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Inflammatory Monocytes Are Critical for Induction of
a Polysaccharide-Specific Antibody Response to an Intact
Bacterium

Quanyi Chen and Clifford M. Snapper

Although inflammatory monocytes (IM) (CD11b+Ly6Chi cells) have been shown to play important roles in cell-mediated host

protection against intracellular bacteria, protozoans, and fungi, their potential impact on humoral immune responses to extra-

cellular bacteria are unknown. IM, localized largely to the splenic marginal zone of naive CD11b–diphtheria toxin (DT) receptor

bone marrow–chimeric mice were selectively depleted following treatment with DT, including no reduction of CD11b+ peritoneal

B cells. Depletion of IM resulted in a marked reduction in the polysaccharide (PS)-specific, T cell–independent IgM, and T cell–

dependent IgG responses to intact, heat-killed Streptococcus pneumoniae with no effect on the associated S. pneumoniae protein–

specific IgG response or on the PS- and protein-specific IgG responses to a soluble pneumococcal conjugate vaccine. IM acted

largely within the first 48 h following the initiation of the immune response to S. pneumoniae to induce the subsequent production

of PS-specific IgM and IgG. Adoptive transfer of highly purified IM from wild-type mice into DT-treated CD11b–DT receptor

mice completely restored the defective PS-specific Ig response to S. pneumoniae. IM were phenotypically and functionally distinct

from circulating CD11b+CD11clowLy6G/C cells (immature blood dendritic cells), previously described to play a role in Ig responses

to S. pneumoniae, in that they were CD11c2 as well as Ly6Chi and did not internalize injected S. pneumoniae during the early phase

of the response. These data are the first, to our knowledge, to establish a critical role for IM in the induction of an Ig response to

an intact extracellular bacterium. The Journal of Immunology, 2013, 190: 1048–1055.

M
urine blood monocytes comprise two distinct subsets,
CD11b+CCR2+CX3CR1+/2Ly6ChighLy6G2F4/80+ and
CD11b+CCR22CX3CR1highLy6C+/2Ly6G2F4/80+ cells

(1, 2). CD11b+Ly6Chigh monocytes migrate from the bone marrow
(BM) to peripheral tissues, such as the spleen in a CCR2-dependent
manner in response to inflammatory stimuli, and are thus termed in-
flammatorymonocytes (IM) (1). Once recruited into peripheral tissue,
IM can further differentiate into dendritic cells (DC) that produce
TNF-a and inducible NO synthase (TipDC) and into inflammatory
DC (1–3). TipDC, which upregulate CD80, CD86, MHC class II, and
CD11c, rapidly migrate to the T cell area of the spleen. Although they
possess APC activity, their marked reduction in CCR22/2 mice does
not result in defective T cell priming. However, TipDC mediate pro-
tective innate immunity against a number of fungal, protozoan, and

intracellular bacterial pathogens via MyD88-dependent production of
large amounts of TNF-a and/or NO (2).
CD11b+Ly6Chigh cells, expanded in malignant states, autoim-

munity, and bacterial and fungal infections, can also suppress CD4+

and/or CD8+ T cell function and have been referred to as myeloid-

derived suppressor cells (MDSC). MDSC also include CD11b+

Ly6G+ cells (granulocytic) in addition to CD11b+Ly6Chigh cells
(monocytic) (4). Ly6Chigh MDSC are capable of suppressing CD4+

T cell function via production of NO (5) and IL-10 (6, 7). However,

Ly6Chigh cells appear to favor differentiation of CD4+ T cells into
Th1, as opposed to Th2 cells, which may favor immunity to in-

tracellular pathogens (8, 9).
Thus, IM, TipDC, and MDSC appear related via their derivation

from CCR2+CD11b+Ly6Chigh cells, but vary in differentiation state
and/or their functional effects depending upon the experimental

model. Although Ly6Chigh monocytic cells are implicated in cell-
mediated immune responses in the setting of intracellular patho-

gens, autoimmunity, and tumor immunity, their potential role in

adaptive immunity to extracellular bacteria is unknown. Of note,
i.p. injection of aluminum hydroxide (alum) into mice recruits IM

that take up and process coinjected OVA and migrate from the

peritoneum to further differentiate into CD11c+ DC (10–12). These
cells are critical for the alum-mediated Th2 humoral immune re-

sponse to OVA, apparently via their function as APC. Depletion of

CD11c+ monocytes and DC in diphtheria toxin (DT)-injected
CD11c-DT receptor (DTR) mice abrogates alum adjuvanticity.
Immunization of mice i.p. with heat-killed, intact Streptococcus

pneumoniae induces a polysaccharide (PS)-specific T cell–inde-

pendent (TI) IgM and CD4+ T cell–dependent (TD) IgG response,
as well as a TD IgG response specific for a number of pneumo-

coccal proteins (13). We previously proposed a model that sug-

gested that intact bacteria, via expression of TLR and other
microbial ligands directly and indirectly (via cytokines from in-

nate cells), provide critical second signals for TI, in vivo Ig se-
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cretion, and class switching in PS-specific B cells activated via
multivalent BCR crosslinking (14). One cell implicated in TI
responses to intact S. pneumoniae is the circulating CD11b+

CD11clowLy6G2/C2 cell (immature blood DC) that promotes sur-
vival of PS-specific marginal zone B (MZB) cells through secretion
of BAFF/a proliferation-inducing ligand (15). The demonstration in
this report of a critical role for IM, which are phenotypically and
functionally distinct from blood DC, in TI PS-specific IgM
responses to intact S. pneumoniae now implicates an additional key
cellular source for these critical second signals. These data further
implicate IM in promoting TD PS-specific IgG responses. The
potential interactions between IM and blood DC for eliciting a PS-
specific Ig response to an intact bacterium are discussed.

Materials and Methods
Mice

FVB mice were purchased from the National Cancer Institute (Frederick,
MD). CD11b-DTR mice on the FVB background were purchased from The
Jackson Laboratory (Bar Harbor, ME; catalog number 005515, strain FVB-
Tg[ITGAM-DTR/EGFP]34Lan/J).

CD11b-DTR BM chimeras

Six-week-old FVB mice were kept for 16–18 h without food and then were
g-irradiated (10 Gy). Within 24 h postirradiation, the mice were injected
i.v. with 1 3 107 BM cells from CD11b-DTR mice and maintained on
antibiotic water consisting of 200 mg sulfamethoxazole and 40 mg tri-
methoprim (Sigma-Aldrich, St. Louis, MO) for 2 wk postirradiation. The
mice were used for experiments 7 to 8 wk after injection of BM cells. In
each experiment, spleen cells from one chimeric mouse each, injected or
not injected with DT (Sigma-Aldrich), were obtained at 24 h to confirm the
depletion of IM (CD11b+Ly6Chi cells) by flow cytometry. Chimeric mice
were injected with 700 ng DT/mouse (25 ng/g mouse weight, average
weight/mouse 28 g) i.p. every 2 to 3 d throughout the experimental period
as previously described (16).

Bacteria, reagents, and immunizations

S. pneumoniae, capsular type 14 (strain R614) was prepared, heat-
inactivated, and stored as previously described (17). Mice were injec-
ted i.p. with 2 3 108 CFU R614/mouse in saline. Purified S. pneumoniae
capsular PS type 14 (PPS14) was purchased from American Type Culture
Collection (Manassas, VA). Recombinant pneumococcal surface protein
A (PspA) was expressed in Sacharomyces cerevisiae BJ3505 and purified
from supernatant as previously described (18). Phosphorylcholine (PC)
covalently linked to keyhole limpet hemocyanin was a gift from Dr.
Andrew Lees (Fina BioSolutions, Rockville, MD). PPS14-PspA and
C-PS (CPS [teichoic acid])-PspA conjugates were synthesized as pre-
viously described (19). The molar ratio of PPS14 or teichoic acid to
PspA was ∼1:8. Alum (Allhydrogel 2%) was obtained from Brenntag
Biosector. A stimulatory 30-mer CpG-containing oligodeoxynucleotide
(CpG-ODN) was synthesized at Uniformed Services University of the
Health Sciences in the Biomedical Instrumentation Center. PPS14-PspA
or CPS-PspA (1 mg/mouse) adsorbed on 13 mg alum mixed with 25 mg
CpG-ODN was injected i.p.

Flow cytometric analysis

Individual samples of RBC-lysed spleen cells (ACK lysing buffer [Quality
Biological, Gaithersburg, MD]) or peritoneal cells were stained using the
following mouse-specific mAbs: PE- or Alexa Fluor 700–anti-CD11b (clone:
M1/70), PE– or FITC–anti-Ly6C (clone: AL-21), PE–anti-Ly6G (clone:
1A8), PE- or PE-Cy7–anti-CD11c (clone: HL3), allophycocyanin– or PE–
anti-B220 (clone: RA3-6B2), PE–anti-CD4 (clone: L3T4), PE or PE-Cy5–
anti-CD8a (clone: Ly-2 53-6.7), PE– or allophycocyanin–anti-CD19 (clone:
1D3), allophycocyanin–anti-CD90 (clone: 53-2.1), FITC–anti-CD23 (clone
B3B4), and PE–anti-CD21 (clone 7G6) (BD Biosciences, San Jose, CA);
PE–anti-CD5 (clone 53-7.3) and BV421–anti-CD11b (BioLegend); and PE-
Cy7–anti-F4/80 (clone BM8) and PE-anti–plasmacytoid DC Ag-1 (PDCA-
1) (clone eBio129c) (eBioscience). Anti-FcgRII/III mAb (clone 2.4G2) was
added to each sample at 1 mg in 300 ml containing 1 3 106 cells to block
FcgR-mediated binding of specific labeled mAbs. Cells were analyzed
using an LSR-II flow cytometer (BD Biosciences), and results were gen-
erated using FlowJo software (Tree Star, Ashland, OR).

Confocal microscopy

R614 was labeled with Alexa Fluor 405 prior to i.p. injection. Spleens were
fixed and processed as previously described (17). Tissues were snap-frozen
in Tissue-Tek (VWR, West Chester, PA). Twenty-micrometer–thick frozen
sections were cut and stained with either PE–anti-mouse Ly6C alone or
FITC–anti-mouse Ly6C plus PE–anti-CD11b. Immunofluorescence imag-
ing was performed at room temperature with a Zeiss Pascal Laser Scanning
Confocal Microscope (original magnification 320; type: Plan Apochro-
mat; numerical aperture: 0.75 NA; acquisition software: AIM; Carl Zeiss).
Image J software (National Institutes of Health) was used for data analysis.

Measurement of serum titers of Ag-specific IgM and IgG by
ELISA

Serum titers of PPS14-, PC, and PspA-specific IgM and/or IgG were
measured by ELISA. Specifically, plates were coated with 5 mg/ml PPS14,
PC–keyhole limpet hemocyanin, or PspA (100 ml/well) followed by 5-fold
dilutions of serum samples, starting at a 1/100 serum dilution. For the
PPS14-specific ELISA, no cell wall PS was added to serum samples for
blocking anti-PC Abs, because PPS14-coated plates do not bind any de-
tectable PC-specific IgM or IgG (data not shown). Alkaline phosphatase–
conjugated polyclonal goat anti-mouse IgM or IgG was then added at
a final concentration of 1 mg/ml (50 ml/well), followed by substrate
(p-nitrophenyl phosphate, disodium) at 1 mg/ml for color development.
Color was read at an absorbance of 405 nm on a Multiskan Ascent ELISA
reader (Thermo Labsystems, Helsinki, Finland).

Adoptive transfer of CD11b+Ly6Chi cells

RBC-lysed spleen cells from wild-type FVB mice were stained with PE–
anti-CD11b mAb and positively selected using anti-PE MACS beads
(Miltenyi Biotec, Cambridge, MA). CD11b-enriched cells were then la-
beled with FITC–anti-Ly6C, and highly purified CD11b+Ly6Chi cells (IM)
were obtained by electronic sorting using a BD FACSAria (BD Bio-
sciences). IM (2 3 105 cells/mouse) were then injected i.v. into CD11b-
DTR BM-chimeric mice at the same time these mice were injected i.p.
with 700 ng DT. Mice were then immunized 24 h later with R614.

Statistics

All experiments were performed at least twice. Serum titers of Ag-specific
Ig were calculated from seven mice per group as the geometric mean 6
SEM. Percentages of splenic and peritoneal cell types were calculated
from three mice per group as the arithmetic mean 6 SEM. Significance
was determined as p # 0.05 using the two-tailed Student t test.

Results
Selective depletion of IM in DT-treated CD11b-DTR BM-
chimeric mice

CD11b-DTR mice (20) on the FVB/N background (21) were
previously established, whereby transgenic expression of the
human DTR is mediated by the murine CD11b promoter; murine
DTR binds DT poorly and thus human DTR expression confers
DT sensitivity, resulting in DT-induced cell death. Although mul-
tiple cells in the spleen express CD11b (i.e., monocytes, macro-
phages, DC, and neutrophils), injection of CD11b-DTR mice with
DT was previously shown to cause a selective loss of splenic
CD11b+Ly6Chigh cells (22) (i.e., IM) (2). Macrophages (F4/80+) in
the peritoneum, kidney, and ovary, but not spleen or liver, were
also depleted (20).
We first set out to evaluate whether CD11b-DTR mice were

a useful model for determining a potential role for IM in Ig responses
to an intact extracellular bacterium. In initial studies, we observed
that CD11b-DTR mice given a single injection with a range of DT
doses sufficient to effect IM depletion led to uniform mortality by
days 5–7, making this approach unsuitable for studying the humoral
immune response. On the basis of a previous report using DT-
injected CD11c-DTR mice (23), we set out to overcome this limi-
tation by creating CD11b-DTR BM chimeras. This was accom-
plished by injection of lethally irradiated WT mice with CD11b-
DTR BM cells. These CD11b-DTR chimeric mice exhibited no
obvious ill effects following DT injections, which were administered

The Journal of Immunology 1049



every 2 to 3 d over a 21-d period. The dose administered (25 ng/g
mouse weight), as previously suggested (16), was the minimal dose
needed to effect optimal IM depletion (data not shown). Consistent
with the results of Barbalat et al. (22), we demonstrated a .90%
depletion of IM (CD11b+Ly6Chi) in the spleens of chimeric mice
24 h following the first injection of DT, with no significant effects
on the percentage of neutrophils (CD11b+Ly6G+ or CD11b+

Ly6Cintermed.) (Fig. 1A). Three additional reports in which CD11b-
DTR were studied also reported a lack of neutrophil depletion
following DT injection (16, 20, 24), despite their expression of cell-
surface levels of CD11b similar to IM, although the mechanism
underlying this dichotomy has not been elucidated.
We further extended these studies by showing no significant

effects of DT injection on the percentage of splenic plasmacytoid
(CD11clowPDCA-1+CD192CD902) or conventional (CD11chi

PDCA-12CD192CD902) DC, macrophages (CD11b+F4/80+

CD192CD902), follicular (CD19+CD21intermed.CD23+), mar-
ginal zone (MZ) (CD19+CD21hiCD23low/2), or B1 (CD19+CD5+

CD232) B cells, or CD4+ or CD8+ T cells (Fig. 1B). Impor-
tantly, injection of chimeric mice with DT had no significant
effect on the percentages of peritoneal B2, B1a, B1b, or B1c
B cells, although a modest increase in B1d cells was observed
(Fig. 1C). B1a and B1b, but not B1c, B1d, or B2 cells, are
CD11b+. Because DT had no significant effect on the absolute
numbers of total cells obtained from the peritoneum (data not
shown), the relative percentages of B cell subsets in DT-treated
and untreated mice reflected their absolute numbers. In this
regard, DT injection led to a selective loss of peritoneal
CD11bhighF4/80high cells (macrophages) (no DT, 3.3% of total
peritoneal cells; +DT, 0.01%) and to an absolute increase in
CD11blowF4/80low cells (no DT, 0.6% of total peritoneal
cells; +DT, 5.1%). Although peritoneal B1a and B1b cells have
been implicated in PS-specific natural and adaptive immunity,
respectively (25), the functional roles of the more recently de-
scribed B1c and B1d cells (26) remain to be determined. Further
analysis of spleen cell populations from chimeric mice following
R614 immunization and treatment with DT every 2 to 3 d over
a 21-d period continued to show a profound and selective loss

of splenic IM (data not shown), although the absolute number
of splenic neutrophils on day 21 had increased ∼4.5-fold rel-
ative to untreated chimeric mice (p = 0.006; three mice per
group).
Chimeric mice were then injected or not with DT for 24 h,

followed by i.p. immunization with Alexa Fluor 405–labeled, heat-
killed S. pneumoniae, capsular type 14 (Pn14; strain R614). Two
hours later, spleens were evaluated by confocal microscopy using
PE–anti-Ly6C mAb (Fig. 2). In mice not receiving DT, Ly6C+

cells (eGFP+) were observed within both the MZ and red pulp. Of
note, two-color staining for Ly6C and Ly6G demonstrated Ly6C+

Ly6G2 (IM) largely within the MZ, whereas Ly6C+Ly6G+ (neu-
trophils) were localized mostly within the red pulp (data not
shown). Both cell types stained positively for CD11b. Most R614
at this time point were colocalized with IM within the MZ, with
some bacteria observed within the red and white pulp. Consistent
with our flow cytometric analyses (Fig. 1A), spleens from chi-
meric mice receiving DT exhibited a marked loss of Ly6C+ cells
within the MZ (IM), with no apparent change in Ly6C+ cells
within the red pulp (neutrophils) (Fig 2).
In a separate set of studies, we measured peritoneal B cell

subset numbers (B1a, B1b, B1c, B1d, and B2), splenic B1
cells and IM, and blood CD11bhighCD11clow cells (blood DC) in
CD11b-DTR chimeric mice injected once with DT, followed by
R614 immunization 1 d later (day 0), with further analyses on
days 1, 2, and 3 following injection of R614 (Supplemental Fig.
1; three mice per group). Of note, we confirmed a .8-fold re-
duction in splenic IM on day 0, with numbers of IM increasing
to 2-fold higher than untreated levels on days 1, 2, and 3 (p #

0.05 only for days 1 and 2). Although 2-fold decreases in blood
DC were observed on days 0, 1, and 2, relative to untreated,
these differences were not statistically significant. Importantly,
no significant reduction in the numbers of any peritoneal B cell
subset, nor of splenic B1 cells, was observed at any time point.
Collectively, these data strongly suggested that CD11b-DTR BM-
chimeric mice could serve as a useful model for evaluating the
in vivo role of IM in PS- and protein-specific Ig responses to intact
R614.

FIGURE 1. Selective depletion of IM in DT-trea-

ted CD11b-DTR BM-chimeric mice. (A) Spleen cells

from CD11b-DTR BM-chimeric mice, with or

without injection of DT 24 h earlier, were stained

with PE–anti-Ly6C plus Alexa Fluor 700–anti-

CD11b or PE–anti-Ly6G plus Alexa Fluor 700–anti-

CD11b. Numbers represent percentages of total

spleen cell population (average of three mice per

group). (B) Spleen cells obtained as in (A) were

stained with various combinations of mAbs, and cell

types were identified as indicated in text. Numbers

represent percentages of total spleen cell population

(average of three mice per group). (C) Peritoneal

cells were stained with various combinations of

mAbs, and B cell subsets were identified as indi-

cated. Numbers represent percentages of total peri-

toneal cell population (average of three mice/group).

One of two representative experiments. *p # 0.05.

cDC, Conventional DC; FOB, follicular B; pDC,

plasmacytoid DC.
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Selective depletion of IM results in the loss of the
PPS14-specific IgM and IgG, but not PspA-specific IgG,
response to intact R614 in chimeric mice

We previously demonstrated that intact, heat-inactivated Pn14
induces a TI IgM and CD4+ TD IgG response specific for the type
14 capsular PS (PPS14) as well as CD4+ TD IgG responses specific
for several pneumococcal proteins, including pneumococcal sur-
face protein A (PspA) (13). To evaluate a potential role of IM in Ig
responses to intact Pn14 (strain R614), CD11b-DTR chimeric mice
were treated for 24 h with DT, followed by i.p. immunization with
intact, heat-inactivated R614 in saline, with boosting 14 d later in
a similar manner. DTwas administered every 2 to 3 d for the entire
21-d period of the experiment. In marked contrast to DT-untreated,
R614-immunized chimeric mice, primary serum titers of PPS14-
specific IgM and IgG were essentially undetectable in chimeric
mice treated with DT, whereas the primary PspA-specific IgG re-
sponse was unaffected (Fig. 3). Following boosting with R614,
serum titers of PPS14-specific IgM and IgG increased in DT-
treated mice, although they remained significantly below that ob-
served in DT-untreated controls. DT had no effect on the boosted
secondary PspA-specific IgG response. DT administration was then
discontinued on day 21, and sera were obtained 13 wk later,
without further immunization with R614. The marked reduction in

serum titers of PPS14-specific IgM and IgG observed in mice orig-
inally treated with DT persisted, relative to mice that were immu-
nized with R614 in the absence of DT (data not shown).

IM act largely within the first 48 h to stimulate the PPS14- and
PC-specific IgM and IgG responses to R614

In the next set of experiments, we set out to determine the time period
during which IM were essential for stimulating PS-specific Ig
responses to R614. Chimeric mice were thus treated with DT 24 h
prior to R614 immunization as before (day21), and separate groups
of chimeric mice received DT either at the time of R614 immuni-
zation (day 0) or 1 d later (day 1). Optimal depletion of IM occurred
no later than 18 h following DTadministration (data not shown). As
illustrated in Fig. 4, DT administered 24 h prior to immunization
with R614 resulted in a marked inhibition of the PPS14-specific
IgM and IgG responses observed on both days 7 and 14, relative to
DT-untreated, R614-immunized chimeric mice. The serum
PPS14-specific IgM and IgG responses were essentially reduced to
preimmunization levels. Injection of DT on day 0 resulted in an
inhibition of the R614-induced PPS14-specific IgM and IgG re-
sponses largely similar to that observed following DT administration
at day 21, whereas injection of DT on day 1 resulted in either no
significant inhibition or a significantly more modest inhibition than
that observed for mice injected with DT on days 21 or 0.
We previously reported that R614 also induces a TI IgM and

CD4+ TD IgG response specific for the phosphorylcholine (PC)
determinant of the cell wall teichoic acid (CPS) and cell mem-
brane lipoteichoic acid (13). In this regard, similar to the PPS14-
specific IgM and IgG responses, chimeric mice treated with DT,
either 24 h prior to or at the time of R614 immunization, also
showed a marked reduction in the elicited IgM and IgG anti-PC
responses, whereas DT given at day 1 mediated little or no
significant inhibition (Fig. 4). Thus, IM acted largely within the
first 48 h of the initiation of the immune response to R614 to
induce the subsequent production of PPS14- and PC-specific
IgM and IgG.

Adoptive transfer of wild-type IM into DT-treated chimeric
mice restores the PPS14- and PC-specific IgM and IgG
responses

Although our flow cytometric analyses (Fig. 1) strongly suggested
that IM were selectively depleted from the spleens of chimeric
mice following DT administration, with no depletion of peritoneal
B cell subsets, it is theoretically possible that an early, transient
alteration in a key cell subset(s), other than IM, following R614
immunization of DT-treated mice occurred that might have im-
pacted the PPS14- and PC-specific Ig responses. To formally es-
tablish that endogenous IM were indeed the key cell type
promoting the PS-specific Ig response to intact R614 in DT-treated
chimeric mice, we isolated spleen cells from wild-type FVB mice,
used magnetic bead sorting to enrich for CD11b+ cells, and then
performed electronic cell sorting of CD11b+Ly6Chi cells, obtain-
ing a final purity of .99% IM (Fig. 5A). CD11b-DTR chimeric
mice were then injected i.p. with DT in the absence or presence of
i.v.-injected, sort-purified wild-type CD11b+Ly6Chi cells (2 3 105

cells/mouse) 24 h prior to R614 immunization. As illustrated in
Fig. 5B, DT injection, in the absence of coinjected IM, again
resulted in a marked inhibition in the PPS14- and PC-specific IgM
and IgG responses to R614 with no change in the serum titers of
PspA-specific IgG. Of note, injection of wild-type IM into DT-
treated chimeric mice resulted in a complete restoration of the
PPS14- and PC-specific IgM and IgG responses, with no significant
effect on the PspA-specific IgG response (Fig. 5B). Collectively,
these data establish that IM play a critical role in both the TI IgM

FIGURE 2. Splenic IM are localized largely within the MZ in naive mice

and depleted following DT injection. Confocal microscopy of spleen sec-

tions from nonchimeric CD11b-DTR mice with or without injection of DT

26 h earlier and with injection of Alexa Fluor 405-R614 (red) 2 h earlier.

Sections subsequently stained with PE–anti-Ly6C (blue) or eGFP (green).

One of two representative experiments. Original magnification 320.

FIGURE 3. Selective depletion of IM results in the loss of the PPS14-

specific IgM and IgG, but not PspA-specific IgG, response to intact R614

in chimeric mice. CD11b-DTR BM-chimeric mice (seven mice per group)

with or without injection of DT 24 h earlier were immunized i.p. with

R614 (2 3 108 CFU/mouse in saline). DT was administered every 2 to 3 d

for the duration of the experiment. Mice were boosted with R614 on day

14 in a similar manner. Serum titers of Ag-specific IgM and IgG were

measured by ELISA. One of three representative experiments. *p # 0.05.
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and TD IgG anti-PS, but not TD IgG antiprotein, responses to an
intact bacterium.

Selective depletion of IM has no effect on the PPS14- or
PC-specific IgG responses to soluble pneumococcal conjugate
vaccines (PPS14-PspA plus CPS-PspA)

Covalent linkage of PS to an immunogenic protein creates a con-
jugate vaccine (27) that results in the elicitation of CD4+ TD high-
titer, protective IgG anti-PS responses and the generation of
immunologic memory (28–30), which is dependent on CD28 co-
stimulation and CD40L (31, 32). We previously confirmed these
observations using soluble PPS14-PspA and CPS-PspA conjugates
(13). Although in this regard the PS-specific IgG responses to in-
tact R614 and conjugate share similar features (13), the mecha-
nisms underlying the PPS14-specific IgG responses to intact R614
versus PPS14-PspA conjugate also showed distinct differences
(33–35). We thus wished to determine whether endogenous IM
also regulated a conjugate-induced PPS14- and PC-specific IgG re-
sponse. Chimeric mice were immunized i.p. with soluble PPS14-
PspA and CPS-PspA conjugates using alum plus CpG-ODN as an
adjuvant, in the absence or presence of repeated doses of DT. As
noted in Fig. 6, in distinct contrast to R614, neither the primary or
boosted secondary PPS14- or PC-specific IgG responses to PPS14-

PspA plus CPS-PspAwere affected by DT-induced IM depletion in
chimeric mice. As expected, DT also had no effect on the PspA-
specific IgG response.

IM are phenotypically and functionally distinct from
circulating CD11b+CD11clowLy6G2/C2 cells (immature
blood DC)

One cell implicated in TI Ig responses to intact S. pneumoniae is
the circulating CD11b+CD11clowLy6G2/C2 cell (immature blood
DC) that promotes survival of PS-specific MZB cells through
secretion of BAFF/a proliferation-inducing ligand (15). Blood
DC rapidly internalized systemically injected S. pneumoniae and
transported them into the spleen. Although blood DC and IM are
both CD11b+ cells, we demonstrate in Fig. 7 that they are clearly
distinct. Thus, IM from naive WT mice, in contrast to that re-
ported for blood DC, showed no detectable expression of CD11c
(Fig. 7A). Of note, in further contrast to blood DC (15), splenic
CD11b+Ly6C+ cells from WT mice failed to internalize detectable
R614 4 h postimmunization, although CD11b+Ly6C2 cells showed
significant bacterial uptake (Fig 7B). Collectively, these data, and the
observation that, unlike blood DC, IM are already present in the
splenic MZ and also express high levels of Ly6C in the naive mouse
(Fig. 2), demonstrate that IM and blood DC are distinct cells that

FIGURE 4. IM act largely within the first 48 h to

stimulate the PPS14- and PC-specific IgM and IgG

responses to R614. CD11b-DTR BM-chimeric mice

(five mice per group) without or with DT 24 h earlier

(d21), at the same time (d0), or 24 h after (d1) im-

munization with R614 (2 3 108 CFU/mouse) in sa-

line. DT was administered every 2 to 3 d for the

duration of the experiment. Serum titers of Ag-specific

IgM and IgG were measured by ELISA. Vertical

dashed lines represent serum titers prior to immuni-

zation with R614. One of two representative experi-

ments. *p # 0.05.

FIGURE 5. Adoptive transfer of wild-type IM into DT-treated chimeric mice restores the PPS14- and PC-specific IgM and IgG responses. (A) Spleen

cells from WT FVB mice were enriched for CD11b+ cells using magnetic cell sorting (left panel) followed by purification of CD11b+Ly6Chi cells

by electronic cell sorting (right panel) [.99% purity]. (B) Purified CD11b+Ly6Chi cells (2 3 105 cells/mouse) were injected i.v. into CD11b-DTR

BM-chimeric mice 24 h after DT injection. DT was administered every 2 to 3 d for the duration of the experiment. DT-treated chimeric mice without

injected CD11b+Ly6Chi cells and chimeric mice without injection of DT or CD11b+Ly6Chi cells were included as controls. All groups consisted of seven

mice each. Serum titers of Ag-specific IgM and IgG were measured by ELISA. One of two representative experiments. *p # 0.05.
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may be playing key complementary roles in the Ig responses to intact
S. pneumoniae.

Discussion
CD11b-DTR BM-chimeric mice treated with DT rapidly deplete
splenic CD11b+Ly6Chi cells (IM), with no reduction in the number
of other splenic CD11b+ cell subsets or peritoneal CD11b+ B cells
(B1a and B1b). B1a and B1b cells have previously been implicated
in natural Ab production and adaptive immunity, respectively, in
response to TI Ags. Although the selectivity of IM depletion in this
model was surprising, several additional reports have made similar
observations (16, 20, 22, 24). More importantly, the ability to
completely restore the defective PS-specific IgM and IgG respon-
ses to intact R614 in CD11b-DTR chimeric mice following in-
jection of highly purified WT IM establishes the validity of this
model for studying the role of IM in PS-specific Ig responses to
blood-borne extracellular bacteria, in which the spleen and perhaps
migrating peritoneal B cells play a critical role. This model may
also have value in determining a potential role for IM in mediating
innate host protection against extracellular bacterial infections, in
light of the ability of IM to secrete proinflammatory cytokines. Of
interest, CD11b-DTR chimeric mice given repeated doses of DT
exhibited a 4.5-fold increase in neutrophils over a 21-d period. In
this regard, a recent report demonstrated an increase in neutrophils

in the blood and several organs, including the spleen, following
a single injection of DT in CD11c-DTR mice, which selectively
depleted DC (36). Although the increase in neutrophils was at-
tributed to a loss of DC, we did not observe any significant changes
in DC numbers in DT-treated CD11b-DTR mice.
PS-specific IgG responses to intact S. pneumoniae or Neisseria

meningitidis are dependent on CD4+ T cells, B7-dependent co-
stimulation, and CD40–CD40 ligand interactions (18, 37), similar
to that observed for soluble PS conjugate vaccines (31, 32).
However, the mechanism by which PS-specific Ig responses are
elicited in response to intact S. pneumoniae versus pneumococcal
conjugate vaccine appears to have distinct features, including
differential use of MZB versus follicular B cells, respectively (33,
34), associated with distinct idiotype usage of the elicited PS-
specific Ab (35). Our demonstration that IM play no apparent
role in the PS-specific Ig response to conjugate vaccine, in distinct
contrast to intact R614, further support a mechanistic dichotomy
for these distinct physicochemical forms of PS.
Multivalent BCR cross linking, as occurs during responses of

specific B cells to PS Ags, results in a robust proliferative response
without class switching or differentiation into Ig-secreting cells.
However, in the presence of a second signal, such as IL-2 plus IL-3,
GM-CSF, IFN-g, BAFF, and/or TLR ligands such as lipoproteins,
porin proteins, CpG-ODN, or low doses of LPS, BCR-activated

FIGURE 6. Selective depletion of IM has no effect on the PPS14- or PC-specific IgG responses to soluble pneumococcal conjugate vaccines (PPS14-

PspA plus CPS-PspA). CD11b-DTR BM-chimeric mice (seven mice per group) with or without injection of DT 24 h earlier were injected i.p. with PPS14-

PspA (1 mg/mouse) in alum plus CpG-ODN. DT was administered every 2 to 3 d for the duration of the experiment. Mice were boosted with PPS14-PspA

on day 14 in a similar manner. Serum titers of Ag-specific IgM and IgG were measured by ELISA. One of two representative experiments. *p # 0.05.

FIGURE 7. IM are phenotypically and

functionally distinct from circulating CD11b+

CD11clowLy6G2/C2 cells (immature blood DC).

(A) Expression of CD11c (PE–anti-CD11c) on

gated CD192CD902Ly6G2 cells (Alexa Fluor

700–anti-CD19, anti-CD90, and anti-Ly6G) from

naive WT mice followed by Ly6C (FITC–anti-

Ly6C) and CD11b (BV421–anti-CD11b) ex-

pression on gated CD11cneg, CD11clow, and

CD11chigh cells. (B) WT mice were injected

with Alexa Fluor 405–labeled R614 (red). Four

hours postinjection, spleens were obtained, and

sections were stained with FITC–anti-Ly6C

(green) plus PE–anti-CD11b (blue). Original

magnification 363 oil.
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B cells switch and secrete IgM and IgG (15, 38, 39). Collectively,
these second signals are likely to be delivered to B cells during
infections with intact extracellular bacteria and thus play a role in
PS-specific Ig responses (14). Although the mechanism by which
isolated PS elicit Ig responses in vivo requires further study,
a contaminating TLR ligand(s) in preparations of purified pneu-
mococcal PS was shown to be critical for the elicited PS-specific Ig
response in vivo (40). PS themselves may also have immunomod-
ulatory properties (41–43). Elucidation of the cells that likely act as
a source of critical second signals during PS-specific Ig responses to
intact bacteria and their mechanisms of action require further study.
In this regard, our data raise the possibility of an interplay

between IM and immature blood DC in costimulating PS-specific
Ig responses to intact bacteria. IM are present within the splenic
MZ of naive mice, colocalized with MZB cells, a B cell subset
that plays a critical role in PS-specific Ig responses to blood-borne
extracellular bacteria (44). Blood DC, in contrast to IM, rapidly
internalize blood-borne extracellular bacteria and transport them
to the MZ (15). Based on our current observations, we speculate
that the interplay of MZB, IM, and blood DC within the MZ may
be critical for promoting PS-specific Ig responses to a variety of
blood-borne extracellular bacteria. Specifically, we suggest the
possibility that IM, through release of proinflammatory cyto-
kines, will directly costimulate TI PS-specific IgM secretion by
BCR-activated B cells, as well as indirectly via promoting the
release of BAFF from blood DC (15). IM may also promote TD
PS-specific IgG responses directly through differentiation into
TipDC or inflammatory DC (1–3) or indirectly by costimulating
blood DC maturation through release of cytokines such as TNF-
a. In addition, NK cells, in part through secretion of IFN-g, may
also play a role in costimulating PS-specific Ig responses (45–
47), with the potential to further interact with IM and blood DC
(48) early during bacterial infections.
These data are of further interest in regards to a recent obser-

vation that noninflamed human spleens contain significant num-
bers of neutrophils in close proximity to MZB cells and that these
cells can provide help to MZB cells in vitro for Ig secretion and
class switching (49). Indeed, neutropenic patients were found to
have reduced levels of IgM, IgG, and IgA specific for nonprotein
microbial Ags, but not to protein Ags or protein-conjugated PS.
Thus, at least in humans, neutrophils may serve a similar function
to what we have observed for IM in mice.
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