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Abstract

Pulmonary dendritic cells (DCs) constantly sample the tissue and traffic inhaled antigens to the
lung-draining lymph node where they normally orchestrate an appropriate immune response. The
dynamic ability of these professional antigen-presenting cells to promote tolerance or immunity
has been intensively studied by several groups, including ours. Distinct DC subsets in both
lymphoid and non-lymphoid tissues have been described based on their surface molecule
expression and location. Current efforts to unravel DC development and function are providing
insight into the various roles each subset offers the immune system. Elucidating DC functions,
particularly in the lung, may then allow use of the inherent ability of these cells for enhanced
vaccine strategies and therapeutics for pulmonary infections and diseases.

Keywords
Dendritic cell; Lung-draining lymph node; Pulmonary; Antigen acquisition

Introduction

Dendritic cells (DCs) are the most potent professional antigen-presenting cells specialized in
the ability to initiate, sustain, and regulate appropriate immune responses [1]. Constantly
sampling their environment, DCs process captured proteins into peptides and present
antigens via major histocompatibility complex (MHC) molecules, which are recognized by
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T cells [2]. The outcome of antigen presentation to T cells largely depends on the
environment in which the antigen was captured. Under steady-state conditions, DCs tolerize
T cells to innocuous antigens acquired in tissue including self-antigens [3]. However, in the
presence of pathogen-derived substances, tissue damage, or adjuvants, DCs are activated to
express co-stimulatory molecules and cytokines that promote the development of antigen-
specific CD8 and CD4 T cells [4-7]. They also express pattern recognition receptors
including members of the toll-like receptor (TLR) family that enables recognition of foreign
pathogens and adjuvants [8]. The diversity of expression for pattern recognition receptors
among the DC subsets suggests selectivity in pathogen recognition. Moreover, DC subsets
differ in location, hematopoietic lineage, and function that directly influence the
immunological outcome. This overall new appreciation of DC diversity has focused the field
on understanding how various non-lymphoid and lymphoid DC subsets differentially
acquire antigen in the tissues and present it in the draining lymph nodes (LNs). In the lung,
four populations of DC have been described so far: plasmacytoid DCs (pDCs), monocyte-
derived DC, and two migratory DC subsets. This review focuses on the migratory DCs of
the mouse lung by outlining their development and specialized function in tissue antigen
acquisition and presentation.

Dendritic cells of the lung

Myeloid cells in the lung

There are several cell types capable of antigen presentation in the lung, which include
resident alveolar macrophages and DCs, of which both express high levels of the integrin
CD11c. Other mononuclear myeloid populations present in the lung are pDCs and
monocytes, which become more abundant during infection and inflammation [9-11]. PDCs
can be detected by the intermediate expression of MHC 11 and CD11c with high levels of
expression for B220 and Gr-1 (Ly6C) [12]. Of these various antigen-presenting cell types,
non-lymphoid migratory DCs have the greatest capacity to initiate T cell-mediated immune
responses due to their ability to capture antigens and migrate down afferent lymphatics into
the draining LN where they present ferried antigens [13].

The two migratory DC subsets that exist in the lung can be distinguished using flow
cytometry and microscopy through their differential expression of integrins: (1) CD11c*
CD11b'°CD103* and (2) CD11c* CD11bNCD103~ DCs [12, 14], identified herein as
CD103* or CD11b" DCs, respectively. Both DCs are present in the lungs of naive mice
with relatively similar frequencies as shown in Fig. 1a. In naive mice, pulmonary migratory
DCs represent approximately 1.5 % of all leukocytes in the lungs, while pDCs are less than
0.5 % [9].

Location of pulmonary DCs

The location of DCs in the lung has been examined in mice and rats [15]. In mice, the
frequency of pulmonary DCs is greater in the conducting airways, that is trachea and major
bronchi, compared to the lung parenchyma [16]. However, DCs were not detected in
bronchoalveolar lavage fluid where the predominant myeloid cell is the CD11c expressing
alveolar macrophage. This suggests that DCs in the airways are tightly associated with the
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epithelium. Sung and colleagues performed the first characterization of murine pulmonary
CD103* DCs in 2006. Immunohistochemistry staining revealed that CD103* DCs represent
70-75 % of the CD11c* MHCII* DCs positioned on the basal side of airway epithelium and
parenchymal side of vascular endothelial cells [12]. Subepithelial location of the CD103*
DCs is likely mediated by interaction of CD103 (alpha e integrin) and beta 7 integrin with
E-cadherin expressed basally by epithelial cells. Moreover, CD103* DCs express several
tight junction proteins including Claudin-1, Claudin-7, and Z0-2 to a greater extent than
CD11b" DCs, which might suggest its capacity to extend protrusions through the epithelial
barrier into the bronchiolar luminal space, granting access to external antigens or pathogens
[12]. CD11b" DCs are not seen as often in these locations and predominantly localize in the
peribronchial regions and interstitial space [12].

Identification of pulmonary DCs

To identify pulmonary DCs using flow cytometry, single-cell suspensions need to be
obtained from lung tissue [17]. Using the gating strategy shown in Fig. 1a, CD11c
expressing DCs can be discriminated from macrophages in the lung by staining for sialic
acid binding lg-like lectin F, Siglec-F. Eosinophils also express Siglec-F but do not stain for
CD11c [12]. Moreover, under steady-state conditions, macrophages do not express CD11b,
like eosinophils. During inflammation, the use of Siglec-F becomes useful to distinguish
macrophages from DCs and incoming monocytes because resident macrophages upregulate
CD11b and MHC Il on their surface [18-20].

Pulmonary DC turnover

Steady-state turnover of migratory DCs from the conducting airways has been shown to
occur as often as every 2-3 days in rats and even more rapidly in mice using bone marrow-
depletion studies to determine DC lifespan in the lung [21]. Other studies using parabiotic
mice suggest DC turnover in the lung is much longer, with CD11b" and CD103* DCs
having half-lives of 15 and 30 days, respectively [22]. These studies show that there is
frequent cell turnover, that is migration from the tissue and then eventual death within the
LN, supporting the critical role these cells have in immune surveillance of inhaled antigens.

Cytokines and transcription factors

Nearly two decades after the discovery of DCs by Steinman and Cohn, granulocyte/
macrophage colony-stimulating factor (GM-CSF) was identified as a key cytokine for
differentiating bone marrow progenitors into DCs in vitro [23]. These antigen-presenting,
MHCII* cells enabled cell biologists to investigate in detail the mechanisms of migration,
antigen-processing, and antigen presentation [6, 24—-26]. However, it has now become
evident that these bone marrow-derived DCs do not accurately reflect DCs found in
lymphoid and non-lymphoid tissues in vivo. Interestingly, GM-CSF is not required for the
development of DCs in vivo: GM-CSF receptor-deficient mice have normal DC
development in the lung with slightly reduced DC numbers in tissue and LNs [27].

More recent studies have provided a greater understanding of the developmental role that
cytokines and transcription factors have in shaping the DC repertoire in lymphoid and non-
lymphoid compartments. DC lineage commitment starts in the bone marrow with the
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macrophage and DC precursor (MCP) that has the potential to become monocytes or the
common DC precursor (CDP) [28, 29]. CDPs can no longer differentiate into monocytes or
macrophages but can give rise to pDCs and pre-cDCs, which are progenitors to lymphoid
and some non-lymphoid DC subsets [30, 31]. Monocytes have been shown to give rise to
some non-lymphoid DC subsets [14, 32—-34], although adoptively transferred monocytes
show minimal, if any, capacity to differentiate into defined DC subsets in the lung under
steady-state conditions (unpublished data). Only in mice depleted of CD11c* cells along
with a transfer of large numbers of Gr1"CD11b* CD115* BM monocytes did monocytes
appear to differentiate into cells that expressed similar surface molecules as CD11b" DCs.
However, it is not yet clear that these cells become fully differentiated pulmonary DCs [22,
34]. During inflammation, monocyte-derived DCs are recruited into tissues, which derive
from the blood-circulating CD115* CCR2* monocytes [33, 35]. The inflammatory
monocyte-derived DCs (also known as TNF-iNOS producing DCs, TIP-DCs) express
CD11c, MHC II, CD24, SIRPa, and DC-SIGN and lose expression of CD115 and Ly6C,
making them difficult to distinguish from steady-state DCs [36, 37]. With these studies in
mind, using the gating strategy in Fig. 1a, CD11b" DCs are most likely comprised of a
heterogeneous population, and more so during inflammation.

Evidence of the differential need for growth factors by pulmonary DCs is supported by the
disparity in their cytokine receptor expression [38]. Fms-like tyrosine kinase 3 ligand (FIt3
ligand) is an important growth factor for the expansion of lymphoid DCs, pDCs and CD103*
DCs [39]. Multiple studies use recombinant human FIt3 ligand to demonstrate the expansion
of CD11c* CD11b*'~ MHCII* cells [39]. However, when our group expanded pulmonary
CD11c* MHCI™ cells in vivo using recombinant human Flt3 ligand, we observed the
expansion of an MHCII* cell not phenotypically present in wild-type lungs. By contrast,
when recombinant murine FIt3 ligand was used, pulmonary CD103* DCs were
preferentially expanded (unpublished data). In Flt3-deficient mice, CD103* DCs were
severely diminished compared to CD11b" DCs [22, 38]. On the other hand, FIt3 ligand-
deficient mice exhibit reduced development of both DC subsets in the lung and other tissues,
suggesting both DCs require this cytokine but use separate receptors for their differentiation
[22, 40].

M-CSF is a key cytokine involved in monocyte and macrophage differentiation [41]. It also
appears to have a role in the development of CD11b" DCs, which express M-CSFR to a
greater extent than CD103" DCs in the lung and other tissues [22, 38]. In contrast to
CD103* DCs that developed normally in the M-CSFR-deficient mice, CD11b" DCs were
partially reduced in numbers in the lung [22].

In addition to cytokines, lung DCs depend on transcription factors for their subset
programming (Table 1). One unifying developmental requirement for all DC subsets is PU.
1, which is the key regulator of FIt3 expression, and interferon-regulatory factor 8, IRF8
[42]. Deficiencies in these transcription factors render animals devoid of all DC lineages
[43-46]. CDPs and pre-DCs express high levels of PU.1 and IRF8 and low levels of 1D2.
PDCs diverge from the conventional DC program by down-regulating PU.1 and
upregulating E-protein E2-2 while maintaining IRF8 expression [36]. Conventional DCs
commit to their lineage at the CDP stage by retaining high levels of PU.1 and gaining the
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expression of inhibitor of DNA binding 2, ID2, which is expressed highly on
developmentally similar CD8a* and CD103* DCs. Unlike pDCs, conventional DCs do not
gain E2-2 [36]. Recently, two groups have identified a unifying transcription factor, Zbtb46,
which is selectively expressed by all cDCs and pre-DCs but not pDCs, monocytes, and
macrophages [47, 48]. Although not required for cDC development, Zbtb46 regulates the
silencing of the G-CSF receptor and leukemia inhibitory factor receptors that occurs during
the course of normal cDC development [48]. Interestingly, DC differentiation from purified
BM monocytes cultured with GM-CSF promoted Zbtb46 expression and high surface MHC
I1 [48]. This datum suggests some caution in associating all Zbtb46* immune cells with their
derivation from preDCs, such that it is possible that recruited monocytes entering a
GMCSF-rich lung environment upregulate Zbtb46 resulting in its acquisition of a DC-like
phenotype, as observed in vitro.

In tissues, CD103* and CD11b"i DCs differ in the requirement of transcription factors.
CD103* DCs rely heavily upon basic leucine zipper transcription factor, ATF-like 3,
BATFS3, for their development. In fact, CD103* DCs are completely absent in the lung and
other tissues in BATF3 knockout animals [38, 49]. Additionally, this subset depends on high
expression of IRF8 and 1D2 for normal cellularity [22, 50]. The transcription factors
contributing to CD11b" DC development are less well defined. However, this subset
appears to depend less upon IRF8 and BATF3 such that in the BATF3-deficient mice,
CD11b" DCs are intact in the lung [38, 49]. Although not shown in the lung, in the spleen,
lymphoid CD11b" DCs require RELB, IRF2, and IRF4 for their development [51-55]. It
seems likely that these transcription factors are also involved in the lung, as they appear to
be selectively expressed in pulmonary CD11b" DCs [38].

Understanding DC programming in humans will be critical as deficiencies and mutations in
these transcription factors have been recently described [56-58]. These individuals have
dysfunctional DC development, rendering them unable to control mycobacterial infections
[56, 57]. Thus, identification of key transcription factors for the development of murine DCs
is increasingly assisting in the identification of human orthologs of the murine DC subsets.

Antigen acquisition and trafficking

Macrophage interaction with pulmonary DCs

The respiratory tract provides a large surface area where a single epithelial cell layer allows
for efficient gas exchange with an underlying endothelial layer surrounding the pulmonary
capillaries. This thin barrier presents a challenge to the mucosal immune system that must
discriminate a pathogen from the constant bombardment of innocuous antigens inhaled from
the environment. Prior to antigen presentation, antigens must get past both physical and
cellular barriers before reaching tissue DCs including the mucociliary escalator, surfactants,
and highly phagocytic macrophages.

The anatomical location of alveolar macrophages suggests that alveolar macrophages are the
first line of defense during microbial airway challenges, which occurs daily. Patrolling the
alveolar space, macrophages play an important role in suppressing DC function [59, 60].
These cells ingest most airway antigens, limiting underlying DCs from acquiring
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environmental particulates [61]. Thus, macrophages minimize lung tissue damage from an
unnecessary immune response that could be initiated by pulmonary DCs. For pulmonary DC
antigen acquisition, a threshold must be met where the macrophage population becomes
fully saturated to permit antigen spillover into the DC compartment. One study found that
the antigen delivery dose into the lungs requires approximately 109 organisms before
bacterial ingestions are taken up by pulmonary DCs [61]. Therefore, when macrophages can
no longer contain a microbial challenge, DCs will assist in eliciting an adaptive immune
response. However, minimizing inflammation in the interstitial space of the lung is
important since the main function of the lungs is gas exchange. Other studies supporting the
role of macrophages as DC suppressers demonstrated that clodronate depletion of alveolar
macrophages resulted in enhanced DC numbers in the airways and particle uptake by DCs
[62]. The enhanced uptake in the lung resulted in elevated antigen-bearing DCs in the
draining LN and amplified APC function [62, 63].

Pulmonary DC antigen acquisition

Microanatomical location within different lung compartments has been suggested to
determine DC function. DCs residing in the conducting airways appear to have a greater
capacity to endocytose soluble antigen ex vivo compared to parenchymal DCs [16]. In
addition, the majority of the DCs in the conducting airways express CD205 (DEC-205),
which are likely the CD103* DCs shown by Sung and others to preferentially line the airway
mucosa [12, 16]. The anatomical location of CD103* DCs grants preferential access to
airway antigens, although both migratory DC subsets are capable of acquiring soluble and
non-cellular particulates as detected by trafficking studies to the lung-draining LN and
whole lung digestion following intranasal instillation [38, 62]. Furthermore, 24 h post-
intranasal delivery soluble antigen-containing CD11b" DCs are present in greater frequency
in the lung-draining LN than CD103* DCs [38, 62]. However, CD103* DCs contain larger
quantities of antigen per cell than CD11b" DCs, thus suggesting disparate antigen
acquisition machineries and capacities between subsets [38, 64]. Another major difference
between these subsets is that CD103" DCs have the unique capacity to acquire and
exclusively transport apoptotic cells to the lung-draining LN over their counterpart, CD11bhi
DCs [38]. This may be in part because CD103* DCs highly express candidate receptors for
phosphatidylserine, which is exposed on apoptotic cells. A key question still remaining is
which receptor(s) mediate efferocytosis by this subset. Phagocytosis, endocytosis, and
pinocytosis involve distinct cellular processes for antigen uptake. Currently, it is unclear
how pulmonary DC subsets acquire antigens and what mediators are involved in the process
of presentation on MHC.

Using two-photon microscopy, it was demonstrated that most inhaled antigens are acquired
by CD11c* cells in the alveoli and not airways [65]. Imaging of CD11c®FP* cell movement
in both locations displayed sentinel-like DCs underlying the airways with minimal
protrusions through the epithelium and relatively immobile DCs in the aleveoli with active
dendrites constantly sampling the alveolar space. This would suggest DCs are granted access
to antigens in the most distal lung compartments, limiting immunological responses to only
the most invasive pathogens with the potential to either obstruct gas exchange in the alveoli
or penetrate the airway epithelium. Using this methodology and the newly described
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Zbth46C5FP mice may assist in easily delineating antigen acquisition by lung DC subsets
since Zbtb46 are not expressed by macrophages [48].

The majority of pulmonary antigens reaching the lung-draining LN are trafficked by
migratory pulmonary DCs [62, 66—69]. During a viral infection, clearance of influenza
virus-infected apoptotic cells is predominantly preformed by the langerin® CD103* DCs in
the lung; however, both migratory pulmonary DCs can cross-present viral antigen [70].
Since CD11b" DCs do not readily acquire apoptotic cells, it is conceivable that they acquire
viral antigens directly or through infected cells that become necrotic. PDCs are not highly
endocytic but do play an important role during viral infection by detecting viral constituents
via TLR7 and TLR9 and secreting type | interferons at levels 100-fold higher than other cell
types [71-74]. They also have a role in steady-state tolerogenic responses to inhaled
antigens, such that in asthma, depletion of the pDCs resulted in exacerbated airway hyper-
responsiveness [75]. PDCs appear to play a role in controlling immune responses locally at
the site of antigen encounter. Afferent lymphatic trafficking by pDC to skin-draining LNs
has been reported but has not been observed in intestinal or hepatic lymph [76, 77]. Our
studies have revealed that the migratory CD103* and CD11b" DCs are the main cells
trafficking cellular, particulate, and soluble antigen to the lung-draining LNs. Other studies
have shown similar findings in viral and bacterial inoculations [38, 62, 66]. Therefore, it is
unclear whether pDCs play a major role in antigen trafficking and presentation from the
lung to the draining LN.

In the LNs during steady-state conditions, lymphoid-resident DCs (CD8a* and CD8a") are
the dominant DC populations present even though tissue-derived DCs are constitutively
migrating to the LN in the absence of infection (Fig. 1b) [78]. With TLR-stimulated airways,
DC migration from the lung to the draining LNs is enhanced, so that they then become the
most numerous DC populations present in the nodes (Fig. 1b) [78, 79]. After exposure to a
TLR agonist, the first wave of emigration from the lung reveals similar frequencies for both
DC subsets in the draining LN (Fig. 1b) [38, 64]. After 24 h of an inflammatory response,
the proportion of DC types in the lung tissue changes with CD11b" DCs predominating
(unpublished data, [9]). In fact, in some cases of bacterial infection, DC accumulation in the
lung following TLR stimulation has been shown to be as rapid as neutrophil influx [80]. The
influx of CD11bM MHCII* CD11c* DC in the lung during inflammation most likely
represents a heterogeneous population that contains precursor or mononuclear cells that still
need to be characterized. By contrast, replenishment of the CD103* population is delayed
(unpublished data, [9]).

Potential role of pulmonary DCs in tolerance

The constitutive trafficking of pulmonary DCs most likely contributes to peripheral
tolerance under steady-state conditions. Tolerance induction in the periphery requires
trafficking of inhaled antigen by migratory DC from lung to the LLN. Using CCR7-deficient
mice, Hintzen and colleagues showed antigen acquired by lymphoid-resident DCs from the
lymph alone was not sufficient for T cell tolerization [81]. Moreover, these mice developed
allergic airway disease to otherwise inert antigens in the absence of CCR7-mediated
trafficking DCs from the lung.
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CD103* DCs in the gut have been shown to induce Foxp3* regulatory T cells, which were
dependent on the production of TGF-Fand the vitamin A metabolite, retinoic acid [82].
These studies have suggested that CD103* DCs are the tolerogenic DCs in the gut. It is
unclear whether the same is true in the lungs. It has been shown that the expression of
retinoic acid alone is not an indicator of tolerance [82—84]. It may be that self-acquiring DCs
are better at promoting tolerance than non-self-acquiring DCs. Further investigations to
support this concept would need to be performed. We and others have found that in the
absence of TLR stimulation, CD103* DC will promote tolerance to exogenously delivered
antigens (unpublished data, [85]). However, this does not prove that other DCs are not as
capable of promoting tolerance. Understanding how endogenous DCs can either promote
tolerance or induce an active immune response will be critical to developing strategies to
resolve allergic or autoimmune disease.

Pulmonary DCs in immune activation

Once migratory DCs reach the lung-draining LN, they present antigens to antigen-specific T
cells. CD11b" DCs present antigens predominantly via MHC 11, thus promote CD4 T cell
proliferation [38, 86]. On the other hand, CD103* DCs preferentially cross-present soluble
antigens to CD8 T cells as they express higher levels of MHC class | processing machinery
[38, 86]. Interestingly, cell-associated antigens acquired by CD103* DC are exclusively
cross-presented to CD8 T cells in vivo [38]. In the absence of TLR stimulation, proliferating
CD8 T cells do not gain cytotoxic properties; additional stimulation with intranasal
immunization, such as TLR3 ligands, is required to differentiate proliferating CD8 T cells
into cytotoxic T cells [38]. Although lung DC subsets can exhibit preferential antigen
presentation, in other circumstances (for example with soluble antigens and selective
adjuvant stimulation), both do have the capacity to directly present on MHC I1 as well as
cross-present on MHC 1.

During influenza infection, in addition to antigen presentation in the lung-draining LN,
pulmonary DCs can present antigens locally in the lung to sustain effector CD8 T cells [87].
Which DC subsets contribute to CD8 T cell maintenance during this type of viral infection
has not been elucidated as these studies utilized adoptive transfer of CD8a* DCs into the
lungs that are not normally found in lung tissue. The influx of CD11c* MHCIIM CD11bhi
cells during inflammation may also function in this capacity, but this remains unclear.
Regardless, studies such as these suggest that pulmonary DCs can present antigen to T cells
both in the lung-draining LN and in the local lung environment.

Lymphoid-resident DCs

Lymphoid-resident DCs enter the lung-draining LNs as precursor cells via the high
endothelial venules (HEV). It is believed that lymphoid DCs acquire antigen by either
placing their dendrites into the conduits system, from lymphatic flow, from the blood
through HEVs, or by migratory DC transport (antigen transfer, cross-dressing, or death) [81,
88, 89]. Lymphoid-resident DCs are capable of antigen presentation; however, their exact
role has not been clearly defined. Two elegant studies suggest that lymphoid-resident DCs
can either (1) differentiate memory T cells due to their low levels of antigen acquisition and
presentation or (2) they can retain antigen-specific T cells in the LN during the early stage of
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infection prior to the arrival of migratory DCs, at which point the sequestered T cells would
be clonally expanded by antigen-ferrying DCs [67, 90].

Conclusions

Dendritic cells are the immune system's “professional” antigen-presenting cells and are
distributed throughout the body. They can be simply classified as lymphoid and non-
lymphoid, but it is only within the last decade that investigators have begun to appreciate the
broader diversity and functional specialty of DC subsets. Because the airways frequently
encounter foreign substances, the antigen-presenting role of DCs is critical for the
maintenance of pulmonary health. Pulmonary DC subsets are differentially specialized for
initiating and regulating the immune response. Immunologists have begun to appreciate the
potential of DC-based vaccines and therapeutics for which cell-mediated immune responses
are necessary. By investigating the functional role, antigen acquisition, and presentation
properties of pulmonary DCs, cell-specific-targeted vaccines will be developed for optimal
efficacy.
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Fig. 1.
Gating strategy for the identification of DCs in lung and LLN. a Whole lung digest from a

naive mouse gated on live cells. CD45* cells were plotted for CD11c expression. CD11c*
cells were plotted as Siglec-F versus MHC 11 to differentiate macrophages from DCs. Gated
Siglec-F~ MHCII* DCs were plotted as CD103 versus CD11b to differentiate migratory DC
subsets that are found in similar frequencies. b Live cells from single LLNs 24 h post-
intranasal instillation of PBS or 2 ug LPS isolated from WT or CCR7~/~ mice. Cells plotted
as CD11c versus MHC Il display lymphoid-resident and migratory DC populations.
Migratory DCs have higher MHC 11 expression than lymphoid-resident DCs. CD11c¢*
MHCIIN migratory DCs were plotted CD103 versus CD11b to demonstrate similar
migration frequencies in WT mice
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