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Abstract
Naive B lymphocytes are generally thought to be poor APCs, and there is limited knowledge of
their role in activation of CD8+ T cells. In this article, we demonstrate that class I MHC Ag
presentation by human naive B cells is enhanced by TLR9 agonists. Purified naive B cells were
cultured with or without a TLR9 agonist (CpG oligodeoxynucleotide [ODN] 2006) for 2 d and
then assessed for phenotype, endocytic activity, and their ability to induce CD8+ T cell responses
to soluble Ags. CpG ODN enhanced expression of class I MHC and the costimulatory molecule
CD86 and increased endocytic activity as determined by uptake of dextran beads. Pretreatment of
naive B cells with CpG ODN also enabled presentation of tetanus toxoid to CD8+ T cells,
resulting in CD8+ T cell cytokine production and granzyme B secretion and proliferation.
Likewise, CpG-activated naive B cells showed enhanced ability to cross-present CMV Ag to
autologous CD8+ T cells, resulting in proliferation of CMV-specific CD8+ T cells. Although
resting naive B cells are poor APCs, they can be activated by TLR9 agonists to serve as potent
APCs for class I MHC-restricted T cell responses. This novel activity of naive B cells could be
exploited for vaccine design.

Within the population of APCs that includes dendritic cells (DCs), B cells, and
macrophages, DCs are proposed to display a unique competence to cross-present Ags and
activate naive CD8+ T cells (1,2). In contrast, the role of B cells in CD8+ T cell priming has
been controversial (3–6). Ag-specific B cells have the capacity to induce primary CD8+ T
cell responses in the absence of other competent APCs (7,8). Memory B cells can be APCs
and prime naive CD4+ T cells in a CD40L-CD40–dependent manner (4,9). In contrast,
experiments in mice implied that resting and activated H-Y–presenting B cells induce naive
CD8+ T cell tolerance (3,10). Furthermore, recent studies in mice suggested that Ag
presentation by naive B cells may lead to peripheral T cell tolerance by induction of
regulatory T cells (11). The failure of naive B cells to induce CD8+ T cell immune responses
to Ag may stem, in part, from the relatively low expression of costimulatory molecules,
because induction of co-stimulatory molecules on naive B cells tends to increase their APC
function (6,12–18). Another significant limitation for naive B cell APC activity is the low
frequency of naive B cells that bear receptors for a particular Ag, making Ag recognition
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and receptor-mediated uptake by naive B cells a relatively rare event. In contrast, other types
of APCs more readily sample environmental Ags by endocytic pathways.

Unmethylated CpG oligodeoxynucleotides (ODNs) enhance innate and adaptive immunity
and, consequently, have potential usefulness for immunotherapeutic and vaccine adjuvant
applications (19,20). These molecules mediate their effects by interacting with TLR 9 that is
expressed within certain APC populations (20). In humans, the professional APCs that
express TLR9 include plasmacytoid DCs (pDCs) and B lymphocytes (21,22). Activation of
TLR9 on pDCs may lead to maturation of these cells, as well as production of type I IFN
(23–25). Activation of memory B cells by TLR9 can lead to cellular expansion and Ig
production, and this may play an important role in memory B cell homeostasis and sustained
Ab production (26). The consequences of TLR9 activation in human naive B cells are less
well characterized, although we recently demonstrated that TLR9 agonists are sufficient to
induce naive B cell proliferation and to enhance survival of these cells (27).

In this study, we considered the possibility that CpG ODNs may enhance naive B cell APC
function. We measured the ability of CpG ODN-treated naive B cells to process and to
present soluble Ag to CD8 T cells. We found that human primary naive B cells can take up
and present Ags to autologous CD8 T cells after TLR9 ligation. The enhanced cross-
presentation of Ags to CD8+ T cells is also accompanied by increased surface expression of
class I HLA and increased endocytic activity. Thus, human naive B cells have the potential
to become potent APCs once activated by TLR9 agonists.

Materials and Methods
Reagents

Endotoxin-free CpG ODN 2216 (5′-GGGGGACGATCGTCGGGGGG-3′), CpG ODN 2395
(5′-TCGTCGTTTTCGGCGCGCGCCG-3′), CpG ODN 2006 (5′-
TCGTCGTTTTGTCGTTTTGTCGTT-3′), and non-CpG ODN 2137 (GC control for CpG
ODN 2395 and CpG ODN 2006) were provided by Coley Pharmaceutical Group Inc.
(Wellesley, MA). Titration experiments using a range of concentrations, from 1–18 μg/ml,
indicated that 6 μg/ml provided an optimal effect. Recombinant human IL-4 was obtained
from R&D Systems (Minneapolis, MN). Human CMV lysate (1:40 dilution) was purchased
from BioWhittaker (Walkersville, MD). Tetanus toxoid Ag was purchased from Wyeth-
Ayerst Lab Inc. (Marietta, PA).

Study subjects
This study was approved by the institutional review board at the University Hospitals of
Cleveland. All blood samples were obtained with informed consent. Blood was drawn into
heparin-coated tubes from healthy volunteer donors. All participants reported that they had
received a tetanus booster shot as adults

Cell isolation
PBMCs were isolated over a Ficoll-Hypaque cushion. Naive B cells were purified by
negative selection immunoaffinity using magnetic beads (naive B cell isolation kit II;
Miltenyi Biotec, Bergisch Gladbach, Germany). The purity of naive B cells was determined
by flow cytometry and was consistently >97%, whereas viability was >95% based on trypan
blue dye exclusion.

T cells were isolated by negative selection (Pan T cell isolation kit II; Miltenyi Biotec);
purified total T cells were labeled with 10 μmol CFSE (Molecular Probes). Briefly, cells
were washed and resuspended in PBS/0.1% BSA buffer and incubated with 10 μmol CFSE
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solution at 37°C for 10 min. Then cells were incubated in FBS on ice for 5 min. T cells were
mixed with unstimulated or stimulated naive B cells for assays of Ag-induced T cell
expansion.

In all assay systems, pDCs were depleted from isolated B and T cells using BDCA-4
microbeads (Miltenyi Biotec). The purified B and T cells contained <0.01% pDCs, as
determined by flow cytometry.

Ag processing and presentation assays
Purified naive B cells were cultured with or without CpG ODN 2006 or IL-4 (25 ng/ml) for
2 d and then irradiated (2000 rad). B cells were washed, resuspended, and plated in 96-well
U-bottom plates (BD Labware), along with autologous CFSE-labeled T cells at APC/T cell
ratios of 1:2, 1:10, and 1:50. Ags (CMVor tetanus toxoid [TT]) were added to 0.2 ×106 total
cells in each well. T cell proliferation was quantified by measuring the percentage of cells
that diluted tracking dye at day 7 or 8. To assess the frequency of CMV tetramer-reactive
CD8+ T cells, 10 μl MHC-I HLA-A*0201 human CMV pp65495–503 (NLV9)-PE tetramer
(Beckman Coulter Immunomics) was used to stain cells for 30 min at room temperature.
Cells were washed with 4 ml PBS/BSA/azide solution, fixed with PBS/BSA/
paraformaldehyde solution, examined using a FACSCalibur flow cytometer (BD
Immunocytometry Systems), and analyzed by CellQuest software.

In studies that assessed intracellular granzyme B expression in proliferating T cells, CFSE-
labeled purified T cells were cultured with naive B cells or CpG-treated naive B cells at a T
cell/B cell ratio of 1:10 or 1:5 for 7 d. As above, some of these cell cultures were pulsed
with TTAg. After 7 d, cells were surface labeled with anti-human CD8 Ab, fixed,
permeabilized, and stained with anti-granzyme B or isotype control Ab (Abs from BD
PharMingen, San Jose, CA). Samples were analyzed by flow cytometry.

Staining for intracellular cytokines
Ag-reactive T cells were expanded for use as responder cells in intracellular cytokine-
expression assays by stimulating PBMCs with Ag for 10 d. These T cells were washed at
day 3 to remove Ag and were washed again before secondary culture. rIL-2 (72 IU/ml;
Chiron) was added at day 4. Assays of surface expression of CD69, as well as Ag-induced
IFN-γ and TNF-α production, were performed using 2-d cultured naive B cells (0.2 × 106) as
APCs and autologous T cell lines (2 × 106) incubated with Ag for 6 h at 37°C in 5% CO2.
Brefeldin A (10 μg/ml) was added, and cells were incubated for an additional 3 h. Surface
expression of CD69, as well as intracellular IFN-γ and TNF-α expression in CD8 T cells,
was measured by flow cytometry.

Assays of Ag uptake
To examine uptake of FITC-labeled dextran in vitro, naive B cells were cultured with or
without CpG ODN 2006 (6 μg/ml) for 2 d. Dextran particles (20 KDA; Sigma, St. Louis,
MO) were added to 2 d cultures of naive B cells (0.5 × 106 cells/ml) at a ratio of 10
microspheres per cell. Cultures were maintained at 37°C or, as a negative control, on ice for
2 h prior to harvesting. Cells were washed and analyzed using a FACSCalibur flow
cytometer. FITC-dextran uptake was calculated by subtracting the background staining of
the sample incubated with particles on ice from the staining of the cells incubated with
particles at 37°C.

Flow cytometry
Cells were washed in PBS/BSA staining buffer and stained with the following mAbs: anti–
IgD-biotin followed by secondary streptavidin-PerCP, anti–CD19-allophycocyanin, anti–
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HLA-A,B,C (clone G46-2.6), anti–CD27-allophycocyanin, anti–CD4-allophycocyanin,
anti–CD8-PERCP, anti–CD40-FITC, anti–CD80-PE, anti–HLA-DR–allophycocyanin, anti–
IFN-γ–FITC, anti–TNF-α–PE, anti-granzyme B-Alex 700, and appropriate isotype control
mAbs (BD PharMingen, San Jose, CA).

Statistical methods
Variables were compared by the Wilcoxon rank test, and a p value of 0.05 was considered
nominally significant.

Results
CpG ODN induces class I MHC and CD86 expression in primary human naive B
lymphocytes

To explore the effects of TLR9 agonists on naive B cell APC function, we first asked
whether CpG ODN influences expression of class I MHC and the costimulatory molecule
CD86. As anticipated, CpG ODN induced increased surface expression of CD86 on naive B
cells. Furthermore, class I MHC expression was also increased after naive B cells were
incubated with CpG ODN (Fig. 1). In contrast, cells incubated in IL-4, a cytokine known to
enhance B cell survival, did not increase class I MHC expression and produced a smaller
increase in CD86 expression than did CpG ODNs on naive B cells (Fig. 1). Our previous
study indicated that other costimulatory molecules, including CD40 and CD80, are also
induced by CpG ODNs in naive B cells (27).

Enhanced endocytosis by naive B cells treated with CpG ODNs
An important limitation of naive B cell APC function may reside in the relatively poor
capacity of these cells to take up Ags by endocytic processes. Thus, only rare naive B cells
with Ag-specific receptors would be expected to mediate Ag uptake under resting
conditions. We tested the endocytic activity of naive B cells by measurement of dextran
uptake. Purified naive B cells were stimulated with or without CpG ODN 2006 for 20 h,
washed, and incubated with dextran for 2 h on ice or at 37°C. Cells were harvested and
analyzed by flow cytometry for dextran uptake. As shown in Fig. 2, naive B cells incubated
in medium alone at 37°C or CpG-treated naive B cells incubated on ice demonstrated
relatively poor uptake of dextran, whereas naive B cells incubated with CpG ODNs had
markedly greater dextran uptake (Fig. 2). CpG incubation had no effect on latex bead uptake
(data not shown). These results suggested that CpG ODNs are better at taking up small
particles, such as dextran or TT Ag (Fig. 3), but not big particles, such as latex beads. These
observations suggested that CpG ODNs induce endocytic mechanisms in naive B cells.

CpG-activated naive B cells induce expression of CD69, IFN-γ, and TNF-α in TT-stimulated
CD8+ T cells

To investigate the potential for naive B cells to present Ag to CD8+ T cells, we incubated
purified naive B cells in medium alone or in medium plus CpG ODNs for 2 d. B cells were
then mixed with tetanus-reactive autologous T cell lines in the presence of TT for an
additional 16 h. T cells were assessed for responses to Ag by measuring CD69 expression
and intracellular production of TNF-α and IFN-γ. We found that TT-dependent responses of
CD8+ T cells were induced by CpG ODN-stimulated naive B cells but not untreated naive B
cells (Fig. 4). Purified T cells incubated with Ag but without B cells failed to respond to TT,
attesting to the lack of DC or other APC contamination in the T cell samples.
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Induction of TT-mediated CD8+ T cell proliferation by CpG ODN-activated naive B cells
To evaluate the capacity of CpG-treated naive B cells to induce T cell proliferation
responses to recall Ag, we cultured CpG-treated and untreated naive B cells with purified,
CFSE-labeled autologous T cells and TT Ag. As shown in Fig. 3, unstimulated naive B cells
were able to induce modest CD8+ T cell-proliferation responses in the presence of TT that
were not significantly different from CD8+ T cell responses to Ag in the absence of B cells
(Fig. 3A); however, pretreatment of naive B cells with CpG ODN dramatically enhanced the
ability of these cells to induce CD8+ T cell proliferation in response to TT. In contrast, CpG
ODN pretreatment of naive B cells had only modest effects on the ability of these cells to
induce CD4+ T cell-proliferation responses to TT in comparison with B cells that were not
treated with CpG ODN (Fig. 3). Notably, the mean percentage of proliferating CD8+ T cells
among T cells cultured with CpG-treated naive B cells in the absence of Ag was low
(4.95%, n = 6) compared with cells incubated in the presence of Ag (14.8%), suggesting that
the effects of CpG B cells in the latter circumstance could not simply be explained by
enhancement of autologous MLRs.

Induction of CMV-pp65–specific CD8 T cell response by CpG-treated naive B cells
To assure that the effects of CpG-ODN–primed naive B cells on class I MHC restricted T
cell responses were also demonstrable among CD8+ T cells recognizing viral Ags, we tested
CD8+ T cell-proliferation responses to whole CMV Ag and confirmed the specificity of
these responses by staining with NLV9 (NLV-PMAVTV) HLA2-specific tetramers. Naive
B cells incubated with CpG ODNs or medium alone for 2 d were then mixed with purified
autologous CFSE-labeled T cells and CMV Ag for 7–8 d. CD4 and CD8 (Fig. 5) T cells
proliferated in response to CMV Ags presented by CpG ODN-primed naive B cells. The
proliferating cells included NLV9-tetramer–specific CD8+ T cells, confirming the
specificity of the CD8+ T cell response (Fig. 5A). CpG-treated naive B cells caused a
significant increase in the magnitude of the CMV-induced CD8+ T cell response and the
expansion of CD8+ T cells that bound this NLV9-tetramer compared with the responses of
untreated naive B cells. Thus, CpG ODN exposure enhances naive B cell APC function,
resulting in an increased capacity for these cells to induce Ag-specific CD8+ T cell
responses through the TCR in response to exogenously delivered soluble Ags.

Induction of granzyme B expression in proliferating CD8+ lymphocytes by CpG-treated
naive B cells

To determine whether Ag presentation by CpG-treated naive B cells also affected expression
of molecules involved in CTL function, we examined granzyme B expression in CD8+ T
cells that proliferated in response to TT stimulation. Granzyme B is an important component
of lytic granules that mediates apoptosis of target cells (28). The percentages of CD8+ T
cells that were proliferating and expressing intracellular granzyme B were markedly greater
in CD8+ T cells that were stimulated with Ag presented by CpG-treated naive B cells
compared with untreated naive B cells (Fig. 6). Roughly 80–90% of CFSElow cells
expressed granzyme B among CD8 cells that proliferated in response to TT presented by
CpG-treated naive B cells (Fig. 6A, data not shown).

Discussion
CpG ODN provides a sufficient signal, which we showed in earlier studies, to induce naive
B cell expansion and protect activated naive B cells from apoptosis (27). Despite induction
to proliferate, naive B cells exposed to CpG ODN do not undergo phenotypic maturation
into a memory phenotype, yet they differentiate to express increased surface levels of
costimulatory molecules (27).
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Because costimulation is an important component of APC function, we hypothesized that
naive B cells exposed to CpG ODN may have more potent APC function. Thus, in contrast
to resting naive B cells that express low levels of costimulatory molecules and that generally
induce a tolerant T cell response (5,13), naive B cells activated to express costimulatory
molecules may provide more effective APC function for induction of T cell immunity
(4,14). A variety of stimuli, including cytokines, CD40L (4,14), and TLR agonists (e.g.,
CpG ODNs) (6,29), were shown to enhance costimulatory function of resting B cells in
mice; our work points to a similar effect of CpG ODNs on human naive B cells.

The role of human naive B cells in priming T cell responses in vivo is not well recognized;
however, in general, it is thought that other cell types, especially DCs, play a more central
role in this process. A significant role for naive B cells in Ag presentation is thought to be
limited by the relatively rarity of cells that express specificity for a given Ag that would be
capable of receptor-mediated Ag uptake. Our results demonstrated that CpG ODN enhances
endocytic uptake by naive B cells, providing these cells with an enhanced ability to ingest
Ags prevalent in the microenvironment without a need for Ag specificity. However, a
potential limitation of naive B cell APC function in vivo is the rarity (or failure) of their
migration to tissue sites and the resultant diminished opportunity to encounter Ag.
Nevertheless, naive B cells circulate through the blood and lymph and home to secondary
lymphoid organs where they may encounter extrafollicular Ag-bearing DCs and T cells;
these cells may have opportunities to contribute to initial phases of immune responses
(30,31).

A striking observation that we made in this study is the unique capacity of CpG ODN-
primed naive B cells to cross-present soluble Ag to CD8+ T cells. Generally, cross-
presentation is thought to be mediated largely by DCs, with limited contributions from other
cell types. Nonetheless, previous studies indicated that resting mouse B cells exposed to
CpG ODN expressed increased levels of CD40 and CD86 and can cross-present exogenous
Ag to CD8 T cells (6,32). The present studies demonstrated that human naive B cells also
respond to CpG ODN with enhanced cross-presentation capabilities that coincide with
increased surface expression of class I MHC. The increase in class I MHC expression on
naive B cells likely potentiates the enhanced presentation of Ag to CD8+ T cells, but it is
also likely that other changes in these cells contribute to B cell cross-presentation. These
may include changes in Ag uptake or changes in the expression of proteolytic enzymes,
TAP, or other molecules implicated in cross-processing and cross-presentation. Further
studies into the mechanisms that facilitate human naive B cell cross-presentation may
provide important insights into the regulation of these functions and may help to clarify the
potential role of naive B cells in the generation of the adaptive T cell response. These
observations provide insight on a novel function of naive human B cells and have the
potential to inform the design of new vaccine strategies.

Recent studies in humans demonstrated that administration of CpG ODN adjuvant can
enhance humoral and cell-mediated immunity to hepatitis B vaccine (33–35). Importantly,
no major adverse events have been reported with CpG ODN adjuvant administration in
humans (35). The involvement of CD8+ T cell responses to Ag in these trials has not been
carefully evaluated; however, experiments in mice suggest that CpG ODN can enhance
CD8+ T cell responses to recombinant protein Ag in a B cell-dependent manner (36). These
data and our in vitro observations with human cells suggest that strategies that target Ags
and CpG ODN to B cells may be an effective approach for induction of CD8+ T cell
immunity.
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FIGURE 1.
Increased class I MHC and costimulatory molecule expression in purified naive B cells after
CpG ODN 2006 stimulation. Purified naive B cells were isolated and cultured in medium
alone (med) or medium supplemented with CpG ODN 2006 (CpG) or with IL-4 (25 ng/ml)
for 20 h. Surface expression of class I MHC (A, B, C) and CD86 among naive B cells was
analyzed by flow cytometry. A, Representative graphs of class I MHC and CD86 expression
on naive B cells. B, Summary data representing median fluorescence intensities (mean ± SD,
n = 9) of class I MHC expression (p = 0.008 compared with untreated cells) and percentage
of CD86-expressing cells. *p < 0.05, **p < 0.001.
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FIGURE 2.
Enhanced endocytosis by purified naive B cells after CpG ODN 2006 stimulation. Purified
naive B cells were cultured with or without CpG ODN 2006 (6 μg/ml) for 2 d. Cells were
irradiated, washed, and cocultured with dextran on ice or at 37°C for another 2 h and
analyzed by flow cytometry. Data shown are mean percentages (± SD) of naive B cells that
ingested FITC dextran (n = 5). *p < 0.05.
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FIGURE 3.
TT-specific CD8+ T cell proliferation is enhanced by CpG ODN-stimulated naive B cells.
Purified naive B cells (nB) were cultured with (CpG-nB) or without CpG ODN 2006 (6 μg/
ml) for 2 d. Cells were irradiated, washed, and then cocultured with purified autologous
CFSE-labeled CD3+ T cells in the presence or absence of TT for 8 d. Proliferation of gated
CD8+ and CD4+ T cells was assessed by dilution of CFSE dye. A, Graphs of one
representative experiment. B, Percentages of proliferating CD8+ and CD4+ T cells (mean ±
SD). The results were analyzed using blood from six donors. The comparisons were
analyzed by the non-parametric Wilcoxon rank test.
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FIGURE 4.
CpG ODN-activated naive B cells enhance CD8+ T cell surface CD69, as well as
intracellular TNF-α and IFN-γ expression in response to TT stimulation. Purified naive B
cells (nB) from two individuals were incubated with (CpG-nB) or without CpG ODN 2006
(6 μg/ml) for 20 h. Cells were irradiated, washed, and cocultured with autologous T cell
lines in the presence of TT (4 LFU/ml) for 16 h. Brefeldin A was added to inhibit Golgi-
mediated export of cytokines. Percentages of CD69+ CD8+ T cells (A), IFN-γ+CD8+ T cells
(B), and TNF-α+CD8+ T cells (C) are shown under the following three conditions: purified
T cells with Ag, purified T cells with Ag and medium-cultured naive B cells, and purified T
cells with Ag and CpG-cultured naive B cells.
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FIGURE 5.
CMV-tetramer–binding CD8+ T cells expand in response to CpG-activated naive B cells in
the presence of CMV Ags. Naive B cells (nB) from five CMV seropositive donors were
treated with (CpG-nB) or without CpG ODN 2006 (6 μg/ml). Cells were irradiated, washed,
and cocultured with autologous CFSE-labeled CD3+ T cells in the absence or presence of
CMV Ags for 8 d. Proliferation of CD8+ T cells was assessed by dilution of CFSE dye and
by binding of PE-conjugated HLA-A2 NLVPMVATV tetramer complexes. A, Dot plots
represent dilution of CFSE dye by proliferating T cells and tetramer staining from one of
two representative experiments using blood of HLA-A*0201 donors. B, Percentages of
proliferating CD8+ and CD4+ T cells (mean ± SD, n = 5). The comparisons were analyzed
using the Wilcoxon rank test.
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FIGURE 6.
CpG-treated naive B cells induce granzyme B expression in proliferating CD8+

lymphocytes. Purified naive B cells were cultured with (CpG-nB) or without (nB) CpG
ODN 2006 (6 μg/ml) for 2 d. Cells were washed and cocultured with purified autologous
CFSE-labeled CD3+ T cells at a ratio of 1:10 and 1:5 in the presence or absence of TT for 7
d. A, Intracellular expression of granzyme B and proliferation of CD8+ T cells from one
representative donor is shown in dot plots. B, Percentages of CD8+ T cells that are
proliferating and expressing intracellular granzyme B from seven donors (mean ± SEM, n =
7). The comparisons were analyzed using the Wilcoxon rank test. *p < 0.05.
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