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Antibody-mediated neutralization of viruses has been extensively studied in vitro, but the precise mecha-
nisms that account for antibody-mediated protection against viral infection in vivo still remain largely
uncharacterized. The two points under discussion are antibodies conferring sterilizing immunity by neutral-
izing the virus inoculum or protection against the development of disease without complete inhibition of virus
replication. For tick-borne encephalitis virus (TBEV), a flavivirus, transfer of neutralizing antibodies specific
for envelope glycoprotein E protected mice from subsequent TBEV challenge. Nevertheless, short-term, low-
level virus replication was detected in these mice. Furthermore, mice that were exposed to replicating but not
to inactivated virus while passively protected developed active immunity to TBEV rechallenge. Despite the
priming of TBEV-specific cytotoxic T cells, adoptive transfer of serum but not of T cells conferred immunity
upon naive recipient mice. These transferred sera were not neutralizing and were predominantly specific for
NS1, a nonstructural TBEV protein which is expressed in and on infected cells and which is also secreted from
these cells. Results of these experiments showed that despite passive protection by neutralizing antibodies,
limited virus replication occurs, indicating protection from disease rather than sterilizing immunity. The
protective immunity induced by replicating virus is surprisingly not T-cell mediated but is due to antibodies
against a nonstructural virus protein absent from the virion.

For flaviviruses, envelope glycoprotein E plays a central role
in the viral life cycle, and the importance of antibodies to E in
antiviral protection has been demonstrated by passive transfer
experiments (12, 30). Whereas some studies have shown in vivo
protection only by in vitro neutralizing antibodies (13, 23),
others have shown antibody-mediated protection irrespective
of in vitro neutralization (2). More generally, antibody-medi-
ated neutralization of viruses has been extensively studied in
vitro (6), but the precise mechanisms that account for anti-
body-mediated protection against viral infection in vivo still re-
main largely uncharacterized. The two points under discussion
are antibodies conferring sterilizing immunity by neutralizing
the virus inoculum (29) or protection against the development
of disease, not essentially synonymous with the complete inhi-
bition of virus replication (15).

Tick-borne encephalitis virus (TBEV), a flavivirus highly
pathogenic for humans, is endemic in several European coun-
tries, Russia, and China. Transfer of monoclonal antibodies
specific for TBEV E (13, 25, 26) or of E-specific antisera as
well as of polyclonal immunoglobulin preparations with the
same specificities (14, 16, 21) into mice resulted in protection
of experimental animals from subsequent TBEV challenge,
and in vivo protection by antivirion antibodies correlated with
in vitro neutralization (13, 25, 26). In a recent study (21), we
confirmed the protection of mice against a lethal intraperito-
neal (i.p.) TBEV challenge by E-specific antibodies. Infectious
virus could not be detected in the blood or brain of passively
protected mice subsequent to TBEV challenge. Local virus
replication, however, might have gone undetected in these
experiments. To answer the question of whether passive anti-
body-mediated immunity to TBEV reflects protection against

disease or sterilization of the TBEV inoculum, we sought to
refine our method for the determination of infectious virus in
passively protected animals. Furthermore, because low levels
of virus replication are known to induce long-lasting and even
lifelong immunity for other viruses, we rechallenged mice ex-
posed to TBEV under passive protection after the passively
administered antibodies had disappeared from these animals.
Results of these experiments showed that limited virus repli-
cation occurs in animals passively protected by neutralizing
antibodies and, as a consequence, these animals develop long-
lasting immunity to TBEV challenge.

MATERIALS AND METHODS

Animals. Female BALB/c mice (Charles River Wiga, Sulzfeld, Federal Re-
public of Germany) were given dry food pellets and water ad libitum and were
used for experiments at 15 to 17 g of body weight.

Virus. TBEV, a flavivirus (37), was kindly donated by P. Noel Barrett (Bio-
medical Research Center, IMMUNO AG, Orth/Donau, Austria). The virus was
titrated by a plaque assay on PS cells as described previously (21), and the
concentrations of infectious TBEV are expressed as PFU per milliliter of sample.

To detect TBEV in blood, brain, spleen, or peritoneal exudate cells (PEC) of
infected animals with a high sensitivity, specimens obtained from two donor mice
after TBEV challenge were prepared as outlined below, and one-third of the
resulting sample was transferred i.p. into each of three recipient mice. Blood was
aseptically collected by cardiac puncture of ether-anesthetized animals, and the
approximately 1-ml sample obtained was diluted with an equal volume of phos-
phate-buffered saline (PBS) before transfer. Brains or spleens were aseptically
removed and, after the addition of an equal volume of PBS, homogenized
through steel mesh. PEC were washed from the peritoneal cavity, pelleted by
centrifugation, and resuspended in PBS for transfer. After transfer, survival of
recipient mice was monitored for 28 days. As determined by spiking of samples
with TBEV, the limit of detection of this method is approximately 10 PFU/organ
(22).

Inactivation of TBEV. When needed TBEV was inactivated by treatment with
UV-psoralen. As described earlier (20), the infectivity of TBEV is entirely lost
after exposure for 10 min to UV A irradiation at 2 mW/cm2 in the presence of
1 mg of 49-aminomethyl-4, 59-8-trimethylpsoralen hydrochloride (Lee Biomolec-
ular Research Inc., San Diego, Calif.) per ml.

TBEV exposure and passive protection of mice. Mice were experimentally
inoculated with virus by i.p. injection of 0.2 ml of an appropriately diluted TBEV
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stock containing 1,000 PFU of TBEV, with approximately 4 PFU comprising a
50% lethal dose (21). When needed, other challenge doses were used or the virus
was administered intravenously (i.v.) to experimental animals. Passive protection
of mice was achieved by subcutaneous (s.c.) administration of 0.2 ml of either a
preparation of human TBEV immunoglobulin (Ig) or mouse TBEV hyperim-
mune serum, diluted with PBS (for details, see reference 21). The human TBEV
Ig preparation is commercially available (FSME BULIN; IMMUNO AG,
Vienna, Austria; 90 to 153 mg of gamma globulin per ml; hemagglutination in-
hibition [HAI] titer [mean 6 standard error of the mean {SEM}; 16 determi-
nations], 1:1,100 6 60; neutralization titer [NT] [mean 6 SEM; 9 determina-
tions], 1:4,406 6 518), and mouse TBEV hyperimmune serum was prepared
from blood collected by retro-orbital puncture under light ether anesthesia from
mice hyperimmunized with a commercially available whole killed virus vaccine
(FSME IMMUN Inject; IMMUNO AG; HAI titer [mean 6 SEM; 6 determi-
nations], 1:747 6 107; NT [mean 6 SEM; 6 determinations], 1:983 6 126).
Survival of TBEV-exposed animals was monitored for at least 28 days after
infection or until no further deaths occurred for another 7 days.

Transfer of serum, spleen cells, or T-enriched spleen cells. Serum was pre-
pared from blood collected by retro-orbital puncture from ether-anesthetized
mice and was administered i.v. to naive animals. Spleens were aseptically re-
moved, and a spleen single-cell suspension (SPC) was prepared by maceration of
spleens through steel mesh. After hemolysis (hypotonic NH4Cl buffer), cells were
counted and appropriately diluted in PBS for transfer. T-enriched cells were
prepared from crude spleen cells with nylon wool columns (18) and were judged
to contain approximately 80% T cells by staining for the Thy-1.2 antigen in a
fluorescence-activated cell sorter analysis (data not shown). Both spleen cells and
T-enriched spleen cells were administered i.p. to naive animals.

ELISA for TBEV antibodies. An enzyme-linked immunosorbent assay (ELISA)
was performed with formaldehyde-inactivated TBEV as a coating antigen and
a goat anti-mouse immunoglobulin G (IgG)-horseradish peroxidase conjugate
(Accurate Chemical & Scientific Corp., Westbury, N.Y.) for the detection of
bound antibodies. Serial twofold dilutions of samples were tested in duplicate,
and titers were the highest dilution yielding greater than twofold the absorption
of a control mouse serum, with the cutoff value being set to 1:100.

NT50. TBEV neutralization was tested as described previously (21). Briefly,
serial dilutions of samples were incubated with 100 tissue culture infective doses
of TBEV, and then the mixtures were incubated for 7 days on TBEV-susceptible
Vero cell (CCL-81; American Type Culture Collection [ATCC]) monolayers.
The resulting tissue culture supernatants were tested for the presence of TBEV
antigen, indicative of TBEV replication, by an ELISA, and the sample dilution
resulting in virus neutralization in 50% of the replicates (NT50) was calculated.

HAI titer. Serial dilutions of samples were incubated with TBEV, and then
triplicates of the resulting samples were incubated with goose erythrocytes to
allow antibody-free TBEV to induce hemagglutination. The HAI titer was the
reciprocal of the highest sample dilution resulting in complete HAI.

Western blotting. TBEV-infected 3T3 fibroblasts (CCL-92; ATCC) were lysed
with NP-40 buffer (20 mM Tris, 150 mM NaCl, 1% Nonidet P-40 [pH 7.5])
containing phenylmethylsulfonyl fluoride (2 mM), aprotinin (10 mg/ml), and leu-
peptin (10 mg/ml), and the proteins were separated by nonreducing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, either with or without heat-
ing of the samples for 2 min to 100°C. For calculation of the apparent molecular
weights of proteins, a standard was included with all gels (SeeBlue; NOVEX, San
Diego, Calif.). Proteins were transferred to nitrocellulose by electroblotting, the
membranes were blocked with skim milk powder (5% in PBS), and the blotted
proteins were incubated with antisera that had been preadsorbed to uninfected-
cell lysates at various dilutions (see Fig. 2). Bound antibodies were reacted with
horseradish peroxidase-coupled anti-mouse IgG (Jackson Immuno Research
Laboratories Inc., West Grove, Pa.) as a second step, and bands were visualized
by enhanced chemiluminescence (ECL kit; Amersham LIFE SCIENCE, Buck-
inghamshire, United Kingdom). The identity of TBEV surface protein E or
TBEV nonstructural protein NS1 on Western blots was confirmed by staining of
sera obtained from mice immunized either with a whole killed TBEV vaccine
(FSME IMMUN Inject) or with Escherichia coli-derived recombinant NS1 pro-
tein (generously provided by Barbara Plaimauer, IMMUNO AG; 26a).

51Cr release assay. Spleens were obtained from three or more donor mice
after cervical dislocation, and an SPC was prepared from the pooled organs.
After restimulation of SPC for 5 days with live TBEV at a multiplicity of
infection of 0.2 as described by Rothman et al. (31), the SPC was tested for
cytotoxic activity. P815 cells (TIB-64; ATCC) were either used as uninfected
control target cells or infected with TBEV at a multiplicity of infection of 1 for
7 days, resulting in approximately 90% TBEV-infected cells, as judged by im-
munofluorescence. The target cells were labeled with Na51CrO4 (400 mCi per
5 3 106 cells), and 104 target cells were incubated with restimulated effector cells
at various effector/target cell ratios for 4 h. 51Cr release in supernatants was
determined, and specific release was calculated as [(experimental release 2
spontaneous release)/(maximum release 2 spontaneous release)] 3 100. For the
results obtained, the mean 6 SEM of virus-specific cytotoxicity (percent release
from TBEV-infected target cells 2 percent release from uninfected control
target cells) is reported.

RESULTS

After challenge of passively protected mice, low levels of
TBEV can be recovered. When in a recent study blood and
brain samples from mice passively protected with TBEV anti-
bodies (0.2 ml of a human TBEV Ig preparation diluted 1:10 in
PBS and delivered s.c.) were obtained at daily intervals after
i.p. challenge with 1,000 PFU of TBEV and tested for the
presence of infectious TBEV by a plaque assay or by sample
transfer into naive recipient mice (a more sensitive assay) (22),
no virus was detectable up to the time at which unprotected
control mice died (21). To detect the eventual local replication
of TBEV, we also tested spleen cells or PEC from passively
protected mice for TBEV replication by sample transfer in this
study. Organs from antibody-protected mice were thus ob-
tained at daily intervals after i.p. TBEV exposure (1,000 PFU
per mouse), the samples from two donor mice were pooled,
and equal volumes of the specimens were transferred into each
of three naive recipient mice (see Materials and Methods).
While the transfer of blood, brain, or spleen samples was never
lethal for recipient mice, the transfer of PEC induced lethality
in recipient mice. For three experiments, however, TBEV was
only detectable on a single day after TBEV exposure, i.e., on
day 3, 4, or 6, and resulted in TBEV-induced death in two, two,
or one of the three recipients, respectively. These low levels of
lethality in recipient mice (67, 67, and 33%) were recently
determined to correspond to 1 to 10 PFU of TBEV in the
samples (22). Thus, despite passive protection by TBEV anti-
bodies, short-term, low-level virus replication can be detected
after virus exposure. Among mice receiving identically pre-
pared tissues from uninfected mice, none died in several con-
secutive experiments.

TBEV exposure under passive protection results in active
immunity. As demonstrated earlier (21), s.c. treatment of mice
with a human TBEV Ig preparation (diluted 1:10) or a mouse
TBEV hyperimmune serum (diluted 1:3) 2 h prior to a lethal
i.p. TBEV challenge (1,000 PFU) resulted in complete protec-
tion against the development of tick-borne encephalitis. After
28 or 70 days, i.e., at a time when protection by passively ad-
ministered human or mouse TBEV antibodies had declined to
low residual levels, the animals were rechallenged with TBEV.
As a control for the decline of passive protection, groups of
mice were initially treated with either human or murine TBEV
Ig but were left unchallenged. As antibody-neutralized non-
replicating virus might also induce an immune response, an-
other group of animals was treated with TBEV antibodies and
UV-inactivated TBEV corresponding in amount to the chal-
lenge dose, i.e., 1,000 PFU. Only a low percentage of mice—or
none at all—that received the initial passive protection regi-
men without TBEV challenge survived when challenged with
TBEV 28 or 70 days later (Table 1), indicative of few residual
TBEV antibodies present at the time of rechallenge. In con-
trast, mice that were initially challenged with infectious TBEV
while being passively protected by TBEV antibodies were im-
mune to this second TBEV exposure. Active immunity in these
mice was not the result of previous exposure to nonreplicating
viral antigen, as mice that were injected with the same amount
of UV-inactivated TBEV succumbed to this second TBEV
exposure. To determine the minimum dose of infectious virus
required at the first challenge to induce this immunity, differ-
ent amounts of TBEV were applied to passively protected
animals. As shown in Fig. 1, there was a dose-dependent rela-
tionship between the dose of the initial TBEV challenge and
the resulting degree of immunity to rechallenge, with as little
as 10 PFU at the first challenge significantly increasing survival
of rechallenge.
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Active immunity after TBEV exposure under passive pro-
tection can be transferred by serum. To determine the effector
mechanisms of the observed TBEV immunity, mice were
treated with human TBEV antibodies (0.2 ml, 1:10 in PBS, s.c.)
and challenged 2 h later with TBEV (1,000 PFU i.p.). At 28
days after this first TBEV challenge, the mice were used for
further experiments or received another i.p. challenge with
1,000 PFU of TBEV and were used 28 days after this second
challenge. Titers of TBEV E-specific antibodies in serum were
tested by an ELISA (five experiments with 10 mice each; sera
from 2 to 10 mice were pooled) after the first or the second
challenge. Both, however, were found to be low to negative
(mean 6 SEM after the first challenge, 1:180 6 100, 25 deter-
minations; after the second challenge, 1:230 6 160, 19 deter-
minations). A positive control, i.e., serum from mice immu-
nized with FSME IMMUN Inject, validated the ELISA

(mean 6 SEM, 1:46,280 6 11,090, 13 determinations from
seven experiments; sera from 2 to 10 mice were pooled). Sera
from mice after both single and double challenges were fur-
thermore found to be nonneutralizing in a TBEV NT50 test
(i.e., NT, ,1:2, six determinations each from six experiments;
sera from two mice were pooled).

To identify the mechanism responsible for the observed pro-
tective immunity to TBEV, serum, crude spleen cells, or T-
enriched spleen cells from 6 to 30 donor animals were pooled
after survival of the second challenge and were then trans-
ferred into naive recipients. Recipient animals were subse-
quently challenged i.p. with 1,000 PFU of TBEV per animal.
Table 2 shows that i.p. transfer of crude (108) or of T-enriched
(4 3 107) spleen cells 2 h prior to challenge exerted no signif-
icant influence on the percent survival or mean survival times
(MST) of the recipient animals. In contrast, i.v. transfer of
serum (0.2 ml each at 2 days and 2 h before challenge) con-
ferred complete protection upon naive recipient animals.
When combinations of serum and cells were transferred into
naive mice, they did not provide protection in excess of that
provided by serum alone. In experiments with donors after a
single challenge, serum provided partial protection, whereas
crude or T-enriched spleen cells had no effect; transfer of
serum or crude or T-enriched spleen cells from naive control
animals had no effect (data not shown).

Humoral immunity is predominantly specific for a non-
structural virus protein. As demonstrated by the transfer ex-
periments, protective immunity that developed after TBEV
challenge under passive protection could be passed to naive
recipients only by immune serum. This serum, as well as that
obtained from mice after the first challenge, however, had low
to negative titers of TBEV E-specific antibodies in an ELISA
and negative titers in a TBEV NT50 test. Thus, sera from mice
after a single challenge were tested by Western blotting for
reactivity with different TBEV proteins; TBEV-infected cells
were used as the blotted antigen. Depending on whether sam-
ples were boiled or not prior to use in nonreducing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, sera from
mice rendered immune by having survived a TBEV challenge
under passive protection (Fig. 2, lanes 3 and 4, sera pooled
from 10 donor mice) stained proteins with apparent molecular
masses of approximately 45 and 88 kDa on Western blots, as
well as a heat-stable protein of approximately 51 kDa. The size
and behavior upon heating of these proteins were in agreement
with those of the NS1 protein monomer (heated) and dimer
(unheated) (39) and protein E of TBEV, respectively. The

FIG. 1. Active immunity to TBEV. Female BALB/c mice were administered
s.c. 0.2 ml of a 1:10-diluted human TBEV Ig preparation 2 h before they were
injected i.p. with different amounts of TBEV (1,000, 100, 10, 1, or 0.1 PFU per
animal), with PBS, or with the equivalent of 1,000 PFU of UV-psoralen-inacti-
vated TBEV. After 28 days (d), mice were rechallenged i.p. with 1,000 PFU of
TBEV, and their survival was monitored for 28 days or until no further deaths
occurred for a consecutive week. The data presented are cumulative survival in
percentages from three to eight independent experiments with 10 animals per
group in each experiment. Differences in the survival of groups of mice were
compared to the survival of mice which received UV-inactivated TBEV instead
of the initial TBEV challenge by a two-sided log-rank test, and significances are
indicated by asterisks (P , 0.0001).

TABLE 1. Rechallenge after initial TBEV exposure
under passive protectiona

Initial treatment Survival
(%)

MST
(days)

No. of animals
(no. of exper-

iments)

Mouse TBEV antiserum plus
1,000 PFU of TBEV 82 6 7 15.1 6 3.1 38 (4)
PBS 0 6 0 10.7 6 0.5 40 (4)
1,000 PFU of UV-inactivated

TBEV
0 6 0 10.0 6 0.2 40 (4)

Human TBEV Ig plus
1,000 PFU of TBEV 81 6 5 14.0 6 1.2 164 (13)
PBS 18 6 3 12.4 6 0.4 168 (13)
1,000 PFU of UV-inactivated

TBEV
22 6 6 12.0 6 0.7 150 (11)

a Mice were injected s.c. with 0.2 ml of either a 1:3-diluted mouse TBEV
hyperimmune serum or a 1:10-diluted human TBEV Ig preparation 2 h before
they were injected i.p. with 1,000 PFU of TBEV, PBS, or the equivalent of 1,000
PFU of UV-psoralen-inactivated TBEV (initial treatment). After 70 days (re-
cipients of murine TBEV hyperimmune serum) or 28 days (recipients of human
TBEV Ig), mice were rechallenged by i.p. injection of 1,000 PFU of TBEV, and
their survival was recorded. The results presented are the mean (6 SEM)
survival percentages and the MST (in days) of mice that died. The data presented
were collected from the indicated number of independent experiments, with
groups of 8 or more mice each.

TABLE 2. Adoptive transfer of serum, spleen cells,
or T-enriched spleen cellsa

Transferred
material

Survival
(%)

MST
(days)

No. of animals
(no. of experiments)

Serum 98 6 2 12 6 0 27 (3)
Crude spleen cells 6.7 6 6.7 10.1 6 1.7 33 (3)
T-enriched spleen cells 0 11.9 6 1.7 15 (2)

a Mice that were exposed to 1,000 PFU of TBEV while being passively pro-
tected by human TBEV Ig and that survived an identical rechallenge were used
as donor animals for serum, crude spleen cells, or T-enriched spleen cells. Naive
donor mice received either serum (0.2 ml i.v., 2 days and 2 h prior to challenge),
crude spleen cells (108 cells i.p., 3 to 6 h prior to challenge), or T-enriched spleen
cells (4 3 107 cells i.p., 3 to 6 h prior to challenge) from pools of 6 to 30 donor
animals before they were inoculated i.p. with 1,000 PFU of TBEV. The survival
of the mice was monitored for 28 days or until no further deaths occurred for
a consecutive week. The results presented are the mean (6 SEM) survival
percentages and the MST (in days) of mice that died. The data presented were
collected from two or three independent experiments with the indicated number
of animals.
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identity of these proteins was subsequently confirmed by use of
murine sera specific for either the E protein (Fig. 2, lanes 5 and
6) or the NS1 protein (lanes 1 and 2) of TBEV.

TBEV replication under passive protection induces CTL
activity. Virus replication in vivo is recognized to induce cyto-
toxic T-cell (CTL) responses. Although virus replication after
TBEV challenge of passively protected mice was demonstrated
above, T cells from these mice could not confer protection
upon naive recipient mice. To directly determine eventual CTL
priming, spleen cells were obtained from mice having survived
a TBEV challenge under passive protection. After in vitro
restimulation with TBEV for 5 days (31), these cells were
tested for TBEV-specific cytolysis in a 51Cr release assay on
TBEV-infected or uninfected control P815 target cells. In par-
allel, spleen cells from mice immunized three times at 3-week
intervals with a commercially available whole killed TBEV
vaccine (FSME IMMUN Inject, 0.2 ml s.c., diluted 1:10 in
PBS) were tested as a control. Hyperimmunization with the
whole killed TBEV vaccine did not induce detectable TBEV-
specific 51Cr release in our experiments (Fig. 3A). In contrast,
however, mice that had been challenged with TBEV while
being passively protected by TBEV antibodies manifested pro-
nounced TBEV-specific cytotoxic activity (Fig. 3B).

Neutralization occurs in vitro but cannot be accomplished
in vivo. Results so far indicated short-term, low-level TBEV
replication in vivo, despite passive protection by TBEV anti-
bodies with neutralizing capacity in vitro. To determine wheth-
er this result was due to insufficient concentrations of TBEV
antibodies, the following experiments were performed. Mice
were treated s.c. with 1:10-diluted human TBEV Ig as before;
after 2 days, i.e., when TBEV antibodies have reached their
maximum concentration in serum (21), some animals were
challenged i.v. with TBEV, whereas others were bled for se-
rum. Aliquots (0.1 ml) of these sera were then incubated for
1 h with an equivalent of the TBEV challenge dose, i.e., 1,000
or 100 PFU, contained in a volume of 0.1 ml of PBS. These
virus-Ig mixtures were further applied to PS cell monolayers
for a plaque assay. Sera from mice treated with the 1:10-diluted
TBEV Ig showed close to complete neutralization of 1,000
PFU of TBEV (residual virus, 2.3% 6 0.8%; six experiments),
while 100 PFU was always entirely neutralized in vitro. The
protective immune response with NS1 specificity was neverthe-
less comparably induced after i.v. challenge with 100 or 1,000
PFU of TBEV (Fig. 1). These results suggest that under con-
ditions that are generally suited for neutralization in vitro,
complete neutralization does not necessarily occur in vivo.

DISCUSSION

As demonstrated earlier, the administration of a human
TBEV Ig preparation or mouse TBEV hyperimmune serum
protected mice against an otherwise highly lethal challenge
with TBEV (21). The precise mechanism of protection, how-
ever, has remained enigmatic. Here we demonstrate that in-
fectious TBEV can be recovered from passively protected
mice, although in very small amounts and for a short period.
These results indicate that short-term, low-level virus replica-
tion takes place in passively protected animals. Antibody treat-
ment thus provides protection from disease, not protection
from infection. For many viruses, low-level replication is
known to potently induce long-lasting or even lifelong immu-
nity, a phenomenon that has been successfully exploited by
some of the most efficient antiviral vaccines available. In agree-
ment with this notion, only infectious virus induced immunity
to rechallenge in our experiments (Table 1), and the resulting
degree of immune protection was directly related to the
amount of infectious virus initially administered to the exper-
imental animals (Fig. 1). As only replicating virus induced
the immunity observed, T-cell-mediated effector mecha-
nisms were considered a likely explanation. To provide direct
proof for such effector mechanisms, adoptive-transfer experi-
ments were performed. Surprisingly, however, only the transfer
of serum provided some passive protection (donors after a
single challenge; data not shown) or almost complete passive
protection (donors after a double challenge; Table 2) for naive

FIG. 2. Reactivity of mouse sera with TBEV proteins. A Western blot of a
lysate of TBEV-infected cells (5 3 105 cells per lane) was prepared as described
in Materials and Methods, either with (lanes 1, 3, and 5) or without (lanes 2, 4,
and 6) heating of the samples to 100°C prior to electrophoresis. The membrane
was then probed with an NS1 antiserum (lanes 1 and 2), serum obtained from
mice 28 days after they were challenged with TBEV while being passively pro-
tected (lanes 3 and 4), or an E-monospecific TBEV hyperimmune serum (lanes
5 and 6), all diluted 1:300. Bound antibodies were subsequently reacted with the
second-step antibody and visualized by enhanced chemiluminescence. gE, gly-
coprotein E.

FIG. 3. TBEV-specific 51Cr release assay. Spleen cells were obtained from
mice vaccinated with a whole killed TBEV vaccine (A) or from mice passively
protected by administration of human TBEV antibodies after they had been
challenged with TBEV (B). After in vitro restimulation with TBEV, cells were
tested for cytotoxicity against TBEV-infected or uninfected control P815 cells in
a 51Cr release assay. Percent specific lysis [(experimental release 2 spontaneous
release)/(maximum release 2 spontaneous release)] 3 100, all in counts per
minute, at the indicated effector/target cell ratios is given as TBEV-specific lysis
(percent lysis of TBEV-infected target cells 2 percent lysis of uninfected control
target cells). The results presented are the means 6 SEM for four (A) or five (B)
experiments. The significance of the differences between the lysis of uninfected
target cells (about 20%) and that of TBEV-infected target cells, i.e., the signif-
icance of TBEV-specific lysis, was tested by a paired Student’s t test; the results
are indicated as follows: p, P , 0.05; ns, not significant.
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recipient mice; the transfer of crude or T-enriched spleen cells
had no effect (donors after a first challenge; data not shown)
(donors after a second challenge; Table 2).

Providing further evidence of virus replication in these ani-
mals, serum antibodies from animals actively immune after
survival of an initial virus challenge (Fig. 2) as well as after
survival of a second virus challenge (data not shown) showed a
predominant specificity for NS1, a flavivirus protein which is
expressed within and on virus-infected cells (8, 33, 38) and is
secreted from these cells (4, 8, 27) but which is not contained
within the virion. Protection by antibodies to the NS1 protein
has been described for several flaviviruses (9) and for TBEV
(17). As the sera were negative in TBEV neutralization assays
and furthermore had a borderline TBEV E ELISA titer, the
pronounced reactivity with the TBEV NS1 protein likely rep-
resents the main effector mechanism of the immunity dis-
cussed. Although a contribution to protection by antibodies
recognizing the native E protein, as detected in Western blots,
cannot be formally ruled out, a comparison of these sera with
an E-monospecific TBEV hyperimmune serum (ELISA titer,
1:180 6 100 versus 1:46,280 6 11,090; NT, negative versus
1:983 6 126; see Materials and Methods) which confers com-
plete protection under identical challenge conditions only
when administered to mice concentrated or as a 1:3 dilution
(21) makes a major role for these E-specific antibodies in
protection unlikely. The seeming discrepancy between E stain-
ing of the sera on Western blots and only a borderline ELISA
titer of these same sera is not considered to arise from differ-
ences in the sensitivities of the two methods. Rather it may be
due to the different nature of the test antigens, i.e., formalde-
hyde-inactivated TBEV particles (denatured) in the ELISA
versus TBEV-infected cell lysates (native) on Western blots.

The induction of high levels of NS1 antibodies as compared
to rather low levels of E antibodies by virus replication in
passively protected mice may seem discrepant. It is known,
however, that the presence of antibodies may specifically sup-
press the induction of a primary immune response to the re-
spective antigen (32); this fact has been demonstrated for the
TBEV E protein as well (19). This fact is increasingly recog-
nized to be of particular importance for simultaneous passive
and active immunization (10, 24, 36), and coligation of the Fc
receptor on B cells (Fc gamma RIIB1) with the B-cell antigen
receptor, leading to abortive B-cell antigen receptor signaling,
has been suggested as a mechanism (5). As human Ig is able to
bind to mouse Fc receptors (28), the presence of E antibodies
in the course of antigen exposure, i.e., virus challenge in the
described model, may thus explain the reduced amounts of E
antibodies actively produced. Alternatively, NS1, in contrast to
E, is expressed on the surface of infected cells (8, 38) and even
secreted from them (4, 27) and may therefore be more readily
available for the induction of a humoral immune response.

Clearance from mice of TBEV-infected cells, at least some
of which reside in the peritoneal cavity of these animals, would
in our model be accomplished by the upcoming antibody re-
sponse to NS1, a protein which in addition to being secreted is
also expressed on the surface of infected cells (8, 38). Consis-
tent with this idea, antibody-dependent cellular cytotoxicity
(34) and complement-mediated lysis (33) of flavivirus-infected
cells, as mediated by NS1 antibodies, have both been demon-
strated. Alternatively, the TBEV-specific CTL activity (Fig.
3B) that we demonstrated in the present study might have
served to eliminate virus-infected cells from the challenged
mice.

Protection against tick-borne encephalitis by neutralizing
antibodies is not brought about by sterilizing immunity, i.e.,
extensive neutralization of the virus inoculum; low-level virus

replication does occur. Failure of in vivo neutralization was
observed despite conditions in experimental animals suitable
for in vitro neutralization of the amount of virus used for
challenge. Such a situation was recently also described for
human immunodeficiency virus (HIV) (3), but in contrast to
our results, chimpanzees in those experiments were not pro-
tected against the development of disease. For HIV, however,
follicular dendritic cells were shown earlier to harbor antibody-
neutralized virus such that it may subsequently be transmitted
to susceptible target cells (11). A similar mechanism allowing
for local virus replication despite the presence of neutralizing
antibodies may also be operative in our model. Whereas for
HIV the ubiquitous presence of target cells did not allow for
protection against disease by neutralizing antibodies, TBEV is
a neurotropic virus, and the passive-protection regimen used in
our study precluded its gaining access to its target organ, the
brain. Thus, while local virus replication gave rise to active
immunity, disease did not occur. The development of active
immunity following virus exposure under passive antibody-me-
diated protection was observed earlier for hepatitis A virus
(40). However, the development of immunity was preceded by
abnormal liver functions indicative of subclinical infection (7,
35), so the symptoms resulting from hepatitis A virus infection
of its target organ, the liver, were only ameliorated by Ig
treatment.

Results from our present study showed that protection
against infection by a flavivirus was readily afforded by the
administration of TBEV-neutralizing antibodies. Neutraliza-
tion, however, did not occur in vivo. As recently suggested by
others (1), the basis for the widely used correlation between in
vitro neutralization and in vivo protection must be reexamined.
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