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Salmonella typhimurium is a Gram-negative, facultative, intracellular bacterium
that multiplies in the phagocytic cells of the reticuloendothelial system. Infection
with this organism causes a typhoid fever-like disease in mice. The immune
response to S. typhimurium in various inbred strains of mice has been shown to
be under genetic control (1-5). Previous studies (6-11) of the mechanism(s)
which regulate the development of acquired immunity to S. typhimurium reported
that the specific protective immune response was essentially cell mediated,
depending on the presence of T cells and macrophages, but not on specific
antibody or B cells. However, other studies (12-20) suggested that B cells also
play a significant role in the control of Salmonella infections.

One approach to understanding the role of B cells in immunity to S. typhimu-
rium would be to analyze the repertoire of salmonella-specific B cells in normal
mice and in mice that are genetically susceptible to salmonella. Until recently,
no studies of the B cell repertoire specific for salmonella, nor any other bacteria,
had been undertaken. Such studies would provide insights into those subsets of
B cells responsive to natural, complex antigens, and, in addition, provide an
experimental approach for the analysis of the humoral immune response against
other infectious agents. Previous studies from this laboratory' have employed a
modification of the B-cell limiting dilution splenic focus assay to examine the
secondary anti-S. typhimurium B-cell repertoire in genetically resistant CBA/Ca
mice. These studies defined the conditions for the generation and analysis of
monoclonal antibody responses to the acetone-killed and dried S. typhimurium
strain TML (AKD-TML).2 The results indicated that the characteristics of B
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cells specific for natural antigens were different from those specific for synthetic
antigens. In addition, it was shown that (a) the frequency of salmonella-specific
secondary B cells is similar to that of the hemagglutinin (HA) molecule on
influenza viruses; (b) the majority of clones secrete IgM; (c) other isotypes are
secreted as well, but only 35% secrete 1gG1; and (d) >90% of the secondary
clones were specific for the major Salmonella surface antigenic determinant, the
LPS molecule.

Since LPS is a component of many organisms found within the normal gut
flora of the host (21), it might have been anticipated that S. typhimurium LPS-
specific precursors would be tolerized by exposure to these crossreactive gut
antigens. Nevertheless, our findings show that the vast majority of secondary §.
typhimurium-~responsive B cell clones are specific for LPS.! However, previous
studies (22) have shown that secondary B cells are resistant to tolerance induction.
Yet, it is possible that the S. typhimurium-specific B cell repertoire may be
influenced by environmental antigens. To more directly address this issue, the
B cell repertoire in mice that have not been deliberately primed with antigen
should be analyzed. Such an analysis would provide the first information on the
characteristics of a B cell repertoire specific for a complex natural antigen that
overlaps with environmental antigens. Moreover, such a study will allow us to
compare these results with those that occur after deliberate immunization. These
studies and comparisons may provide us with insights that will be valuable in
ascertaining the efficacy of various vaccines, since they will provide information
on the expansion of B cells specific for particular antigenic determinants as well
as on the fine specificity of the antibody products from these B cells. Hence, we
have used the modification of the splenic focus system described by Metcalf et
al.! to analyze the primary (nonimmune) splenic B cell repertoire in CBA/Ca
mice that is responsive to S. typhimurium. These studies include a critical analysis
of the antibody products of individual salmonella-specific primary B cells by
isotype and fine specificity. The results show that the frequency of primary S.
typhimurium—specific splenic B cells in CBA/Ca mice is extremely low when
compared with the frequencies obtained with many chemically defined haptens,
and only a small proportion of these B cells are specific for the LPS molecule.
Furthermore, the predominant isotypes secreted by primary S. typhimurium—
specific B cell clones are IgM, IgG2, and IgA, with very little IgG1 being
produced. The implications of these findings are discussed.

Materials and Methods

Animals. 6-8-wk-old CBA/Ca, AKR/], and B10.BR mice were obtained from The
Jackson Laboratory, Bar Harbor, ME. CBA/CaHN mice were obtained from the National
Institutes of Health, Bethesda, MD. The two sources of CBA/Ca mice were used inter-
changeably.

Antigens. Salmonella typhimurium strain TML was originally isolated from a patient
with salmonellosis (23). Organisms were isolated on tryptic soy agar (TSA; Difco Labo-
ratories Inc., Detroit, M) plates grown at 37°C. AKD TML were prepared by the method
of Landy (24) and kindly supplied by Dr. Samuel Formal, Walter Reed Army Institute of
Research, Washington, D.C. The procedure of Romeo et al. (25) was used to prepare
phenol-water extracted LPS from TML. Streptococcus prneumoniae type 3 was a gift of Dr.
John Robbins, Bureau of Biologics, Bethesda, MD. S. pneumoniae was grown from a single
isolated colony on blood agar plates (Difco Laboratories Inc.) for 16 h at 37°C with CO..
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S. typhimurium LT-2 and the LPS-deficient mutants kis-642 (Ra), HN202 (R¢), SL1004
(Rdl), S11181 (Rd2), and TH2168 (Re) derived from it were the kind gift of Dr. J. K.
Spitznagel, Emory University, Atlanta, GA. Organisms of each strain were isolated on
TSA plates grown at 37°C, then single colonies were inoculated into Penassay broth
(Difco Laboratories Inc.) and grown overnight at 37°C with shaking. The actual number
of organisms present in each culture was determined by counting colonies derived from
serial dilutions in 0.15 M saline of the overnight culture.

Splenic Focus Technique. The splenic focus culture system, modified for analyzing
mAbs to S. typhimurium, was previously described.! Briefly, primed recipients received
1,500 rad of total body irradiation from a cobalt source 4-6 h before cell transfer. The
optimum priming regimen for recipients had been determined in preliminary experiments.
AKR/] recipients were primed intravenously 14, 11, and 7 d before cell transfer with 10°
AKD-TML organisms per mouse, and B10.BR recipients were primed one time intrave-
nously with the same dose of AKD-TML 3 wk before. Recipients received 30-60 X 10°
viable spleen cells via a lateral tail vein from unprimed donors or 5 X 10° spleen cells
from mice that had been immunized intravenously with 10° AKD-TML organisms either
once, 6 wk before, or twice, 6 wk and 2 wk before using them as primed donors. Generally,
pooled cells from several donors were injected into three to five recipients. Recipients
were challenged intravenously with a stimulating dose (5 X 107 organisms per mouse) of
the inactivated preparation of TML 16 h after cell transfer. 1 h later, spleens were
removed and sliced into 1-mm cube fragments on a Mcllwain Tissue Chopper (Brinkman
Instruments Co., Westbury, NY). The fragments were then individually placed in wells
of microtiter plates (Linbro; Flow Laboratories, Inc., McLean, VA) and incubated in
supplemented Dulbecco’s modified Eagle’s medium (Grand Island Biological Co., Grand
Isiand, NY) at 37°C in an atmosphere of 95% O2/5% CO,. Culture fluids were removed
and replaced with 0.2 ml/well of fresh medium and changed at 3—4-d intervals thereafter.
Culture fluids collected 10-23 d after stimulation were assayed for anti-TML antibody,
H chain class of antibody, and fine specificity of the antibody.! Collected culture fluids
from individual wells were stored at —20°C until time of assay.

Radioimmunoassay. The RIA of culture fluids (50 ul) for specific mouse anti-TML
antibody on bacteria-coated microtiter plates was previously described (26). TML™ culture
fluids were reanalyzed in microtiter wells coated with 50 ul of purified TML-LPS diluted
in phosphate buffer at a concentration of 100 ng LPS/well (27). Positive culture fluids
were also reanalyzed for isotype(s) with the same RIA procedure and the following
affinity-purified class-specific rabbit anti-mouse antibodies: (a) anti-IgM; (b) anti-IgG3; ()
anti-IgG1; (d) anti-IgG2; and (¢) anti-IgA. The preparation and specificity of these reagents
are described elsewhere (27).

Statistical Analysis. Statistical analysis was performed using Student’s two-tailed t-test
for independent means.

Results

Frequency of Primary S. typhimurium Strain TML-specific B Cells. The conditions
for optimal stimulation of TML-specific secondary B cells with AKD-TML were
determined previously.! Preliminary studies using the same experimental system
failed to demonstrate a primary TML-specific antibody response. However,
Pierce and Klinman (28) previously found that an antibody-specific immunoreg-
ulatory mechanism was established in immunized recipients that suppressed the
stimulation of primary B cells. This immunoregulatory circuit appeared to be
allotype linked and could be circumvented if the recipients used were syngeneic
at the H-2 locus but allogeneic at the Ig H chain (IgCH) genes. Such a system
was used by Cancro and his colleagues (29) to study the B cell repertoire specific
for influenza virus. Therefore, it was possible that primary B cells specific for
TML would be suppressed if transferred to AKD-TML-primed syngeneic recip-
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TABLE [
Frequency of Primary S. typhimurium—specific B Cells in Adult
CBA/Ca Mice
Number TML-
Total (:;)' Recipient specific clones Nurggf_r Fcrm:"
Exp.  "OTC€S  (AKD-TML) per 10°spleen ~ SPECLIC C€18
transferred - per 10° splenic
6 primed cells trans- 1
(x 107%) B cells
ferred*
1 120 AKR/] 0.21 £ 0.06 13.0+3.7
2 330 AKR/] 0.14 £ 0.01 8.8 £0.6
3 120 AKR/] 0.10 + 0.02 6.3x1.1
4 120 B10.BR 0.22 £ 0.01 136 £ 0.6
5 120 B10.BR 0.16 + 0.04 99+24
6 160 B10.BR 0.16 £ 0.03 9.8+ 1.6
7 120 B10.BR 0.12 £ 0.05 7.5+£29

* 30-50 X 10° CBA/Ca donor spleen cells were injected into AKD-TML
primed recipients. Each experiment had two to eight primed recipients.
Priming and stimulation of recipients and detection of clones by RIA
were described in Materials and Methods. Data are presented as mean
frequency + 2 SE. Mean frequency for Exp. 1-3 was 0.15 = 0.01 and
for Exp. 4-7, 0.16 £ 0.09.

¥ Calculated frequencies after homing efficiency and percent of B cells in
the spleen were taken into account (30). Mean frequency for experiments
1-3 was 9.1 *+ 0.5 and for experiments 4-7, 10.1 + 0.6.

ients. Hence, TML-specific primary CBA/Ca B cells were analyzed in the
modified splenic focus system described above using either H-2 identical/allotype
different, primed AKR/J or B10.BR mice as recipients.

To measure the frequency of primary clonal precursor cells specific for TML
in salmonella-resistant, immunologically normal mice, 30-50 X 10° nonimmune
CBA/Ca spleen cells were injected either into lethally irradiated (1,500 rad)
AKR/J recipients that had been primed intravenously 14, 11, and 7 d before
with 10®° AKD-TML organisms per mouse or into lethally irradiated B10.BR
recipients that had been primed intravenously one time with the same dose of
AKD-TML 3 wk before. This priming regimen is necessary to optimally stimulate
Th cell activity within the respective recipient mouse strains (data not shown).
All recipients were subsequently injected with 5 X 107 AKD/TML organisms
per mouse 1 h before preparation of fragment cultures. The results obtained
from several experiments using both AKR and B10.BR recipients are presented
in Table I. The frequency data, expressed directly as the number of B cell
precursors per 10° B cells, were calculated using the donor cell cloning efficiency
and the percentage of B cells in the CBA/Ca spleen (30, 31). The results show
that the frequency of TML-specific B cells is quite low compared with the
frequencies observed for several haptenic determinants (see reference 32), with
no apparent difference between the mean number of precursors detected in
AKR-derived fragment cultures and the mean number detected in B10.BR-
derived fragment cultures (9.1 per 10° B cells and 10.1 per 10° B cells, respec-
tively).

Isotype Analysis of Anti-TML mAbs. The isotype of the antibody produced by
TML-specific clones obtained in the above experiments was determined by RIA
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FiGURE 1. Comparison of the relative frequencies of H chain isotypes produced by primary
TML-specific B cell clones with those produced by primary B cells responsive to a TD (DNP-
Hy) and a TI-2 (TNP-Fic) antigen. Anti-TML antibodies were analyzed with class-specific
reagents (27) as described in Materials and Methods. The relative frequency of each isotype
produced in all three responses is expressed as the percent of total clones that secrete that
particular isotype. 158 primary TML-specific clones were analyzed. Anti-DNP and anti-TNP
antibody data are from Teale et al. (35) and Mongini et al. (37), respectively. [J, DNP-Hy, 0,
TNP-Fic; @, TML.

using H chain class-specific rabbit anti-mouse Ig sera (27). The clones were
tested using whole TML as an immunoadsorbent and usually represented a pool
of day 16, 19, and 22 culture fluids. Thus, the pooled culture fluids contained
the antibody produced by a single TML-specific clone during a 9-10 d period.
As a consequence, mAb from such a pool may contain several isotypes due to
class-switching events that may have occurred during this period of time (33—
37). The percent of primary TML-specific clones that secreted a particular
isotype is shown in Fig. 1. The results indicate that the predominant isotype
produced is IgM followed by threefold lower levels of IgG2 and IgA. The 1gG3
and IgGl1 isotypes were much less frequently produced. Previous studies (38, 39)
have shown that the predominant IgG subclass stimulated by thymus dependent
(TD), synthetic, hapten carrier—conjugated antigens is IgG1. In contrast, type I
thymus independent (TI-1) antigens were found to stimulate similar levels of
IgG3 and IgG2 subclasses, and type 2 TI (TI-2) antigens were found to predom-
inantly stimulate the 1gG3 subclass (39). Fig. 1 compares the relative frequency
of H chain isotypes produced by primary TML-specific clones with the frequen-
cies produced by clones from B cells responsive to the TD antigen, DNP-
Hemocyanin (DNP-Hy) and to the TI-2 antigen, TNP-Ficoll (TNP-Fic). Al-
though significant and similar amounts of IgA are stimulated by both TML and
TNP-Fic, this isotype, together with IgM and I1gG3, dominates the response to
the TI-2 antigen. In contrast, the expression of IgA in the TML-specific response
is threefold lower than the expression of IgM and twofold higher than that of
IgG3. Unlike the responses of either TI-1 or TI-2 antigens, the majority of the
IgG antibody response to TML is IgG2.

However, the isotype profile of the TML-specific response is very similar to
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FIGURE 2. Relative frequencies of heavy chain isotypes produced by primary TML-specific
and HA-specific B-cell clones. Anti-TML antibodies were analyzed with class-specific reagents
(27) as described in Materials and Methods. The relative frequency of each isotype produced
in both responses is expressed as the percent of total clones which secrete that particular
isotype. Anti-HA antibody data is from Wylie and Klinman (40). &, TML; O, HA.

TaBLE 11
Number of Isotypes Secreted by Clones from Primary
TML-specific Cells

Percent of individual clones secreting the

Numb:
oflxcrlr;nzrs following number of different isotypes:
analyzed* 1 9 3 4 5
158 72.2 21.5 5.7 0.6 0.0

* TML-specific clones from unprimed CBA/Ca donor spleen cells were
obtained from fragment cultures derived from AKD-TML-primed AKR
or B10.BR recipients.

the profile observed in the HA-specific response (Fig. 2). Interestingly, the
isotype profile of the HA-specific response is also different from that of the DNP-
Hy stimulated response (see Fig. 1, references 29, 35, 40). Taken together, these
data suggest that infectious agents may either stimulate different B cell subpop-
ulations from those stimulated by chemically defined antigens or the same B
cells, but by different pathways. However, it is possible that these infectious
agents may stimulate the same B cells by the same pathways. Because TML and
HA are complex antigens composed of a wide array of antigenic determinants,
it is possible that many of the determinants contained within the intact bacterium
and virus are presented to the host in suboptimal concentrations or in an altered
form compared with chemically defined antigens. Therefore, B cells specific for
these determinants may not be optimally stimulated. Consequently, particular
isotypes may not be optimally produced.

Table II shows the number of different isotypes secreted by individual clones
from primary TML-specific B cells. The majority of these clones secrete only
one isotype, but a few clones secrete two to four isotypes. It is important to note
that all experiments herein were designed to ensure that each splenic fragment
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FIGURE 3. Comparison of the relative frequencies of H chain isotypes produced by primary
and memory TML-specific B cell clones. Anti-TML antibodies were analyzed with class-specific
reagents (27) as described in Materials and Methods. The relative frequency of each isotype
produced in both responses is expressed as the percent of total clones that secrete that
particular isotype. 158 primary TML-specific clones were analyzed. The memory clones
analyzed represented a pool of 208 secondary and tertiary TML-specific clones that were
obtained from AKD-TML primed CBA/Ca spleen cells in the splenic focus system as described
in Materials and Methods. There was no difference in the isotype profile of secondary and
tertiary clones.

culture contained either zero or one TML-specific B cell. Poisson distribution
analysis of our data showed that <1% of the responding spleen fragments
contained more than a single TML-specific B cell (data not shown). Since Table
II indicates that ~30% of the fragments produce antibodies of two or more
isotypes, it is likely that the majority of fragments that secrete more than one H
chain class contain only one TML-specific B cell. In contrast to the TML-specific
response, most clones from primary B cells stimulated by DNP-Hy or TNP-Fic
secrete more than one isotype with a significant proportion of clones secreting
three to six different isotypes (35-37).

Comparison of Isotype Distribution Patterns of Primary and Memory TML-specific
B Cells. In previous studies' the isotypic profiles of memory TML-specific B
cells was established. In the present study we have analyzed additional memory
B cells and compared the isotype distribution pattern with that of primary TML-
specific cells to determine whether particular H chain classes are selectively
increased after antigen exposure. Such a finding would suggest an important
role for such isotypes in the memory response to §. typhimurium infections.
Hence, spleen cells from CBA/Ca mice previously primed with 10 AKD-TML
were analyzed in the splenic focus system. Fig. 3 compares the isotypic distribu-
tion patterns of primary and memory anti-TML-responsive clones. In both the
primary and memory responses, the predominant isotype produced is IgM, and
all other isotypes increase from 2-10-fold over the primary response. Moreover,
the major H chain class expressed for TML-specific B cells is IgG2, whereas
IgG1 predominates in the majority of responses to synthetic antigens such as
DNP-Hy (Fig. 1; references 38, 39). Nevertheless, the number of TML-specific
clones that secrete IgG1 does increase 10-fold after immunization, whereas the
number of 1gG1 secreting DNP-specific B cells increases only twofold (35). The
majority of primary TML-specific B cell clones, on the average, secrete either
one or two isotypes. In contrast, a significant proportion of memory clones
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TaBLE 111
Reactivity of Primary TML-specific Clones

Reactivity in RIA with:*

Reactivity pat- Number of
tern number TML LPS S. pneumo- clonest
niae
1 + + - 30
2 + - - 103
3 + + + 12
4 + - + 26

* Anti-TML-positive clones in fragment cultures derived from primed
AKR or B10.BR recipients were assayed by RIA with either TML-LPS
or §. pneumoniae as the immunoadsorbents.

* A total of 171 clones were analyzed.

TaBLE 1V
Comparison of the LPS-reactivity of Primary and Memory
TML-specific Clones

Percent of anti-
Total number of TML antibody

Donor cells .
clones analyzed clones reactive
with TML-LPS*
Unprimed 420 28.6
TML-primed 208 96.6

* Primary and memory anti-TML-positive clones in fragment cultures
derived from AKD-TML-primed AKR or B10.BR recipients were as-
sayed by RIA using TML-LPS as the immunoadsorbent.

secreting each isotype also secrete three and four additional isotypes.! These
findings suggest that primary TML-specific B cells do not undergo as many H
chain class switches as memory B cells and appear to be consistent with other
analyses of primary B cells (35).

Fine Specificity Analysis of TML-specific B Cells in Spleens of CBA/Ca Mice. .
typhimurium contains a multiplicity of potential antigenic determinants. The LPS
molecule alone is composed of chemically diverse determinants that can elicit
antibodies with a wide array of specificities. Ostensibly, antibody to those deter-
minants that extend out from the outer membrane of the bacterium, like LPS,
would make up most of the TML-specific response. Previously, it had been shown
(26) that anti-LPS antibody is a major component of the anti-S. typhimurium
response in immune sera. In addition, Metcalf et al.! have found that the vast
majority of secondary TML-specific B cells are LPS-specific. To determine
whether the majority of primary TML-specific B cells were also specific for LPS,
the supernatants from primary TML-specific B cell clones were reanalyzed on
LPS derived from TML. As indicated in Table III, only 24.5% of 171 TML-
specific antibodies analyzed are directed against the LPS molecule. Although S.
pneumoniae was included as a negative specificity control, 12% of the TML-
specific clones are also reactive to this Gram-positive bacterium. These clones
may recognize a common determinant between the two bacteria.

The results in Table IV show that only 28.6% of all the TML-specific primary
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TABLE V
Fine Specificity of Primary and Secondary LPS-reactive Clones from
CBA/Ca Mice
Immu- Percent total LPS* clones with the fol-
noadsor- lowing reactivity pattern*
beﬂ[ g y P

LPS + + o+ o+ o+ o+

Ra - + o+ o+ o+ o+

Re - -+ o+ o+ o+

Number Rdl - - - + + +

Donor  of clones Rd2 - - - - + +

cells analyzed Re - - - - - +
Primary 104 72,1 00 00 19 00 260
Memory 199 43.7 20 1.5 30 55 442

* Primary and memory anti-TML-positive clones reactive with LPS were assayed
by RIA using whole S. typhimurium rough mutant organisms as immunoadsorb-
ents.

clones examined are specific for LPS, whereas 96.6% of the memory anti-TML
antibody—producing clones are LPS specific. Moreover, previous studies’' have
shown that the frequency of memory TML-specific cells is 163.6 per 10° splenic
B cells. Taken together, these findings indicate that the precursor frequency
expands 17-fold after antigen exposure with an apparent selective expansion of
LPS-specific clones.

The LPS molecule is composed of three distinct regions, the O antigen region,
the basal core region, and the lipid A region (41). The O antigen region consists
of repeating units of oligosaccharides that contain specific sugars with specific
linkages. Organisms that contain the entire LPS molecule are referred to as
smooth strains. Rough mutant strains are blocked at different points in the
biosynthesis of the LPS molecule. These mutants have been classified into
chemotypes, Ra through Re, based on the sugar composition of their polysaccha-
rides. The Ra mutant is O antigen—negative, but synthesizes the complete basal
core of the parental strain, whereas the Rb to Re mutants produce core polysac-
charides that have been terminated at various points in the biosynthetic pathway.
The Re mutant contains the most defective polysaccharide, composed only of 2-
keto-3-deoxyoctonic acid (KDO) and lipid A. TML-specific clones found to be
reactive against LPS were assayed against such a series of S. typhimurium rough
mutants in the RIA. To ensure that each of the rough mutants could act as an
effective immunoadsorbent, an anti-flagellin antibody, which bound efficiently
to all of the rough mutant immunoadsorbents, was included as a positive control.
This analysis should indicate which subregions of the LPS molecule elicit an
antibody response, as well as permit the development of a pattern of reactivity
for these LPS-specific clones. The results presented in Table V show that the
majority (72.1%) of the primary anti-TML-LPS-specific antibodies do not react
with any of the rough mutants tested. These results suggest that the majority of
the primary LPS-specific B cells are directed against the O antigen portion of
the molecule since they bound only to LPS and not to the O antigen—deficient
mutants. Most of the other primary LPS-specific antibodies bound to all of the
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rough mutants. Only 2 of 104 clones tested appeared to be directed against sites
within the core polysaccharide region of the LPS molecule. The remainder of
the LPS-specific B cells are directed against sites on either the KDO region of
the inner core or the lipid A region. Insufficient quantities of anti-LPS antibody
from primary TML-specific clones precluded testing their reactivity against lipid
A. However, recent studies from our laboratory' have demonstrated that the
majority of secondary TML-specific B cell clones that react with the Re rough
mutant listed in Table V also react with lipid A. Therefore, the results presented
in Table V suggest that one-quarter of the primary TML-specific response may
be specific for lipid A.

For comparison, Table V also shows the reactivity pattern of anti-LPS anti-
bodies from memory TML-specific clones. These results indicate that less than
half of the memory anti-LPS antibody response is directed against the O antigen
region. Although a small proportion of the antibodies are specific for various
sites within the core polysaccharide region, almost half of the antibodies are
directed to the KDO/lipid A region. Therefore, taken together with the data
derived from the analysis of the primary B cell clones, these studies indicate that
the preferential expansion of LPS-specific B cell clones that occurs after immu-
nization resides primarily in the B cell subset specific for the KDO/lipid A region
of the LPS molecule (Table V).

Discussion

In a previous study,’ we defined the conditions for obtaining mAb responses
to AKD-TML using the splenic focus assay. This experimental system was used
to characterize the responses of individual salmonella-resistant secondary precur-
sor B cells to TML. In this paper, the primary TML-specific B cell response was
analyzed and compared with the characteristics of the B cell repertoires specific
for TD and TI antigens as well as memory TML-specific B cells. In conjunction
with a sensitive RIA (26), these studies provide not only an estimate of the size
of the expressed TML-specific B cell repertoire, but also a characterization of
the isotype(s) and fine specificity of the antibody product of the clonal progeny
of individual, primary TML-stimulated B cells in inherently resistant mice.

Frequency of TML-Specific B Cells. The mean frequency of TML-specific B
cells in nonimmune, CBA/Ca mice of 9.6 per 10° splenic B cells, is extremely
small when compared with the frequency of DNP-responsive cells, which is 200
per 10° B cells (30). In addition, this observed frequency is 15-20-fold lower
than the frequency observed for several other chemically defined haptenic
determinants (see reference 32). However, the frequencies of B cells responsive
to other antigenic determinants on natural antigens are also several orders of
magnitude lower than the frequency to the chemically defined molecules. Indeed,
Cancro et al. (29) found that the frequency of influenza HA-specific B cells was,
on the average, 13 per 10° B cells. The frequency of PC-responsive cells was
determined to be 19 per 10° B cells (42) and that of anti—cholera toxoid antibody-
producing cells was <1 per 10° B cells (43, 44). Cancro et al. (29) sought to
explain these observations. These investigators contended that complex antigens,
such as bacteria and viruses, are composed of antigenic determinants that may
be very similar to self-antigens, and, as a consequence, only a small number of
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determinants are recognized as foreign. Thus, the frequency of B cells specific
for bacteria and viruses would be low. In contrast, simple haptenic determinants
are clearly non-self structures that allow the stimulation of multiple B cell
precursors. This hypothesis is attractive; however, it does not explain the low
frequency of PC-specific precursors. PC, although found naturally on the cell
walls of S. pneumoniae, is a simple haptenic determinant. Another interpretation
of these studies, which would also explain responses to antigens like PC, is that
clonotypes responsive to determinants on these natural antigens crossreact with
antigens abundantly present in nature. In this way, most clonotypes would be
tolerized during ontogeny (45-47). Metcalf and Klinman (45) provided evidence
in the splenic focus system that developing B cells mature through a stage in
which they are extremely susceptible to tolerance induction. Furthermore, their
results suggested that the specific interaction of B cell antigen receptors with
multivalent antigens (such as bacteria) is tolerogenic to neonatal (immature) B
cells unless antigen is concomitantly recognized by primed T cells. Conversely,
mature B cells are not tolerized by this type of interaction. Hence, most S.
typhimurium—specific clonotypes in developing B cells would be tolerized rather
than stimulated by interaction with crossreactive normal gut flora since primed
T cells would not as yet be present. Only a limited subset of clonotypes, which
recognize determinants distinct from environmental antigens, would be available
to respond upon deliberate primary stimulation. By this argument, the frequency
of primary B cells responsive to natural antigens would be expected to be low.
Furthermore, secondary challenge with natural antigens would provide sufficient
Th cells for stimulation of newly generated B cells emerging from the bone
marrow (45, 48). Therefore, the secondary TML-specific repertoire would be
expected to include those tolerizable B cell subsets that would be missing from
the primary repertoire as well as those B cell subsets that would not be tolerized.
Thus, the precursor frequency would be expected to increase after secondary
challenge. By contrast, clonotypes specific for chemically defined determinants
that are not found in nature would not be tolerized. Therefore, upon deliberate
primary immunization, multiple B cell precursors for these synthetic antigens
would be stimulated and the overall frequency would appear larger than the
frequency for natural antigens. Hence, relative to the increase in precursor B
cell frequency that occurs after challenge with natural antigens, the increase in
B cell frequency after secondary challenge with synthetic antigens would seem
less significant. In fact, after immunization, the frequency of TML-specific B
cells increases from 1 in 10° splenic B cells to 1 in 6.1 X 10? splenic B cells,’
whereas the frequency of DNP-specific B cells increases from 1 in 5 X 10° to 1
in 1.3 X 10° splenic B cells (49).

Recent studies by Thompson et al. (50, 51) demonstrated that BALB/c mice
that had either been chronically or acutely immunized since the first week of life
displayed repertoires most similar to that repertoire that was characteristic of
the age when immunization first occurred. Therefore, antigen exposure appears
to perturb the normal turnover in clonotype composition of the emerging B cell
repertoire. Their results suggested this may occur by the preservation of clones
that are otherwise transiently expressed, and by the prevention of the appearance
of certain other HA-specific clones. Based on these studies, it would be predicted
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that, early in development, many clonotypes emerging within the salmonella-
specific B cell repertoire would be preserved upon contact with normal gut flora,
while other clonotypes would be deleted. Furthermore, if these animals had no
prior contact with crossreactive environmental antigens, the TML-specific B cell
repertoire expressed by adult mice may be somewhat different. Examination of
primary TML-specific precursors in germ-free mice should determine if environ-
mental antigen exposure leads to tolerance of some salmonella-specific primary
B cell precursors. Indeed, the full potential of TML-responsive clones should be
expressed in these mice and, thus, a higher precursor frequency would be
observed. However, primary clonotype expression in germ-free mice will also be
under a state of flux, that is, distinct clonotype precursor cells would enter the
B cell pool, clonally expand, and then exit from the pool at different points in
time (49). Thus, even if the overall frequency increases over that in conventional
mice, the expression of particular clonotypes may not change.

Isotype Analysis of TML-specific Clones. Isotype analysis of TML-specific clones
showed that these responses were distinct from natural and synthetic antigen B
cell responses in yet another way (35, 38). Whereas the predominant isotypes
secreted by primary TML-specific B cell clones were IgM, 1gG2, and IgA, classic
synthetic TD antigens, e.g., DNP-Hy, stimulate predominantly IgG1 secretion
(35, 38, 39). One may have expected that anti-TML antibodies would follow the
same isotypic pattern as DNP-Hy (with respect to IgGl production) since the
overall response to S. typhimurium appears to be T cell dependent. Indeed, recent
studies by this laboratory (18) reported that: (a) CBA/Ca nu/nu mice are
susceptible to TML infection, unlike euthymic mice of the CBA/Ca background
strain; and (b) CBA/Ca nu/nu mice are unable to produce IgM or IgG anti-S.
typhimurium antibodies when challenged with AKD-TML. Furthermore, primary
anti-TML antibody-producing clones in the splenic focus system are undetecta-
ble in fragments derived from unprimed recipients.' Thus, it appears that the
primary response to TML is T dependent and that stimulation of primary TML-
specific precursors in the splenic focus system is dependent upon the presence of
antigen-primed recipient T cells. However, the isotype profile of TML-specific
B cells is distinct from classical TD antigens such as DNP-Hy. It is important to
note that the isotype profile is also different from the distribution typically
reported for either TI-1 or TI-2 antigens (36, 37, 39). TI-1 antigens generally
stimulate equivalent levels of 1gG3 and IgG2 subclasses, whereas TI-2 antigens
stimulate primarily the 1gG3 subclass. The predominant IgG subclass stimulated
by TML, on the other hand, is IgG2 only.

If IgG1 production is indicative of a classic TD response, and if the response
to S. typhimurium is truly TD, then it may be possible that recipient Th cells are
not sufficiently stimulated in the priming regimen used in these studies. Although
many clones secreted anti-TML antibodies of two to four different isotypes, the
majority of clones secreted predominantly IgM. This suggests that either the
recipient T cells have not been optimally stimulated to help switch Ig production
from the IgM isotype to other isotypes or that appropriate IgG precursors have
not been expanded by T cells (52). Mongini et al. (36, 37) have provided evidence
that suggests that T cells can supply additional proliferative signals which enhance
switching events within expanding B cell clones. An even more comprehensive



352 PRIMARY B CELLS SPECIFIC FOR SALMONELLA TYPHIMURIUM

immunization schedule may increase T cell priming that in turn may lead to an
increased IgG1 anti-TML antibody response and possibly to an increased TML-
specific precursor frequency. However, even with three immunizations, no
significant change in T cell help was observed. Furthermore, studies by Saxen et
al. (53) and Colwell et al. (54) demonstrated that IgM antibodies are protective
against S. typhimurium challenge infections in some experimental systems.

It is also possible that the response to AKD-TML is not truly representative of
the response to the viable bacterium. Acetone treatment of S. typhimurium may
destroy or alter relevant antigenic determinants and, thus, skew the actual
response. Although these concerns are particularly pertinent when assessing the
B cell repertoire responsive to a complex antigen, it is interesting that the
observed low frequency and distinct isotype profile of these TML-specific clones
are markedly similar to those of the influenza HA-specific clones (29). The
response to this complex viral antigen has been shown to be TD (29, 55, 56), yet
only a small proportion of the HA-specific B cell clones produce IgG1 (29, 40).
Additionally, Wylie and Klinman (40) demonstrated that the majority of HA-
specific clones stimulated with an influenza-infected syngeneic cell line in splenic
fragment cultures produced antibodies of the IgG2b and IgG2a subclasses. Like
the response to purified influenza virus, only a small proportion of these anti-
bodies were of the IgG1 subclass. In fact, these data may suggest the importance
of IgG2 and IgA antibodies in pathogenic infections. Therefore, although much
information has been gained from the study of immune responses to simple
haptenic determinants, it appears that such responses cannot be generally applied
to more biologically relevant antigens such as TML and influenza HA.

Fine Specificity Analysis of TML-specific Clones. Although responses to AKD-
TML could be skewed, the following data suggest that this is not the case. The
S. typhimurium antigens that elicit protective antibodies in mice have not, as yet,
been identified. However, LPS is a major cell surface antigen in the murine host
immune response to this infectious bacterium (21). Metcalf and O’Brien (26)
have demonstrated that a major component of the anti-S. typhimurium antibodies
in sera of mice immunized with live TML is directed against LPS. Furthermore,
the O-linked polysaccharide chain of S. typhimurium LPS is a critical virulence
factor. Hence, it is no surprise that the LPS-specific precursors are preferentially
expanded upon secondary stimulation with AKD-TML. Immunization with
AKD-TML reflects the apparent importance that anti-LPS antibody plays in the
immune response to S. typhimurium infections. On the other hand, it is possible
that the AKD preparation may preferentially elicit an anti-LPS response. If so,
then one would expect that the primary response would also reflect a preferential
LPS response. Contrary to this prediction, <30% of the anti-TML antibodies
produced by primary CBA/Ca clones are LPS-specific. Therefore, AKD-TML
does appear to stimulate a true representation of the TML-specific B cell
repertoire or, at least, an approximation of the repertoire in terms of what is
known about the role of LPS in the anti-S. typhimurium antibody response and
in virulence (17, 26, 57-62). Furthermore, the apparent selective expansion of
clones directed toward one of the major salmoneila cell surface determinants
(LPS) is reminiscent of the antigen-dependent expansion of influenza-specific
memory B cell clones where an increase from 30% to >80% of the anti-influenza
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antibodies were found to be reactive to HA, a major influenza virus determinant
(29, 63). In contrast, only a two- to fourfold increase in precursor frequency
occurs after immunization with simple haptenic determinants such as DNP (64).
Thus, again, AKD-TML has provided patterns of stimulation similar to those of
another infectious agent.

The majority of the anti-LPS antibodies derived from primary CBA/Ca TML-
specific clones is directed against the O antigens. Since the O antigens are
considered to be critical virulence factors (57, 58), these findings suggest that
anti-O antigen antibodies may play an important role in the resistance to S.
typhimurium infections. Interestingly, even though O antigen-specific precursors
are significantly expanded after antigen exposure (from 2 per 10° B cells to 50—
75 per 10° B cells), these B cells make up less than half of the total CBA/Ca
memory LPS-specific B cell response. KDO/lipid A-specific precursors increase
~100-fold (from 0.7 per 10° B cells to 50-75 per 10° B cells) and make up most
of the remaining one-half to two-thirds of the memory LPS-specific responses
(Table V).! Very little of the primary anti-LPS antibody response is directed
against core polysaccharide determinants and, in turn, these clones do not
compose a significant proportion of the memory response. It is possible that
because the core region of the LPS molecule displays considerably less chemical
and antigenic diversity between strains and species of Gram-negative bacteria in
comparison to O antigenic determinants (65), crossreacting antigenic exposure
may have tolerized the vast majority of clones reactive to these determinants. A
second possible explanation for these findings is that core determinants may be
concealed by the O antigen polysaccharide and, as a consequence, stimulation of
B cell precursors specific for these determinants is prevented. Furthermore, the
O antigen, core polypolysaccharide, or other cell wall components may conceal
lipid A antigenic sites as well. Hence, LPS released from the cell wall (11)
probably serves as the immunogen for lipid A-specific B cell clones. The results
presented here suggest that antibodies to the core polysaccharide region of the
LPS molecule are not as important in the memory response to S. typhimurium
infections as are anti—O antigen and anti-lipid A antibodies. Interestingly, recent
studies from this laboratory suggest that salmonella-susceptible CBA/N mice
which have been shown to be antibody defective (18), may have an altered
repertoire to these determinants (66).

The studies presented herein contribute to the understanding of humoral
immune mechanisms that may ultimately be involved in protection against an
infectious disease agent. The AKD preparation as well as the conditions of the
system used to analyze TML-specific precursors in CBA/Ca mice were able to
stimulate a wide array of TML-specific B cells. Although the precursors that
were stimulated may not represent the entire TML-specific B cell pool, both
primary CBA/Ca and memory CBA/Ca B cells were studied and compared
under the same conditions. Under these conditions, the isotype profile and fine
specificity analysis of the TML-specific clones reflect differences among these
two B cell subpopulations. In addition, the responsiveness to AKD-TML by
normal mice reported in this paper is compatible to the responses to two other
natural antigens, HA and PC. The precursor frequency specific for each one of
these three antigens is very low in normal mice. After immunization, there is
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approximately a 20-fold increase in both the TML-specific and HA-specific B
cell repertoires (29, 63). Furthermore, neither TML nor HA stimulate a prom-
inent IgG1 response, but IgG2 and IgA appear to be important in responses to
natural antigens.

The similarities in B cell responsiveness to different natural antigens support
the validity of the findings presented in this paper. It is hoped that these studies
will provide a fundamental framework with which to further dissect and char-
acterize the biologically relevant murine B cell repertoire to S. typhimurium and
to other infectious disease agents. The use of a viable organism and its compo-
nents in future studies should provide additional insights. Moreover, it is possible
that as the response is separated into its constituent parts, a portion of the
response may in fact be typical of classical responses to synthetic antigens. These
studies are currently underway.

Summary

In the present study, a modification of the splenic focus system is used to
analyze the S. typhimurium strain TML (TML)-specific B cell repertoire. The
results show that the frequency of primary TML-specific splenic B cells in
CBA/Ca mice is approximately 1 per 10° B cells and <30% of these B cells are
specific for LPS. In contrast, the frequency of memory TML-specific cells is ~1
per 5-8 X 10® splenic B cells and >95% of these B cells are specific for LPS.
These results suggest that the frequency of primary TML-specific B cells is
extremely low and that it expands 15-20-fold after antigen exposure. It is
interesting that <30% of the primary B cells are specific for the LPS molecule
since it is considered to be the major antigenic determinant on Salmonelia
organisms. Furthermore, the majority of the LPS-specific anti-TML antibody-
producing clones are directed against the LPS O antigen region. Conversely,
more than half to two-thirds of the memory LPS-specific anti-TML B cell clones
are directed against the KDO or lipid A region of the LPS molecule. These
results indicate that the preferential expansion of LPS-specific B cell clones
observed after immunization resides primarily in the B cell subsets responsive to
the KDO/lipid A moieties on the LPS molecule. Finally, unlike B cell responses
to chemically defined antigens, TML stimulates very little IgG1 antibody. IgG2
and IgA isotypes appear to play a predominant role in anti-TML antibody
responses, although all H chain classes are produced to some extent. Collectively,
these findings are consistent with the responses reported for two other natural
antigens, HA and PC. Hence, the pattern of stimulation by infectious agents,
such as S. typhimurium, appears to be distinct from that of synthetic antigens.
Thus, the studies presented herein have begun to provide insights into those
subsets of B cells responsive to S. typhimurium and other infectious disease
organisms.
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