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Abstract
Flagellin is a highly effective adjuvant, but the cellular mechanism underlying this activity
remains uncertain. More specifically, no consensus exists as to whether flagellin activates
dendritic cells (DC) directly or indirectly. Intramuscular immunization with flagellin-OVA fusion
protein resulted in enhanced in vivo T cell clustering in draining lymph nodes and IL-2 production
by OVA-specific CD4+ T cells. Immunization with flagellin-OVA also triggered greater levels of
Ag-specific CD4+ T cell proliferation than immunization with flagellin and OVA as separate
proteins. To determine whether flagellin, in the context of a fusion protein with OVA, was acting
directly on DC, we used a combination of CD4+ T cell adoptive transfers and bone marrow
chimera mice in which the presence or absence of potential tlr5+/+ CD11c+ cells was controlled by
injection of diphtheria toxin. The Ag-specific CD4+ T cell response in mice with CD11c+ cells
from a tlr5−/− background and mixed populations of all other hematopoietic cells was dramatically
reduced in comparison to mice that had DC from tlr5−/− and wild-type backgrounds.
Immunization of MyD88−/−tlr5+/+ mice revealed that the enhanced response following
immunization with flagellin-OVA is dependent on signaling via the TLR5-MyD88 pathway as
well as enhanced Ag uptake and processing resulting from Ag targeting via TLR5. In summary,
our data are consistent with the conclusion that direct stimulation of tlr5+/+ CD11c+ cells is
necessary for the adjuvant activity of a flagellin fusion protein and that this adjuvant effect
requires signaling through TLR5.

Flagellin, the major structural protein of bacterial flagella (1) and the ligand for TLR5 (2–4),
is a potent systemic and mucosal adjuvant (5–13). Although the adjuvant activity of flagellin
is widely accepted to stem from its ability to induce dendritic cell (DC)3 maturation (10, 14–
16), the mechanism, either direct or indirect, has not been demonstrated. Indeed, some
researchers have concluded that flagellin does not exert a direct effect on DC (15, 17).

Numerous studies have examined the effect of treatment with flagellin on DC. Didierlaurent
et al. (14) demonstrated that incubation of splenic and bone marrow-derived murine DC
(BMDC) with flagellin results in modest up-regulation of MHC class II, CD86, CD80, and
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CD40 and that immunization of mice adoptively transferred with OVA-specific CD4+ T
cells with flagellin and OVA promoted proliferation of OVA-specific cells. Ablation of
CD80 or CD86 expression reduced the ability of murine DC to promote Ag-specific CD4+ T
cell proliferation and Ab production following immunization with flagellin (10). These
findings support the hypothesis that flagellin activates DC and that DC are a crucial cell type
in the cellular mechanism of flagellin adjuvant activity, but these findings do not directly
address the route of activation.

Several groups have reported that flagellin can promote the activation of myeloid-derived
human DC in vitro (15, 18–20). Although Means et al. (15) found that flagellin could
promote the in vitro activation of human DC, they also reported that incubation of murine
BMDC with flagellin did not trigger up-regulation of CD80, CD86, or CCR7 and concluded
that flagellin does not mature murine DC. In vivo experiments examining the effect of i.v.
injection of flagellin revealed slight up-regulation of CD80 and CD40 expression by
CD11b+ and CD8α+ splenic DC as well as substantial up-regulation of CD86 expression by
CD8α+ DC (17). On the basis of this finding and the observation that splenic DC from mice
that were irradiated and reconstituted with MyD88−/−bone marrow showed reduced
modulation of CD80, CD86, and CD40 expression following i.v. injection of flagellin,
Salazar-Gonzalez et al. (17) concluded that the in vivo effect of flagellin on DC occurs
through an indirect mechanism.

To date, no published study has demonstrated an ability of flagellin to directly stimulate DC
in vivo. Experiments on in vitro-generated, BMDC are potentially a direct test, but the weak
response generated in these cells raises the possibility that BMDC are not sufficiently
differentiated to have acquired flagellin responsiveness. Additionally, some studies have
used concentrations of flagellin that are far in excess of what other have found to be required
for a maximal response (10−10 M). Consequently, the responses in these studies may result
from stimulation with contaminating endotoxins or nucleic acids. In view of these
shortcomings, we developed an experimental model to determine the requirement for direct
stimulation of tlr5+/+ DC in the in vivo immune response.

Materials and Methods
Mice

C57BL/6, CD11c-diptheria toxin receptor (DTR)/GFP (21), and B6.PL-Thyla (CD90.1+)
mice were obtained from The Jackson Laboratory. TCR transgenic OT-II mice (22), which
recognize residues 323–339 of chicken OVA in the context of I-Ab, were provided by Dr. E.
Hiltbold (Wake Forest University School of Medicine). MyD88−/− (23) and tlr5−/− (24) mice
have been described previously. All mice were housed in the Wake Forest University School
of Medicine animal facility in accordance with institutional and U.S. Department of
Agriculture guidelines. All mouse experiments were approved by the Institutional Animal
Care and Use Committee.

Immunogens
Recombinant his-tagged Salmonella FliC (flagellin) and the nonsignaling flagellin
truncation 229 were produced as described previously (9, 25). Recombinant his-tagged
flagellin-OVA fusion protein was produced by replacing the hypervariable region of
flagellin with OVA and expressing the fusion protein in E. coli using a pET29a expression
vector. All recombinant proteins were purified using a metal-affinity resin and Acrodisc
Mustang Q and E membranes (Pall), which remove nucleic acids and endotoxins.
Contaminating endotoxin levels were verified to be <30 pg LPS/µg protein by Limulus
amebocyte lysate assay (Associates of Cape Cod). Activity of flagellin and flagellin-OVA
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were verified by measuring TNF-α production in cultures of RAW424 cells stably
transfected with mouse TLR5 (26). OVA was purchased from Sigma-Aldrich.
Contaminating nucleic acids and endotoxins were removed from the OVA by treatment with
Acrodisc Mustang Q and E membranes.

BMDC cultures
Bone marrow was harvested from the femurs and tibias of C57BL/6 mice. RBC were lysed
with ammonium chloride lysing buffer (Bio-Whittaker), and the bone marrow cells were
plated in a 24-well plates at a density of 5 × 105 cells/well. Cells were cultured in
recombinant mouse GM-CSF for 6 days with media changes on days 2, 4, and 5. On day 6,
cells were harvested, counted, and replated in a 48-well plate at 5 × 105 cells/well. Cells
were stimulated with flagellin, flagellin 229, flagellin-OVA, E. coli LPS (Sigma-Aldrich), or
poly(I:C) (InvivoGen). Twenty-four hours later, supernatant was harvested for analysis by
ELISA using the OptEIA kit IL-6 (BD Biosciences). Cells were harvested for flow
cytometric analysis of CD80 (16-10A1) and CD86 (GL1) expression using Abs from BD
Biosciences.

Generation of bone marrow chimeras and OT-II adoptive transfers
Six- to 8-wk-old, wild-type, female C57BL/6 mice received whole-body irradiation of 900
rad from a 127Cs irradiator and then were injected with 1 × 106 bone marrow cells from
CD11c-DTR/GFP mice (21) and 1 × 106 bone marrow cells from wild-type or tlr5−/− mice.
All donor and recipient mice were sex-matched. Bone marrow chimera mice were
maintained on acid water (pH 2.7) for 4 wk following irradiation. Twelve weeks following
bone marrow cell transfer, chimera mice were injected via the tail vein with 3 × 106 CFSE-
labeled OT-II cells. Twenty-four hours following OT-II cell transfer, chimera mice were
injected with 10 ng of diphtheria toxin (DT) per gram of body weight. This dose of toxin
resulted in elimination of 87% of splenic CD11c+ cells in CD11c-DTR/GFP mice (data not
shown). Eighteen hours after injection of DT, adoptive transfer recipient mice were
immunized by i.m. route with 1 × 10−11 mol (0.8 µg) of flagellin-OVA. CD4+ T cells were
enriched by negative selection before adoptive transfer in all experiments using bone
marrow chimera mice, MyD88−/−, and tlr5−/− mice. Immunizations were performed 1 day
following cell transfer for all experiments except ones in which mice were treated with DT.

Immunofluoresence
Tissue samples were prepared as described previously (11). OT-II cells were identified on
the basis of CD90.1 expression using the anti-CD90.1FITC (OX-7 from BD Biosciences) and
rabbit anti-FITCAF594 (In-vitrogen) Abs. DC were revealed by staining with the CD11c-
specific Ab N418 directly conjugated to AF647 (Biolegend), and CD4+ cells were identified
by staining with RMN-4 directly conjugated to AF488 (BD Biosciences). CD19+ cells were
identified with the mAb 1D3, and CD3+ cells were identified with 145-2C11 (from BD
Biosciences). Slides were imaged using a Nikon Eclipse TE300 microscope and a Retiga EX
camera. Overlays were composed using Adobe PhotoShop 7.0, and cell counts were
performed using ImageJ.

Flow cytometric analysis
CFSE labeling was performed by incubating 2.5 × 106 cells/ml serum-free PBS containing 2
µM CFSE (Invitrogen) for 10 min at room temperature. Adoptively transferred OT-II cells
were discriminated on the basis of CD90.1 (OX-7) and CD4 (RM4-5) expression. For
restimulation experiments, lymph node cell suspensions generated from the draining lymph
nodes were restimulated in vitro with 30 µg/ml OVA323–339 in RPMI 1640 with 10% FBS
for 5 h. Brefeldin A (BD Biosciences) was added for the last 2.5 h of culture. Staining for
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IL-2 was performed using cytofix/cytoperm solution (BD Biosciences) following by staining
with mouse IL-2-specific Ab (JES6-5H4). Data were analyzed using FloJo 7.2.5 (Tree Star).
Absolute cell numbers were determined by flow cytometric counting (27).

Statistics
Statistical analysis of data was performed with SigmaStat 3.10 (Systat Software) or
GraphPad Prism 5 for Windows (GraphPad Software). For normally distributed data sets,
significance was determined using the Student’s t test. The significance of data sets, which
were not normally distributed or of unequal variance, was determined using the Mann-
Whitney rank-sum test. Values of p < 0.05 were considered significant. Error bars represent
the SEM.

Results
In vitro stimulation of BMDC

Since conflicting evidence regarding the effect of flagellin on BMDC might be due to
contaminants in the flagellin preparations used in some of these studies, we first determined
that our flagellin and flagellin-OVA did not signal in a TLR5-independent fashion.
Incubation of TLR5-negative RAW 264.7 cells with flagellin or flagellin-OVA over a broad
concentration range did not result in TNF-α production (data not shown; see also Refs. 13
and 26). Having established that our proteins did not contain stimulatory factors other than
flagellin, we proceeded with experiments on the effect of flagellin on BMDC stimulated in
vitro. This approach has the benefit of eliminating the effect of non-DC cell types on DC
activation. Bone marrow cells were cultured for 6 days with murine GM-CSF before
stimulation with flagellin (10−9 M), flagellin-OVA (10−9 M), inactive flagellin 229 (10−9

M), LPS (250 ng/ml), or poly(I:C) (25 µg/ml). BMDC stimulated with flagellin or flagellin-
OVA produced equivalent and extremely low levels of IL-6 compared with BMDC
stimulated with the other TLR agonists but slightly higher than with media or flagellin 229
(p < 0.001) (Fig. 1A). Stimulation with flagellin or flagellin-OVA resulted in slight up-
regulation of CD80 but not CD86. As with cytokine production, the effect on expression of
CD80 and CD86 was less than that seen following stimulation with other TLR agonists,
although stimulation with poly(I: C) did not effect expression of CD80 (Fig. 1 B). These
results are consistent with either of two hypotheses. Flagellin activates DC in vivo by an
indirect mechanism, or alternatively, flagellin can directly activate DC in vivo but that in
vitro-generated DC have not reached the point at which they have acquired flagellin
responsiveness—either for lack of TLR5 expression or required intracellular signaling
components. Since low levels of IL-6 production and slight up-regulation of CD80 and
CD86 were observed (Fig. 1), it is likely that the cultures do indeed contain flagellin-
responsive cells, but they represent only a small fraction of the total cell population. In either
case, BMDC are clearly a poor model for studying the effect of flagellin on DC.

Immunization with flagellin-OVA promotes clustering and IL-2 production by Ag-specific
CD4+ T cells

Ingulli et al. (28) showed that 24 h following immunization, Ag-specific CD4+ T cells
cluster around Ag-loaded DC. Subsequent intravital microscopy studies have revealed that
these clusters represent the second of three distinct phases of DC-mediated, CD4+ T cell
priming during which phase-stable T cell-APC synapses form (29, 30). We hypothesized
that immunization with flagellin-OVA would result in maturation of Ag-loaded DC and that
these mature DC would be more effective at promoting stable T cell-DC interactions than
DC in mice, which were immunized with an equal dose of OVA. C57BL/6 mice received 3
× 106 OT-II CD4+ T cells and 1 day later were immunized with 1 × 10−11 mol of flagellin-
OVA or OVA only. Twenty-four hours after immunization, the draining popliteal lymph
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nodes were harvested and frozen in OCT. Frozen tissue sections were cut and stained for
CD4, CD90.1, and CD11c. The minimum requirement for a cluster was three contiguous
CD90.1+ cells in the CD4+ region of the lymph node cortex. Representative images for
OVA and flagellin-OVA immunized mice are shown in Fig. 2, A and B. At least 200
CD90.1+ cells were counted from each lymph node. In mice that were immunized with
flagellin-OVA, 24% of the CD90.1+ cells were in clusters. By contrast only, 4% of the
OVA-specific T cells in the draining lymph nodes of mice immunized with OVA alone were
in clusters (Fig. 2C).

On the basis of the enhanced clustering of OVA-specific cells in mice immunized with
flagellin-OVA, we hypothesized that immunization with the fusion protein would also
enhance IL-2 production and, consequently, clonal expansion by the responding CD4+ T cell
population. OT-II cells were transferred into C57BL/6 mice as described above and
immunized with OVA, flagellin-OVA, or PBS (as a control). Mice were sacrificed 3 days
after immunization, and cell suspensions generated from the draining popliteal lymph nodes
were restimulated in vitro with 30 µg/ml OVA323–339 peptide for 5 h. IL-2 production was
measured by intracellular cytokine staining, and the total numbers of lymphocytes, CD4+ T
cells, and CD90.1+ cells were also determined using flow cytometry-based measurement in
conjunction with fluorescent microspheres (27). Immunization with flagellin-OVA
stimulated an increase in the total number of lymphocytes and CD4+ cells recovered from
the draining node (Fig. 3C). This finding is consistent with the results of a prior study (11) in
which we demonstrated that flagellin is a potent inducer of T and B lymphocyte recruitment
to draining lymph nodes following immunization. Consistent with the enhanced clustering
of cells in mice immunized with fusion protein, we observed a 4- to 5-fold increase in the
percentage of IL-2-producing cells within the OT-II population recovered from mice
immunized with flagellin-OVA compared with OVA alone (Fig. 3A). The percent increase,
when compounded with the increase in the total number of OVA-specific cells, resulted in a
25-fold increase in the absolute number of IL-2+ cells recovered from mice immunized with
flagellin-OVA compared with mice immunized with OVA alone (Fig. 3B). IL-2 production
was restricted to cells that had divided (data not shown). The enhanced T cell clustering,
IL-2 production, and proliferation seen in mice immunized with flagellin-OVA is consistent
with but not formal proof of the hypothesis that flagellin-OVA activates DC by a direct
mechanism that involves TLR5-dependent uptake of the fusion protein and thus increased
levels of processed Ag for presentation to OVA-specific T cells.

Immunization with a single flagellin-OVA fusion protein is superior to immunization with
flagellin plus OVA as separate proteins

If flagellin directly stimulates DC in vivo, then flagellin-OVA should be significantly more
potent than flagellin and OVA as separate proteins in the induction of OVA-specific CD4+ T
cell proliferation since the DC that bind flagellin will also receive OVA. Thus, Ag uptake
should be far more efficient than obtained with just OVA. However, if the mechanism of DC
activation by flagellin is indirect, flagellin-OVA and flagellin plus OVA should exhibit
equal potency. To test these possibilities, C57BL/6 mice were injected via the tail vein with
3 × 106 CFSE-labeled, OVA-specific cells and i.m. immunized the following day with 1 ×
10−12, 1 × 10−11, or l × 10−10 mol of OVA, flagellin plus OVA, or flagellin-OVA. Three
days later, the mice were sacrificed, and OVA-specific cell proliferation was measured in
cells recovered from the draining popliteal lymph nodes.

Immunization with flagellin-OVA fusion protein results in enhanced Ag-specific cell
division compared with immunization with flagellin plus OVA or OVA alone (Fig. 4).
Immunization with 1 × 10−10 mol of OVA alone stimulated an average of 0.43 divisions/cell
in the original starting population. However, a similar level of cell division, an average of
0.37 divisions/cell, was achieved following immunization with one-tenth as much (1 × 10−11

Bates et al. Page 5

J Immunol. Author manuscript; available in PMC 2013 September 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mol) flagellin plus OVA. In contrast immunization with 1 × 10−11 mol of flagellin-OVA
resulted in an average of 0.93 cell divisions by the original starting population. Although the
addition of flagellin as a separate protein has a clear adjuvant effect, the effect is not as great
as immunization with flagellin fusion protein. Immunization with 1 × 10−12 mol of the
fusion protein resulted in detectable levels of proliferation by OVA-specific cells, but at this
low dose, immunization with flagellin plus OVA or OVA alone did not stimulate OVA-
specific cell proliferation. Notably, after immunization with the middle and high doses, the
fraction of cells in the undivided population is much smaller in mice immunized with fusion
protein than in mice immunized with flagellin plus OVA or OVA alone. These results
clearly demonstrate that immunization with flagellin-OVA fusion protein promotes a
stronger response than immunization with equal doses of flagellin plus OVA as separate
proteins. This finding is consistent with, but not conclusive evidence for, a direct effect of
flagellin-OVA on DC.

tlr5+/+ DC are necessary for the in vivo adjuvant effect of flagellin
To determine whether the in vivo adjuvant effect of flagellin-OVA involves TLR5-positive
DC and thus a direct effect of flagellin-OVA, we developed a bone marrow chimera system
in which irradiated mice were reconstituted with a combination of CD 11c-DTR/GFP and
wild-type bone marrow or CD11c-DTR/GFP and tlr5−/− bone marrow. Although wild-type
murine cells are insensitive to treatment with DT (31), CD11c-DTR/GFP mice express the
primate DTR under the control of the CD11c promoter (21), and thus, CD11c+ cells in these
mice are fully sensitive to the toxic effect of DT. The histological effects of DT treatment of
these mice has been thoroughly examined (32) and confirmed the original report that
injection of these mice with DT results in the transient depletion of CD11c+ cells. In
confirmation of prior published studies, we found that DT treatment resulted in 85–90%
depletion of CD11c+ cells in CD11c-DTR/GFP mice as measured by flow cytometry (data
not shown). Depletion of GFP+ cells was also confirmed by histological analysis (Fig. 5, A
and B) as well as preservation of normal T and B lymphocyte microenvironments in lymph
nodes of CD11c-DTR/GFP mice treated with PBS (Fig. 5C) or DT (Fig. 5D). Bone marrow
from the CD11c-DTR/GFP mice used in combination with bone marrow from tlr5−/− mice
afford the unique opportunity to create a chimera mouse in which, following treatment with
DT, the vast majority of the CD11c+ cells are from a tlr5−/− background, whereas CD11c−

hemopoietic cell populations in these mice should be 50% tlr5−/− and 50% tlr5+/+. For these
studies, we have assumed equal engraftment of the different types of bone marrow used to
reconstitute irradiated mice. Due to the very low levels of TLR5 surface expression by
flagellin responsive cells (our unpublished observations), we were unable to detect TLR5
expression by cells from normal C57BL/6 or bone marrow chimera mice. However, if
TLR5-expressing DC are present in draining lymph nodes, then such cells and the adjuvant
effect of flagellin would be lost in mice reconstituted with CD11c-DTR/GFP plus tlr5−/−

bone marrow and treated with DT. If lymph node DC do not normally express TLR5, then
DT treatment should have no significant effect on the adjuvant activity of flagellin in these
chimera mice.

Twelve weeks following irradiation and reconstitution, chimera mice received 3 × 106 CD4+

enriched, CFSE-labeled OT-II cells and the following day were injected with DT or PBS (as
a control). This combination of reconstitution and toxin treatment resulted in four groups of
mice, three of which had populations of DC from tlr5+/+ mice (C57BL/6 and/or CD11c-
DTR/GFP) and one of which that had DC from a tlr5−/− background. Each group contained
four mice. Eighteen hours after injection with DT or PBS, mice were immunized with 1 ×
10−11 mol of flagellin-OVA. Three days after immunization, CFSE dilution by OVA-
specific OT-II cells recovered from the draining lymph node was measured by flow
cytometry. OVA-specific cells recovered from the group of mice that were reconstituted
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with CD11c-DTR/GFP plus wild-type bone marrow and treated with PBS (Fig. 6A) or DT
(Fig. 6B) exhibited substantial levels of OVA-specific T cell proliferation. A similar pattern
of OVA-specific T cell proliferation was also observed with mice reconstituted with CD1 lc-
DTR/GFP and tlr5−/−bone marrow and treated with PBS (Fig. 6C). In striking contrast,
OVA-specific T cell proliferation was dramatically reduced in mice reconstituted with
CD11c-DTR/GFP and tlr5−/− bone marrow and treated with DT (Fig. 6D). The small extent
of proliferation is probably due to the incomplete (85–90%) deletion of the CD11c-DTR/
GFP DC in the presence of DT. The dramatic difference in proliferation by OVA-specific
cells in mice containing tlr5+/+ DC and mice with DC from a tlr5−/− background clearly
demonstrates that the adjuvant effect of flagellin-OVA requires tlr5+/+ DC. Similar results
were obtained in a separate experiment following intranasal immunization with flagellin-
OVA (three mice per group).

Enhanced efficacy of flagellin-OVA fusion protein requires expression of TLR5 and MyD88
The requirement for a TLR5-expressing DC might simply be due to enhanced uptake of
flagellin-OVA by a TLR5-dependent endo-cytic mechanism and not because of any
significant contribution of TLR5 signaling. Indeed, in other systems, targeting Ags to
specific populations of DC has been shown to significantly enhance the in vivo CD4+ T cell
response (33, 34), albeit at higher Ag doses and in combination with adjuvants. To address
these possibilities, we compared the response to immunization with flagellin-OVA fusion
protein in tlr5−/− and MyD88−/− mice since flagellin signaling via TLR5 is MyD88
dependent (35, 36).

In the first set of experiments, CFSE-labeled OT-II cells were transferred into C57BL/6,
tlr5−/−, or MyD88−/− mice. One day following transfer, mice were immunized i.m. with 1 ×
10−11 mol of flagellin-OVA or PBS. Mice were sacrificed 3 days later, and CFSE dilution
was compared among OVA-specific cells recovered from the draining lymph nodes of mice
from each group. In confirmation of the results presented in Fig. 6, flagellin-OVA induced T
cell proliferation was dramatically reduced in immunized tlr5−/− mice relative to wild-type
mice (Fig. 7).

To address the individual roles of enhanced Ag uptake via TLR5 and TLR5 signaling in the
effect of flagellin-OVA, we evaluated the proliferation of OT-II cells in immunized
MyD88−/− mice. Since MyD88−/− mice have normal TLR5 expression, if Ag targeting is
sufficient to fully account for the enhanced potency of flagellin-OVA vs flagellin plus OVA,
then OVA-specific cells recovered from MyD88−/− mice should exhibit Ag-specific
proliferation that is equivalent to that observed in wild-type mice. However, if TLR5
signaling is critical, then OVA-specific cells recovered from MyD88−/− mice should exhibit
lower levels of Ag-specific T cell proliferation than observed in wild-type mice. Like the
situation in tlr5−/− mice, OT-II proliferation was quite low in MyD88−/− mice (Fig. 7 C).
Although these results are consistent with the hypothesis that the enhanced effect of
immunization with flagellin-OVA fusion protein is dependent on signaling through TLR5, it
is possible that the lack of MyD88 might have a negative effect on Ag processing that is
independent of TLR5 (37, 38). To address this question, we used the assay for in vivo T cell
Ag-specific clustering described in Fig. 2 to assess the ability of OT-II cells to interact with
DC in MyD88−/− mice. We found that 9% of adoptively transferred OVA-specific T cells
were engaged in clusters in the draining lymph nodes of MyD88−/− mice 24 h after
immunization (as opposed to 24% in wild-type mice; Fig. 2). By comparison, <2% OVA-
specific T cells were engaged in clusters in MyD88−/− immunized with just OVA. These
findings are consistent with the hypothesis that the enhanced effectiveness of flagellin-OVA
as opposed to flagellin plus OVA is due to enhanced Ag uptake via TLR5 as well as
signaling through MyD88. However, it is important to emphasize that the precise
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contributions of each of these mechanisms must await future studies in which we are able to
measure the activation of the DC within the lymph node itself.

Discussion
The results presented in this study are consistent with the conclusion that the adjuvant effect
of flagellin is dependent, at least in part, on a high-affinity interaction with TLR5 on
CD11c+ cells that facilitate extremely efficient uptake of Ag (when the Ag is part of a
flagellin fusion protein) via TLR5 (Figs. 6 and 7). On the basis of the retention of normal
patterns of T and B lymphocyte staining following DT treatment (Fig. 5), we believe that the
DT-sensitive CD11c+ cell that is required for the adjuvant effect of flagellin is a DC. The
observation that immunization with flagellin-OVA is more effective at promoting an Ag-
specific immune response than immunization with equimolar doses of flagellin and OVA
given as separate proteins is clearly consistent with this conclusion and can be explained by
two actions of flagellin-enhanced efficiency of Ag uptake via TLR5 and signaling via TLR5
that promotes DC activation. Our results (Figs. 5 and 6) are consistent with the hypothesis
that both of these actions are important in the overall adjuvant effect of flagellin in the
context of a flagellin-Ag fusion protein. On the basis of the observation that 24 h following
immunization with flagellin-OVA, 9% of OT-II cells in MyD88−/− are in clusters compared
with 24% in wild-type mice, we estimate that approximately one-third of the adjuvant effect
of flagellin results from Ag targeting to DC and two-thirds from signaling through TLR5
and MyD88. However, as noted previously, additional studies are required to quantitate the
contributions of each mechanism to the overall stimulatory effect of DC on T cell activation.
MyD88 deficiency has been shown to negatively affect phagocytosis (38) and phagosome
maturation (37). However, on the basis of the comparisons with our observations, processing
of Ag acquired by TLR5-mediated endocytosis appears to be less dependent on MyD88
function than does processing of Ag acquired by phagocytosis.

It is important to emphasize that flagellin can also function as an adjuvant when the Ag is
not part of the flagellin protein (9, 11, 39), but the response requires significantly higher
doses of Ag and flagellin (～ 10-fold; Fig. 4). Given the extremely high affinity of flagellin
for TLR5 (25, 40), the uptake of flagellin-OVA via TLR5-dependent endocytosis is likely to
be far more efficient than the uptake of OVA by itself. As noted earlier, others have shown
that targeting Ag for uptake by DC can enhance the Ag-specific in vivo immune response
(33, 34). If as expected, uptake and processing of flagellin-OVA fusion protein is much
more efficient by TLR5-expressing DC than uptake of OVA alone, the enhanced response to
fusion protein could simply result from concentration of Ag by TLR5 + DC and presentation
of a greater number of MHC class II molecules loaded with the cognate peptide as opposed
to enhanced uptake and TLR5 signaling. Immunization with high doses of OVA alone can
trigger proliferation of OVA-specific CD4+ T cell. Thus, if the adjuvant effect of flagellin
fused to Ag is mediated predominantly through enhanced uptake and processing following
TLR5 ligation and not signaling via TLR5, tlr5+/+MyD88−/−mice should generate a
significantly more robust response to flagellin-OVA than tlr5−/−MyD88+/+ mice. Our
finding that MyD88−/− and tlr5−/− mice respond similarly to immunization with flagellin-
OVA (Fig. 7) provides strong evidence in support of the conclusion that TLR5 and MyD88
are necessary for the adjuvant effect of flagellin and that Ag concentration by TLR5+ APC
may not fully account for the adjuvant effect of flagellin. Our experimental approach has
relied heavily on the OVA-specific TCR transgenic OT-II cells, a widely accepted model for
studying CD4+ T cell biology. Several groups have demonstrated that the increased
precursor frequency in adoptive transfer model systems impacts the dynamics of the
immune response (41–43); thus, it is possible that polyclonal wild-type cells could exhibit
slightly different response than seen in this model system.
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In confirmation of other reports (15, 44), we have shown that flagellin does not significantly
activate murine BMDC. Although others have arrived at the opposite conclusion (14), those
results were generated using doses of flagellin 30–100× in excess of what we have found to
be a maximally active concentration (10−10 M) and could result from contaminating nucleic
acids not removed by endotoxin depletion. Since the responsiveness to flagellin of
monocytes (45) and human myeloid-derived DC (C. L. Hickman, J. T. Bates, and S. B.
Mizel; unpublished observations) are dependent on their differentiation state, it is quite
likely that the inability of murine BMDC to respond to flagellin reflects their degree of
maturation rather than a general property of mature murine DC. Ue-matsu et al. (24, 46)
identified a population of TLR5+ DC in the lamina propria of the murine small intestine that
is clearly responsive to flagellin. However, Salazar-Gonzalez et al. (17) concluded that
flagellin does not directly activate murine splenic DC. Our results as well as those of these
investigators support the idea that responsiveness to flagellin varies among DC populations
and that the environment in which DC terminally differentiate can significantly modify or
induce their responsiveness to flagellin.

Sanders et al. (47) recently reported that flagellin is capable of promoting Ag-specific
humoral immunity by a mechanism that is independent of TLR5. The flagellin doses used in
their studies are markedly higher than those used in our studies (0.8 µg in our studies vs 50
µg used by Sanders et al.). Indeed, the doses used by Sanders et al. (47) are higher than what
is required to drive a maximal response in nonhuman primates (13) and likely reflects a
nonspecific effect of high-dose flagellin. It should be noted, however, that Sanders et al. also
found that cytokine production in the innate immune response and activation of DC was
severely limited in TLR5-deficient mice.

Our findings, in conjunction with what was previously known about flagellin, are consistent
with the conclusion that the potent adjuvant effect of flagellin results from the synergy of
three distinct processes: direct activation of TLR5+ DC (Figs. 6 and 7), cytokine and
chemokine production by non-DC (12, 48–50), and activation of the vascular endothelium
(51). Binding of flagellin by TLR5 + DC leads to activation of NF-κB-regulated genes. A
number of these genes are critical to mounting an effective immune response. Several
reported outcomes of NF-κB activation in DC include enhanced Ag processing and
presentation (52, 53), up-regulation of comstimulatory molecules (53), and cytokine (53–55)
and chemokine (56) production. Notably, NF-κB activation in human DC results in up-
regulation of ICAM-1, ICAM-3, and LFA-1, which are important molecules in facilitating
DC-T cell interactions (53). Collectively, activation of NF-κB can have a significant
adjuvant effect on the activity of DC in vivo (57). Consequently, in our system, DC that
have been activated by flagellin and simultaneously pulsed with cognate Ag are especially
effective at promoting an Ag-specific immune response. However, crucial to this outcome is
the activation of cytokine and chemokine production by non-DC and also of the vascular
endothelium. Activation of these cell populations is likely responsible for the increased flux
of lymphocytes into draining lymph nodes soon after immunization (Fig. 3 and Ref. 11). An
increase in the number of lymphocytes entering the lymph node and possibly prolonged
retention in the node maximize the likelihood that Ag-specific lymphocytes will encounter
their cognate Ag. For T cells, presentation of that Ag by an activated DC ensures that they
will receive Ag and costimulation sufficient to mount an immune response.
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FIGURE 1.
Flagellin triggers low-level IL-6 production and slight up-regulation of CD80 by BMDC.
Bone marrow cells were cultured for 6 days in GM-CSF, before replating and stimulation
with flagellin 229 (10−9 M), flagellin (10−9 M), flagellin-OVA (10−9 M), LPS (250 ng/ml),
or poly(I:C) (25 µg/ml). A, IL-6 production following in vitro stimulation of BMDC. B,
Modulation of CD80 and CD86 following in vitro stimulation of BMDC. *, p < 0.05
compared with flagellin 229 control. NS indicates no statistically significant difference
between conditions.
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FIGURE 2.
Immunization with flagellin-OVA fusion protein promotes clustering of OVA-specific
CD4+ T cells. Draining popliteal lymph nodes were harvested from adoptive transfer
recipient mice 24 h following immunization. Adoptively transferred CD4+ OVA-specific
cells were identified by staining lymph node tissue sections with CD90.1-specific Ab
(green). CD11c+ cells were identified by staining with mouse CD11c-specific Ab (red).
Arrows indicate examples of single CD90.1+ OVA-specific T cells from OVA-immunized
mice (A) and clusters of CD90.1+ OVA-specific cells from flagellin-OVA-immunized mice
(B). C, Clustering of Ag-specific cells was quantified by counting at least 200 cells from
each lymph node. Immunization with flagellin-OVA promoted significantly more clustering
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than immunization with OVA alone (p < 0.001). The data in this experiment were obtained
from three mice per group.
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FIGURE 3.
Immunization with flagellin-OVA fusion protein enhances IL-2 production by OVA-specific
CD4+ T cells. C57BL/6 mice were i.v. injected with 3 × 106 CD4+CD90.1 + OT-II T cells.
Twenty-four hours later, mice were immunized i.m. with 1 × 10−11 mol of flagellin-OVA
fusion protein. Mice were sacrificed 3 days following immunization, and cells recovered
from the draining popliteal lymph nodes were restimulated in vitro with 30 µg/ml
OVA323–339 for 5 h. Brefel-din A was added for the final 2.5 h of culture. A, IL-2
production was determined by intracellular cytokine staining. Plots are gated on CD4+ cells.
Total numbers of CD90.1+CD4+ and CD90.1+CD4+IL-2+ cells (B) and lymphocytes (C)
and polyclonal CD4+ cells were determined by flow cytometric quantification. The data in
this experiment were obtained from four mice per group. The experiment was repeated twice
with similar results.
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FIGURE 4.
In vivo T cell proliferation in response to immunization with OVA, flagellin plus OVA, or
flagellin-OVA fusion protein. C57BL/6 mice were i.v. injected with 3 × 106 CFSE-labeled,
CD4+CD90.1+ OT-II T cells. Twenty-four hours later, mice were immunized i.m. with 1 ×
10−12, 1 × 10−11, or 1 × 10−10 mol of OVA, flagellin and OVA, or flagellin-OVA fusion
protein. Mice were sacrificed 3 days following immunization, and proliferation by the OT-II
population in the draining, popliteal lymph node was compared based on CFSE dilution.
Numbers indicate the division index, which is the average number of divisions that a cell
present in the starting population has undergone. Histograms are gated on CD4+CD90.1+

cells. The data in this experiment were obtained from four mice per group. The experiment
was repeated twice with similar results.
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FIGURE 5.
Treatment of CD11c-DTR mice with DT causes depletion of GFP+ cells in lymph nodes but
does not affect normal lymph node architecture 18 h after treatment. CD11c+ cells are
revealed by GFP expression in CD11-DTR mice treated with PBS (A). The level of GFP
detected was greatly reduced in mice treated with DT (B). Sections stained with CD19-
specific (red) and CD3-specific (blue) Abs revealed no difference in normal lymph node
architecture in T and B lymphocyte zones between PBS control mice (C) and DT-treated
mice (D). The data in this experiment were obtained from four mice per group.
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FIGURE 6.
Deletion of tlr5+/+ CD11c+ cells severely impairs OVA-specific CD4+ T cell proliferation in
mice immunized with flagellin-OVA fusion protein. Irradiated C57BL/6 mice were
reconstituted with 50% CD11c-DTR bone marrow and 50% WT (A and B) or 50% tlr5−/−

BM (C and D) and rested for 12 wk. Chimera mice then received 3 × 106 CD4+-enriched,
CFSE-labeled CD4+CD90.1+ OT-II cells and were injected with PBS (A and C) or DT (B
and D) 1 day following cell transfer. Eighteen hours after toxin treatment mice were
immunized i.m. with 1 × 10−11 mol of flagellin-OVA and sacrificed 3 days following
immunization. Proliferation by the OT-II population in the draining, popliteal lymph node
was compared based on CFSE dilution. Plots are gated on CD4+CD90.1+ cells. The data in
this experiment were obtained from four mice per group.
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FIGURE 7.
TLR5 and MyD88 are necessary for the in vivo adjuvant effect of flagellin. C57BL/6 (A and
D), tlr5−/− (B), and MyD88−/− (C) mice were i.v. injected with 1.5 × 106 CD4+-enriched
CFSE-labeled, CD4+CD90.1+ OT-II T cells. Twenty-four hours later, mice were immunized
i.m. with 1 × 10−11 mol of flagellin-OVA fusion protein. Mice were sacrificed 3 days
following immunization, and proliferation by the OT-II population in the draining, popliteal
lymph node was compared based on CFSE dilution. Plots are gated on CD4+CD90.1+ cells.
The data in this experiment were obtained from four mice per group.
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