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Phosphocholine (PC) is the immunodominant epitope found on the
surface of Streptococcus pneumoniae (SPn). T15-idiotype Abs,
whose heavy (H) chain variable region is encoded by the V1 gene,
are dominantin the anti-PC response in adult mice and protect mice
from lethal pneumococcal infection. The ability of anti-PC Abs
using H chains other than the V71 H chain to protect against
pneumococcal infection remains controversial. We generated
V1~/~ knockout mice to determine whether protective anti-PC Abs
could be produced in the absence of the V1 gene. No anti-PC Abs
were produced in V1—/~ mice immunized with avirulent SPn;
however, PC-BSA binding Abs were induced after immunization
with PC-keyhole limpet hemocyanin but at significantly lower
levels than those in wild-type mice. These Abs provided poor
protection against virulent SPn; thus, <25% of V1~/~ mice survived
challenge with 104 bacteria as compared with 100% survival of
V1+/* mice. The anti-PC Abs in V1=/~ mice were heteroclitic,
binding to nitrophenyl-PC better than to PC. None of nine hybrid-
omas produced from V1—/~ mice provided passive protection.
However, the V1~/~ mice produced normal amounts of Ab to SPn
proteins that can partially protect mice against SPn. These data
indicate that the V1 gene is critical for the production of anti-PC Abs
providing optimum protection against infection with SPn, and the
V1~/~ mice could be useful in unmasking epitopes other than the
immunodominant PC epitope on SPn capable of providing cross
protection.

hosphocholine (PC) is the immunodominant epitope found

on the surface of a number of microorganisms, including
Streptococcus pneumoniae (SPn) (1). PC is thought to play a vital
role in the pathogenesis of SPn (2). By binding to the platelet
activating factor (PAF) receptor on epithelial and endothelial
cells, PC facilitates transport of the bacteria into the blood and
brain (2, 3). Anti-PC Abs can block the binding of both SPn and
PAF to PAF receptor (ref. 2 and our unpublished data). It has
been shown that anti-PC Abs are protective against lethal
pneumococcal infection in mice (4). Our laboratory previously
has demonstrated that a PC conjugate vaccine could be used to
provide protection against SPn in both normal and X-linked
immune deficient (Xid) mice (5, 6). In normal mice, the immune
response to avirulent, nonencapsulated SPn is dominated by a
single clone of B cells bearing the T15-idiotype (id) (7, 8),
whereas, Xid mice fail to respond to PC on the bacterial C
polysaccharide (5, 6, 9). The immune response of normal mice
to PC conjugated to keyhole limpet hemocyanin (KLH) also is
dominated by T15-id Abs, but Xid mice produce T15-id~ Abs
with heavy (H) chains, like T15, encoded by the V7 gene (10-12).
Each V1 variant expresses a different V:D junction and pairs with
a different light (L) chain to form a PC-binding Ab. The germ
line T15 V1 H chain (95H-Asp) associates with k22 L chain, the
M603 variant (95H-Asn) associates with «8 L chain, the M167/
MS511 variants (96H-Ala) associate with the k24 L chain, and the

D16 variant (95H-Gly) associates with the x1c L chain (13, 14).
These Viy1-id* Abs, with the exception of the D16-like variants,
are generally highly protective against SPn in passive transfer
assays (6, 12).

T15-id* anti-PC Abs generally provide better protection
against infection with SPn than do T15-id~/Vyl-id* anti-PC
Abs (our unpublished data). The ability of anti-PC Abs using H
chains other than the V1 H chain to protect against pneumo-
coccal infection remains controversial. When T15-id* Abs were
suppressed by injection of anti-T15-id Ab, adult mice produced
the same amount of anti-PC Abs as did nonsuppressed mice after
SPn immunization (15). T15-id~ Abs from idiotype-suppressed
mice bound to PC with approximately the same affinity as did
T15-id* Abs (16). Characterization of the H chains from T15-id~
Abs revealed that they were encoded by genes from a number of
Vyu families, including 7183, J558, X-24, VQ52, and S107 (16—
18), and some of these T15-id~ anti-PC Abs provided the same
degree of protection against SPn as did T15-id* Abs (16, 18).
Protective T15-id~/Vy1-id™ anti-PC Abs, which crossreact with
DNA, also have been induced in anti-I-J¢-treated mice (18);
however, it is not clear whether protective Vi1-id~ anti-PC Abs
can be induced in normal mice without suppressing T15-id or
eliminating suppressor T cells.

Aged mice and elderly humans both are highly susceptible to
infection with SPn (19-22). In aged mice, T15-id* Abs no longer
dominate the immune response to SPn, and they produce
anti-PC Abs that use H chains other than V1 and L chains other
than V.22 (21, 23, 24). In humans, it is still unclear whether
PC-specific Abs can provide protection against infection with
SPn (25,26). A Vi gene homologous to the V1 gene of the mouse
has not been found in humans, although PC-specific Abs have
been readily detected (27-31). It also remains controversial
whether humans produce a T15-id dominant response (30, 31).

To determine whether a set of highly protective non-Vy1-id
anti-PC Abs could be induced by immunization with PC in
mice lacking a VI gene, we generated V1 gene-deficient mice
by gene targeting. When these V1-deficient mice were immu-
nized with a PC-conjugate vaccine, they did not produce
PC-specific Abs capable of providing optimum protection
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against virulent SPn, and these mice were unable to respond
at all to PC after immunization with the bacteria itself. These
data demonstrated that the V7 gene is critical for the produc-
tion of anti-PC Abs providing optimum protection against
infection with SPn.

Materials and Methods

Construction of the V1 Targeting Vector and Generation of Mutant
Chimeras. An S107 cDNA probe was used to screen a 129Sv]
mouse genomic library (Stratagene), and 15 positive clones were
screened again with a Vl-specific oligo probe, 5'-TACTTG-
CAGCAAT CCACTCCAGTC-3'. Two overlapping V1 clones
were confirmed, restriction-mapped, sequenced, and subcloned
into pBluescript II KS(+) (Stratagene). To produce the target-
ing vector, a 3.5-kb EcoRI-BamHI fragment containing 5’ V1
genomic DNA and a 5-kb BamHI fragment from 3" V1 genomic
DNA were inserted into the NotI-Xhol and EcoRI-BamHI sites
of the pPNT vector (32), respectively. The assembled targeting
vector was linearized with Nofl and electroporated into J1
embryonic stem (ES) cells. The transfected cells first were
cultured in nonselective medium overnight and then subjected to
selection with G418 at 350 pg/ml and ganciclovir at 2 puM.
Correctly targeted ES cells (Fig. 1B) identified by Southern blots
with 5 and 3’ probes were injected into C57BL/6 blastocysts.
Chimeric male mice were mated to C57BL/6 females to test for
germ line transmission.

Mice Genotyping. The mutant mice were genotyped by either PCR
or Southern blotting. PCR typing was performed with primers
derived from genomic V1 sequences (primer 1, 5'-TGAAGTTT-
TCTGAGCACAATTGTTACGA-3', and primer 2, 5'-GTGT-
TGGG GA GGGTGTACTCATGTAGGA-3') and from the
Neo gene (primer 3, 5'-CGACCACCAAG C GAAACAT-3").
Primers 1 and 2 amplify an 450-bp DNA fragment from the
wild-type allele, and primers 1 and 3 amplify an 945-bp DNA
fragment from the mutant allele (Fig. 2C). The 5’ probe is a
131-bp fragment obtained by PCR on the EcoRV/EcoRI sub-
clone with the primers 5'-TTCTGTG GATGCAAGCAC-3" and
5'-TGGATACAAGACACAGGT-3". The 3’ probe is a 414-bp
fragment obtained by PCR on the BamHI/Notl subclone with
the primers 5'-CATCACAC ATAACACCTA-3" and 5'-
ATCAGGATCAGCCACTCT-3'.

Immunogens and Immunization Protocol. 6-(O-phosphocholine) hy-
droxyhexanoate (EPC) was synthesized by the Science Applica-
tions International Corporation Chemical Synthesis and Anal-
ysis Laboratory (National Cancer Institute-Frederick Cancer
Research and Development Center, Frederick, MD). Immuni-
zations were performed ip. with 200 ug of EPC-KLH in
complete Freund’s adjuvant for primary responses and with 100
pg of EPC-KLH in incomplete Freund’s adjuvant (IFA) for the
second and third immunizations. Heat-inactivated and lyophi-
lized R36a (a type 2, unencapsulated, and avirulent strain of SPn
was a gift from Jan Cerny, University of Maryland, Baltimore)
was administered i.p. as a reconstituted vaccine in saline at 50 ug
per mouse. Animals received antigen on day 0 and were boosted
on days 14 and 28. Serum was obtained at day 7 for primary
responses, day 21 for secondary responses, and day 35 for tertiary
responses.

Abs and ELISA Procedure. The rat anti-V1 hybridoma T68.3, which
recognizes all Abs carrying the V1 H chain, was obtained from
M. Scharff (Albert Einstein Medical College, Bronx, NY) (33).
The biotinylated goat anti-mouse IgG and IgM and streptavidin
alkaline phosphatase were obtained from American Type Cul-
ture Collection, Fisher Biotech, and Calbiochem, respectively.
The levels of anti-PC Ab and anti-R36a Ab were measured by an
ELISA assay as described previously (6).
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Fig. 1. Generation of V1 knockout mice. (A) Maps of V1 wild-type genome
and gene-targeting strategy. The partial restriction map of the wild-type
129Sv/J genomic DNA containing the V1 gene (Top), gene-targeting vector
(Middle), and targeted allele (Bottom) are shown. The positions of the rele-
vant restriction sites for the enzymes BamHI (B), EcoRV (Rv), Xbal (X), EcoRI
(R1), and Sacl (S) are marked. The 5’ probe detects EcoRV-digested genomic
fragments of 7.2 kb (wild-type allele) and 5.4 kb (targeted allele), and the 3’
probe detects Sacl-digested genomic fragments of 7.2 kb (wild-type allele)
and 6.4 kb (targeted allele). (B) Southern blot analysis of ES cell genomic DNA.
The hybridization shows clones 4E9 and 8H12 were correct targeted ES cells.
(C) PCR genotype strategy. Amplified fragments of expected size were ob-
tained by using primers 1, 2, and 3, i.e., 450 bp for the wild-type allele and 945
bp for the mutant allele. (D) Southern blot analysis of genomic DNA from the
offspring of a heterozygous mating. Genomic DNA was extracted from mice
tails, digested with EcoRV, and hybridized with 5’ probe. (E) ELISA analysis of
anti-PC Abs using the Vi1 H chain. V1 KO mice were immunized with EPC-KLH.
Serum was taken at 7 days after the first or second PC-KLH immunization.
Vy1-id* PC-BSA binding Abs were detected with a rat anti-mouse Vy1-id Ab
(33). +/+, wild type; +/—, heterozygous; —/—, homozygous.

Solid-Phase Enzyme-Linked Immunospot (ELISPOT) Assay. Serial di-
Iutions of spleen cells in RPMI medium 1640 were put into
duplicate wells of flat-bottom 96-well plates that had been
coated with 100 ul of PC-BSA (5 pg/ml) and blocked with BSA.
Plates were incubated at 37°C for 4-5 h in a 5% CQO, incubator,
washed five times with PBS containing 3% BSA and 0.05%
Tween-20, and developed by the addition of biotin-labeled Abs,
followed by avidin-alkaline phosphatase, each for 1 h at room
temperature. Final color development was achieved by using
5-bromo-4-chloro-3-indolyl phosphate (Sigma) in 2-AMP buffer
according to the manufacturer’s recommendations.

Hybridoma Production and Ab Purification. Hybridomas were gen-
erated from spleen cells of homozygous V1 knockout mice
immunized twice with EPC-KLH as described (34). Hybridomas
secreting EPC-BSA-binding Abs were selected by ELISA as
described above and subcloned. Hybridoma cells were injected
into pristane-primed C.CBA/N mice to produce ascites fluid.
Abs were purified on protein A or protein G Sepharose columns
and eluted with glycine-HCI, pH 2.8.

Bacteria and Protection Assays. WU-2, a virulent type 3 strain of

SPn, was obtained from David Briles (University of Alabama,
Birmingham). Bacteria were maintained in glycerol stocks at
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ELISA analysis of PC-BSA binding Abs in serum from V1 KO mice after immunization with SPn R36a or EPC-KLH. (A) Sera taken 7 days after the second

SPn R36a immunization. (B) Sera taken 7 days after the first EPC-KLH immunization. (C) Sera taken 7 days after the second immunization with EPC-KLH and
analyzed for IgG and IgM anti-PC Abs in V1 KO mice. (D) Sera taken 7 days after the third immunization with EPC-KLH and analyzed for the production of anti-PC
Abs in V1 KO mice that either died or survived after challenge with WU-2 bacteria (n = 10; *, P < 0.01, relative to V1*/* or V1 ¥/~ mice).

—70°C until needed, and were passaged frequently through mice
to maintain virulence. Glycerol stocks were plated on trypticase
soy agar supplemented with 5% sheep blood (Life Technologies,
Grand Island, NY) and incubated for 14 h at 37°C. Bacteria then
were transferred to fresh Todd Hewitt broth supplemented with
0.5% yeast extract and incubated 4—6 h at 37°C, centrifuged at
4,000 X g for 10 min at 4°C, and the pellet was resuspended in
PBS. An ODyy reading was taken to determine the concentra-
tion of bacteria. Bacteria were diluted in PBS and mice were
injected with 0.2 ml of solution containing 10!-10* bacteria for
the challenges. All dilutions of bacteria were plated to confirm
the number of colony-forming units (cfu) per ml given to each
animal. Blood samples from moribund animals were plated on
blood agar plates to confirm the presence of a-hemolytic bac-
teria. Animals were immunized two or three times as described
above, randomly assigned to challenge groups (10 mice per
group), and challenged i.p. with serial 10-fold dilutions of WU-2
bacteria (10' to 10%) at 7 days after their second or third
immunizations. For passive protection assay, purified Abs (50,
100, and 150 pg per mouse) were injected i.p. into naive
C.CBA/N (Xid) recipients along with the serial 10-fold dilutions
of WU-2 bacteria. Anti-PC T15-id Abs HPC G11 (IgG3) and
PC2 (IgM) were used as positive controls. Infected mice were
monitored for 10 days postinjection.

Results

Generation of V1-Deficient Mice. To generate a V1 deletion mu-
tation, a replacement-type targeting vector was prepared in
which the 3.4-kb BamHI fragment containing the V7 gene was
replaced by a PGK-Neo gene cassette whose 3’ end was flanked
by a PGK-TK gene cassette, thus allowing positive selection by
G418 and negative selection by ganciclovir (Fig. 1A4). The
linearized vector was electroporated into a 129/Sv J1 ES cell
line, and clones were selected in the presence of G418 and
ganciclovir. Genomic DNA from surviving clones was digested
with EcoRV or Sacl and hybridized with a 5" or 3’ probe (Fig.
1B). Correct targeting in ES cell clones was indicated by the
generation of a 5.4-kb EcoRYV fragment instead of the wild-type
7.2-kb EcoRV fragment, and by the generation of a 6.4-kb Sacl
fragment instead of the wild-type 7.2-kb Sacl fragment (Fig. 1B).
Only two V1 mutant ES cell clones were obtained by screening
3,600 double-selected ES colonies. This low frequency is prob-
ably attributable to erroneous recombination of the 6-kb
genomic sequence downstream of the V1 gene that is homolo-
gous to the Line 1 repeat fragment (35) (Fig. 14). The 4E9 cell
line was injected into C57BL/6J blastocysts to obtain male
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chimeric mice that transmitted the targeted allele through the
germ line. The offspring of chimeras mated with C57BL/6 mice
were screened for the presence of the targeted allele by a PCR
amplification strategy (Fig. 1C) or by Southern blotting analysis
(Fig. 1D). V1~ mice then were mated to obtain experimental
animals and V1~/~ breeders.

Inasmuch as the V1 H chain is used to produce PC-specific
Abs, loss of the V1 gene should result in loss of the Vyl-id
component of the anti-PC response. To confirm the complete
inactivation of V1 gene in our knockout (KO) mice, we immu-
nized them with EPC-KLH and detected anti-PC-secreting B
cells in the spleen by ELISPOT and anti-PC Abs in the serum by
ELISA. Vyl-id™ Abs were assessed by using the rat anti-mouse
Vul Ab T68.3, which recognizes all Abs carrying a V1 H chain
(33). Homozygous knockout mice produced neither Vyl-id*
anti-PC Ab-secreting B cells (Table 1) nor Vi1-id* anti-PC Abs
(Fig. 1E) after the first or second immunization. These data
demonstrate that the V7 gene had been deleted.

Anti-PC Abs Are Not Produced in V1~/~ Mice After Inmunization with
SPn. The thymus-independent immune response of normal mice
to the unencapsulated R36a strain of SPn is dominated by
protective IgM anti-PC Abs bearing the T15-id (7, 36, 37). As
shown in Table 2 and Fig. 24, V1 KO mice cannot produce
anti-PC Abs after immunization with SPn R36a. However, the
wild-type mice produced >150 pg/ml anti-PC IgM Abs. ELIS-
POT analysis also showed that no anti-PC-secreting B cells were
detected in the spleen of V17/~ mice after the first or second
immunization with R36a (data not shown). Thus, V1~/~ mice do
not response to the PC epitope on the cell wall of SPn.

Reduced Production of Anti-PC Abs and Changed PC Binding Affinity
in V1 KO Mice After EPC-KLH Immunization. To address whether V1
KO mice can produce PC-specific Abs using H chains other than

Table 1. Reduced numbers of anti-PC Ab-secreting B cells

Anti-PC-secreting B cells per 106 spleen cells

KO mice V1 K+ A PCinhibited*  NPPC inhibited*
+/+ 440 = 65 490 = 63 91 +3 94 + 2
+/- 370 = 58 380 + 82 90 £ 2 91 £ 3
-/= 0 48 =8 38 +3 81 +3

Mice were sacrificed 5 days after EPC-KLH immunization, and the number
of anti-PC Ab-secreting B cells were measured in the presence or absence of PC
or NPPC by ELISPOT.

*The percentage of Ab-secreting cells inhibited by PC and NPPC (n = 10).
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Table 2. Anti-PC Ab response after immunization with the different kinds of PC

ELISA Ag
R36a EPC-BSA
V1 KO mice Immunogens Ab, OD PCinhibited Ab, ug/ml PCinhibited® NPPC inhibited®
-/ R36ainsaline 1.49 + 0.13 <2* 0 0
PC-KLH 0.62 = 0.05* 154 +7.3* 267 =43* 293 *6.6* 86.4 = 3.5
+/+ R36ain saline 1.38 £ 0.12 15.5 + 3.9 199 = 18 92.2 £45 92.1 25
PC-KLH 1.17 = 0.1 73.2 £45 567 = 53 91.2 £28 93.3 3.9

KO mice were immunized twice i.p. with EPC-KLH or SPn R36a. The sera taken 7 days after the second
immunization were assayed with or without PCor NPPCinhibition by ELISA on microtiter plates coated either with
EPC-BSA or with SPn R36. The serum was diluted 1:500 for detection of anti-R36a Abs.

*P < 0.001 relative to V1 KO wild-type mice; n = 10.

"The percentage of Ab binding inhibited by PC and NPPC.

Vul after immunization with a thymus-dependent form of PC,
mice were immunized with EPC-conjugated KLH and their
spleens were analyzed for anti-PC secreting cells by ELISPOT.
Five days after immunization, V1~/~ KO mice produced 10-fold
fewer B cells secreting PC-BSA binding Abs than did V1*/~ or
V1% mice (Table 1). The number of Ab secreting B cells in
V17~ mice increased 5-fold after secondary immunization, but
was still significantly lower than that in V17~ or V1*/* mice
(data not shown). Furthermore, anti-PC Abs were not detected
in the serum of V1~/~ mice until 7 days postimmunization, a time
when wild-type mice already produce about 100ug/ml of serum
anti-PC Abs (Fig. 2B). Serum anti-PC Abs in V17/~ mice also
increased dramatically after secondary immunization (Fig. 2C),
but the level still was significantly lower (P < 0.01) than that in
V1*/~ or V1*/* mice, even after three immunizations (Fig. 2D).
Anti-PC-BSA Abs induced in V1 KO mice also were analyzed by
inhibition ELISA and ELISPOT in the presence of PC or
nitrophenylphosphocholine (NPPC) to determine their binding
specificity. As shown in Table 1, only 38% of anti-PC-BSA
Ab-secreting B cells in V17~ mice were PC-inhibitable, whereas
81% were NPPC-inhibitable. ELISA data showed that <30% of
serum anti-PC-BSA-binding Ab in V17/~ mice was PC-
inhibitable, whereas 86% was NPPC-inhibitable (Table 2). By
comparison, 90% of anti-PC Abs (Table 2) and anti-PC-secreting
B cells (Table 1) in wild-type mice were PC-inhibitable. These
data indicated that the anti-PC Abs produced in V1~/~ mice are
mostly heteroclitic Abs, having higher specificity for phenyl-PC
than for PC.
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Immunization with EPC-KLH Poorly Protects V1 KO Mice from SPn.
Previous studies from our laboratory have demonstrated that
EPC-KLH is capable of protecting not only normal mice but also
Xid mice from SPn (5, 6). To examine the protective ability of
anti-PC Abs in V1~/~ mice, the mice were immunized with
EPC-KLH and challenged with WU-2, a virulent type 3 strain of
SPn. After two immunizations, V1™~ or V1*/* mice were totally
protected from challenge with up to 10* cfu per mouse (Fig. 34).
In contrast, 63%, 55%, 40%, and 22% of the V1~/~ mice
survived challenge with 10, 102, 103, and 10* bacteria, respec-
tively (Fig. 3B). After three immunizations with EPC-KLH,
V17/~ mice were totally protected against 10 to 100 bacteria, but
no increase in survival was seen in mice challenged with 103 and
10* bacteria (Fig. 3C). EPC-KLH-immunized V1~/~ mice pro-
duced greater than 200 wpg/ml serum Abs, which bound to
PC-BSA (Fig. 2 C and D), and some of this Ab bound nonen-
capsulated SPn; however, <20% of binding to R36a was PC-
inhibitable, whereas 70% of the R36a binding Ab in wild-type
mice was PC-inhibitable (Table 2). No significant difference
(P > 0.05) in the PC-BSA binding Ab levels occurred between
V1~/~ animals that died and those that survived after bacterial
challenge (Fig. 2D). These data demonstrate that the anti-PC-
BSA binding Abs from V1~/~ mice are much less protective than
Vul-id*Abs.

Immunization with Avirulent Spn R36a Partially Protects V1—/~ Mice
Against Virulent SPn. Recent research has suggested that some
pneumococcal cell wall proteins crossprotect against multiple
serotypes of SPn (38, 39). To determine whether the loss of the
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they were challenged with 102 cfu per mouse of SPn strain WU-2 at the same
time. HPC G11, a T15-id anti-PC Ab, served as the positive control (n = 10).

V1 gene affected the animals’ ability to mount an immune
response to other bacterial antigens, V1 KO mice were immu-
nized twice with unencapsulated avirulent SPn R36a and then
challenged with virulent bacteria WU-2. After immunization
with R36a, there was no significant difference (P > 0.05) in the
production of total Ab binding to R36a between V17/~ and
V1*/* mice (Table 2). This finding suggests that V1~/~ mice have
a normal immune response to other antigens from SPn. Al-
though V1~/~ mice cannot produce anti-PC Abs in response to
R36a immunization (Fig. 24 and Table 2), 42% survived a
bacterial challenge after immunization with R36a as compared
with 25% in the unimmunized control (compare panels £ and H
in Fig. 3; P < 0.05), and the LDs increased from 50 to 500 cfu
in V17/~ mice. However, the wild-type and heterozygous mice
immunized with R36a produced >150ug/ml IgM anti-PC Ab
(Fig. 2A), and their survival increased to 75% (compare panels
F, G, and H in Fig. 3).

Hybridoma Abs from V1—/— Mice Were Incapable of Passive Protec-
tion. Previous studies (6, 12, 37, 40) demonstrated that T15-id*
anti-PC Abs were generally better at passive protection against
SPn than were either VH1-id*/T15-id~ Abs or V1-id~ anti-PC
Abs. It was therefore of interest to see whether the PC -specific
Abs generated in PC-KLH-immune V1~/~ mice were capable of
transferring immunity to naive recipients. Affinity-purified hy-
bridoma Abs (50, 100, and 150 ng) were tested for their ability
to protect naive Xid mice from challenge with 10 to 10* cfu of
WU-2. The Xid mice have an X-linked point mutation in the
pleckstrin homology domain of their Bruton’s tyrosine kinase
gene that makes them unable to respond to carbohydrate
antigens such as C polysaccharide. Thus, these mice are highly
susceptible to infection with encapsulated bacteria like SPn (40).
Fig. 4 shows that none of the hybridoma Abs from V1~/~ mice
were capable of protecting Xid mice challenged with even 10 cfu
of bacteria, whereas 100 pg of the T15" IgG anti-PC Ab HPC
G11 protected all mice against challenge with up to 10* cfu.

Discussion

In this study, we describe the generation and characterization of
V1-deficient mice. The data presented here indicate that the V1
gene is critical for production of anti-PC Abs capable of pro-
viding optimum protection from infection with SPn. Deletion of
the V1 gene eliminated the production of the prototypic germ
line-encoded T15-id anti-PC Abs that previously have been
shown to be highly protective against infection with SPn (6, 37).
When homozygous V1 KO mice were immunized with nonen-
capsulated, avirulent SPn, they were unable to produce any
PC-specific Abs, even though their Ab titer against whole
bacteria was indistinguishable from that of wild-type mice. Less
than a 2-fold increase in survival over that seen in the unimmu-
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nized controls occurred after immunization of V1 KO mice with
avirulent bacteria, whereas 75% of the immunized wild-type and
heterozygous littermates survived challenge with encapsulated,
virulent pneumococci. These wild-type mice produce >150 ug of
IgM anti-PC Ab after bacterial immunization. We assume that
these IgM anti PC-specific Abs are responsible for the significant
(P < 0.01) increase in protection seen at each challenge dose in
the V1*/~ and V1*/* mice as compared with the V1 KO mice
(Fig. 3 F--H). Thus, the deletion of the VI gene leaves a
potentially fatal hole in the protective Ab repertoire.

Xid mice are similar to V1 KO mice in that they also are unable
to respond to PC after immunization with nonencapsulated,
avirulent SPn. The basis of this defect seems to be twofold. First,
the xid mutation causes a loss in response to TI-2 antigens, and,
second, PC-specific B cells appear to undergo clonal deletion in
Xid mice (41). However, previous studies from our laboratory (5,
6) have shown that immunization with an EPC-KLH vaccine can
provide 100% protection in Xid mice against challenge with 10*
virulent SPn. Some of EPC-KLH-induced T15-id~, PC-specific
Abs in Xid mice were able to provide protection in passive
transfer assays, but these protective Abs still expressed the
Vul-id (6, 12). When the V1 KO mice were immunized twice
with EPC-KLH, <25% of the mice were protected against the
highest dose of bacteria, and only 63% of the mice could be
protected against as few as 10 bacteria, whereas 100% of
wild-type mice were protected against 10* bacteria. Even after
three immunizations, 100% of V1 KO mice could not be
protected against >100 bacteria. No PC-specific Abs or Ab-
secreting cells expressing the Vyl-id were detectable in the
serum or spleens of EPC-KLH-immunized V1 KO mice. V1 KO
mice did, however, produce Abs that bound to PC-BSA. PC-
BSA-specific Ab-secreting cells were 10-fold lower in the V1 KO
than in the heterozygous littermates after primary immunization
and 2-fold lower after secondary immunization. This finding
suggests that very few PC-specific B cells are present in naive V1
KO mice as compared with wild-type mice, which have >103
T15-id B cells in their spleens (10). The B cells in V1 KO mice
that respond to EPC-KLH are rapidly expanded after secondary
immunization such that the level of circulating anti-PC-BSA Ab
is >200 pg/ml; however, these Abs provide poor protection
against virulent bacteria as compared with the Abs present in
wild-type mice.

Most of the Abs induced in V1 KO mice after EPC-KLH
immunization were unusual in that they were heteroclitic; thus,
binding to PC-BSA was inhibited better by NPPC than by PC.
The IgM PC-BSA binding Ab levels in V1 KO mice were also
10-fold lower than those found in control wild-type mice. These
data suggest that V1 KO mice produce atypical Abs in response
to EPC-KLH immunization. In normal mice, very few hetero-
clitic Abs are produced in response to EPC-KLH, and the
response remains dominated by the germ line T15-id (5). The
response in V1 KO mice seems to be similar to that seen in Xid
mice or to the secondary response of normal mice after immu-
nization with diazophenylphosphocholine-KLH (42), except that
these heteroclitic Abs seem to be of very low affinity. Because
EPC-KLH contains no phenyl ring, the B cells cannot undergo
affinity maturation for this epitope. The heteroclitic phenylphos-
phocholine-specific Abs produced in V1 KO and Xid mice also
are similar in that they bind poorly to SPn (our unpublished data)
and do not provide protection in passive transfer assays (12).
However, the naive, unimmunized V1 KO mouse, unlike the Xid
mouse, is not more susceptible to SPn than are normal mice.
Fewer than 10 bacteria will kill Xid mice, whereas the LDsg in
both wild-type and V1 KO mice was 5-fold higher. The V1 KO,
unlike the Xid mouse, should respond to TI-2 carbohydrate
antigens and is therefore only selectively immunodeficient to the
PC-epitope on SPn. There may be other non-PC, carbohydrate-
specific, crossreactive Abs in unimmunized V1 KO mice that are
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missing in Xid mice that account for the increase in LDs, seen
in V1 KO mice. The naturally occurring anti-PC Abs in normal
mice are not adequate to prevent death in these mice after
infection with SPn; however, they appear to be responsible for
the delay in time-to-death seen in wild-type mice as compared
with the V1 KO mice (Fig. 3 D and E).

Nine hybridomas that bound to PC-BSA were produced from
spleens of EPC-KLH-immunized V1 KO mice. Inasmuch as
none of these were capable of providing protection against SPn
in a passive protection assay, the nature of the Abs providing the
low level of protection seen in immune V1 KO mice still is not
known. Additional hybridomas are being produced and charac-
terized. However, it is clear from the data presented in this paper
that Abs carrying V1-encoded H chains provide the optimum
binding specificity for PC and give the best crossprotection
against SPn. The loss or lack of the V71 gene leaves the animal
highly susceptible to infection by microorganisms bearing PC
and makes it difficult to provide protection by using PC as the
target epitope. It is still unclear why T15-id* Abs are more
protective than are other V1 anti-PC Abs; however, their prop-
erty of self-binding may increase the overall avidity of these Abs
for PC (43).

The current commercially available pneumococcal vaccine is
composed of the purified capsular polysaccharides from 23 of the
more than 90 different strains of SPn. In normal adults, this
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vaccine is 80% effective at preventing infection with SPn (44),
but it is much less effective in infants or in the elderly (45, 46).
Although anti-PC Ab titers increase significantly after immuni-
zation with the capsular polysaccharide vaccine, it is unclear
whether human anti-PC Abs can provide protection against SPn
and whether humans can produce a T15-id Ab because no Vi
gene homologous to the mouse Vil gene has been found in
humans (27-31). Inasmuch as infants can’t respond to the
capsular polysaccharides or PC, there is a critical need for a more
comprehensive vaccine. The V1 KO mouse could be useful in
unmasking epitopes other than the immunodominant PC
epitope on SPn capable of providing crossprotection. Because B
cells expressing the T15-id totally dominate the immune re-
sponse to SPn in normal mice, they may mask or out-compete B
cells responding to less immunogenic epitopes or B cells present
at a low precursor frequency. The inability of V1 KO mice to
respond to the immunodominant PC-epitope on SPn may permit
the development of more widely protective vaccine based on
recognition of other SPn determinants.
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