1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Vaccine. 2008 January 30; 26(5): 601-613. doi:10.1016/j.vaccine.2007.11.084.

TLR ligands that stimulate the metabolism of vitamin D3 in
activated murine dendritic cells can function as effective mucosal
adjuvants to subcutaneously administered vaccines

Elena Y Enioutina®”, Diana Bareyan?, and Raymond A Daynes&

a Department of Pathology, University of Utah Medical School, 30 North 1900 East, Salt Lake City, UT
84132, USA

Abstract

Cathelicidin production by human myeloid cells stimulated through toll like receptor (TLR) 2/1, the
migration of human CD8* T cells to inflamed skin sites, and the ability of murine dendritic cells
(DCs) to migrate from skin sites of vaccination to mucosal lymphoid organs all occur via calcitriol-
dependent mechanisms. Herein, we report that murine DCs exposed to TLR3/TLR4 ligands
upregulate their expression of 1a-hydroxylase, the enzyme that converts circulating 25(OH)D3 to
calcitriol, the active form of vitamin D3. TLR3/TLR4 ligands injected subcutaneously affect DC
migration in vivo, allowing their trafficking to both draining and non-draining systemic and mucosal
lymphoid organs. Subcutaneously delivered vaccines containing TLR3/TLR4 ligands and antigen
stimulate the induction of both systemic and mucosal immune responses. VVaccines containing TLR9
ligands fail to stimulate 1a-hydroxylase protein expression, are incapable of redirecting DC migration
into Peyer’s patches and do not induce mucosal immune responses. These findings support a
hypothesis that active metabolites of vitamin D3 produced locally are able to affect various aspects
of innate and acquired immune responses.
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1.0. Introduction

Inmammals there are at least 12 members of the toll like receptor (TLR) family. These receptors
not only recognize a number of specific components conserved among microorganisms, but
are also capable of recognizing specific defensins as well as fragments of extracellular matrix
proteins [1-7]. Since, the activation of macrophages or dendritic cells (DCs) through one or
more of their TLRs enhances innate immunity and can modulate the subsequent development
of antigen-specific adaptive immunity, some TLR ligands have been used as adjuvants in
vaccine formulations administered parenterally to augment systemic immune responses [8—
11]. Specific TLR ligands have been reported to promote the induction of both systemic and
mucosal immune responses when co-administered with antigen intranasally [9-12].
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It has recently been established that human monocyte-derived DC, activated with the TLR4
ligand lipopolysaccharide (LPS), are able to convert precursor form of vitamin D3 25(0H)
D3 into its bioactive form (calcitriol, 1a25(0OH),D3) when expression of the vitamin D3
metabolizing enzyme, 25-hydroxy vitamin D3 1-a-hydroxylase (1a-hydroxylase) is
upregulated [13]. It was further demonstrated that naive CD8" T cells acquire surface
expression of CCR10 when activated in the presence of 1025(0OH),D3 [14]. This chemokine
receptor is necessary for effective T cell migration into inflamed epidermis, where the specific
chemokine ligand CCL27 is actively produced [15]. Based on these data it has been concluded
that human DCs, through an induced ability to endogenously produce 1a25(0OH),D3, are able
to program activated T cell migration to inflamed skin [14].

There now exists a direct linkage between the anti-mycobacterial activity of human
macrophages and their capacity to endogenously produce 1a25(0OH),D3 [16]. The expression
levels of both the vitamin D receptor and la-hydroxylase become markedly upregulated in
macrophages activated through TLR2/1, with the endogenously produced 1a25(0OH),D3
stimulating macrophage biosynthesis of the antimicrobial peptide cathelicidin [16]. Locally
produced cathelicidin was further demonstrated to have bactericidal effects on M.
tuberculosis leading to the conclusion that locally induced metabolism of circulating vitamin
D3 precursors, generating the active hormone, plays an important role in innate immune
defenses [16].

We have previously demonstrated that the subcutaneous or intradermal immunization of
mature adult mice with vaccines containing the active form of vitamin D3 effectively induces
the generation of both systemic and common mucosal immune responses [17,18]. The
mechanisms that allow both types of immune responses to be induced simultaneously have
been characterized [19]. We now appreciate that the immunization of mice with vaccines
containing 1a25(0OH),D3 alters the migratory properties of antigen-laden DCs that are
mobilized from the tissue sites of immunization, allowing these antigen presenting cells to
traffic beyond draining lymph nodes and localize within secondary lymphoid organs
throughout the body, including the classical inductive sites of mucosal immunity [19].

Herein, we questioned whether the addition of select TLR ligands to vaccines administered
parenterally would effectively promote the induction of antigen-specific common mucosal
immune responses. We also questioned whether mucosal adjuvant properties of select TLR
ligands are being mediated through mechanisms dependent upon locally generated 1025
(OH),D3. Our findings demonstrate that the exposure of murine bone marrow derived DCs
(BMDC:s) to synthetic polyinosinic-polycytidylic acid double-stranded RNA (poly I:C) or E.
coli LPS (TLR3 or TLR4 ligands), but not unmethylated CpG-containing synthetic
oligonucleotides (CpG ODNs) (TLR9 ligand), induces their expression of 1a-hydroxylase.
Local administration of TLR3 or TLR4 ligands to normal mice, similar to the local
administration of 1025(0OH),Dj itself, altered the migratory properties of DCs mobilized from
skin injection sites, allowing their localization into multiple non-draining secondary lymphoid
organs, including the Peyer’s patches (PPs). TLR3/4-mobilized DCs that had migrated to non-
draining lymphoid organs were fully capable of processing and presenting antigen peptides to
responsive CD4* T cells. Finally, when TLR3 or TLR4 ligands were used as adjuvants for
vaccines administered subcutaneously, they effectively stimulated the induction of both
systemic and mucosal immune responses. The addition of ligands for TLR9 into vaccine
formulations enhanced systemic immunity, but failed to elicit mucosal immune responses.

Our data is consistent with the hypothesis that calcitriol produced locally from 25(OH)D3 plays
important roles in the regulation of both innate and adaptive immune processes in vivo.
Furthermore, this natural hormone, as well as the inducible enzymes involved in its tissue-
specific metabolism in vivo, could be readily amenable to exploitation for the rational design
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of systemically administered vaccine formulations, specifically tailored to provide both
systemic and mucosal immune protection against infectious agents.

2.0. Materials and Methods

2.1. Animals

Female C3H/HeN and BALB/c mice (8-12 weeks old) obtained from Charles River Breeding
Laboratory (Wilmington, MA) and DO11.10 T cell receptor transgenic mice were used in this
study. DO11.10 T cell receptor transgenic mice on the BALB/c background were bred from
animals originally purchased from Jackson Laboratories (Bar Harbor, ME). All mice were kept
under specific pathogen free conditions at the Center of Comparative Medicine Animal
Facility, University of Utah.

2.2. Tracking of bone marrow derived dendritic cells in vivo

Dendritic cells were generated from bone marrow of adult C3H/HeN mice as previously
described [19]. At day 7 after culture initiation, CD11c* BMDCs were isolated by positive
selection using CD11c microbeads (Miltenyi Biotec Inc., Auburn, CA) and stimulated with
10ng/ml Escherichia coli LPS, strain 0111:B4, (Sigma, St. Louis, MO) in the presence or
absence of 1a25(0H),D3 (1078 M, a kind gift of Milan Uskokovic, Hoffman-La Roche Inc.,
Nutley, NJ). In some experiments BMDCs were activated with 10ng/ml LPS in the presence
or absence of the calcitriol precursor 25-hydroxycholecalcitriol (25(0H)D3) (10~7 M, Sigma,
St. Louis, MO). After 24 hours, the DCs were exposed to 5uM carboxyfluoroscein succinimidy!l
ester (CFSE) (Molecular Probes, Eugene, OR) for 15 min at 37°C followed by extensive
washing in PBS. CFSE stained cells (2x10° per mouse) were injected into the hind footpads
of naive syngeneic recipients. Forty-eight hours later, mice were sacrificed and individual
lymphoid organs removed, single cell suspensions were prepared and analyzed for the presence
of CFSE* cells by FACScan.

2.3. Western Blot analysis for 1a-hydroxylase

Three million BMDCs/ml were stimulated with TLR ligands (20ug/ml poly 1:C (Amersham
Biosciences, Piscataway, NJ), 10ng/ml LPS or 20pg/ml CpG ODN (5’-TCC-ATG-ACG-TTC-
CTG-ACG-TT-3', synthesized by the University of Utah DNA core facility)) or left untreated
and incubated for 24 hours at 37°C and 5% CO,. The cells were then treated with lysis buffer
containing a cocktail of protease inhibitors. Protein samples were separated using 10% SDS-
PAGE electrophoresis and transferred to polyvinylidene difluoride membranes and probed
with sheep anti-murine 1a-hydroxylase antibody (The Binding Site, Birmingham, UK). Blots,
after stripping (Restore™ Western Blot Stripping Buffer, Pierce), were then incubated with
anti-B-actin antibodies (Sigma) to confirm comparable protein loading.

2.4. Chemotaxis assays

Chemotactic migration assays were performed as described elsewhere [20]. Briefly, CD11c*
BMDCs were treated overnight with 10ng/ml LPS, with or without 10~ M 25(OH)D3 or
108 M 1a25(0OH),D3. After extensive washing, 5x105 BMDCs were placed into the upper
chamber of Costar Transwell plates with 5um diameter pores (Corning Costar, Cambridge,
MA\). Inserts were placed into wells containing 600l of RPMI-1640/0.5% BSA with or without
100ng/ml of murine recombinant CCL21 (R&D System, Inc. Minneapolis, MN) or 1000nM
of sphingosine-1-phosphate (S1P) (Sigma). After a 3-hour incubation at 37°C, migrated cells
were collected from the bottom chamber, resuspended in 1ml PBS and quantitated by
FACScan. Experimental groups were presented as mean + SD of sample triplicates minus
background migration (the number of cells migrated to the lower chamber with no added
chemokine).
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2.5. Tracking of mobilized dendritic cells in vivo

In vivo DC tracking assays were performed as described previously [19]. Briefly, 50ul of
0.2um 0.25% fluoresbrite™ carboxy YG (green) latex microspheres (Polysciences, Inc.,
Warrington, PA) were injected into the right hind footpad of C3H/HeN mice in the presence
or absence of 0.1ug 1a25(0OH),D3, 20ug of poly I:C, 10ug LPS, or 20ug CpG ODN). As an
internal control, 50ul of 0.2um 0.25% fluoresbrite™ carboxy NYO (red) latex microspheres
were simultaneously injected into the left hind footpad of the same experimental animals. In
some experiments the migratory properties of microsphere* DCs were evaluated following the
injection of different sized green microspheres (1.0um vs. 0.2um) into the footpads of
experimental animals in the presence or absence of LPS. An injection of 0.2um or 1.0pm 0.25%
fluoresbrite™ carboxy NYO (red) microspheres into left footpad was used as an internal
control. Forty-eight hours after microsphere injection, the experimental animals were
sacrificed and individual secondary lymphoid organs were surgically excised and single cell
suspensions prepared. FACScan analysis was made on microsphere™ cells.

In experiments where the phenotype of microsphere™ cells was examined, cell samples were
additionally stained with fluorescent monoclonal antibodies directed against mouse CD11b
(clone M1/70) and/or CD11c (clone HL3), CD8a (Ly-2) (clone 53-6.7), a4p7 (clone DATK32),
CD62L (clone MEL-14) (BD Pharmingen, San Diego, CA), CD103 (clone 2E7), dendritic cells
marker (clone 33D1) (eBioscience, San Diego, CA) or DEC205 (clone NLDC-145) (Miltenyi
Biotec, Auburn, CA). Some cell samples were treated with CCL19-Fc (a fusion of mouse
CCL19 and the Fc of human IgG1 (a gift of Dr. Jason Cyster, University of California, San
Francisco, CA) for analysis of CCR7 expression followed by staining with goat anti-human
Fcy-PE. Samples were analyzed by FACScan.

2.6. DO11.10 TCR transgenic CD4* T cell adoptive transfer experiments

DO11.10 TCR-transgenic CD4* T cells, specific to the ovalbumin peptide 323-339
(OVA3p3_339) in association with 1-Ad, were purified from the spleens and lymph nodes of
naive DO11.10 strain mice (10-12 weeks old) by positive selection using murine CD4* T cell
MicroBeads and AutoMacs (Miltenyi Biotec). Recipient BALB/c (10-12 week old) mice
received an intravenous injection of 2x10% DO11.10 CD4* T cells. After being rested for 24
hours, the DO11.10 T cell recipients were subcutaneously immunized with vaccine
formulations containing 50ug of ovalbumin (OVA) in aluminum hydroxide (Alum) with or
without 10pg LPS. Mice immunized with OVA/Alum in the presence of 0.1pg 1025
(OH),D3 were used as a positive control. DO11.10 T cell recipients injected with 50ul PBS
were included in this study as a negative control. Seventy-two hours later, individual secondary
lymphoid organs were removed, single cell suspensions prepared, and the total cell population
stained with KJ1-26 (idiotype-specific) and anti-CD69 (H1.2F3, BD Pharmingen) antibodies.
Similar groups of animals were used to analyze proliferative responsiveness of transferred
DO11.10 T cells. In these studies DO11.10 T cells were CFSE (5uM) stained for 15 min at
37°, washed and intravenously administered to naive BALB/c recipients. Twenty-four hours
later, these animals were immunized with OV A as described above. Seven days later, the mice
were sacrificed, individual popliteal lymph nodes (LNs), axillary LNs, spleen and Peyer’s
patches collected and stained with anti-mouse CD4 (H129.19, BD Pharmingen) and analyzed
by FACScan for the percentage of CD4* T cells that were also CFSE*.

2.7. Animal vaccination

Lightly anesthetized C3H/HeN mice (10 weeks old, 5 animals per group) were subcutaneously
immunized with 50ul of a vaccine formulation containing 1pug Diphtheria CRM 197 protein

(DT, a kind gift of Wyeth-Ayerst Laboratories, Inc., Marietta, PA) plus Alum (275 pg/ml) in
the presence or absence of 10ug LPS, 20ug poly I:C or 20pg CpG ODN. Mice immunized with
DT and Alum in the presence of 0.1ug 1a25(OH),D3 were used as a positive control. Serum,
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vaginal washes and stool samples were collected as previously described at 2, 3 and 4 weeks
post primary immunization [17,21]. In experiments where recall responses were evaluated, a
secondary boost with 1ug DT in Alum with or without 10ug LPS, 20ug poly I:C, 20pg CpG
or 0.1ug 1a25(0OH),D3 was given at 63 days post primary immunization. Serum, vaginal
washes, fecal samples, nasal and lung lavages were collected 7 days later. All samples were
stored at —70°C until antibody evaluation was performed. Levels of anti-DT specific antibodies
in serum, vaginal washes, feces, lung lavages and nasal washes were quantitated by ELISA as
previously described [22].

2.8. Statistical analysis

Data are shown as the mean + the standard deviation (SD). Significant difference was evaluated
by the unpaired Student t test with 2-tailed distributions. P values below 0.05 were considered
to be statistically significant.

3.0 Results

3.1. LPS stimulation of murine BMDCs upregulates their endogenous expression of la-
hydroxylase, alters their migratory properties following in vivo injection and modifies their
chemotaxis toward the CCR7 ligand, CCL21

We initially questioned the ability of BMDCs to upregulate their expression of La-hydroxylase
following an LPS stimulation. LPS treatment of BMDCs triggered a marked increase in lo-
hydroxylase protein expression when compared to control untreated BMDCs (Figure 1A).
Based on data presented by others, an increased expression of 1a-hydroxylase in LPS
stimulated BMDCs would allow 1625(0OH),D3 to be endogenously produced from the
circulating precursor 25(0OH)D3 [13].

Murine BMDCs matured in vitro with LPS and added 1a25(OH),D3 exhibit altered migratory
patterns to lymphoid organs in vivo and a reduced chemotaxis toward a CCR7 ligand (CCL21)
in vitro [19]. We, therefore, questioned whether BMDCs matured with LPS in the presence of
the la-hydroxylase substrate 25(OH)D3, would exhibit altered chemotaxis similar to BMDCs
directly exposed to 1a25(0OH),D3. BMDCs matured with LPS in the presence of 25(0OH)D3
or 1a25(0OH),D3 had a diminished capacity to migrate toward a CCL21 gradient (~67% and
81% inhibition, respectively) when compared to BMDCs matured with LPS alone (Figure 1B).
Interestingly, BMDCs from these same treatment groups were able to effectively chemotax
toward sphingosine-1-phosphate (S1P) (Figure 1B). It has been reported that chemotaxis
toward S1P is important for lymphocyte egress from secondary lymphoid organs and tissues
and is CCR7 independent [23].

We have previously reported that 1a.25(0OH),D3-exposed BMDCs gain an ability to bypass
draining lymph nodes (LN) and localize to multiple non-draining secondary peripheral and
mucosal lymphoid organs following their subcutaneous injection into naive syngeneic
recipients [19]. This led us to investigate whether the migratory properties of BMDCs could
be affected by endogenously produced 10.25(0OH),D3. When BMDCs were matured with LPS
in the presence of either 1a25(0OH),D3 or 25(0OH)D3 and injected subcutaneously, they were
able to migrate from the injection sites to the draining as well as non-draining secondary
lymphoid organs (Figure 1C). The vast majority of mobilized BMDCs matured in vitro with
LPS without added hormone localized to the draining LN (Figure 1C).

Experiments presented above indicate that murine BMDCs stimulated with LPS in the presence
of 25(0OH)D3, similar to 1a25(0OH),D3-exposed BMDCs, are able to avoid sequestration to the
draining LNs and localize to numerous non-draining secondary lymphoid organs, including
inductive sites of mucosal immunity.
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We recently reported that DCs can become mobilized from the skin in response to a
subcutaneous latex microsphere injection, bypass the draining LN and enter numerous non-
draining secondary lymphoid organs, including PPs, when 1a25(0OH),Ds is added to the
microsphere inoculum [19]. We therefore questioned whether LPS, co-administered with latex
microspheres, would affect the trafficking pattern of mobilized DCs. C3H/HeN mice were
injected into the right hind footpad with 0.2um green fluorescent microspheres in the presence
of 10pug LPS and with red fluorescent microspheres (0.2um) alone into left hind footpad.
Control animals were injected with 0.2um green fluorescent microspheres in the presence of
0.1pg 1025(0H),D3 in their right hind footpads and 0.2um red fluorescent microspheres alone
in their left hind footpads. In both groups of mice after 48 hours, mobilized red
microsphere* cells predominantly localized to the draining LNs (left popliteal LN (PLN))
(Figure 2A). However, under the influence of LPS, similar to 1a25(0OH),D3, DCs containing
green fluorescent microspheres localized to multiple draining and non-draining secondary
lymphoid organs, including the PPs (Figure 2A). Unlike the co-administration of 1a25
(OH),D3 with 0.2um microspheres, LPS co-administration with latex microspheres resulted
in a 2 fold increase in cellularity of the draining LNs, while the cellularity of other secondary
lymphoid organs was unaffected by LPS co-administration (data not shown).

Analysis of the surface phenotype of microsphere* cells that had localized within the draining
LNs determined that the majority, regardless of co-administered 1a25(0OH),D3, LPS, or alone,
were CD11¢*CD11b*, with remaining cells being CD11¢"CD11b* (data not shown). CD11b
(MAC-1) is a marker expressed on all myeloid lineage cells and CD11c is a marker expressed
by all types of murine DCs [24,25]. Approximately 45-50% of the microsphere* DCs within
the draining LN of LPS treated animals phenotyped 33D1*CD8a", while 20-25% of 1025
(OH),D3-exposed microsphere* DCs had this phenotype. 33D1*CD8a~ DCs are believed to
be involved in initiation of humoral immune responses [26]. A smaller percentage of the DCs
from both groups were DEC205*CD8a*, which is indicative of cells capable of stimulating
cell-mediated immune responses [26,27] (Table 1). In contrast, virtually all microsphere* cells
that bypassed draining LN sequestration and had localized to non-draining secondary lymphoid
organs from both the 1a25(0OH),D3 and LPS treatment groups phenotyped
CD11c*CD11b*33D1*CD8u (Table 1).

Although most of microsphere* DCs that localized in the draining LNs of untreated animals
or in animals treated with 1a25(OH),D3 or LPS expressed CCR7, the expression levels were
much lower (50% reduction) in both of the experimental groups compared to CCR7 expression
levels on the microsphere* DCs in the draining LNs following microsphere only injection (data
not shown). Virtually all the microsphere™ DCs that localized in the non-draining axillary LNs
and PP expressed high levels of CD62L, a4p7 and CCR7 (data not shown), consistent with
what we previously reported [19].

Most microsphere* DCs that localized to the draining LNs from the LPS and 1a25(0OH),D3
treated groups expressed elevated levels of a4B7 when compared to the control group (200-
600% increase) (data not shown and [19]). Although, 047 is an integrin important for the
localization of lymphocytes to mucosal tissues, the influences of this integrin on the surface
of DCs in currently unknown [28,29].

While 30-50% of the DCs that localized to the draining LNs expressed positive levels of the
CD103 marker, regardless of group, virtually all microsphere* DCs that had migrated to non-
draining secondary lymphoid organs expressed high levels of CD103 (data not shown).
CD103* DCs have recently been found at a high frequency in the gut-associated tissues [30,
31].
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Collectively, the phenotype analysis of migrating DCs led us to conclusion that some
differences were observed in the phenotypes of the microsphere™ DCs that had localized to the
draining lymphoid organs from both the control and experimental groups, while the phenotype
of microsphere* DCs that had bypassed sequestration in the draining LNs and migrated to non-
draining secondary lymphoid organs were quite similar between both experimental groups.

To establish that subcutaneously administered 0.2um microspheres are being delivered to LNs
inside of DCs, and do not access the LNs in a cell-free form, C3H/HeN mice were injected
with 0.2um green fluorescent microspheres and 0.2um red fluorescent microspheres into two
distinct skin sites that drain into the same inguinal LN (ILN). After 48 hours, it was determined
that individual microsphere* DCs in the ILNs contained only single colored microspheres,
supporting the conclusion that the injected latex microspheres are taken up at the site of
injection and delivered to draining LNSs inside of DCs (Figure 2 B).

Our findings concerning the effects of LPS treatment on DC migration in vivo seemed to
contradict some previously published observations, reporting that the migration of DCs from
skin sites injected with 1.0um microspheres was completely inhibited when the microspheres
were co-administered with LPS [32]. This suggested that the migratory properties of mobilized
DCs might depend upon the size of the microspheres used experimentally. C3H/HeN mice
were subcutaneously injected with 1.0um green microspheres in the presence of LPS into the
right hind footpad and 1.0um red microspheres alone into the left hind footpad to test this
possibility. A parallel group of mice was injected in an identical manner, except 0.2um green
microspheres in the presence of LPS and red microspheres alone were used. After forty-eight
hours, green 0.2um microsphere* DCs were detected in draining and non-draining secondary
lymphoid organs as we observed earlier, and red 0.2um microsphere* DCs localized mainly
to the draining LN (left PLN) (Figure 2A and 2C). In mice that received green 1.0um
microspheres in the presence of LPS, practically no green microsphere™ DCs were observed
in the draining LN (right PLN), while red 1.0um microsphere* DCs were detectable in the
draining LN (left PLN) (Figure 2C). Our experimental results, therefore, confirmed the
previously reported observations that the migration of myeloid cells containing 1.0um
microspheres was blocked under the influence of LPS [32]. Most importantly, the findings
from this experiment also support our observations that DCs containing 0.2um microspheres
are capable of migrating from the skin sites of inoculation to both draining and non-draining
secondary lymphoid organs under the influence of LPS.

This finding led us to question whether distinct subsets of cells might be involved in the
peripheral uptake of 0.2um or 1.0um microspheres. When C3H/HeN mice were
subcutaneously injected with either 0.2um or 1.0pum green microspheres without added
adjuvant, the majority (>75%) of DCs containing 0.2um microspheres in the draining LN
phenotyped CD11c¢*CD11b* (Table 2). Most of these DCs also phenotyped as 33D1*CD8a.~
and a small subpopulation phenotyped DEC205*CD8a* (data not shown). In contrast, a much
smaller percentage of DCs containing 1.0um microspheres phenotyped CD11c*CD11b*
(~30%) with the majority (~62%) phenotyping CD11c"CD11b* (Table 2).

A phenotypic analysis of DCs containing either high or low numbers of microspheres revealed
that most of 0.2um microsphere™ DCs from both subpopulations (with high or low numbers
of microspheres per cell) expressed both CD11c and CD11b. The subpopulation of 1.0um
microsphere* cells containing a high number of ingested microspheres per cell expressed only
the CD11b marker, while 1.0um microsphere* cells containing low numbers of microspheres
expressed both CD11b and CD11c (data not shown). These data suggest that cells that take up
1.0pm or 0.2um microspheres at the skin sites of injection and migrate to the draining LNs
could be distinct subpopulations of mobilized cells.

Vaccine. Author manuscript; available in PMC 2009 January 30.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Enioutina et al. Page 8

3.3. Protein loaded DCs emigrating from LPS-exposed skin sites can effectively present
antigen peptides to naive CD4" T cells residing in multiple secondary lymphoid organs

We questioned whether the migratory DCs possess the capacity to effectively present antigen
to naive CD4* T cells and stimulate their clonal expansion. The immunization of DO11.10
CD4* T cell recipients with OVA in the presence of LPS or 1a25(0OH),D3 resulted in an
increased percentage of KJ1-26" CD69™ cells in all tested draining and non-draining secondary
lymphoid organs except the spleen (54-58% in the draining popliteal LNs, 31-34% in the
axillary LNs, and 36-50% in the PPs) (Figure 3A). Only the draining LN of adoptive recipients
that were immunized with OVA alone contained an increased percentage of double positive
cells (58%) (Figure 3A). The expression of CD69 by DO11.10 CD4* T cells in non-draining
lymphoid organs of mice immunized with OVA in the presence of LPS or 1a25(0OH),D3
suggests that these cells were being activated locally by antigen-laden DCs that had migrated
from the subcutaneous site of antigen administration.

The expression of CD69 on adoptively transferred DO11.10 CD4* T cells correlated with their
ability to undergo clonal expansion since immunization of DO11.10 T-cell recipients with
OVA in the presence of LPS or 1025(0OH),D3 resulted in expanded numbers of D011.10 T
cells in draining as well as non-draining secondary lymphoid organs (Figure 3B). DO11.10
CD4™* T cell expansion was primarily restricted to the draining LNs when the DO11.10 T cell
recipients were immunized with OVA alone (Figure 3B). These findings provide evidence that
antigen-laden DCs that migrate to non-draining secondary lymphoid organs are able to
effectively present antigen peptides to antigen-responsive CD4™ T cells residing in these
lymphoid tissues and promote their clonal expansion.

3.4. Subcutaneously administered TLR ligands that induce increases in 1a-hydroxylase
protein expression in DCs are able to alter their migratory patterns in vivo and promote the
induction of mucosal immune responses to co-administered antigens

Major targets of most TLR ligands are the myeloid cells, including macrophages and DCs
[33-36]. It has been reported that several distinct TLR ligands are capable of inducing the
expression of 1a-hydroxylase in human monocytes and macrophages [13,16]. This led us to
question whether 1a-hydroxylase protein could be expressed following murine DCs exposure
to various TLR ligands. Western blot analysis determined that BMDCs exposed to LPS (TLR4)
or poly I:C (TLR3) showed an increased expression of 1a-hydroxylase, while BMDC
activation with CpG ODNSs (TLR9) failed to increase expression of this enzyme (Figure 4A).

To evaluate the capacity of distinct TLR ligands to influence DC trafficking in vivo, C3H/HeN
mice were injected subcutaneously into the right hind footpad with 0.2um green microspheres
in the presence of either poly I:C, LPS or CpG ODNSs. The test animals also received an
injection of 0.2um red microspheres alone into their left hind footpads as an internal control.
FACScan analysis 48 hours post injection determined that DCs containing red microspheres
were found to predominantly localize to the draining LN (left PLN) in all experimental groups
(Figure 4B-D). Green microsphere* DCs from animals co-injected with microspheres in the
presence of LPS or poly I:C were found in both draining and non-draining secondary lymphoid
organs (Figure 4B-C), while the co-injection of microspheres with CpG ODNs resulted in an
increased localization of green microsphere™ DCs to the draining LNs only (Figure 4D). These
data demonstrate that TLR ligands capable of upregulating 1a-hydroxylase expression in DCs
also promoted the migration of microsphere* DCs to non-draining secondary lymphoid organs.

We previously reported that the ability of 1a25(OH),D3 to induce mucosal immune responses
in vivo was directly correlated with its ability to promote the migration of antigen-laden DCs
from the skin to non-draining secondary lymphoid organs, especially to the PPs [18]. Our data
now indicates that LPS and poly I:C are both able to promote DC trafficking to known inductive
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sites of mucosal immunity, thereby suggesting that these TLR ligands might function as
effective mucosal adjuvants for subcutaneously administered antigens. All of the animals
vaccinated with Diphtheria CRM 197 protein (DT) in the presence of LPS, poly I:C or CpG
ODNs mounted enhanced anti-DT serum 1gG responses when compared to immune responses
of mice immunized with DT/Alum alone (Figure 5A-C). However, only the mice immunized
with vaccines containing LPS or poly I:C mounted significant levels of mucosal anti-DT IgA
antibody responses following primary and booster immunizations (Figure 5A-B and data not
shown). In contrast, no anti-DT IgA antibodies were detected in the mucosal secretions of mice
immunized with DT/Alum alone or DT in the presence of CpG ODNs (Figure 5C and data not
shown).

Our results indicate that vaccines containing TLR ligands capable of promoting the migration
of DCs beyond draining LNs (LPS and poly I:C), like 1025(0OH),D3, support the induction of
mucosal immune responses. CpG ODNs added to vaccines, however, augmented the
magnitude of systemic immune responses without any observed induction of mucosal
immunity.

4.0 Discussion

We and others have previously reported that both systemic and mucosal antigen-specific
immune responses can be induced in mice and other animal species following parenteral
immunization with protein vaccines containing small quantities of 1a25(0OH),D3 [17-19,21,
22,37,38]. The mucosal antibody responses induced by these systemically administered
vaccines were established to reflect local production by IgA-secreting B cells residing in the
lamina propria, and the levels of antigen-specific IgA antibodies present in the mucosal
secretions were determined to be independent of serum antibody titers [18].

We hypothesized that vaccines containing TLR ligands able to stimulate 1a-hydroxylase
expression in DCs should be capable of initiating common mucosal immune responses to co-
administered antigens. We found that murine DCs were induced to express la-hydroxylase
following their stimulation with LPS, suggesting that 1025(OH),D3 was being locally
produced in vivo in response to stimulation through TLR4 BMDCs matured in vitro with LPS
in the presence of the precursor 25(OH)D3 were able to traffic beyond the draining LN and
localize into various non-draining secondary lymphoid organs, including the PPs following an
adoptive transfer into naive C3H/HeN recipients. This finding suggested that alterations to the
migratory properties of BMDCs, matured with LPS in the presence of 25(OH)Dj3 in vitro, were
probably due to effects mediated by newly synthesized 1a25(0OH),Ds.

The co-injection of LPS and latex microspheres into the skin of experimental mice, similar to
the co-injection of 1025(0OH),D3 and microspheres, resulted in the localization of
microsphere* DCs into numerous non-draining secondary lymphoid organs, including the PPs.
This was only observed with small 0.2um microspheres, since the migration of DCs containing
1.0pm microspheres was completely inhibited by co-administration of LPS. This finding, along
with observed differences in the phenotypes of 0.2um and 1.0pum microsphere-containing DCs,
suggest that the size of antigen particles employed may represent a component of vaccine
design that needs additional consideration.

Our analysis of the surface phenotype of the migratory 0.2um microsphere* DCs determined
that the virtually all DCs mobilized from LPS injection sites that ultimately trafficked to non-
draining lymphoid organs were CD11c*CD11b*, as previously reported (data not shown and
[19]). A substantial percentage of the microsphere™ DCs that localized into the draining LNs,
and practically all microsphere* DCs that had localized into non-draining lymphoid tissues

phenotyped as 33D1*. It has been shown that 33D1* DCs are capable of effectively initiating
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humoral immune responses [26,27]. This data suggests that 1a25(OH),D3- or LPS-mobilized
DCs leaving cutaneous sites of vaccine administration should be capable of effectively
supporting the development of humoral immune responses subsequent to their localization to
peripheral or mucosal lymphoid organs.

The mobilized microsphere* DCs that migrated beyond the draining LNs were also found to
express CD103. TGFp is known to stimulate the expression of CD103 on CD8* T cells [39,
40], and we have recently found (unpublished data) that murine DCs can be induced to express
large quantities of bioactive TGFf following their activation in vitro with LPS in the presence
of either calcitriol or its precursor hormone 25(0OH)D3. Whether the expression of CD103 on
DCs leaving sites of calcitriol exposure is a TGFB-dependent event, however, is currently
unknown. Recently, it has been shown that the co-culture of CD103* DCs with purified
CD4" or CD8* T cells stimulates the expression of both a4B7 and CCR9 on lymphocytes, two
molecules that effectively guide their localization into mucosal tissues [39,40]. CD103* DCs
might be programmed to produce the retinal dehydrogenases needed to metabolize vitamin A
to the active metabolite, since all trans retinoic acid is now known to confer intestinal homing
capabilities to both T and B lymphocytes via its ability to promote expression of 0437 and
CCR9 [41,42].

Our experiments evaluated possible mechanisms by which LPS (a TLR4 ligand) promotes an
alteration in the migratory properties of mobilized DCs, leading to the induction of mucosal
immune responses. Stimulation of responsive cells through TLR4 activates two known
signaling pathways, the MyD88- and the TRIF-dependent pathways [1,43]. CD11c* DCs
generated from the bone marrow of adult mice expressed la-hydroxylase following their
activation with poly I:C (TLR3 ligand, TRIF-dependent pathway) but not following their
activation with CpG ODNs (TLR9 ligand, MyD88-dependent pathway). When naive mice
were subcutaneously injected with fluorescent microspheres plus poly I:C or CpG ODNSs,
microsphere* DCs could only be found in the non-draining lymphoid organs of mice that
received the TLR ligand capable of upregulating La-hydroxylase expression (poly I:C). A co-
administration of both CpG ODNSs and poly 1:C with microspheres resulted in an increase in
the number of microsphere* DCs that localized to non-draining secondary lymphoid organs
and the PPs of experimental mice (data not shown). These data indicate that stimulation of both
TLR-dependent signaling pathways is important to achieve optimal DC mobilization from
inflammatory skin sites. Stimulation through the TRIF-dependent pathway alone, however,
appears to be sufficient and necessary for mobilized DCs to bypass sequestration in the draining
lymph nodes and traffic to non-draining secondary lymphoid organs.

TLR ligands that allowed DCs leaving skin sites of vaccine administration to traffic into non-
draining secondary lymphoid organs, positively correlated with their ability to function as
adjuvants for the stimulation of systemic and mucosal immune responses. The addition of LPS
or poly I:C to subcutaneously administered vaccines was capable of stimulating the
simultaneous induction of both systemic and mucosal immune responses, while the use of CpG
ODN:s as an adjuvant augmented the generation of only systemic immunity to subcutaneously
administered antigens. It will be of interest to determine whether the immune responses elicited
against bacterial or viral pathogens containing TLR ligands can promote the effective
development of mucosal immunity, especially under conditions where the primary site of
infection/vaccination is peripheral and not mucosal.

Data presented in this manuscript demonstrate that activation of the TRIF-dependent signaling
pathway in DCs entering sites of vaccine delivery, stimulates the endogenous production 1025
(OH),D3 in vivo, ultimately expanding the types of adaptive immune effector responses
elicited. This calcitriol-dependent mechanism should provide a broader range of immune
protection to vaccinated hosts.
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It is now well appreciated that antigens administered intranasally, along with appropriate
adjuvants, are able to simultaneously stimulate the generation of both antigen-specific systemic
and mucosal immune responses [44,45]. The skin, while representing a major portal of entry
for infection, is also an immunologically important tissue. Recent data supports the concept
that antigen presentation through the skin, like antigen presentation via the nasal mucosa, can
effectively stimulate the generation of both systemic and mucosal immune effector responses.
We believe that this process is dependent upon locally produced 1025(OH),D3 and is mediated
through calcitriol ability to alter the migratory properties of DCs mobilized from the sites of
antigen administration/infection, allowing them to localize and present antigen in classical
inductive sites of mucosal immunity. Our present finding that DC activation by TLR ligands
through the MyD88 independent pathway leads to an upregulated expression of 1a-
hydroxylase indicates that the innate responses by some microbial pathogens should be able
to stimulate effective adaptive mucosal defenses. Therefore, the immune modulatory
influences of locally produced calcitriol should now be expanded to include the stimulation of
cathelicidin production, the homing of effector T cells to the skin and promoting the migration
of antigen-laden DCs from a skin site of vaccination to numerous secondary lymphoid organs,
including the PPs, for the effective generation of both adaptive systemic and mucosal immune
responses.
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Figure 1. The activation-induced upregulation of 1a-hydroxylase in murine dendritic cells alters
their trafficking properties in vivo and their chemotaxis in vitro

(A) CD11c* BMDCs were stimulated with LPS (10ng/ml) for 24 hours at 37°C or left untreated.
Cell lysates were then prepared and analyzed for the presence of 1la-hydroxylase by Western
Blot. Proteins were visualized by ECL Plus Western Blotting Detection System. The blot was
later stripped and reprobed with antibodies against f-actin to ensure an equal loading of protein.
Results are representative of five experiments. (B) CD11c* BMDCs were matured in vitro for
24 hours in the presence of LPS (10ng/ml) with or without 10:25(0OH),D3 (VD3, 108 M) or
25(0OH)D3 (107 M). The BMDCs were then washed and evaluated for chemotactic responses
toward CCL21 (100ng/ml) and S1P (1000nM) using Transwells (5um pores). After a 3-hour
incubation at 37°C, cells that migrated to the bottom chamber were collected and counted.
Results are presented as mean of triplicates + SD. *- difference between numbers of LPS
matured DCs in the presence of LPS in the presence of 25(OH)D3 or 1625(0OH),D3 that
migrated into the bottom chamber and numbers of LPS only treated BMDCs that migrated to
the bottom chamber was statistically significant (p<0.02-0.009). This experiment was repeated
twice with similar results. (C) CD11c* BMDCs were treated with 10ng/ml of LPS in the
presence or absence of 10 8M 1a25(0OH),D5 or 10~’M 25(0OH)D3. After a 24-hour incubation
at 37°C, the BMDCs were stained with CFSE and subcutaneously injected into naive recipients
(three mice per group). Forty-eight hours later, mice were sacrificed and single cell suspensions
from individual lymphoid organs (popliteal (PLN), axillary (ALN) lymph nodes, spleens (SPL)
and Peyer’s patches (PP)) were prepared and analyzed by FACScan. A total of 400,000 events
were collected. Results are presented as mean + SD. * - difference between numbers of
CFSE™ DCs detected in various secondary lymphoid organs of C3H/HeN mice that received
a subcutaneous injection of BMDCs exposed to the influences of LPS in the presence of 25
(OH)D3 or 1a25(0H),D3 and numbers of CFSE* DCs detected in various secondary lymphoid
organs of mice that received a subcutaneous injection of BMDCs treated LPS alone was
statistically different (p<0.05-0.01).
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Figure 2. Dendritic cells leaving a subcutaneous site of LPS injection are capable of trafficking to

multiple secondary lymphoid organs throughout the body

(A) Green fluorescent latex microspheres (0.2um) were injected into the right hind footpads
of mature adult C3H/HeN mice in the presence or absence of 1a25(0OH),D3 (0.1ug) or LPS
(10pg). Red fluorescent latex microspheres were injected alone into the left hind footpad of
the same animals. After forty-eight hours, individual lymphoid tissues were analyzed for the
presence of microspheret DCs. A total of 400,000 events were collected. Data is presented as
mean * SD. *- differences in the numbers of green microsphere* DCs in a particular lymphoid
organ from animals exposed to the influences of LPS or 1a25(OH),D3 and the numbers of red
microsphere* DCs was statistically significant (p<0.01-0.003). Results are representative of
five independent experiments. (B) Mature adult C3H/HeN mice were injected with 0.2um
green microspheres into the right thigh and 0.2um red microspheres into the right abdominal
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area. Both injection sites drain into the same inguinal LN. Forty-eight hours post injection, the
draining inguinal LN was collected and single cell suspensions were prepared. Samples were
analyzed by FACScan for the presence of green or red microspheres* DCs. A total of 400,000
events were collected. Experiment was repeated three times with similar results. (C) Green
fluorescent microspheres (1.0um or 0.2um) were injected in the presence of LPS (10ug) into
the right hind footpads of normal mice (three animals per group). Red fluorescent microspheres
(1.0um or 0.2um) were injected alone into the left hind footpads of the same mice. After forty-
eight hours, individual lymphoid organs were removed (popliteal lymph node (PLN), Peyer’s
patch (PP)) and single cell suspensions were prepared. Samples were analyzed by FACScan
for the presence of microsphere* DCs. Data presented as mean + SD. *- difference between
numbers of green microsphere™ DCs found in PLN and PPs of animals that received 1.0um
(or 0.2um) microspheres plus LPS and numbers of red microsphere* DCs in PLN and PPs of
mice that were injected with 1.0um (or 0.2um) microspheres alone was statistically significant
(p<0.02-0.007). Results are representative of two experiments.
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Figure 3. Mobilized antigen-laden DCs that traffic to non-draining lymphoid organs are fully
capable of productively initiating an antigen-specific immune response

(A) BALB/c mice received 2x10% CD4* T cells from DO11.10 donors. After a 24-hour rest,
the DO11.10 T cell recipients were subcutaneously immunized with 50ug OVA in Alum in
the presence or absence of 0.1ug 1025(0OH),D3 or 10ug LPS. Recipients were sacrificed 72
hours post-immunization and their secondary lymphoid organs were analyzed for
KJ1-26*CD69* T cells. Data presented as mean + SD. *- difference between the percentage
of KJ1-26% cells co-expressing CD69 in tested lymphoid organs of animals immunized with
OVA and added LPS or 1a25(0OH),D3 and the percentage of KJ1-26"CD69* cells detected in
various lymphoid organs of animals immunized with OVA alone was statistically different
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(p<0.04-0.02). The results presented are representative of two independent experiments. (B)
BALB/c recipients of DO11.10 CD4* T cells stained with CFSE were subcutaneously
immunized with vaccine formulations containing 50ug OVA in Alum with or without 0.1pug
1a25(0H),D3 or 10ug LPS. After 7 days, individual secondary lymphoid organs were
removed, and single cell suspensions were prepared for analysis by FACScan. Data presented
as mean * SD. *- difference between percentage of CFSE*CD4* cells in various lymphoid
organs of mice immunized with OVA plus LPS or 1a25(OH),D3 and percentage of
CFSE*CD4* cells detected in various lymphoid organs of animals immunized with OVA alone
was statistically different (p<0.05-0.01). Results were obtained from two independent
experiments.
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Figure 4. TLR ligands that upregulate the expression of 1a-hydroxylase in DCs are able to alter
their migratory properties following activation-induced mobilization

(A) CD11c* BMDCs were activated with CpG ODN (20ug/ml), poly I:C (20ug/ml), LPS
(10ng/ml) or left untreated. Cells were harvested 24 hours post activation, lysed and analyzed
for 1a-hydroxylase protein expression by Western Blot analysis. The blot was later stripped
and reprobed with antibodies against p-actin to ensure an equal loading of protein. Results
presented are representative of three experiments. (B-D) Green fluorescent microspheres
(0.2um) in the presence of (B) 20ug poly I:C, (C) 10ug LPS, or (D) 20ug CpG ODNs were
injected into the right hind footpads of C3H/HeN mice (three per group). Red fluorescent
microspheres (0.2um) were then injected alone into the left hind footpads of the same animals.
After forty-eight hours, individual lymphoid organs (right popliteal (RPLN), left popliteal
(LPLN), axillary (ALN), cervical (CLN) and mesenteric (MLN) lymph nodes, spleens (SPL)
and Peyer’s patches (PP)) were removed. Single cell suspensions were prepared and analyzed
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by FACScan. Data presented as mean + SD. *- difference between numbers of green
microsphere* DCs in animals co-injected with microspheres plus poly I:C, LPS or CpG ODN
found in various secondary lymphoid organs and numbers of red microsphere* DCs in the
lymphoid organs analyzed from the same mice was statistically significant (p<0.01-0.003).
The data presented in Figure 4B-D are representative of three independent experiments.
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Figure 5. Vaccine formulations, containing LPS or poly 1:C as adjuvants are able to promote the
induction of both systemic and mucosal immune responses

Groups of mature adult C3H/HeN mice (five per group) were subcutaneously immunized with
a vaccine formulation containing 1pg diphtheria CRM 197 protein (DT) and added (A) LPS
(10ug), (B) poly I:C (20ug) or (C) CpG ODN (20pug). With each of the TLR ligands being
tested, parallel groups were added that were immunized with DT alone, or with DT and
0.1pg 1a25(0H),D3. Nine weeks after immunization, all groups of animals were
subcutaneously reimmunized as described above. Serum and mucosal samples were collected
at various time points post vaccination and analyzed for the presence of DT-specific antibodies
by ELISA. Results are reported as the mean value of anti-DT antibodies detected in the serum
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and/or mucosal secretions of five mice per group (xSD). *- difference between levels of anti-
DT antibodies in serum or mucosal secretions of mice immunized with DT in the presence of
1a25(0OH),D3 or TLR ligand and levels of anti-DT antibodies in serum or mucosal secretions
of mice immunized with DT only were statistically significant (p< 0.004-0.001)
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Table 1
Surface phenotype of the microsphere™ DCs within draining and non-draining secondary lymphoid organs following
a subcutaneous injection of 0.2um latex microspheres with 1a25(0OH),D3 or LPS.

Secondary lymphoid organs Additions to microsphere inoculum? Phenotype of microsphere” cells”
CD8q_33D1" (%) CD8a"DEC205" (%)
Popliteal LN (draining) None 68.1+3.2 12.2+1.3
1025(0H);D; 21.3+ 35 31.132.8°
LPS 47.5+4.3¢ 16.3+0.9
Axillary LN (non-draining) None n/DA N/D
1a25(0H),D, 98.5+0.3 1.9+0.2
LPS 95.4+1.7 2.1+0.3
PP (non-draining, mucosal) None N/D N/D
1025(0OH),D, 97.8+1.1 2.0+0.1
LPS 96.5+1.5 1.8+0.3

aGreen 0.2um fluorescent microspheres (50l of a 0.25% solution) were injected into the hind footpads of C3H/HeN mice (3 per group) in the presence
of 0.1pg 1a25(0H)2D3 or 10pg LPS. The injection of microspheres alone served as the control.

bSingle cell suspensions were prepared from multiple secondary lymphoid organs after 48 hours. Cells were stained with antibodies directed against

CD8a, DEC205 and 33D1 and analyzed by FACScan. Phenotype analysis was done on microsphere™ cells. At least 1000 microsphere™ events were
analyzed.

cDifferences in the percentages of LPS or 10:25(0H)2D3-exposed microsphere™ DCs in the draining LNs of experimental mice and the percentage of

microspheret DCs in the draining LNs of mice that received microspheres only were statistically significant (p<0.05-0.002)

dN/D - not detected
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Table 2
The majority of 0.2um microsphere* DCs that localize within the draining LNs phenotype as CD11c*CD11b*, while
the majority of cells containing 1.0um microspheres phenotype as CD11¢ CD11b*

Experimental groupsa Phenotype of microsphere” cells residing in the draining LN
CD11c*CD11b* (%) CD11c CD11b* (%)
0.2um microspheres 76.3+1.1 13.8+0.8
1.0um microspheres 30.5+2.8¢ 62.8+1.4¢

a1.0pm or 0.2um green fluorescent microspheres (50ul of a 0.25% solution) were injected into hind footpads of C3H/HeN mice (3 per group).

bSingle cell suspensions were prepared from the draining popliteal lymph nodes after 48 hours. Cells were stained with antibodies specific for CD11c

and CD11b and analyzed by FACScan. Phenotype analysis was done on microsphere™ cells. At least 1000 microsphere™ events were analyzed.

CDifferences between the percentage of 0.2um microsphere® DCs and the percentage of 1.0pm microspheret DCs were significant (p<0.001-0.005)
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