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Two gene-targeted immunoglobulin heavy chain transgenic mouse
strains, TgH(KL25) and TgH(V110), expressing neutralizing specificities
for lymphocytic choriomeningitis virus and vesicular stomatitis virus,
respectively, have been generated. Three days after lymphocytic
choriomeningitis virus infection, TgH(KL25) mice showed a thymus-
independent neutralizing IgM response followed by thymus-depen-
dent (TD) IgG. In contrast, WT mice mounted only a TD IgG response
around day 80. These observations indicated that not only structural
properties of the virus but also immunological parameters such as the
frequency of B cells were indicative for the induction of thymus-
independent versus TD Ig responses. Naive vesicular stomatitis virus-
specific Ig heavy chain transgenic mice displayed greatly elevated
natural antibody titers. However, despite these high naive titers, de
novo activation of naive CD4* T and B cells was not blocked.
Therefore, B cells giving rise to natural antibodies do not participate
in virus-induced antibody responses.

Lymphocytic choriomeningitis virus (LCMV) and vesicular
stomatitis virus (VSV) are widely used viral models for
studying antiviral immune responses in mice. Whereas LCMV is
mainly cleared by the action of cytotoxic T lymphocytes (CTL)
in a perforin-dependent manner (1-3), control of VSV strongly
depends on natural or early induced antibodies (4, 5). CTL are
dispensable for survival of a VSV infection (6).

The humoral responses elicited by LCMV and VSV in
C57BL/6 mice display fundamental differences. VSV is a potent
thymus-independent (TI) inducer of neutralizing IgM antibod-
ies. These early neutralizing antibodies are decisive for the
survival of the infected animals. Between days 6 and 8, isotype
class-switched and affinity-matured antibodies become detect-
able and remain elevated lifelong. In contrast, neutralizing
antibodies against LCMV develop late after infection, usually
between days 30 and 100. Although antibodies are dispensable
for early virus clearance, if adoptively transferred, they can
reduce the initial viral load and thus prevent CTL exhaustion
after high-dose infection with LCMV. Importantly, neutralizing
antibodies are crucial for the long-term control of LCMV (7-10).

Previously, comprehensive analysis of humoral antiviral im-
munity against LCMV or VSV has been impaired by the limited
differentiation capacities of IgM transgenic B cells (11, 12).
Gene targeting approaches that introduced rearranged VyDJy
regions 5’ of the intron enhancer at the physiological correct
position resulted in the generation of Ig heavy chain (IgH)
transgenic mice with normal B cell differentiation capacities,
normal isotype switch, and normal hypermutation rates. Such
transgenic mice with various specificities have been generated
and successfully used to study allelic exclusion (13), receptor
editing (14-18), B cell tolerance (19, 20), autoimmunity (21-23),
allergy (24), and anergy (20).

Here, we present two gene-targeted mouse strains expressing
the IgH variable regions of virus-neutralizing antibodies to
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analyze the role of specific B cell frequencies and protective
humoral immunity against virus infections.

Materials and Methods

mAbs. KL25 is an LCMV-WE, and VI10 is a VSV serotype
Indiana (IND) neutralizing mAb, described in refs. 25 and 26,
respectively. mAbs were purified from culture supernatant by
affinity chromatography (Protein G Sepharose 4 Fast Flow,
Amersham Pharmacia Biosciences) and directly labeled with
FITC (Fluka), tetramethylrhodamine isothiocyanate (Fluka), or
NHS-LC-Biotin (Pierce).

Generation of Gene-Targeted Mice. A detailed description of the
generation of the gene-targeted mice can be found in Fig. 5,
which is published as supporting information on the PNAS web
site, www.pnas.org.

Generation of Anti-ldiotypic Antibodies to KL25 and VI10. Two
milligrams of an iso- and allotype-matched unrelated mAb was
injected i.v. to tolerize Browns Norway rats against murine Ig.
After initial immunization with 300 ug of KL25 or VI10 in
complete Freund’s adjuvant s.c, rats received two to three
booster immunizations (200-300 pg in incomplete Freund’s
adjuvant s.c.) at 2- to 3-week intervals. Final immunization was
performed 1 month after the last booster immunization on day
—4 by 200 g antibody in incomplete Freund’s adjuvant i.p. and
on day —3 by 200 ug antibody in PBS i.v. Fusion to the mouse
myeloma cell line X63AG8.653 was performed according to
standard procedures (27). Positive clones were identified by flow
cytometry on HL25 splenocytes (11) or ELISA on VI10-coated
plates.

Mice and Viruses. C57BL/6, HL25 (11), and YEN mice were
obtained from the Institute of Laboratory Animal Science,
University of Zurich. Once generated, heterozygous TgH(KL25)
and TgH(VI10) mice were housed at the Institute of Laboratory
Animal Science. All mice were kept under specific pathogen-free
conditions. Depletion of CD4" T cell was performed by two i.p.
injections of 1-2.5 mg of the rat-anti-mouse antibody
YTS191.1.2 (28) at days —3 and —1. Absence of CD4" T cells
was verified by flow cytometry on the day of infection.
LCMV-WE was originally provided by F. Lehmann-Grube
(University of Hamburg, Hamburg, Germany) and propagated
on L-929 cells, and VSV IND (Mudd-Summers isolate) was

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CTL, cy-
totoxic T lymphocytes; IgH, Ig heavy chain; IND, serotype Indiana; LCMV, lymphocytic
choriomeningitis virus; pfu, plaque-forming units; Tl, thymus independent; VSV, vesicular
stomatitis virus.

TL.H. and B.M.S. contributed equally to this work.
*To whom correspondence should be addressed. E-mail: haegar@pathol.unizh.ch.

© 2003 by The National Academy of Sciences of the USA

PNAS | October 28,2003 | vol. 100 | no.22 | 12883-12888

IMMUNOLOGY




z
/|
~ |

originally obtained from D. Kolakofsky (University of Geneva,
Geneva) and propagated on BHK-21 cells.

Immunohistology. Standard procedures (29) were used with the
following modifications. For the detection of LCMV-specific B
cells, cryosections of spleens of infected mice were blocked in
PBS containing 10% FCS, 10% rat serum, and 10 pg/ml rat
anti-FcyRI/II (2.4G2). Subsequently, anti-KL25 mAb (10
pg/ml IIC4.8-FITC, 2 ug/ml B2.5-tetramethylrhodamine iso-
thiocyanate) was added in PBS containing 10% FCS. After
washing in PBS, sections were mounted by using DAKO fluo-
rescent mounting medium (DakoCytomation, Glostrup, Den-
mark) containing anti-bleach and examined under a fluores-
cence microscope. For overlay, digital pictures were imported
into PHOTOSHOP (Adobe Systems, San Jose, CA), converted to
false colors, and adjusted in brightness and contrast and overlaid.

Flow Cytometry. Flow cytometric analysis was performed on a
FACScan, and all antibodies used were obtained from BD
Biosciences (San Diego, CA) unless otherwise indicated.

Virus Neutralization Assay. Standard procedures (30-32) were
used.

Results

Generation of Gene-Targeted Mouse Strains Expressing the IgH of
Either KL25 or VI10. Homologous recombination was used to
replace the endogenous DQ52 and all four Jy elements of the
IgH locus in C57BL/6-derived embryonic stem cells by rear-
ranged VyDJy regions and their genuine promoters (Fig. 5 and
ref. 33). For the targeting, the VyDJy regions of two different
virus neutralizing antibodies were used, i.e., KL25 (25), an
LCMV-neutralizing antibody, and VSV-IND-neutralizing anti-
body VI10 (26). The resulting gene-targeted mouse strains
Igh_Jlml(VDJ»KLZS)zbz and Igh_Jlml(VDJ-VIl())zbz are referred to as
TgH(KL25) and TgH(VI10), respectively.

Generation of mAbs Against the Variable Regions of KL25 and VI10 and
Enumeration of B Cells Expressing the Transgenic Heavy Chain. To
identify B cells expressing the transgenic VyDJy regions in
TgH(KL25) and TgH(VI10) mice, anti-KL25 and anti-VI10
mAbs were generated. The rat mAb IIIC4.8 specifically bound
the Vi of KL25, and flow cytometric analysis of TgH(KL25)-
derived blood cells revealed that >95% of all B cells expressed
the transgenic IgH (Fig. 14). IIIC4.8 was able to inhibit
LCMV-WE neutralization by KL25 (data not shown); however,
IIIC4.8 binding was not indicative for neutralizing capacity
because I1IC4.8 also bound various mAbs isolated from naive
TgH(KL25) mice that did not neutralize LCMV-WE (Fig. 1B).

The second mAb B2.5 specifically bound to a determinant
provided by the combination of the Viy and Vk regions of KL25.
Flow cytometric (Fig. 14) and immunohistochemical analysis
(Fig. 1C) of naive TgH(KL25) mice revealed 5-10% B2.5-
positive B cells in naive TgH(KL25) mice. Interestingly, B2.5 also
bound 2-7% of naive WT B cells (Fig. 1A4), suggesting some
cross-reactivity. Binding of B2.5 did not inhibit LCMV neutral-
ization by KL25, indicating that the binding site of B2.5 is located
distal from the antigen binding site of KL25. Twenty eight of 29
neutralizing antibodies prepared from naive or day 4-infected
TgH(KL25) mice were ELISA positive for both IIIC4.8 and B2.5
(Fig. 1B).

Cryosections of spleens derived from C57BL/6 and
TgH(KL25) mice were analyzed by fluorescence microscopy
(Fig. 1C). Naive C57BL/6 mice displayed only a few B2.5
single-positive cells. In contrast, most of the B cells in naive
TgH(KL25) mice were single positive for IIIC4.8 with only a
minor fraction of naive splenocytes staining double positive for
IIIC4.8 and B2.5 on their surface (Fig. 1C). Upon infection,

12884 | www.pnas.org/cgi/doi/10.1073/pnas.2135542100

double-positive B cells expanded mostly in the border region
between the red and white pulp of TgH(KL25) mice. At day 6,
most B cells displayed a plasma cell phenotype and were positive
for both intracellular IIIC4.8 and B2.5, whereas hardly any
IIIC4.8 single-positive plasma cells were observed (Fig. 1C).
Thus, in TgH(KL25) mice, KL25 heavy chain transgenic B cells
can be identified by IIIC4.8. However, to identify LCMV-
neutralizing B cells, both II1IC4.8 and B2.5 have to bind to the
expressed Ig.

The mAb 35.61 raised against VI10 recognized a combinato-
rial determinant provided by Vy and Vk of VI10. Binding of
35.61 inhibited VSV neutralization by VI10 (data not shown).
Analysis of B cells expressing the idiotypic determinant 35.61
revealed that 10-15% of TgH(VI10)-derived B cells expressed
the Vg and Vk of VII0O (Fig. 1D). In contrast,
(TgH(VI10) X YEN) double transgenic mice expressing both Vi
and Vk of VI10 showed >90% 35.61-positive cells (Fig. 1D),
whereas only negligible numbers of B cells from WT mice or
single VI10 light chain transgenic YEN mice were positive
(Fig. 1D).

Localization of VSV-specific B cells in WT and TgH(VI10)
mice was assessed by immunohistochemistry using VSV particles
in combination with anti-VSV reagents (29). As depicted in Fig.
1E, no VSV-specific B cells could be detected in the spleens of
naive WT mice, which is in contrast to naive TgH(VI10) mice
where a considerable population of VSV-binding B cells was
found in the marginal zone. After infection, VSV-specific B cells
were distributed throughout the splenic red pulp and in junc-
tional areas of WT mice. In contrast, VSV-specific B cells almost
exclusively accumulated in the marginal zone of TgH(VI10)
mice (Fig. 1E) where an increased amount of VSV antigen was
also found (Fig. 1F). It is noteworthy to mention that an enlarged
marginal zone B cell compartment was already detectable in
naive TgH(VI10) mice (Fig. 6, which is published as supporting
information on the PNAS web site). However, this appears to be
a common feature of Ig-transgenic mice and has been attributed
to a bottleneck during B cell development (34).

Although the vast majority of all B cells in our gene-targeted
mice express the same heavy chain specificity, both TgH(KL2S5)
and TgH(VI10) mice were found capable of mounting humoral
responses 2—-4 days delayed against other viruses and protein
antigen (Fig. 2).

Elevated Preimmune Neutralizing Antibody Titers in TgH(KL25) and
TgH(VI10) Mice. Unlike WT mice, naive TgH(KL25) mice dis-
played low, but distinct, preimmune neutralizing antibody titers
against LCMV-WE (Fig. 34). After LCMV infection, a dra-
matic, but short-lived, neutralizing IgM response was induced in
TgH(KL25) mice. Reduction-resistant, and thus isotype class-
switched neutralizing antibodies (30), could be detected at day
4 postinfection with 2 X 10° plaque-forming units (pfu) of
LCMV-WE. After day 12, serum-neutralizing activity was almost
exclusively contributed by isotype class-switched antibodies. A
temporary decrease in neutralizing activity of the sera was
observed between days 8 and 20, which reflects the rapid decay
of the IgM response before neutralizing IgG titers reached
maximal levels (Fig. 3B and data not shown).

In contrast to TgH(KL25), TgH(VI10) mice displayed sub-
stantial preimmune VSV-neutralizing antibodies that consisted
of equal quantities of IgM and IgG antibodies (Fig. 3 4 and C).
Despite these preexisting neutralizing titers, TgH(VI10) mice
mounted a significant humoral response after infection with 2 X
106 pfu of VSV-IND. This response reached maximal levels ~4
days earlier in TgH(VI10) mice compared with WT animals
(Fig. 3C). However, the maximal titers measured in TgH(VI10)
mice were typically two to four times lower compared with those
observed in WT animals (Fig. 3C). This reduction might be
explained by the possibility that preexisting antibodies neutral-
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Fig. 1.

Idiotypic and histological analysis of TgH(KL25) and TgH(VI10) mice. (A) Expression of the KL25 heavy chain in TgH(KL25) mice. Peripheral blood

lymphocytes from TgH(KL25) and C57BL/6 mice were stained with anti-B220 in combination with either 111C4.8 (anti-KL25H) or B2.5 (anti-KL25HL). The
percentage of B cells expressing the transgenic heavy chain or heavy/light chain combination is indicated in the corresponding quadrant. Data shown are
representative of at least three experiments. (B) Analysis of hybridoma prepared from naive and LCMV-infected TgH(KL25) mice. Spleen cells from naive and day
4-infected mice (2 X 10® pfu of LCMV-WE i.v.) were fused to the myeloma X63Ag8.653 and subjected to hypoxanthine/aminopterin/thymidine selection.
Surviving clones were expanded, and supernatants were analyzed by ELISA for the presence of the KL25 heavy chain (I11C4.8) or the KL25 heavy/light chain
combination (B2.5). In addition, supernatants were analyzed for LCMV-WE neutralizing activity and the presence of infectious virus. Supernatants referred to
as double negative did not bind to either of the anti-KL25 mAbs and might also include Ig-nonproducing clones. (C) Localization of LCMV-specific B cells in spleen
during infection with 2 X 108 pfu of LCMV-WE. Cryosections were stained with anti-KL25H-FITC (I1IC4.8, green) and anti-KL25HL-tetramethylrhodamine
isothiocyanate (B2.5, red). Digital photos were taken and electronically overlaid. (D) Expression of the VI10 heavy chain in TgH(VI10) mice. Because no mAb was
available directed against the heavy chain of VI10, the expression level of the VI10 heavy chain was assessed indirectly with mAb 35.61 specific for the V110 heavy
and light chain combination. This was achieved by breeding TgH(VI10) mice to the VI10-light chain expressing transgenic mouse strain YEN. Peripheral blood
lymphocytes from double transgenic, the parental single transgenics, and WT mice were stained with mAb 35.61 in combination with anti-B220 and analyzed
by flow cytometry. The percentage of B cells expressing heavy and light VI10-Ig chains are indicated. Data shown are representative of at least three experiments.
(E) Splenic localization of VSV-specific B cells. C57BL/6 and TgH(VI10) mice were immunized with 2 X 10° pfu of VSV-IND. Spleen sections from infected (d20)
and naive mice were stained for VSV-specific B cells (red) as described in Materials and Methods. (F) Localization of VSV antigen 2 h after 10° pfu of VSV-IND

i.v. infection. Spleen sections were stained for VSV (red) as described in Materials and Methods.

ized the initial inoculum (see below), resulting in a lowered
antigenic load. This notion is supported by the observation that
TgH(VI10) mice infected with higher doses of virus also dis-
played higher maximal antibody titers (data not shown). With
time, neutralizing titers of TgH(VI10) mice reached levels found
in WT mice and remained elevated over preimmune level for at
least 150 days (data not shown).

Theoretically, the increase in neutralizing titers observed in
TgH(VI10) mice upon infection could also represent a second-
ary response of the same B and T cells that are responsible for
production of the preimmune titers. In TgH(VI10) mice no
augmentation of isotype class-switched neutralizing Abs was
observed before 6 days after infection (Fig. 3C). However, in
primed WT mice, IgM and IgG titers increased almost simul-
taneously (35, 36). Therefore, the observed delay in isotype class
switching in TgH(VI10) mice provided evidence that the addi-
tional neutralizing Abs are produced by de novo-activated B cells
that were helped by de novo-activated T cells. Conversely, T or
B cells responsible for the production of preimmune IgG titers
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did not appear to be involved in newly induced antiviral
responses.

Taken together, our results demonstrated that the introduc-
tion of the variable heavy chain derived from an LCMV-
neutralizing antibody is sufficient to overcome the inability of
WT mice to mount an early neutralizing antibody response
against LCMV. Furthermore, experiments in TgH(VI10) mice
indicate that high levels of preexisting antibodies are able to
influence the extent of an immune response against VSV-IND,
but they are not capable of preventing priming of naive T helper
and B cells. Moreover, our data provide evidence that B or T
cells responsible for the production of preimmune antibodies of
the same specificity are probably not participating in antiviral
antibody responses in TgH(VI10) mice.

Induction of Neutralizing Antibodies in the Absence of CD4+ T Cells.
Neutralizing antibodies against LCMV are considered to be
strictly thymus dependent (37). To investigate to which extent
early neutralizing IgM antibodies in TgH(KL25) mice require T
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Fig.2. Antibody response against other antigens. The neutralizing antibody

response after infection with 2 X 10° pfu of VSV serotype New Jersey was
determined for TgH(KL25), TgH(VI10), and WT mice (Upper). The anti-keyhole
limpet hemocyanin (KLH) antibody response was monitored after i.p. immu-
nizations with 100 ug of KLH in alum on days 0 and 7 (Lower). The data shown
represent the mean * SD of at least two values.

help, CD4-depleted TgH(KL25) mice were infected with 2 X 10°
pfu of LCMV-WE. A transient neutralizing IgM response was
observed between days 4 and 12 (Fig. 3D), providing evidence
that production of neutralizing IgM in TgH(KL25) mice is
largely independent of T help. Isotype class-switched neutraliz-
ing antibodies appeared in CD4-depleted mice between days 12
and 30, which correlated with recovery of the CD4* T cell
compartment (Fig.74, which is published as supporting infor-
mation on the PNAS web site). Interestingly, these results
suggest that structural features of LCMV-GP on the viral surface
fulfill the requirements for TI B cell induction (i.e., repetitive-
ness, spacing, and rigidity of the antigen; ref. 38).

Although it is well established that in WT mice the IgM
response against VSV is TI (39), only little is known about the
influence of preexisting antibodies on TI production of neutral-
izing antibodies. Thus, TgH(VI10) mice were depleted of CD4*
T cells and infected with 2 X 10° pfu of VSV-IND. As depicted
in Fig. 3D, TgH(VI10) mice increased their preexisting IgM titer
above preimmune levels independently of CD4" T cells between
days 4 and 8. As in TgH(KL25) mice, these responses were
transient and titers dropped to preimmune levels by day 12.
When compared with CD4-depleted WT mice, the kinetics and
the absolute magnitude of the IgM response in CD4-depleted
TgH(VI10) mice were similar. The IgG antibody titer in VSV-
infected TgH(VI10) mice remained constant during the time of
CD4* T cell depletion (Fig. 3D). With the reappearance of
CD4™" T cells (days 12-28; Fig. 74) IgG titers started to rise in
both TgH(VI10) and WT mice. Thus, VSV was capable of
eliciting a TT antibody response. Moreover, despite the drasti-
cally reduced amounts of VSV-GP antigen and viral replication
(see below), sufficient antigen was apparently preserved in
secondary lymphoid organs to allow for induction of T help and
isotype class switch >20 days after infection.

Accelerated Virus Clearance by Neutralizing Antibodies in IgH-
Targeted Transgenic Mice. Because in both Ig gene-targeted mice
substantial titers of neutralizing antibodies were detected before
and/or after infection, an altered viral dissemination had to be
expected. Because this finding also implied an altered antigen
distribution, viral titers in different organs and blood of trans-
genic animals were analyzed and compared with WT animals.

After LCMV-WE infection, TgH(KL25) mice displayed max-
imal virus titers that were between 10- and 1,000-fold lower than
those of C57BL/6 control animals (Fig. 44). After day 6, viral
titers in TgH(KL25) mice were below the detection level in the
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Fig.3. Analysis of the virus-neutralizing antibody response in TgH(KL25) and
TgH(VI10) mice. (A) Total Ig-neutralizing titers were determined in serum
from naive C57BL/6, TgH(KL25), and TgH(VI10) mice. The detection limit of
the assay is indicated by a dashed line. Note the different scales for LCMV and
VSV. (B) C57BL/6 and TgH(KL25) mice were infected i.v. with 2 X 10° pfu of
LCMV-WE, serum samples were collected at the time points indicated, and
total Ig- and IgG-neutralizing titers were determined. The IgG detection limit
of the assay is indicated by a dashed line. (C) C57BL/6 and TgH(VI10) mice were
infected i.v. with 2 X 108 pfu of VSV-IND. Total Ig- and IgG- neutralizing titers
were determined in the serum. (D) (Left) CD4-depleted TgH(KL25) mice were
infected with 2 X 10° pfu of LCMV-WE, and virus-neutralizing antibodies were
determined from 10-fold prediluted sera. (Right) Neutralizing antibody re-
sponse elicited in CD4-depleted TgH(VI10) mice after infection with 2 x 106
pfu of VSV. Sera were 40-fold prediluted. In A, data represent the mean + SD
of five mice from one experiment. The data shown in B and C display the
mean * SD of three mice and represent one of three similar experiments. Data
shown in D represent the mean * SD of at least two animals with one of two
experiments shown.

blood and in all organs analyzed. In contrast, WT mice still
exhibited virus up to day 12, depending on the size of the
inoculum (Fig. 44). Although in the experiment shown no blood
viremia was observed, TgH(KL25) mice occasionally displayed
detectable virus titers in blood (1,000-10,000 pfu/ml) between
days 4 and 6 after high-dose infection.

To analyze the influence of preexisting neutralizing antibody
titers on VSV clearance, TgH(VI10) mice were infected i.v. with
a very high virus dose (10° pfu) of VSV-IND (in comparison:
LDsg of VSV-IND in C57BL/6 mice is 2-5 X 107 pfu; ref. 40).
Virus titers in organs were determined 2 h later. Control mice
displayed high virus titers in all organs analyzed, but TgH(VI10)
mice were free of virus (Fig. 4B). Apparently, the VSV-specific
preimmune titer in TgH(VI10) mice (Fig. 3.4 and C) completely
neutralized the initial inoculum in all organs tested. As mixing
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Fig. 4. Impact of preexisting or early inducible neutralizing antibodies on
virus dissemination and liver pathology. (A) Clearance of LCMV-WE from
spleen, kidney, liver, and blood of TgH(KL25) and C57BL/6 mice after i.v.
infection with a high (2 x 108 pfu; HD) or a low (200 pfu; LD) dose of LCMV-WE.
The detection limit for each organ is indicated by a dashed line, and * indicates
data points where a filled triangle is covered by a filled box. Data represent
mean =+ SD of three animals with one of two experiments shown. (B) Viral
titersin spleen, kidney, liver, lung, brain, and blood of TgH(VI10) and C57BL/6
mice determined 2 h after infection with 10° pfu of VSV-IND i.v. Data represent
the mean =+ SD of at least five animals with one of two experiments shown. (C)
Comparison of the liver pathology in KL25 transgenic and WT mice. Activity of
ALT and AST was determined in the serum of mice infected with 2 X 108 pfu
of LCMV-WE. Data represent the mean = SD of three animals with one of two
experiments shown.

of spleen homogenates from infected TgH(VI10) mice with
spleen homogenates from infected C57BL/6 mice did not de-
crease the viral titer in the C57BL/6 homogenates more than it
would be expected from the dilution, in vitro neutralization by
antibodies discharged from the tissue of VI10 mice can be
excluded (Fig. 7B).

Interestingly, 2 h after infection with 10° pfu of VSV-IND
more viral antigen was detectable histologically in splenic sec-
tions of TgH(VI10) compared with control mice (Fig. 1F). VSV
antigens were located mainly in the marginal zone where the
VSV-specific B cells were also detected (Fig. 1F). Thus, preex-
isting antibodies appear to completely neutralize infectivity of
the inoculated VSV and trap the immune complexes in the
marginal zone (4, 41).

Enhanced Disease or Protection from Inmunopathology in TgH(KL25)
Mice. To evaluate to which extent the accelerated antibody
response influenced LCMV-induced T cell-mediated immuno-
pathology, two different disease models were investigated, i.e.,
aggressive hepatitis and possible immune suppression of neu-
tralizing B cells.

First, CTL-mediated liver pathology was assessed by moni-
toring serum levels of aspartate aminotransferase (AST) and
alanine aminotransferase (ALT). In contrast to WT mice, which
display drastically increased serum levels of AST and ALT upon
infection with 2 X 10° pfu of LCMV-WE, the serum levels of the
same liver enzymes remained normal throughout the infection of
TgH(KL25) mice (Fig. 4C). Taking into consideration that high
dose-infected TgH(KL25) mice displayed higher CTL activities
(Fig. 8, which is published as supporting information on the
PNAS web site), it can be concluded that early inducible
neutralizing antibodies protected from immunopathology by
reducing hematogenic viral spread to the liver.

The second model of LCMV-induced immunopathology
tested was T cell-mediated immunosuppression of LCMV-
neutralizing B cell responses. It has been speculated that neu-
tralizing B cells may be preferentially infected by LCMV and
thus become a target for antiviral CTL (9). To evaluate whether
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this applied to B cells derived from TgH(KL25) mice, superna-
tants of hybridomas prepared from day 4-infected TgH(KL25)
mice were tested for the presence of LCMV. As shown in Fig. 1B,
no preferential infection of transgenic neutralizing B cell hy-
bridoma was observed. Because selection by mAbs leads to rapid
outgrowth of neutralization-resistant viruses in vitro (42), it
seems unlikely that virus was undetectable because of the
presence of excess LCMV-neutralizing antibodies in the super-
natant of neutralizing hybridomas. However, this possibility
cannot be completely excluded based on these data.

Discussion

The Ig-transgenic mouse strains presented here permitted stud-
ies of protective neutralizing antibody responses and have re-
vealed several interesting findings. First, the structural features
of the LCMV glycoprotein comply with the requirements of
thymus-independent antibody induction (i.e., rigidity and spac-
ing). Thus, LCMYV is highly immunogenic for neutralizing B cells.
Second, VSV particles captured as noninfectious form by anti-
bodies are sufficient to induce antiviral CD4™ T cells and B cells
as long as 10-20 days after infection. Third, as for influenza
virus, we confirm that the B cells responsible for the production
of natural antibodies do not appear to participate in antigen-
driven immune responses against VSV.

Analysis of gene-targeted mouse lines expressing the variable
regions of virus-neutralizing antibodies revealed that whereas
TgH(KL25) mice displayed only slightly elevated preimmune
neutralizing titers, naive TgH(VI10) mice expressed high pre-
existing titers. To explain this difference it could be argued that
the KL25 heavy chain shows neutralizing activity only if paired
with a very restricted set of endogenous light chains. In contrast,
in TgH(VI10) mice a rather broad panel of light chains com-
bined with the VI10 heavy chain could provide VSV-neutralizing
activity. However, because frequencies of virus-specific B cells
were found to be comparable in both TgH(KL25) and
TgH(VI10) mice (5-10% and 10-20%, respectively), this expla-
nation is not completely satisfactory. A better explanation could
be that the different spontaneous levels of neutralizing antibod-
ies in naive TgH(KL25) and TgH(VI10) mice might reflect a
potential cross-reactivity of VI10-BCRs to autoantigens or com-
mensal bacteria, which would be absent for KL25-BCRs.

The impact of preimmune and/or rapidly inducible neutral-
izing antibodies on viral pathogenesis was distinct in both
models. Preimmune antibodies in TgH(VI10) mice prevented
VSV infection of the animal up to ~10° pfu and interfered with
the priming of CTL (Fig. 8 and ref. 43). However, our results
provide evidence that primary antibodies and CD4* T cell
responses against VSV could be induced even in the presence of
excess Ig of the same specificity. Moreover, because neutralizing
antibody responses in TgH(VI10) mice displayed the kinetics of
a primary response, we concluded that B cells responsible for the
preimmune antibody titers apparently did not participate in
virus-induced Ig responses. This notion is in accordance with
previous findings using influenza virus where it has been shown
that although B-1 B cells are mainly responsible for the produc-
tion of natural IgM, they did not participate in antiviral responses
(44,45). However, using adoptive transfer experiments, we failed
to demonstrate that B-1 B cells were the main source of
preimmune titers in TgH(VI10) mice (data not shown).

In TgH(KL25) mice and in contrast to WT mice, we observed
arapid induction of neutralizing antibodies within the first 3 days
after infection. Thus, the increased precursor frequency of
LCMV-neutralizing B cells enabled TgH(KL25) mice to mount
an early neutralizing antibody response. Alternatively, it has
been speculated that many specific neutralizing B cells may be
destroyed initially by virus-specific CD8" T cells (46). However,
this hypothesis is not readily compatible with the findings
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presented here where preferential infection of LCMV-
neutralizing B cells was not found in TgH(KL25) mice.

Although definitive conclusions cannot be drawn, it seems as
if LCMYV indeed takes advantage of a weak spot in either the B
cell repertoire (i.e., low frequencies in WT mice) or in mecha-
nisms of B cell induction to establish a persistent infection.

The early inducible antibodies observed in TgH(KL25) could
neither prevent a systemic infection with low doses of
LCMV-WE nor induction of CTL, but they drastically reduced
the maximal viral load. As a consequence, KL25 gene-targeted
mice cleared the virus more readily, remained free of liver
immunopathology, and obviated the exhaustion of virus-specific
CTL upon infection with a high dose of virus (Fig. 8). Because
a systemic infection with LCMV was established despite the early
and high neutralizing activity of serum, priming of virus-specific
CTL did not appear to be substantially impaired in TgH(KL25)
mice.

Interestingly, we found that LCMV-WE was able to elicit a TI
B cell response in TgH(KL25) mice that is comparable to the
response of WT mice against VSV. Two conclusions can be
drawn from this observation: first, the LCMV-GP on the surface
of virions must be presented as an organized rigid structure of
5- to 10-nm-spaced epitopes (38, 47). Second, sufficient antigen
must reach the secondary lymphoid organs to induce a TI
antibody response (41). Although the efficient spreading of
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