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Francisella tularensis (Ft), a Gram-negative intracellular bacterium,
is the etiologic agent of tularemia. Infection of mice with <10 Ft
Live Vaccine Strain (Ft LVS) organisms i.p. causes a lethal infection
that resembles human tularemia. Here, we show that immuniza-
tion with as little as 0.1 ng Ft LVS lipopolysaccharide (Ft-LPS), but
not Ft lipid A, generates a rapid antibody response that protects
wild-type (WT) mice against lethal Ft LVS challenge. Protection is
notinduced in Ft-LPS-immunized B cell-deficient mice (uMT or JhD),
male xid mice, or Ig transgenic mice that produce a single IgH (not
reactive with Ft-LPS). Focusing on the cellular mechanisms that
underlie this protective response, we show that Ft-LPS specifically
stimulates proliferation of B-1a lymphocytes that bind fluoro-
chrome-labeled Ft-LPS and the differentiation of these cells to
plasma cells that secrete antibodies specific for Ft-LPS. This exclu-
sively B-1a antibody response is equivalent in WT, T-deficient
(TCRaB~/~, TCRy87/~), and Toll-like receptor 4 (TLR4)-deficient
(TLR4~/~) mice and thus is not dependent on T cells or typical
inflammatory processes. Serum antibody levels peak ~5 days after
Ft-LPS immunization and persist at low levels for months. Thus,
immunization with Ft-LPS activates a rare population of antigen-
specific B-1a cells to produce a persistent T-independent antibody
response that provides long-term protection against lethal Ft LVS
infection. These data support the possibility of creating effective,
minimally invasive vaccines that can provide effective protection
against pathogen invasion.

Francisella tularensis (Ft), the etiologic agent of tularemia, is
classified as a Category A agent because it can be dissemi-
nated by the aerosol route, has an extremely low infectious dose,
and can cause severe morbidity and mortality. Because typhoidal
and respiratory forms of human tularemia can have a mortality
rate of >30%), most research into the pathogenesis of Ft has used
the “Live Vaccine Strain” (LVS). Ft LVS is attenuated for
humans, but virulent for mice when introduced by certain routes,
and causes disease that resembles human tularemia (reviewed in
refs. 1 and 2).

Host defenses against pathogens like Ft have classically been
separated into innate and adaptive immune responses. Innate
immunity offers a rapid response because of stimulation of
germ-line encoded invariant receptors, such as Toll-like recep-
tors (TLRs). Adaptive immune responses, in contrast, occur
more slowly and reflect antigen recognition by clonally distrib-
uted Ig (Ig) or T cell receptors. However, there are important
immune cells that do not conform to this bifurcated model of
immunity. Subsets of T cells and B cells (e.g., yd, CD8aa and NK
T, and marginal zone and B-1 cells) are neither fully innate nor
adaptive based on classical definitions (reviewed in ref. 3).

B-1 lymphocytes, often referred to as innate immune B cells,
constitute a self-renewing population that expresses a largely
unique set of Ig receptors. These cells, which are primarily
located in spleen, peritoneal cavity (PerC), pleural cavity and
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intestinal mucosa, are the major producers of “natural” anti-
bodies in serum (4). Although they are known to induce T-
dependent responses (5), B-1 cells commonly participate in early
defenses against pathogens by rapidly producing antibodies
against T-independent antigens (6). They are subdivided based
on expression of CDS, i.e., B-1a cells are CD5* whereas B-1b
cells are CD5™.

We previously showed that treatment of mice i.p. or intrad-
ermally (i.d.) with Ft-LPS protects against lethal i.p. challenge
with Ft LVS (7, 8). Here, we show that antigen-specific B-1a
antibody responses are required for this protection and that
protection is induced by Ft-LPS, but not Ft-lipid A. We show
further that the induction of protective antibody responses
proceeds normally in the absence of aff or y8 T cells or TLR4,
but fails when B-1 development is compromised. In addition, we
show that although Ft-LPS administration does not induce
splenic enlargement or other signs of nonspecific inflammation,
it clearly induces the expansion of a specific population of B-1a
cells that bind fluorochrome-labeled Ft-LPS and the rapid
differentiation of these cells to plasma cells that secrete anti-
Ft-LPS antibodies. Thus, we demonstrate a unique and highly
specific B-1a antibody response that is induced in the absence of
accompanying inflammation and protects against subsequent Ft
LVS infection. These studies are the first to demonstrate the
unique involvement of B-la cells in this protective antigen-
specific response and to show that this antibody response occurs
in the absence of either T cell help or detectable TLR4 stimu-
lation. This response pattern challenges classification of this
antibody response as either innate or adaptive.

Results

Protection Against Lethal Ft LVS Infection Is Induced by as Little as 0.1
ng Ft-LPS. To determine the minimal dose of Fz-LPS required for
protection, we pretreated mice with saline or Fz-LPS (0.1 to 100
ng per mouse) i.p. 2 days before challenge with ~103 CFU Ft
LVS. All saline-pretreated mice died (MTD of 4.6 = 0.5 d),
whereas all mice pretreated with 100 ng Ft-LPS i.p. survived (Fig.
1A4). As little as 0.1 ng Ft-LPS protected 80% of mice (MTD =
8 d for the mice that succumbed to infection).
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Fig. 1.

Survival of saline- or Ft-LPS-pretreated mice after challenge with Ft LVS. (A) WT C57BL/6J mice were injected i.p. with saline or 0.1 - 100 ng Ft-LPS 2 d

before challenge with ~103 CFU FtLVS i.p. Data shown are from 1 experiment, 5 mice per treatment. (B) 5 WT mice per treatment/experiment were injected i.p.
with saline, 100 ng Ft-LPS, 100 ng FtLVS lipid A, or 1000 ng FtLVS lipid A 2 d before challenge with ~10* CFU FtLVS. Combined results are shown for 2 experiments.
(C) 5 WT or uMT mice were injected i.p. with saline or 100 ng Ft-LPS 2 d before challenge with ~10* CFU Ft LVS. Data in the experiment shown are representative

of 7 with similar design and outcome.

Protection induced by immunization with F¢-LPS is long-lived.
When challenged i.p. with ~10° CFU of Fr LVS 72 days after
immunization, all 5 Ft-LPS-immunized animals survived. In
contrast, all 6 unimmunized control mice died.

Ft-LPS Carbohydrate Component Is Critical for Induction of Protection
by Ft-LPS. LPS is composed of a hydrophobic glycolipid, lipid A,
covalently coupled to the “core oligosaccharide” which, in turn,
is coupled to the O-polysaccharide antigen. Although adminis-
tration of Ft-LPS induces strong protection against Fr LVS
challenge, lipid A purified from Fz-LPS does not. In a repre-
sentative experiment (Fig. 1B), Ft lipid A pretreatment provided,
at best, partial protection against a challenge dose of ~10* CFU
Ft LVS administered i.p. Pretreatment of mice with 100 ng lipid
A per mouse resulted in no survival, and pretreatment with 1,000
ng Ft LVS lipid A resulted in only 40% survival with a MTD =
4.0 =0d.

B Cells Are Required for Ft-LPS Induced Protection Against Lethal Ft
LVS Infection. uMT mice lack mature B cells (9). Ft-LPS fails to
provide any protection to uMT mice against lethal challenge
with ~10* CFU Ft LVS (Fig. 1C). In contrast, in this experiment,
60% of the Ft-LPS-pretreated WT mice survived (P < 0.0023).
Even when challenged with only ~10?> CFU, 0 of 5 Fr-LPS-
pretreated uMT mice survived. Therefore, B cells (and/or the
antibody they produce) are required for Ft-LPS-induced pro-
tection against lethal F challenge.

Experiments with additional B cell- or Ig-deficient mouse
strains confirm this conclusion. JhD mice have a deletion of the
IgH chain J segments (Jy;) that impairs B cell development (9).
Ft-LPS pretreatment of JhD mice fails to protect against Ft LVS
challenge whereas the WT BALB/cByJ mice are fully protected
[supporting information (SI) Table S1]. In mIgM-Tg and
(m+s)IgM-Tg mice, which express a single transgenic V186.2
heavy chain that rescues normal B cell development (10), the
lack of Jy ensures that the transgenic heavy chain is the only one
expressed (9), resulting in a very limited Ig repertoire. In
addition, the mIgM-Tg mice lack the Ig secretion signal, thereby
precluding all antibody secretion (9), whereas (m+s)IgM-Tg
mice contain an Ig secretion signal and secrete antibody ex-
pressing only Vy186.2 heavy chain. Neither mIgM-Tg nor
(m+s)IgM-Tg strain produces a detectable antibody response to
Fr-LPS (titers < 20), and Ft-LPS immunization does not protect
against Ft infection (Table S1).

Bruton’s tyrosine kinase (Btk) is required for B cell receptor-
induced signaling (11). In mice, the xid mutation in Btk results
in impaired BCR signaling accompanied by a severe deficiency
in B-1a cells, decreased serum IgM and IgG3, and decreased
numbers of mature B-2 cells (12, 13). Because our data pointed
to arole for B cells and antibody in Ft-LPS-mediated protection,
we compared male WT and mutant (vid) mice for their ability to
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be protected by Ft-LPS pretreatment (Table S2). None of the
mice carrying the defective allele, regardless of pretreatment,
survived challenge with as few as 102 CFU Ft LVS. Lowering the
challenge dose did not improve survival as Ft-LPS pretreatment
protected 0 of 5 xid male mice after a challenge with only 10 CFU
Ft LVS i.p. Collectively, these studies demonstrate that antibody
responses, perhaps produced by B-la, are required for the
protection induced by Ft-LPS immunization.

Ft-LPS Immunization Evokes Antigen-Specific B-1a Cells in the Spleen
and PerC. Hi-D FACS analyses of spleen cells from mice immu-
nized with Ft-LPS 1-7 days earlier show that Ft-LPS-binding
(Ft-LPS™) B cells become detectable in spleen (Fig. 24) and in
PerC (Fig. S1) 3 days after immunization. Although these
Ft-LPS* cells comprise only ~0.1% of spleen cells, they are
readily detectable as a distinct population in contour plots in
which the amount of Ig kappa light chain (Igx) bound to each cell
is plotted against the amount of fluorochrome-coupled Ft-LPS
bound to the same cell (Fig. 24): nearly all of the F+-LPS* B cells
are located in a tight “diagonal” in the upper right corner of the
plot, indicating that the vast majority of the Ft-LPS* B cells
express antibodies containing Igk. The tightness of this diagonal
indicates that the amount of Ft-LPS bound is closely propor-
tional to the amount of surface Igk (which reports the total
amount of Ig on the cells regardless of isotype). In contrast,
virtually no Ft-LPS™ Igk* cells are detectable in spleens from
unimmunized control mice (<0.06% of total spleen cells) (Fig.
2A) or from Ft-LPS-immunized B cell deficient (uMT) mice
(<0.001% of total spleen cells). Furthermore, few (if any) such
B cells are detected in murine bone marrow or lymph nodes
taken from unstimulated mice or from mice immunized with
Ft-LPS (data not shown).

Consistent with this localization pattern, F-LPS* B cells in
spleen and PerC express either the typical B-1a cell phenotype
(IgMhiIgD'e—reeCD21°CD23"¢CD5") (Fig. 2B) or a related
plasma cell phenotype expressed on a subset of the splenic
Ft-LPS* B-1a cells (see below). Thus, we find no evidence that
B-2 cells bind Ft-LPS™ or respond to Ft-LPS immunization.

A population of Ft-LPS* B-1a cells becomes detectable in the
PerC at approximately the same time as they become detectable
in the spleen. However, the splenic Ft-LPS* B-1a cells rapidly
increase in frequency during the first few days after immuniza-
tion (from 0.01% of total spleen cells at day 2 to 0.13% at day
5) and then fall to below the level of detection by 7-10 d
postimmunization (Fig. 34). In contrast, the Ff-LPS* B-1a cells
in PerC first become detectable on day 3, reach ~0.3% of total
PerC B cells on days 5-7, and then remain at 0.1% for at least
2 months (Fig. S1).

Ft-LPS Immunization Induces Antigen-Specific B-1a Antibody Secret-

ing (Plasma) Cells in Spleen. Ten-40% of the Ft-LPS™ splenic B cells
(Fig. 2A) are typical plasma cells, or plasmablasts, that are similar
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has been omitted to reveal the appropriate threshold for identifying CD5" cells. Similar data were obtained on day 3, day 5 and day 7 (data not shown).

to typical splenic B-1a cells (IgM"IgD'*—"eeCD21'°CD23"¢CD5*)
(Fig. 2A4) but express little or no surface IgD, CD21, or CD5 (Fig.
2B). Instead, they express high levels of CD138 (syndecan-1, the
classic plasma cell surface marker), contain high levels of intracel-
lular IgM (Fig. S2) and secrete anti-Ft-LPS IgM, revealed in
ELISPOT assays in which the number of spots detected was
equivalent to the number of sorted F-LPS* CD138% cells seeded
(data not shown). Importantly, we never detected any Ft-LPS™*
plasma cells (or any other plasma cells) in PerC, despite the
emergence and subsequent persistence of a readily detectable
numbers of Ft-LPS* cells at this location.

By 4-5 days after immunization, F-LPS* plasma cells reach
peak frequency and represent ~40% of all splenic Ft-LPS™ cells
(Fig. 24). The absolute number of Ft-LPS* plasma cells in
spleen shows similar kinetics, as does the total number of
Fr-LPS* Igk™* cells (B-1a plus plasma cells) (Fig. 34). After day
5, the numbers of both Fr-LPS* B-1a cells and Ft-LPS* plasma
cells decline and fall by day 7 to below the level of detection
(<0.06% of total spleen cells).

In vivo BrdU incorporation studies show that the vast majority
(>90%) of Ft-LPS* B-1a cells undergo at least 1 cell division

Cole et al.

within 4-5 days of Ft-LPS stimulation whereas only ~10-15% of
total splenic B cells undergo division during this period. Impor-
tantly, all of the Ft-LPS* plasma cells present 4-5 days after
immunization (Fig. S3) incorporated BrdU, indicating that they
have all divided at least once during, before, or after differen-
tiating to CD138* plasma cells expressing intracellular IgM.

Plasma Cell Development Is Accompanied by Increases in Anti-Ft-LPS
in Serum. Serum levels of antibodies reactive with Ft-LPS ap-
proximately follow the kinetics of plasma cell development in the
spleen. The serum antibody levels become detectable within 3
days of immunization, reach peak titers that are 10%-103-fold
above background by 4-5 days (Fig. 3B), and then fall over the
next 2 weeks to low levels that are significantly above background
and remain as such for long periods (Fig. S4). BALB/cByJ mice
immunized with F¢-LPS still had readily detectable levels of IgM
anti-Ft-LPS at 70 days postimmunization, just 2 days before the
day when they were given, and survived, a lethal Fr-LVS
challenge.

T Cell Participation and TLR4 Stimulation Are Not Required for
Antibody Responses to Ft-LPS. Ft-LPS-immunized mice subse-
quently depleted of T cells survive i.p. challenge with Ft LVS,
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Fig. 3. Absolute numbers of Ft-LPS* B-1a cells and plasma cells (CD138%) in
spleen peak on day 5 afterimmunization, whereas anti-Ft LVS IgM titers in the
sera peak at day 5 and are sustained. C57BL/6J mice were killed 1-7 days after
i.p. injection of 100 ng Ft-LPS. Mice killed on day 0 were injected with saline
only. Tissues and sera were collected from all mice at the time of killing and
analyzed by Hi-D FACS (A) and ELISA (B) (n = 3). (A) Each triangle represents
Hi-D FACS data from an individual mouse. Horizontal lines in the “quartile box
plots” indicate the 25th, 50th and 75th percentile values. (B) ELISAs using
Ft-LPS-coated plates were performed on serum from collected from the mice
analyzed in A. Each symbol (squares, circles, and crosses) represents the
anti-Ft-LPS titer from an individual mouse.

suggesting that anti-LPS antibodies or other B cell functions are
sufficient to limit infection, even in the absence of T cell-
mediated immunity (14). Consistent with the central role that
antibodies play in this protection, TCRaf3- or TCRyé-deficient
mice respond to Fz-LPS immunization with splenic plasma cell
and serum antibody responses that are equivalent to those
observed in WT controls (data not shown).

However, although T cell-deficient, nude mice pretreated with
100 ng Ft-LPS 3 days before challenge survive 2-3 weeks longer
than euthymic control mice that were saline-pretreated, the nude
mice eventually succumb (8). This indicates that T cells are
important for long-term survival even though they are not
required for the B-la antibody responses that allow mice to
initially survive the infection.

Similarly, production of anti F#-LPS antibody responses does
not require TLR4 stimulation, because Ft-LPS immunization
results in equivalent serum IgM anti-Ft-LPS titers in WT and
TLR4~/~ mice, i.e., Day 6 anti-LPS ELISA titers, mean (95%
confidence interval) in 6 mice per treatment: WT = 15,521
(9,700-24,900); TLR4~/~ = 10,240 (5,600-18,800). This finding
supports data from a previous study showing that TLR4-
deficient (C3H/HeJ) and TLR4-competent C3H/OuJ mice im-
munized with Ft-LPS were comparably protected against lethal
Ft challenge (8).

40f6 | www.pnas.org/cgi/doi/10.1073/pnas.0813411106

Discussion

We have shown previously that pretreatment of mice with
Ft-LPS protects against an otherwise lethal challenge with Ft
LVS (7, 8). Studies presented here show that this pretreatment
induces a dramatic B-1a immune response in which (i) B-1a with
BCR that bind Ft-LPS proliferate in spleen and PerC; (if) most
of the Ft-LPS* B-la cells in spleen differentiate rapidly to
plasma cells producing antibodies to Ft-LPS; (iii) serum levels of
these antibodies rise shortly after immunization, peak at day 4-5,
and then fall slowly to a lower level that is maintained for
months; (iv) neither T cells nor TLR4 responsiveness is required
for this response; (v) the response is specific for the O-antigen
expressed by intact Ft-LPS; and (vi) immunization with Ft-LPS
is required for protection against lethal challenge with Fr LVS.

The demonstration that Fz-LPS immunization stimulates B-1a
cells to produce a specific immune response is somewhat jarring,
because B-1 cells are better known as producers of “innate
antibodies” in conventional and germ-free mice (15, 16) than as
responders to immunogens. However, as data presented here
and in previous studies show, B-1a (6, 17) and B-1b (18, 19) with
appropriate BCR can clearly respond to stimulation with cognate
antigens, e.g., B-la produce T15-idiotype anti-phosphorylcholine
(PC) in response to Streptococcus pneumoniae infection (6, 17) and
B-1b produce antibodies in response to Streptococcus pneumoniae
(18) and Borrelia hermsii (19). Studies here add Ft-LPS to the list
of B-1 antigens and link the B-la response to this antigen to
long-term protection against lethal Ft LVS challenge.

These studies also introduce a new and far more detailed view
of the B-1a response itself. In a pioneering use of Hi-D FACS,
we track the antigen-binding B-1 cells participating in this
T-independent response, monitoring and characterizing these
cells from their first emergence as a detectable splenic B cell
population 2-3 days after Ft-LPS immunization through their
differentiation to splenic plasma cells and their ultimate long-
term residence in PerC.

Ft-LPS immunization results in the expansion of a population
of rare Ft-LPS* B-1a cells that are barely detectable (if at all) in
spleen or PerC before immunization. Consistent with their
typical B-1a phenotype, these antigen-specific cells are found in
immunized animals both in the PerC and spleen, but are not
present at detectable frequencies in bone marrow or lymph
nodes. The appearance of Ft-LPS* B-1a cells after immunization
is followed rapidly by the appearance of differentiated Fr-LPS™
plasma cells in spleen, but not in PerC. The numbers of both
types of cells in spleen then increase concomitantly for ~2-3
days, peak at day 5 and decline dramatically thereafter (Figs. 24
and 3A4). By day 7-8, neither F+-LPS* B-1a nor Ft-LPS* plasma
cells are detectable in spleen. In contrast, the number of Ff-LPS*
B-1a cells in PerC rises rapidly after immunization and remains
substantially above background for at least 2 months whereas
neither Ft-LPS* (nor any other) plasma cells ever become
detectable in PerC (Fig. S1).

Consistent with the rapid expansion of Ft-LPS* B-1a plasma
cells in the spleen, IgM anti-Ft-LPS antibodies rise >100-fold in
serum, peak 5-7 days after immunization (Fig. 3B) and stabilize
some weeks later at a substantially lower level that is nonetheless
clearly above background (8). Thus, WT mice immunized with
Ft-LPS continue to produce antibodies for at least 70 days and
remain protected against lethal Ft LVS challenge at least until
this time. The location of the cells responsible for this sustained
antibody production is unclear. However, the persistence of
Ft-LPS* B-1a cells (but not plasma cells) in PerC suggests that
these cells may constitute a reservoir of precursors for cells that
produce the anti-Ft-LPS antibodies that are found in serum and
likely provide protection against lethal Fr LVS challenge.

Our findings also introduce new insights into B-1a responses
and the mechanisms that underlie B-1a antibody production. For
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example, all of the F-LPS™ B-1a plasma cells (Fig. S3) stimu-
lated by Ft-LPS immunization incorporate BrdU, indicating that
these cells divide at least once during, before, or after differen-
tiating to CD138™ intracellular IgM™* plasma cells. This extensive
cell division, contrasts markedly with responses to Typhi-LPS,
where a sizable proportion of responding splenic B-1a cells
differentiate to plasma cells within 24 h without dividing (20).

Overall, Typhi-LPS induces massive splenic enlargement (4—
5-fold increase in the total number of spleen cells) and high level
serum antibody production. B-1 cells constitute the major, but
clearly not the only, source of B cells and antibody producing
cells in this response (20). The antibodies produced collectively
react with a wide variety of antigenic determinants, including
phosphatidylcholine, phosphorylcholine, and dextran, that are
not present Typhi-LPS (20), indicating that TLR4 and perhaps
other nonspecific stimulation is largely responsible the Typhi-
LPS response.

These functional differences between responses induced by
Ft-LPS, a poor TLR4 agonist (7) and typical enterobacterial LPS
such as Typhi-LPS (and E. coli LPS), which are potent TLR4
agonists, likely relate to lipid A structural differences between
these molecules. Specifically, whereas Typhi-LPS is pentaacy-
lated and hexaacylated, Ft-LPS is tetraacylated and hence only
weakly activates TLR4 [(7); reviewed in ref. 21]. Thus, Ft-LPS
fails to induce production of inflammatory cytokines in vivo and
in vitro (7) and induces only minimal splenic enlargement, i.e.,
~1.2-fold increase in cellularity, which is readily explained by the
increase in Ft-LPS™ B-1a cells and Ft-LPS* plasma cells gener-
ated during the response. Furthermore, as we have shown,
responses to Ft-LPS are T cell- and TLR4-independent and fail
in Ig transgenic mice that express only a single IgH gene that
does not recognize Ft-LPS. Thus, our findings argue strongly that
unlike responses to Typhi-LPS, responses to Ft-LPS are antigen-
specific and depend on the engagement of Ft-LPS-specific BCR
expressed in the B-1a repertoire.

The literature concerning TLR dependency for antibody
production is inconsistent. TLR signaling has been reported to
either be inconsequential (22), required (23), or stimulatory for
antibody responses to T-dependent antigens (24). For T-
independent responses, reports are equally confounded:, TLR
signaling has been shown to induce IgM secretion (25, 26),
cellular proliferation (25, 26), B-1 egress from the PerC (27), and
B-1 differentiation into plasma cells (25). However, natural
antibodies are produced in germ-free mice (15, 16) where TLR
signaling from exogenous sources is considered to be minimal.

Findings presented here offer a resolution to this apparent
conflict by showing that F¢-LPS induces a highly specific, TLR4-
and T-independent response that is restricted to B-la cells
committed to produce antibodies specific for Fr-LPS. Thus,
unlike the TLR4-dependent polyclonal antibody responses
stimulated by E. coli and Salmonella LPS, Ft-LPS accesses a
restricted mechanism that only induces production of antibod-
ies reactive with antigenic determinants displayed by the
immunizing antigen.

Our conclusion that the protective B-1a antibody response
induced by Fr-LPS immunization is specific for the Ft-LPS
O-antigen is supported by the following observations: (i) pro-
tection against lethal infection is not elicited by vaccination of
mice with purified lipid A (Fig. 1), and (i) immunization of mice
with the LPS purified from wbt I, an Ft mutant that lacks
O-antigen but retains the core oligosaccharide (28), fails to
induce protection (0 of 5 immunized mice survived challenge).
These findings confirm and extend previous reports, which show
that i.d. administration of Ft-LPS, but not Ft lipid A, reduced
bacterial burdens in the livers, lungs, and spleens of mice after
aerosol challenge with Fr LVS (29). Interestingly, i.d. adminis-
tration of purified core-O-polysaccharide also fails to protect mice,
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suggesting that the necessary O-antigen epitope is not properly
exposed or presented when cleaved from intact Ft-LPS (29).

Similarly, studies with passively administered antibodies show
that although antibodies elicited to Ft LVS protect against lethal
challenge, antibodies elicited by immunization with the O-
antigen-deficient strain, Ft LVS wbtA, do not (30, 31). Further-
more, passively administered rabbit anti-Ft LVS antisera, but not
antisera depleted of anti-O antibodies, protected mice against
lethal challenge (31). Collectively, these findings strongly sup-
port the hypothesis that immunization with intact Ft-LPS in-
duces a protective B-1a response that is O antigen-specific.

In sum, the studies presented here demonstrate that B-1a cells
respond to a soluble bacterial product, Ft-LPS, derived from an
important bacterial pathogen. This response, which provides
subsequent protection against lethal challenge by the pathogen,
proceeds in the absence of T cell help or input from the
inflammatory processes typically induced by bacteria-based im-
munizations. This finding emphasizes the possibility for creating
effective, minimally invasive vaccines that can provide effective
protection against pathogen invasion.

Materials and Methods

Mice. C57BL/6J, CBA/Cal, CBA/CaHN-BTK<xid>/J, and B6.129S2-Igh-
6<tm1Cgn>/J (uMT) mice, 6-8 wk old, were purchased from the Jackson
Laboratory. BALB/cByJ, JhD, mlg-Tg, and (m+s)lg-Tg mice (9, 10) were bred at
CBER/FDA and genotyped by PCR before use. For challenge with Ft LVS, mice
were pretreated as indicated with saline or with 0.1-100 ng Ft-LPS 2-3 days
before i.p. challenge with the indicated Ft LVS dose. The challenge dose was
confirmed by colony counts. SigmaStat Program (Systat Software, Inc. Rich-
mond, CA) was used for data analysis.

For FACS studies, mice were injected with saline or Ft-LPS as above. For BrdU
assays, mice were provided water containing 0.8 mg/mL of BrdU 1 day after
Ft-LPS injection. At the indicated times, mice were killed, cells were harvested
for FACS studies, and sera were collected and frozen. All experiments were
conducted with Institutional Animal Care and Use Committee approval.

Reagents. Ft-LPS was purified as described in ref. 7. Ft LVS lipid A was prepared
by acid hydrolysis of LPS as described in ref. 32. Biotin-LC-hydrazide (Pierce)
was conjugated to Ft-LPS according to the manufacturer’s protocol. Frozen
aliquots of Ft LVS (ATCC 29684; American Type Culture Collection) were
prepared as described in ref. 33.

Hi-Dimensional (Hi-D) FACS. Cell suspensions from each tissue were incubated
with LIVE/DEAD Aqua (Invitrogen) to identify dead cells. Cells were washed,
chilled, and blocked with unconjugated anti-CD16/CD32 (FcyRIl/Ill) mAb. Cells
were then incubated on ice for 25 min with biotin-coupled Ft-LPS and the
following premixed “mixture’ of fluorochrome-conjugated antibodies: FITC-
anti-Kappa chain (187.1); PE-anti-CD11b (M1/70) or PE-anti-CD138 (281-2);
PECy5.5-anti-CD21 (CR2); PECy7-anti-IgD (11-26); APC-anti-B220 (RA3-6B2);
APCCy5.5-anti-CD23 (B3B4); APCCy7-anti-IgM (331); PECy5-anti-CD5 (53-7.3);
and Pacific Blue-anti-Gr-1 (RB6-8C5). After washing, cells were incubated
with streptavidin-QuantumDot 605 (Invitrogen, Carlsbad, CA) for 15 min on
ice to reveal binding of the biotin-coupled Ft-LPS. A BrdU flow kit (BD
Bioscience, Franklin Lakes, NJ) was used as directed to stain for BrdU uptake.
To distinguish autofluorescent cells from cells that express low levels of
individual surface markers, cells were stained with Fluorescence-minus-one
(FMO) reagent cocktails that enable definition of autofluorescence thresholds
for each reagent in question.

Data were collected for 0.5-1 X 10° cells with a 3-laser FACSAria (BD Bio-
science). Data were analyzed with FlowJo software (TreeStar Inc, Ashland, OR).

Detection of Anti-Ft LVS or Anti-Ft-LPS Antibodies. Antibodies (IgM and IgG)
against Ft LVS or Ft-LPS were measured by ELISA (8).
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