Accordingly, induction either of antibody
production by B cells or of effector T cells required antigen
(signal 1) plus a second signal in the form of factors and/or
accessory molecules. This proposal has furthered the search
for such second signals in transplantation and tumor- and
antigen-specific immune reactions (2, 27, 40, 50). In several
situations, both in vitro and in vivo, defined cytokines and
accessory molecules have been shown to function as signal 2
(12, 22, 34, 56, 57).
The role of accessory molecules such as CD28 and B7.1 as

well as GP39 and CD40 in lymphocyte interactions has been
analyzed in several model systems in vivo and in vitro using
blocking monoclonal antibodies (MAb) (60) or soluble ligands
(13, 30, 33, 35) or in gene knockout mice (15, 58, 59, 62). There
is convincing evidence that soluble factors and cellular signal-
transmitting ligand-receptor interactions are critical under cer-
tain conditions. The question is open as to how these different
factors and receptor-ligand interactions on cell membranes act
alone or in concert in vivo and how limiting each one alone is
under conditions in which humoral or cell-mediated immune
responses are essential for the survival of the host.
Several gene knockout mice lacking T-cell subsets, trans-

plantation antigens, interleukins, or cell interaction molecules
on cell membranes have been evaluated with respect to their
capacity to mount antiviral CD81 and CD41 T-helper-cell
responses or immunoglobulin M (IgM) and IgG B-cell re-

sponses in vivo. In particular, the roles of B7.1 and B7.2 on
antigen-presenting cells (APC) and B cells interacting with
CD28 and CTLA4 have been analyzed in mice lacking CD28
or CTLA4 (18, 59, 62, 66). Alternatively, mice expressing sol-
uble CTLA4 that can block cell-cell interactions or mice
treated with specific antibodies against ligands or their recep-
tors have been analyzed. The results indicated that cell inter-
actions via B7.1 and CD28 as well as B7.1 or B7.2 and CTLA4
are often limiting in vitro. In vivo studies suggested that anti-
body responses were down modulated (29) and that allogeneic
organ rejection was impaired (33, 35, 63), whereas T-helper
cells or protective cytotoxic T-lymphocyte (CTL) responses
against viruses still were induced (26, 54, 59).
The present study evaluated antiviral CTL and antibody

responses in mice transgenic for CTLA4-Hg1 (29, 54). The
results revealed that CD28-B.7 interactions were blocked, but
mice were still able to respond efficiently with CTL and some
IgG responses against widely replicating viruses; however, they
responded only marginally with CTLs against a poorly repli-
cating virus and mounted only T-independent IgM responses
against nonreplicating viral antigens. These findings indicated
that the amount of infectious antigens and/or factors caused by
productively replicating infections can compensate for limiting
amounts of T help.

MATERIALS AND METHODS

Mice. C57BL/6 mice were obtained from the breeding colony of the Institut für
Zuchthygiene, Zürich, Switzerland. The generation of the mice transgenic for
CTLA4-Hg1 (called CTLA4-Ig tg mice here) has been described previously (29,
30). Mice were bred under specific-pathogen-free conditions and tested in a
conventional mouse facility.
Viruses. The lymphocytic choriomeningitis virus (LCMV) WE isolate was

originally provided by F. Lehmann-Grube, Hamburg, Germany, and grown on
L929 cells with a low multiplicity of infection. Vesicular stomatitis virus (VSV)
Indiana (VSVIND) (Mudd-Summers isolate) was originally obtained from D.
Kolakofsky, University of Geneva. The recombinant Vacc-IND N was generously
provided by B. Moss (36), Laboratory of Viral Diseases, National Institutes of
Health, Bethesda, Md. Recombinant baculoviruses expressing the glycoprotein
of VSVIND (Baculo-IND G) or the nucleoprotein of LCMV (Baculo-LCMV-
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NP) were generous gifts of D. H. L. Bishop, NERC Institute of Virology, Oxford,
United Kingdom. Recombinant proteins were produced as previously described
(3, 39).
Local immunopathology (footpad swelling reaction). Mice were treated in

both footpads of the hind legs with 30 ml of virus as described elsewhere (43).
Footpad thickness was measured daily with a spring-loaded caliper. The results
were expressed as the percent increase compared with preinfection values. Data
are the means of at least four footpads. Standard deviations were within 10%.
51Cr release assay. (i) Vaccinia virus. Vaccinia virus WR (2 3 106 PFU per

mouse) was injected intravenously (i.v.). Spleen cells were tested 6 days after
infection in a standard cytotoxicity assay (5). The test was performed with
round-bottom 96-well plates for 5 h at 378C in a 5% CO2 incubator. MC57G
target cells (104; infected with vaccinia virus at a multiplicity of infection of 5 for
2 h) were mixed with prediluted effector cells at effector-to-target ratios of 100:1,
33:1, 11:1, and 4:1, and the plates were spun for 4 min before incubation.
Supernatant aliquots (70 ml) were analyzed in a gamma counter (Packard,
Zürich, Switzerland).
(ii) LCMV. Eight days after i.v. infection of mice with 200 PFU of LCMVWE,

effector spleen cells were tested on GP33-loaded EL-4 cells at effector-to-target
ratios of 70:1, 23:1, 8:1, and 3:1 (5).
(iii) VSV. Six days after i.v. infection of mice with VSVIND (2 3 106 PFU),

spleen cells were tested on EL-4 cells transfected with the nucleoprotein of VSV
or mock transfected (24, 47, 53) in order to monitor VSV nucleoprotein-specific
CTL activity.
For CD41 T-cell depletion, mice were treated with a rat anti-mouse CD4

(YTS 191) as described before (11, 31).
Detection of antiviral CTLp cells in the spleens of mice infected with VSV.

Antiviral CTL precursor (CTLp) activity was determined under limiting-dilution
conditions as described previously with minor modifications (42). Limiting num-
bers of responder cells were cultivated in 96-well round-bottom plates with
irradiated (30-Gy) VSV-infected spleen cells as stimulators (105 cells per well) in
Iscove’s modified Dulbecco’s medium conditioned with interleukins (superna-
tant from concanavalin A-stimulated rat spleen cells). After 7 days of incubation,
the CTL activities in microcultures were determined on EL-4 cells transfected
with the nucleoprotein of VSV or mock transfected.
VSV-neutralizing antibody titers. Neutralizing titers of sera against VSV were

determined as previously described (10). Titers are indicated as log2 of 40-fold
prediluted sera. To determine IgG titers, undiluted serum was first pretreated
with an equal volume of 0.1 M 2-mercaptoethanol in saline.
LCMV-specific antibodies. Antibodies were measured with an enzyme-linked

immunosorbent assay (ELISA) as described previously (6). Briefly, ELISA plates
were coated overnight with 10 ng of Baculo-LCMV-NP in carbonate buffer (pH

9.6). Sera and peroxidase-labelled anti-mouse IgG (PharMingen) were diluted in
1% bovine serum albumin in phosphate-buffered saline. Mice were bled at
different times after infection. The results were expressed as the dilutions re-
quired to obtain half-maximum readings. All sera were tested in the same assay,
and serum samples from individual mice were tested under each experimental
condition. LCMV neutralization in vitro was determined with an infectious
focus-forming assay as described below. In brief, serial twofold dilutions of
antibody were incubated with virus for 90 min at 378C in a 96-well plate. Then
MC57G mouse fibroblasts were added. After adsorption of virus, cells were
overlaid with 1% methylcellulose in Dulbecco’s modified Eagle’s medium. Forty
hours later, cell monolayers were fixed, permeabilized with 0.5% Triton X-100,
and stained with the LCMV nucleoprotein-specific rat MAb VL4 (6) as the first
antibody and a peroxidase-labelled goat anti-rat antibody (A-9037; Sigma) as the
second antibody.

RESULTS

Antiviral cytotoxic T-cell responses. CTL responses against
replicating LCMVWE and replicating vaccinia virus WR were
always lower in CTLA4-Ig tg mice by a factor of about 2 or 3
compared with those of controls (Fig. 1A and B). Differences
were also seen when lytic activity per spleen was computed by
using as an arbitrary unit the number of spleen cells necessary
to lyse 30% of the target cells in a standard assay (not shown).
These results were confirmed by the primary CD81 T-cell-
mediated footpad swelling reaction after local infection in the
footpad with LCMV (Fig. 2). The overall kinetics of controls
and CTLA4-Ig tg mice were comparable, although somewhat
reduced in CTLA4-Ig tg mice.
CTL responses to a recombinant vaccinia virus (Fig. 1C)

which is attenuated compared to wild-type vaccinia virus WR
were reduced three-to fivefold in CTLA4-Ig tg mice.
CTL response to VSV. The CTL response against VSV as-

sayed on day 6 after infection with 2 3 106 PFU i.v. was not
measurable (Fig. 1D and 3) in CTLA4-Ig tg mice. Similarly,
controls exhibited a 20- to 50-fold-greater response when di-

FIG. 1. Cytolytic activity after virus infection. CTLA4-Ig tg mice (squares) and nontransgenic littermates (triangles) were acutely infected with different types of
virus. Spleen cells of infected mice were isolated and tested in a 51Cr release assay with target cells expressing virus-specific peptide (closed symbols) and control target
cells (open symbols). (A) Cytolytic activity after infection with 200 PFU of LCMV WE was determined on 51Cr-labelled EL-4 cells loaded with GP33 or an unrelated
adenovirus peptide as a negative control. Spleen cells of mice infected with wild-type vaccinia virus WR (Vacc WR) (B) or recombinant Vacc-IND N (Vacc INDN)
(C) were tested by using vaccinia virus WR-infected or uninfected MC57G cells as target cells. (D) After infection of mice with wild-type (wt) VSVIND, a 51Cr release
assay was performed with EL-4 cells transfected with the nucleoprotein (N) of VSV or with mock-transfected cells. Data for individual mice are shown and are
representative of at least two independent experiments. In all cases, spontaneous release was below 20% during the 5-h assay period. E/T ratio, effector-to-target ratio;
d8, day 8; d6, day 6.
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rect or total lytic activity per spleen was calculated (detailed
calculations not shown). Comparable differences were found
when the numbers of CTLp cells were determined. About
1,000 to 2,500 CTLp cells per spleen in CTLA4-Ig tg mice were

found on day 6 versus 30,000 to 150,000 in controls. By day
20 after priming, CTLp frequencies had dropped to the
usually found memory level of 1024 to 1025 spleen cells or
3,000 to 8,000 CTLp cells per spleen in controls. CTLA4-Ig
tg mice exhibited similar frequencies, with ranges of 4,000
to 7,000 CTLp cells per spleen. The difference between day 6
and day 20 results suggested that VSV-specific CTLs were
induced in CTLA4-Ig tg mice, but proliferation of primed
CTLs during the acute phase of the response was apparently
hampered.
Since CD41 T-helper cells are usually not measurably in-

volved in anti-LCMV CTL responses (1, 31, 32) but enhance
CTL responses against poorly replicating viruses, such as vac-
cinia viruses, or abortively replicating VSV (26, 32), we tested
the effect of CD41 T-cell depletion on anti-VSV CTL re-
sponses in C57BL/6 mice (Fig. 4). In this experiment, the
primary CTL response against VSV on day 6 was reduced
about 10-fold in CD4-depleted control C57BL/6 mice, to about
the level found in CTLA4-Ig tg mice (reduction compared to
controls, about 20- to 50-fold). Thus, the anti-VSV CTL re-
sponses in CTLA4-Ig tg mice were even more reduced than
those of T-help-depleted control C57BL/6 mice.
Antibody responses against infectious virus. The levels of

nonneutralizing anti-LCMV nucleoprotein IgG antibodies, as
measured by ELISA, were 3- to 20-fold lower in CTLA4-Ig tg
mice compared to those in controls (Fig. 5A and B). The levels
of neutralizing anti-LCMV-GP1 antibodies are usually low in
controls, with titers of 640 to 1,280. CTLA4-Ig tg mice failed to
exhibit measurable neutralizing antibodies (Fig. 5C). Neutral-
izing IgM responses against VSVIND, which are largely CD4

1

T-cell independent, were 4- to 16-fold lower in CTLA4-Ig tg
mice than in control mice. Neutralizing IgG antibody re-
sponses, which are strictly CD41 T-help dependent, were also
reduced about 16-fold. Nevertheless, transgenic mice exhibited
titers of about 500 to 2,000, which, however, varied more than
did those in controls (Fig. 5D).

FIG. 2. Footpad swelling reaction after infection with LCMV. CTLA4-Ig tg
mice (■) and nontransgenic littermates (å) were infected with 3 3 103 PFU of
LCMV WE in both footpads. Footpad thickness was measured daily. Mean
percent increases in the thickness of both footpads of individual mice compared
to values determined before infection are shown. The results of one of two
comparable experiments are shown.

FIG. 3. CTL response after infection with wild-type VSVIND. CTLA4-Ig tg
mice (■) and nontransgenic littermates (å) were infected with 2 3 106 PFU of
wild-type VSVIND i.v.; at 6 and 20 days (d6 and d20, respectively) after infection,
the numbers of CTLp cells in the spleens of mice were determined by limiting-
dilution analysis.

FIG. 4. C57BL/6 mice were treated with an anti-CD4 MAb. C57BL/6 mice
were treated with an anti-CD4 MAb on days23 and21 to deplete CD41 T cells
(■) or left untreated as controls (å). On day 0, they were infected with 2 3 106

PFU of wild-type VSVIND i.v. A chromium release assay was performed on day
6 after infection. Nonspecific lysis was below 10%. E/T ratio, effector-to-target
ratio.
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Antibody response against noninfectious VSV glycoprotein.
Recombinant VSV glycoprotein (2 mg) injected i.v. induced
comparable titers of neutralizing IgM antibodies in all mice
(Fig. 5E). This response was earlier shown to be largely of
T-help-independent type 2. Neutralizing IgG antibody re-
sponses, which are strictly CD41 T-helper dependent, reached
1,200 in controls from day 12 to day 20, but no IgG antibodies
were found in CTLA4-Ig tg mice up to day 20 (Fig. 5E).

DISCUSSION

The capacity of CTLA4-Ig tg mice to mount CTL or IgG
responses against viruses and viral antigens was inversely re-
lated to the T-help dependence of these responses. Highly
replicating viruses in general induced more potent immune
responses than abortively replicating viruses and inert viral
antigens. Whether these differences in T-help dependence are
caused by differences in antigen quantities alone or also reflect
differences in factors (inflammation, cytokines, etc.) induced
considerably more extensively by widely replicating viruses
than by inert antigens is unclear.
The question of whether and how infectious agents influence

immune responses compared to those influenced by inert an-
tigens has been discussed from distinct points of view (26, 40,
68, 70). First, infectious agents and toxins, but not noninfec-
tious agents, cause stress to infected cells and APC; therefore,
they activate APC and probably increase second signals. To
achieve this with an inert antigen, a depot plus local inflam-

mation is needed, as suggested by the empirical use of granu-
loma-forming agents as adjuvants (16, 17, 20). Second, destruc-
tion of cells by replicating agents force APC to pick up antigen
and to migrate to local lymph nodes or the spleen (55). Such
antigens, foreign or peripheral self antigens, have to reach
organized lymphoid organs in a concentration gradient and
during a minimal period (usually for 3 to 7 days) for a T-cell
immune response to be induced. Third, the findings in this
study and parallel results with CD28 gene knockout mice (26)
suggest that CD28 and/or CTLA4-B7.1 and -B7.2 interactions,
reflecting dependence on T help, are much more necessary for
T-cell and IgG responses against innocuous antigens than for
those against infectious and replicating ones. The results of
present experiments do not help in deciding whether periph-
eral events or interactions in lymphoid organs are limited.
They do suggest, however, that the sum of immune reactions
caused by replicating virus possibly creates a milieu that is
optimal for T lymphocytes to thrive. In its simplest form, this
bystander effect may be the result of a great multiplicity of
antigenic stimuli causing upregulation of the major histocom-
patibility complex (MHC), interleukins, and interferons. Such
a milieu is provided either by CD41 T cells, by many CD81 T
cells, or via as-yet-undefined virulence factors (e.g., lipopoly-
saccharide superantigens) provided or triggered early by infec-
tious agents themselves, particularly if replicating.
In CTLA4-Ig tg mice, B7-CD28 interactions became limiting

for IgG responses in all of the instances tested here, less for

FIG. 5. Antibody formation after infection with LCMV or VSV or priming with recombinant viral protein. After infection of CTLA4-Ig tg mice (squares) and
nontransgenic littermates (triangles) with 2 3106 PFU of LCMV WE, sera were taken at the indicated times and were tested by ELISA for antibodies (Ab) binding
to Baculo-LCMV-NP (A and B) or by a neutralization assay for LCMV-neutralizing antibodies (C). To test for neutralizing antibodies against VSV, mice were infected
with 2 3 106 PFU of wild-type (wt) VSVIND i.v. (D) or primed with 2 mg of recombinant Baculo-IND G (E). Titer steps of virus-neutralizing IgM (open symbols) and
IgG (closed symbols) are shown. Neutralizing activity was determined in sera taken at the indicated times. Sera were prediluted 1:40 for VSV and 1:10 for LCMV
neutralization assays and diluted further in steps of two. For anti-LCMV-NP ELISA, sera were prediluted 1:30 and further diluted in steps of three. Data for individual
mice from one of two similar experiments are shown.
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those against infectious virus and considerably more for those
against inert viral antigens. A similar strong influence on T-
cell-dependent antibody responses has also been documented
for CD40-CD40L interactions (4, 8, 14, 21, 28, 45, 49, 69).
These findings parallel previously repeated findings on the role
of B7-CD28 in T help and fit the notion that contact-depen-
dent interactions between T and B cells are important limiting
steps for IgG responses.
Why LCMV-neutralizing antibodies are so much more af-

fected by the block of B7-CD28 interaction than are the
LCMV nucleoprotein-specific IgG responses is open for dis-
cussion. According to the hypothesis illustrated by the works of
Planz et al. (52) and Battegay et al. (7), B cells expressing
LCMV-neutralizing antibodies are infected by noncytopathic
LCMV selectively and become eliminated during the first wave
of the antiviral CTL response. However, the late LCMV-neu-
tralizing antibody response is generated by B cells, which pre-
sumably are stimulated by persisting viral antigen after the
CTL response has decreased. For this stimulation, only very
little antigen is available. Therefore, costimulatory signals
might be very important to induce the LCMV-neutralizing
humoral response; the block of these signals in CTLA4-Ig tg
mice might prevent the generation of LCMV-neutralizing an-
tibodies.
The role of T-helper cells in CD81 T-cell responses is con-

tact independent, at least in mice, where T cells do not express
class II MHC antigen (38). CD41 T-independent help to
CD81 T cells is therefore thought to be mediated via soluble
factors released by helper T cells; they include interleukin-2
(IL-2), IL-4, probably gamma interferon, and others (44). Al-
ternatively, T-help-dependent activation of APC can upregu-
late accessory molecules important for CD81 T-cell induction
and thereby enhance CD81 T-cell responses (51).
It has been shown earlier that soluble CTLA4 may be in-

jected up to 48 h after immunization with keyhole limpet
hemocyanin and still be able to block the response effectively
(35). This suggested indirectly that CTLA4 interferes probably
mostly with expansion rather than with induction of T cells.
Whether the lack of IL-2 is the only limitation remains to be
shown (25). Our findings that the numbers of CTLp cells
against VSV were comparable on day 20 after infection but
were much lower on day 6 in CTLA4-Ig tg mice are compatible
with the view that CTLA4-blocked T-helper mechanisms are
more important for the expansion of CTLs than for their in-
duction (23, 64). Then the same frequency on day 20 could
reflect induction, expansion, and inactivation of T cells in wild-
type mice, in which T cells become susceptible to CTLA4-
mediated inhibition; this does not occur in CTLA4-Ig tg mice
because T cells are not sufficiently activated and/or expanded.
B7-CD28 interaction enhances the induction of several im-
mune responses; soluble CTLA4 blocks this interaction be-
cause of its about 20-times-greater affinity for B7. Evidence
exists for the downregulation of activated T cells expressing
CTLA4 by interaction with B7 on APC (41, 58, 62, 65). Al-
though the CTL kinetics against VSV might suggest such a
possibility, the comparable CTL responses against LCMV and
vaccinia virus WR argue against it.
An increasing number of studies have revealed the well-

recognized correlations between virulence and immunogenic-
ity, particularly when a major pathway of lymphocyte interac-
tions does not function (26, 40, 68, 70). These findings fit
long-standing observations and recent results that completely
inactivated vaccines (particularly after denaturation) are not
very immunogenic and often require high and repetitive doses
to be protective. Therefore, live vaccines or real infections may
induce better immune responses more quickly for at least three

reasons. (i) Agents have to reach relevant intracellular com-
partments for proper loading of class I MHC antigens, some-
times also class II MHC antigens (19, 48, 67); replicating in-
tracellular agents achieve this best. (ii) There is an obvious
important quantitive aspect in favor of replicating agents that
is, however, difficult to assess. (iii) As also suggested by this
study, stimulatory conditions induced by replicating agents di-
rectly, the great amounts and multiplicity of various antigens,
cell and tissue damage, inflammation, etc., are provided by
infections and toxins but not or much less so by inert antigens
(1, 26).
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