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Abstract

Exogenous dendritic cells (bone marrow-derived dendritic cell (BMDC)) display restricted 

trafficking in vivo after injection into mice, but the route(s) by which they generate gut-homing 

effector cells is unclear. Mesenteric lymph nodes (LN) and spleen were differentially targeted by 

i.p. and i.v. administration of BMDC, respectively, whereas mediastinal LN were targeted by both 

routes. BMDC injected by either route activated CD8+ T cells to up-regulate both α4β1 and α4β7 

integrins. However, the lymphoid compartment in which activation occurred determined their 

expression kinetics, magnitude, and population distribution. Only T cells activated in mesenteric 

LN after i.p. immunization expressed high levels of α4β7, which also correlated with localization 

to small intestine. These α4β7
high cells also redistributed to mediastinal LN in a manner sensitive 

to treatment with α4β7 blocking Abs, but not to mucosal addressin cell adhesion molecule-1 

blocking Abs. Our results demonstrate the importance of lymphoid compartment, as dictated by 

immunization route, in determining integrin expression on activated T cells and their distribution 

in lymphoid and nonlymphoid tissues.

Appropriately activated dendritic cells (DC)4 are potent APC, and exogenously administered 

Ag-pulsed DC induce specific CD8+ T cell responses against viral and tumor Ags (1–4). 

However, the cellular nature and migration properties of exogenous DC limit their 

distribution in lymphoid compartments in an injection route-dependent manner (3, 5–9), 

leading to regionally constrained immune responses (3, 5). Thus, in contrast to replicating 

viral or bacterial immunogens that distribute widely in the body, immunization with bone 

marrow-derived DC (BMDC) creates the possibility to study the time course and 
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characteristics of the immune response initiated in individual lymph nodes (LN) in exquisite 

detail.

Taking full advantage of this capability requires greater understanding of the properties of 

BMDC as immunogens. One issue is how to target BMDC and the resulting T cell responses 

to different lymphoid compartments. Exogenous DC injected by i.v. or s.c. routes traffic into 

spleen alone or spleen and draining peripheral LN, respectively (3, 5–9), and induce primary 

responses localized to these same compartments (3). Importantly, neither s.c. nor i.v. 

immunization leads to localization of BMDC or T cell responses to mesenteric LN. Thus, it 

is currently unclear how to deliver BMDC to induce activation of CD8+ T cells in lymphoid 

compartments associated with robust immunity in the gut.

Even if appropriately targeted, a second issue is to what extent BMDC matured in vitro 

induce molecules that mediate tissue-specific homing of T cells. CD8+ T cells activated in 

vitro with endogenous DC enriched from mesenteric LN and Peyer’s patches up-regulate 

α4β7 integrin and CCR9, which are associated with gut homing (10–13). Conversely, 

peripheral LN-derived DC induce E- and P-selectin ligands that are associated with homing 

to the skin (13–15). A single study demonstrated that semimature BMDC have a limited 

ability to induce homing receptor expression in vitro (14), whereas more robust expression 

was observed after in vivo immunization. However, it was not established whether this 

difference was due to BMDC maturation in vivo, or alternatively, by different LN 

microenvironments.

In this study, we examined the CD8+ T cell response that develops in individual lymphoid 

compartments after immunization with fully mature, CD40L-activated BMDC by different 

routes. We used T cell adoptive transfer to detect early priming events and track the ensuing 

immune response with great precision over time and space. Up-regulation of α4 integrin 

expression on activated T cells was evaluated, and the relative roles of the BMDC and the 

lymphoid microenvironment in imprinting integrin expression were determined. Our results 

demonstrate route-dependent differences in activated T cell distribution in peripheral tissues. 

They also establish that α4β7
high cells activated in mesenteric LN redistribute into 

mediastinal LN via an α4β7-dependent, but mucosal addressin cell adhesion molecule-1 

(MAdCAM-1)-independent, mechanism.

Materials and Methods

Animals

C57BL/6 and OT-1 RAG1−/− mice were obtained from Charles River Laboratories and 

Taconic Farms, respectively. C57BL/6 Thy-1.1 and B6.C-H2bm1/ByJ (bm1) mice were 

obtained from The Jackson Laboratory. All animals were maintained in pathogen-free 

facilities at the University of Virginia. All protocols were approved by the Institutional 

Animal Care and Use Committee.

Adoptive transfer of OT-1 cells

Single-cell suspensions from spleen and pooled LN of OT-1 RAG1−/− mice were enriched 

for CD8+ T cells by negative selection (StemCell Technologies). Preparations were 
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consistently 97–99% CD8+ by flow cytometry. In some cases, cells were labeled with 4 μM 

CFSE (Molecular Probes) in PBS for 15 min at 37°C before injection. Unless otherwise 

stated, 4 × 106 cells were injected i.v. into the dorsal tail vein.

DC culture and immunizations

BMDC were generated, as previously described, with slight modifications (16). Briefly, 

bone marrow cells removed from mouse femurs and tibias were cultured for 7 days in the 

presence of GM-CSF and IL-4 (BD Bio-sciences), enriched for DC by negative selection 

(StemCell Technologies), and activated by culturing overnight with NIH-3T3 cells 

expressing CD40L (a gift from R. Lapoint, University of Montreal, Quebec, Canada). These 

activated BMDC were uniformly CD70highCD80highCD86high and CD62Lnegative, and 

expressed IL-12 (our unpublished observations). Before injection, BMDC were pulsed with 

10 μM OVA257–264 for 1 h at 37°C in the presence of 10 μg/ml human β2-microglobulin 

(Calbiochem). Mice were immunized with 100,000 BMDC in 200 μl either i.v. into the 

dorsal tail vein or i.p. into the peritoneal cavity 18–36 h after adoptive transfer of OT-1 cells.

Flow cytometric analysis of surface markers

Samples were incubated with purified anti-CD16/CD32 (eBioscience) to block FcRs, and 

adoptively transferred cells were identified by staining with anti-CD8α PerCP, anti-CD8α 
PerCP-Cy5.5 (BD Biosciences), anti-Thy1.2 APC, anti-CD3ε biotin (eBioscience), and/or 

H-2Kb-OVA257 tetramer-APC generated in house by S. Lewis (University of Virginia Cancer 

Center, Charlottesville, VA). T cell activation status was evaluated with anti-CD25 FITC and 

anti-CD44 PE (eBioscience). Integrin expression was evaluated using anti-α4β7 PE, anti-α4 

PE, or anti-α4 biotin, followed by streptavidin-PerCP (BD Biosciences). Expression after in 

vivo injection of anti-α4β7 was detected using PE goat anti-rat IgG (Jackson 

ImmunoResearch Laboratories). Chemokine receptor expression was evaluated using anti-

CCR9 PE (R&D Systems). Samples were collected on a FACSCalibur (BD Biosciences) and 

analyzed using Flow Jo software.

FTY720 treatment and in vivo Ab blockade

Mice were injected i.p. with 1 mg/kg FTY720 (a gift from V. Brinkmann, Novartis Pharma, 

Basel, Switzerland) in 200 μl beginning 24 h after BMDC immunization and then every 24 h 

until harvest. Purified anti-CD62L (MEL-14) (17) (American Type Culture Collection), anti-

α4β7 (DATK32) (18), anti-MAdCAM-1 (MECA367) (19) (both gifts from J. Rivera-Nieves, 

University of Virginia, Charlottesville, VA), or rat IgG (20) were administered i.v. at 100 μg 

per mouse. Anti-CD62L treatment was initiated 6 h after BMDC injection, and anti-α4β7 

and anti-MAdCAM-1 treatments were initiated 24 h after BMDC injection. Ab injections 

were repeated every 24 h until harvest.

Activation of OT-1 cells in vitro

CD8-enriched CFSE-labeled OT-1 cells were cultured in a 96-well U-bottom plate at a 1:1 

or 1:2 ratio with either CD40L-activated, OVA257–264-pulsed, or unpulsed BMDC, or 

endogenous DC from mediastinal LN and spleen of mice that had been treated with 10 μg of 

human fms-like tyrosine kinase-3 ligand (Amgen) daily for 10 days and enriched by 
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negative selection (StemCell Technologies). Wells were harvested after 4–6 days and stained 

for Thy1.2, CD8α, α4β7, and/or α4 expression.

Staining of LN high endothelial venules (HEV) by immunofluorescence

Mice were injected i.v. with 100 μg of anti-MAdCAM-1 (MECA367) or rat IgG. Thirty 

minutes after Ab injection, LN were resected and snap frozen. Acetone-fixed frozen sections 

of LN were incubated with Alexa594 goat anti-rat IgG (Molecular Probes) and FITC anti-

smooth muscle α-actin (20). Images were captured on a Nikon TE-300 inverted microscope 

and Bio-Rad μ-Radiance confocal system.

Generation of bone marrow chimeras

Mice were irradiated (650 rad × 2) using a Gammacell 40 (Nordion International). Bone 

marrow cells from donor mice were depleted of T cells by incubation with biotinylated anti-

CD4 and anti-CD8α (eBioscience), followed by negative selection (StemCell), and injected 

(2.5 × 106 in 200 μl) into the dorsal tail vein. Mice were used in experiments 10–14 wk after 

injection of donor bone marrow cells.

Lymphocyte recovery from peripheral tissues

Lymphocytes were recovered from lung by purging lungs of blood using a heparin solution, 

followed by digestion with 125 U/ml collagenase type XI, 60 U/ml DNase I, and 60 U/ml 

hyaluronidase type I-s (20), and lymphocytes were purified by centrifugation on a Histodenz 

gradient (20). Intraepithelial lymphocytes from the small intestine were isolated by excising 

from the duodenum to the cecum, removing Peyer’s patches, digesting with 1 mM DTT 

(Roche Applied Science), and isolating lymphocytes on a Percoll gradient (20, 21). 

Intrahepatic lymphocytes were isolated by flushing the liver with 0.05% collagenase IV (20) 

before removal, digestion with 0.05% collagenase IV, and isolation of lymphocytes on a 

Histodenz-based gradient (22).

Statistical analyses

Statistical analyses were performed using two-way ANOVA (Sigma-Aldrich Stat software).

Results

BMDC administered i.p. and i.v. prime naive CD8+ T cells in distinct lymphoid 
compartments

Previous studies had not established a route by which injected exogenous BMDC could 

infiltrate mesenteric LN and activate resident T cells. Consequently, we compared the 

localization of T cell activation after i.p. and i.v. injection of OVA257 peptide-pulsed CD40L-

activated BMDC. To enhance detection of early activation events, CD8+ OT-1 TCR 

transgenic T cells were adoptively transferred into mice 18–36 h before immunization. 

Twenty-two hours after immunization, OT-1 cells in different lymphoid organs were 

identified by staining with H2-Kb-OVA257 tetramer, and their activation status was 

determined based on up-regulation of CD25 (Fig. 1a). Activated OT-1 cells were present in 

mesenteric LN following i.p., but not i.v. injection of BMDC. Conversely, T cell activation 
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was observed in the spleen after i.v., but not i.p. injection. Whereas neither route of 

immunization led to activation of T cells in axillary/brachial LN, both led to T cell activation 

in mediastinal LN. These results were consistent in six independent experiments 

representing a total of 16 mice (Fig. 1b), and also using CD69 up-regulation as another early 

marker of activation (our unpublished observations). We also examined whether functional 

DC redistributed to additional lymphoid compartments with a delayed time course by 

injection of CFSE-labeled OT-1 cells into mice that had been immunized with BMDC 48 h 

previously. However, T cell activation at these later times remained localized to the same 

compartments, although the magnitude of activation waned somewhat by 48 h (Fig. 1c). 

These data demonstrate that activation of CD8+ OT-1 cells by exogenous BMDC was 

localized to distinct lymphoid compartments after i.p. and i.v. injection, and that mesenteric 

LN were targeted only by the i.p. route.

Intraperitoneal but not i.v. immunization effectively generates gut-localized activated OT-1 
cells

To determine whether the early activation of T cells in distinct lymphoid compartments led 

to a productive response, we examined the dilution of CFSE in labeled OT-1 cells 72 h after 

immunization. Activated OT-1 cells underwent substantial proliferation and expansion in all 

compartments in which up-regulation of CD25 on T cells had been observed (priming 

compartments) (Fig. 2a). Greater than 95% of OT-1 cells remained undivided in the same 

compartments of mice that had received either no BMDC or unpulsed BMDC (our 

unpublished observations). To evaluate whether activated OT-1 cells could localize to 

nonlymphoid tissues, peripheral tissues were harvested 6 days after immunization. At this 

time point, the percentages of OT-1 cells in spleen were similar after immunization by either 

route (Fig. 2b). In addition, substantial increases in OT-1 cells in lung and liver were evident 

after both i.p. and i.v. immunization. These cells were CD44high and CD62L−, consistent 

with an effector T cell phenotype (Fig. 2c). Activated OT-1 cells were equally prevalent in 

each of these tissues regardless of the immunization route. In contrast, the percentage of 

activated OT-1 cells in the small intestine was >6-fold greater after i.p. than i.v. 

immunization. Thus, only i.p. immunization effectively generated gut-resident OT-1 cells.

Both routes of immunization generate α4β7
+ -activated OT-1 cells, but the level of α4β7 

expressed is route dependent

Because of the known role of α4β7 integrin expression in homing of T cells to the gut, the 

expression of α4 integrins on activated OT-1 cells in priming compartments was evaluated. 

After i.p. immunization, divided OT-1 cells in both mesenteric and mediastinal LN gradually 

up-regulated α4 integrin expression, becoming nearly 100% α4
+ by the sixth division (Fig. 

3a). The majority of cells in mesenteric LN also up-regulated α4β7 expression by the sixth 

division. However, α4β7 expression was delayed relative to that of α4 by ~2 cell divisions 

(Fig. 3b). Because α4 only heterodimerizes with β1 and β7, this observation indicates that 

these cells up-regulated α4β1 first. Interestingly, α4 expression on cells in mediastinal LN 

was delayed relative to that on cells in mesenteric LN by ~2 cell divisions (Fig. 3b). Also, 

whereas most activated cells in mediastinal LN after i.p. immunization expressed α4β1, a 

significant fraction was α4β7
+ (Fig. 3a). Following i.v. immunization, divided OT-1 cells in 

the mediastinal LN and spleen also became nearly 100% α4
+ by the sixth division (Fig. 3, c 
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and d). The majority of these cells failed to express α4β7; thus, the dominant population that 

developed in both lymphoid compartments was α4β1
+. Unexpectedly, however, a small, but 

reproducible proportion of cells activated in both spleen and mediastinal LN became α4β7
+. 

Activated cells with a similar distribution of α4 integrins were also evident in mesenteric LN 

(Fig. 3, c and e). This is consistent with the earlier demonstration that the mesenteric LN 

was not a priming site after i.v. immunization, and that it is not the source of the α4β7
+ cells 

observed. Collectively, these results establish that the kinetics and relative expression of 

α4β1 and α4β7 integrins after BMDC immunization were lymphoid compartment 

dependent.

The above results suggested that the presence of gut-resident OT-1 cells after i.p. 

immunization was correlated with a dominant population of α4β7
+ cells in mesenteric LN, 

which is in keeping with previous work from many laboratories. Indeed, the entry of these 

cells into the gut was blocked by in vivo administration of Abs against either α4β7 or its 

ligand, MAdCAM-1 (see Fig. 4i). However, significant numbers of divided α4β7
+ OT-1 cells 

were also found in other priming compartments after both i.p. and i.v. immunization. A 

possible explanation for the route-dependent difference in localization of OT-1 cells to gut is 

that i.p. immunization generated larger numbers of α4β7
+ cells. However, despite the greater 

proportion of α4β7
+ OT-1 cells generated in mesenteric LN after i.p. immunization, the 

absolute number of α4β7
+ cells generated after i.v. immunization was 2- to 3-fold greater 

because the spleen contained 10–15 times as many OT-1 cells as the mesenteric LN (our 

unpublished observations). This indicated that the paucity of activated OT-1 cells in gut after 

i.v. immunization was not due to lower absolute numbers of α4β7
+ cells generated. However, 

we also noted that the level of α4β7 expression on extensively divided OT-1 cells was route 

dependent. Whereas T cells activated after i.v. immunization expressed intermediate levels 

of α4β7 (α4β7
int) (Fig. 3e), those in i.p. immunized animals expressed ~2.3 times more 

(α4β7
high) (Fig. 3f) based on mean fluorescence intensity (MFI) (23). The MFI of α4β7

+ 

cells in the mediastinal LN varied in different experiments based on staining conditions, and 

was in some cases lower than that of cells in mesenteric LN (see Figs. 5 and 6). However, it 

was always higher than that of cells isolated from the mediastinal LN of mice immunized by 

the i.v. route in the same experiment. Additionally, cells expressing intermediate levels of 

α4β7 were found in the mesenteric LN after i.v. immunization. This suggests that the level of 

α4β7 integrin either directly determines the ability to home to the gut, or serves as a 

phenotypic marker for expression of other molecules that do so. To examine the latter 

possibility, the expression of CCR9 was examined due to the involvement of this receptor in 

migration of cells to the gut. Cells that had divided and expressed α4β7 in the mesenteric LN 

after i.p. BMDC immunization expressed CCR9. Conversely, divided cells expressing α4β7 

in the mediastinal LN after i.v. BMDC immunization did not express CCR9 over levels 

found on undivided cells in a mouse receiving no BMDCs (Fig. 3g). This reveals two 

different α4β7
+ populations that arise in different lymphoid organs.

The α4β7
high subpopulation present in mediastinal LN following i.p. immunization 

originates in mesenteric LN

To investigate the basis for immunization route-dependent differences in α4β7
+ populations 

in mediastinal LN, we first tested the hypothesis that this difference was due to T cell 
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activation in distinct LN within the mediastinum after i.v. and i.p. immunization. The 

mediastinal LN used in our experiments were collected from the anterior and posterior 

mediastinum (also known as parathymic and paratracheal LN, respectively). Therefore, T 

cell activation was evaluated separately in parathymic and paratracheal LN 22 h after BMDC 

injection. Following i.p. administration, OT-1 cells in both LN were activated, although the 

fraction activated in parathymic LN was consistently higher (Fig. 4a). However, after i.v. 

injection, OT-1 cell activation was almost completely confined to the paratracheal LN. This 

suggested that BMDC injected into the peritoneal cavity accessed afferent lymphatics of 

parathymic LN, whereas BMDC present in lung after i.v. injection could not. In contrast, 

afferent lymphatics of the paratracheal LN were accessed by BMDC draining from both the 

lungs and peritoneal cavity. Whereas these results were consistent with the hypothesis that 

differential mediastinal priming after i.p. and i.v. immunization might lead to different α4β7 

expression levels, the levels of α4β7 on extensively divided cells in parathymic and 

paratracheal LN were similar 3 days after i.p. immunization (Fig. 4b). Thus, despite the 

activation of T cells in different mediastinal LN after i.v. and i.p. immunization, this did not 

account for differences in the expression of α4β7 because when activation occurred in both 

mediastinal compartments, α4β7 expression levels on cells in those compartments were 

equivalent to each other.

We next tested an alternate hypothesis that α4β7
high OT-1 cells were generated in mesenteric 

LN and subsequently recirculated into mediastinal LN. To do this, we treated animals with 

FTY720, a drug that inhibits lymphocyte egress from LN (24), to sequester T cells in the 

compartments in which they were activated. In i.p. immunized mice treated with FTY720, 

the MFI of extensively divided α4β7
+ cells in mediastinal LN was only about half that of the 

α4β7
+ population in mesenteric LN of the same animal (Fig. 4c), and was similar to what 

was observed in mediastinal LN and spleen after i.v. immunization. Additionally, the 

percentage of α4β7
+ cells in mediastinal LN of FTY720-treated mice was significantly 

reduced, whereas there was no effect on cells in the mesenteric LN (Fig. 4d). These data 

demonstrated that the subpopulation of α4β7
high OT-1 cells in mediastinal LN after i.p. 

immunization resulted from the redistribution of cells activated in mesenteric LN.

Entry of α4β7
high OT-1 cells in mediastinal LN is not mediated by CD62L, but is α4β7 

dependent

The redistribution of activated α4β7
high T cells from mesenteric to mediastinal LN was 

unexpected. Because CD62L expression on naive T cells mediates entry into LN, we used in 

vivo blockade with anti-CD62L Ab (25) to test the hypothesis that entry of α4β7
high cells 

into mediastinal LN would also be mediated by this selectin. As expected, the cellularity of 

the peripheral LN in mice treated with anti-CD62L for 66 h was substantially reduced, 

whereas the cellularity of the spleen was slightly increased (our unpublished observations). 

However, the MFIs of extensively divided α4β7
+ cells in mesenteric and mediastinal LN 

were not significantly diminished in i.p. immunized mice treated with anti-CD62L compared 

with those treated with rat IgG as a control (Fig. 5a). Additionally, there was no diminution 

in the percentage of α4β7
+ cells as a function of cell division number (Fig. 5b). Together, 

these data indicated that entry of α4β7
high cells into mediastinal LN was CD62L 

independent.
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We next used in vivo blockade with anti-α4β7 (25) to evaluate whether entry of α4β7
high 

cells into mediastinal LN was mediated by this integrin. Because α4β7 blockade was 

achieved with the same Ab used for staining ex vivo, PE-conjugated anti-rat IgG was used to 

detect α4β7
+ cells that had bound Ab in vivo. This increased the MFI of all α4β7

+ cells 

isolated from these animals, regardless of compartment, relative to the MFI of cells isolated 

from mice treated with rat IgG and stained directly (Fig. 5c). Despite this, the percentages of 

α4β7
+ cells detected in mesenteric LN of i.p. immunized mice that had been treated with 

either anti-α4β7 or rat IgG were comparable (Fig. 5d). The percentages of these cells that 

had migrated through the circulation to spleen at this time were also comparable. However, 

anti-α4β7 blockade substantially reduced the percentage of divided α4β7
high cells in both 

parathymic and paratracheal LN of i.p. immunized mice. This effect was limited to these 

LN, and there was no impact on the percentage of α4β7
+ in the spleen. In the experiment 

shown, the MFI of extensively divided α4β7
+ OT-1 cells in parathymic and paratracheal LN 

of rat IgG-treated mice was only ~65–80% of the MFI of cells from mesenteric LN and 

spleen. However, in anti-α4β7-treated mice, the MFI of cells from parathymic and 

paratracheal LN was reduced to only ~30% of that in mesenteric LN of the same animal, 

whereas the relative MFI of cells in the spleen remained at 90% (Fig. 5c). We attribute the 

somewhat lower MFI of cells from parathymic and paratracheal LN of rat IgG-treated mice 

to somewhat lower infiltration of α4β7
high cells relative to α4β7

int cells activated in the same 

compartment. The selective reduction in both the MFI and the percentage α4β7
+ cells in 

parathymic and paratracheal LN was observed in four independent experiments. These 

results demonstrate that entry of α4β7
high cells into both components of the mediastinal LN 

is mediated by α4β7 itself.

MAdCAM-1 is expressed on HEV in parathymic and paratracheal LN, but entry of α4β7
high 

OT-1 cells into mediastinal LN is not MAdCAM-1 dependent

It has been established that the major ligand for α4β7 enabling entry into small intestine and 

its associated lymphoid tissue is mucosal vascular addressin MAdCAM-1 (25). However, its 

expression in mediastinal LN has not been reported. When we examined parathymic and 

paratracheal LN in naive and i.p. immunized animals by immunofluorescence, MAdCAM-1 

expression was observed on HEV (as identified by costaining with anti-smooth muscle α-

actin) (Fig. 6, a–e). By comparison with mesenteric LN, this expression was limited to a 

subset of HEV. To test the hypothesis that this ligand was binding α4β7 on OT-1 cells to 

allow entry into mediastinal LN, i.p. immunized mice were treated with anti-MAdCAM-1 

Ab (19). Surprisingly, MAdCAM-1 blockade had no effect on the presence of α4β7
high cells 

in either component of the mediastinal LN, based either on a reduction in the MFI of 

extensively divided α4β7
high cells in treated mice relative to their rat IgG-treated 

counterparts (Fig. 6f), or the percentage of α4β7
+ cells (Fig. 6g). In contrast, MAdCAM-1 

blockade almost completely inhibited entry of activated OT-1 cells into small intestine (Fig. 

6i). In total, these data demonstrated that despite expression of MAdCAM-1 on HEV, entry 

of α4β7
high cells into mediastinal LN was MAdCAM-1 independent.
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Ag-presenting BMDC require the lymphoid microenvironment to induce α4β7, but not α4β1 

up-regulation on activated T cells

The results of Figs. 3 and 4 established that the kinetics, level, and type of α4 integrin 

expression induced by immunization with exogenous BMDC varied with the lymphoid 

compartment in which activation occurred. Therefore, we examined the relative 

contributions of the BMDC themselves and the lymphoid microenvironment in imprinting 

α4 integrin expression. To assess the ability of BMDC to induce α4β1 and α4β7 expression 

on activated T cells in the absence of the lymphoid microenvironment, OT-1 cells were 

stimulated with OVA257-pulsed CD40L-activated BMDC in vitro. Divided OT-1 cells did not 

express α4β7 after 4 days (Fig. 7a) and remained α4β7
negative after 6 days (our unpublished 

observations), indicating that the lymphoid microenvironment was necessary for imprinting 

both α4β7
int and α4β7

high expression. In contrast, virtually all of these cells became α4β1
+ 

by the second cell division. Interestingly, peptide-pulsed endogenous DC enriched from 

mediastinal LN or spleen did not significantly increase α4β1 expression on OT-1 cells during 

activation in vitro, despite inducing robust proliferation (Fig. 7b). This indicates that the 

simple acquisition of α4β1 on activated CD8 T cells is a property of exogenous BMDC and 

not of the lymphoid microenvironment.

Several studies have demonstrated that DC enriched from mesenteric LN can imprint α4β7 

expression on T cells during activation in vitro (10–12). Because BMDC were unable to up-

regulate α4β7, this raised the question of whether the endogenous cells in the LN that 

imprinted expression of this integrin in vivo also were responsible for presenting Ag. To 

address this, we used irradiated C57BL/6 mice reconstituted with bone marrow from bm1 

mice, which have a mutated H-2Kb molecule that is unable to present OVA257 to OT-1 cells 

(26). After i.p. immunization with OVA257-pulsed BMDC derived from B6 mice, OT-1 cells 

in both bm1 and B6 bone marrow chimeras showed comparable overall activation based on 

CFSE dilution profiles (Fig. 7c). Importantly, α4β7 expression occurred with similar kinetics 

and expression levels in both chimeras (Fig. 7, d and e). This same result was also observed 

by ablation of endogenous Ag presentation using β2-microglobulin-deficient mice (our 

unpublished observations). These results demonstrated that α4β7 integrin expression after 

BMDC immunization did not require Ag presentation by endogenous DC. Interestingly, we 

found that the delayed kinetics of α4β1 up-regulation in mediastinal LN as compared with 

mesenteric LN (previously shown in Fig. 3b) was also observed in i.p. immunized bm1 

chimeras (Fig. 7, f and g). These results establish that the induction of α4β7 expression and 

modulation of α4β1 expression kinetics on T cells activated by BMDC are properties of the 

lymphoid microenvironment, and are separable from the cells in LN that present Ag.

Discussion

In this study, we have used BMDC to gain insight into the activation of CD8+ T cells 

occurring in individual lymphoid compartments. BMDC introduced by different routes 

entered distinct lymphoid compartments, enabling us to compare T cell responses in these 

specific environments. By using preactivated, peptide-pulsed BMDC that traffic rapidly, we 

avoid the more prolonged accumulation of cells presenting Ag, as well as their uncertainty 

about their distribution, which would occur using virus or peptide in adjuvant. This enabled 
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us to evaluate the kinetics of T cell activation and differentiation with a high degree of 

precision. Activated OT-1 cells in all priming compartments up-regulated α4β1 integrin. This 

was mediated by BMDC, although the lymphoid microenvironment impacted the kinetics of 

up-regulation. In contrast, α4β7 expression was imprinted by the lymphoid 

microenvironment, but endogenous Ag presentation was not required. The 

microenvironment controlled not only the proportion of cells that ultimately expressed this 

integrin, but also its level on individual cells. Only those cells expressing high levels of α4β7 

after activation in mesenteric LN were able to home to the gut. These same cells 

redistributed into both parathymic and paratracheal LN early after activation by an α4β7-

dependent, but MAdCAM-1- and CD62L-independent mechanism. These results identify 

distinct roles for BMDC and the lymphoid microenvironment in determining integrin 

expression on activated T cells and the redistribution of these cells into both lymphoid and 

nonlymphoid tissues.

Our work offers new insights into the precise sites of BMDC trafficking after introduction 

by different routes. Whereas prior work established localization of BMDC to spleen 

following i.v. introduction (3, 5–9), their entry into paratracheal LN has not been reported. 

This observation, however, is consistent with the involvement of the paratracheal LN as the 

major receptacle of lung lymphatic drainage (27), and the entry of BMDC into lung shortly 

after i.v. introduction (5, 6, 9, 27, 28). In contrast, there have been significant discrepancies 

among studies evaluating cell migration out of the peritoneal cavity. Lymphocytes 

introduced i.p. migrated to mediastinal, but not mesenteric LN (29). Conversely, another 

study that used indium-111-labeled BMDC found migration only to the spleen (6). However, 

the association of radioactivity with viable and functional BMDC was not established. In 

this study, we have demonstrated that Ag-presenting BMDC introduced i.p. trafficked to 

mesenteric LN and both parathymic and paratracheal LN. Whereas BMDC may have 

specific migratory capacities to access mesenteric LN that lymphocytes lack, we found no 

evidence for delayed entry of functional BMDC into any other lymphoid compartment after 

either i.p. or i.v. introduction, even after waiting up to 48 h. Because only targeting of 

mesenteric LN led to gut-localized effectors, these data suggest that i.p., but not i.v. 

immunization would be likely to provide protection against infection or tumor in the gut.

The use of BMDC as immunogens allowed us to follow the process of T cell activation in 

individual LN with a new level of precision, and to establish that the details are different in 

distinct lymphoid compartments. Whereas the expression of α4β7 integrin by a majority of T 

cells activated within mesenteric LN is consistent with earlier studies (11, 30), our work 

demonstrates that it is also expressed at lower levels on small, but significant populations of 

cells activated in other compartments. These α4β7
int cells do not express CCR9 and do not 

home to the gut, and their functional significance remains to be investigated. In addition, the 

expression of α4β7 on cells activated in mesenteric LN was significantly delayed relative to 

that of α4β1. Because we have established that BMDC suffice to induce α4β1, whereas α4β7 

is controlled by the microenvironment, these results suggest that the microenvironmental 

influence is delayed, and that it operates to control expression of β7. Although it is not clear 

whether these cells continue to express α4β1, they do remain β1 positive (our unpublished 

observations). Thus, the use of BMDC has illuminated details of the T cell differentiation 

process in mesenteric LN that were not previously appreciated. Finally, we have 
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demonstrated that the kinetics of α4β1 expression as a function of cell division were delayed 

in mediastinal LN as compared with mesenteric LN. This might reflect the influence of 

microenvironmental factors that promote or delay expression that is induced by BMDC. 

Alternatively, it may result from differences in BMDC number or kinetics of infiltration in 

different lymphoid compartments. Regardless of the mechanism, the results establish both 

qualitative and quantitative differences in the differentiation of activated T cells in individual 

LN.

One hypothesis to explain these compartmental differences is that they reflected the entry of 

distinct functional subsets of BMDC that developed under the influence of the nonlymphoid 

environment at the site of injection. Indeed, Calzascia et al. (31) concluded that α4 integrin 

and E- and P-selectin ligand expression on activated T cells in different LN was determined 

by the site from which DC trafficked, and not the LN microenvironment. However, we found 

that α4 integrin expression of T cells activated in mediastinal LN after i.v. and i.p. 

immunization was the same, despite BMDC entry via different lymphatics. In addition, 

BMDC injected into the peritoneal cavity generated predominantly α4β7
high cells in 

mesenteric LN, but predominantly α4β1
+ cells in mediastinal LN. Thus, different T cell 

differentiation programs were induced in distinct lymphoid compartments infiltrated by 

BMDC from the same source. One important difference is that Calzascia et al. (31) used 

locally injected tumor to introduce Ag into resident DC in different peripheral 

compartments, rather than the exogenous BMDC used in this study. These BMDC are 

uniformly highly activated, with no evidence of functional heterogeneity, and are not likely 

to be susceptible to further maturation under the influence of the injection environment. 

Whereas we cannot rule out peripheral tissue-dependent differences in DC maturation, our 

data clearly point to an important role of the lymphoid environment in determining the 

kinetics and extent to which T cells acquire integrin expression that is independent of this 

possibility.

This conclusion is in keeping with the demonstration that resident DC from different LN 

compartments imprint homing receptor expression on T cells (13, 32), and the identification 

of retinoic acid as a soluble mediator of α4β7 imprinting (33). It is also in keeping with the 

demonstration that α4β7 expression on circulating effectors was much higher after BMDC 

immunization in vivo than after in vitro culture (14). Because the BMDC used were 

immature, this was interpreted to reflect their maturation in vivo. Conversely, we have 

demonstrated in this study that whereas CD40L-activated, peptide-pulsed BMDC were 

unable to induce α4β7 expression in vitro, its induction in vivo was not dependent on Ag 

presentation by endogenous DC. Thus, our data demonstrate that Ag presentation and 

induction of α4β7 expression need not be mediated by the same cell in the LN.

A final important observation in this work was that α4β7
high T cells rapidly redistributed into 

mediastinal LN from their site of activation in mesenteric LN. The redistribution of activated 

T cells is not readily apparent when examining immune responses to systemically 

distributing virus or peptide because of the inability to distinguish cells that were primed in a 

compartment from cells recirculating into that compartment. In a small number of studies 

using localized Ag challenge (34, 35), redistribution to noncontiguous LN was inferred from 

the extent of cell division of Ag-specific cells, but more extensive Ag presentation in these 
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additional compartments due to Ag spreading was not excluded. The use of localized BMDC 

immunization and FTY720 to block T cell egress from LN definitively demonstrates the 

existence of this LN to LN redistribution process. We have characterized this process in 

greater detail elsewhere (S. Sheasley-O’Neill, C. C. Brinkman, and V. H. Engelhard, 

manuscript submitted). This work has demonstrated that redistribution is widespread in 

different LN compartments and usually mediated by CD62L. However, in the present work, 

we have made the novel observation that the entry of these cells into mediastinal LN is 

mediated by α4β7, not CD62L, but apparently via recognition of a ligand other than 

MAdCAM-1. This is surprising because MAdCAM-1 is the major ligand for α4β7-mediated 

entry into gut and GALT (25), and we found it on a subset of mediastinal LN HEV. 

However, MAdCAM-1 is also expressed in the sinus-lining cells of the spleen, but is 

irrelevant for homing to that organ (36, 37). We considered the possibility that α4β7
high cells 

enter mediastinal LN via afferent lymphatics from lung or peritoneal cavity rather than from 

the bloodstream. However, this is unlikely because we have shown that entry into 

mediastinal LN is blocked using anti-α4β7 Ab in vivo, whereas this maneuver has no effect 

on lymphocyte entry into lung (25). Additionally, lymphocyte entry into the peritoneal 

cavity has been shown to be dependent on P- or E-selectin ligands (38, 39). Together, this 

suggests that entry of activated α4β7
high cells is mediated by α4β7 integrin binding to an as 

yet unidentified ligand expressed on mediastinal LN HEV.

In summary, this study demonstrates that BMDC immunization route determines the sites of 

T cell priming, which then impacts integrin expression on activated T cells and the 

distribution of activated cells in lymphoid and nonlymphoid tissues. This work has important 

clinical implications because BMDC-based immunotherapeutic strategies to date have not 

specifically addressed the route of immunization as a variable, nor considered the possibility 

that routing might alter the ability to generate gut-associated immunity. These results 

underscore the importance of site of BMDC targeting in inducing differentially targeted 

immune responses, and provide insight into mechanisms of homing receptor imprinting 

resulting from BMDC immunization.
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FIGURE 1. 
OT-1 cell activation is differentially localized following i.v. or i.p. injection of CD40L-

activated OVA257-pulsed BMDC. a, Mice that had been adoptively transferred with CD8-

enriched OT-1 cells were immunized, and lymphoid organs were harvested 22 h later for 

flow cytometry. OT-1 cells were identified by staining for CD8 and H-2Kb-OVA257-tetramer, 

and activation was determined by CD25 expression. Representative data from an individual 

experiment. Dot plots are gated on CD8+ lymphocytes, and numbers represent the 

percentage of H-2Kb-OVA257-tetramer+ cells that are CD25+. b, Aggregate data from six to 

nine mice in each group (±SEM) analyzed in six independent experiments. c, Mice were 

immunized with CD40L-activated OVA257-pulsed BMDC i.v. or i.p. CD8-enriched OT-1 
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cells were then adoptively transferred 48 h after BMDC injection. Lymphoid organs were 

harvested 24 h after T cell transfer and stained for flow cytometry, as described above. Data 

are individual animals from one experiment representative of four mice in immunized 

groups and two mice in adoptive transfer only group in two independent experiments.
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FIGURE 2. 
Activated OT-1 cells proliferate in all priming compartments, but distribution in peripheral 

tissues is dependent on route of BMDC immunization. a, Mice that had been adoptively 

transferred with CD8-enriched OT-1 cells were immunized, and lymphoid organs 

representing priming compartments defined in Fig. 1 were harvested 3 days later for flow 

cytometry. Histograms are gated on Thy1.2+ lymphocytes. b and c, Mice that had been 

adoptively transferred with 1 × 106 CD8-enriched OT-1 cells were immunized with BMDC, 

and lymphocytes were isolated from the indicated peripheral tissues 6 days later. OT-1 cells 
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were identified by Thy1.2 or CD8 and H-2Kb-OVA257-tetramer staining. b, Data are mean 

values pooled from six mice per condition (±SEM) analyzed in five independent 

experiments. c, Representative dot plots from individual mice.
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FIGURE 3. 
Kinetics, level, and type of α4 integrin expression differs in priming compartments after 

BMDC immunization. Mice that had been adoptively transferred with CD8-enriched OT-1 

cells were immunized with BMDC by i.p. (a, b, f, and g) or i.v. (c, d, e, and g) routes, and 

lymphoid organs representing priming compartments defined in Fig. 1 were harvested 3 days 

later for flow cytometry. a and c, Representative data from individual mice. b and d, 

Percentage of OT-1 cells that were α4
+ or α4β7

+ at each cell division based on CFSE 

dilution. Data are mean values from five to six mice (±SEM) pooled from four to five 

independent experiments. e and f, Integrin expression on extensively divided OT-1 cells. Dot 

plots are on Thy1.2+ lymphocytes that had undergone five or more cell divisions as 

determined by CFSE dilution. MFI of α4β7 staining in upper right quadrant is indicated for 

Sheasley-O’Neill et al. Page 20

J Immunol. Author manuscript; available in PMC 2018 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



each dot plot. g, CCR9 expression on α4β7
+ divided OT-1 cells from the mesenteric LN after 

i.p. immunization (open), mediastinal LN after i.v. immunization (shaded), and mesenteric 

LN with no immunization (dotted).
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FIGURE 4. 
The α4β7

high subpopulation of activated OT-1 cells in mediastinal LN after i.p. 

immunization originates in mesenteric LN. a, Mice that had been adoptively transferred with 

CD8-enriched OT-1 cells were immunized i.p. with BMDC, and the indicated LN were 

harvested 22 h or 3 days (40) later. OT-1 cells were identified by gating on CD8+H-2Kb-

OVA257-tetramer+ lymphocytes. a, OT-1 cell activation in separated components of the 

mediastinal LN. Data are mean values from five mice in immunized groups and three mice 

in adoptive transfer only group (±SEM). One of three independent experiments is shown. b, 
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α4β7 expression on activated OT-1 cells in parathymic and paratracheal LN. MFI values 

refer to α4β7 staining of cell populations in boxes. Data are representative of eight mice in 

two independent experiments. c, Effect of in vivo administration of FTY720 on α4β7 

expression on activated OT-1 cells in priming compartments. MFI values refer to α4β7 

staining of cell populations in boxes. d, Percentage of OT-1 cells that were α4β7
+ at each 

cell division based on CFSE dilution. Data are mean values from six mice (±SEM) analyzed 

in three independent experiments. There was no significant difference between mesenteric 

LN between FTY720-treated and control mice (p = 0.828), but differences in mediastinal 

LN were significantly different (p < 0.001) as determined by two-way ANOVA.
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FIGURE 5. 
α4β7

high OT-1 cells are activated in mesenteric LN and redistribute into mediastinal LN. 

Mice were adoptively transferred with CFSE-labeled OT-1 cells before i.p. immunization. 

Ab treatment was initiated 6 h (anti-CD62L) or 24 h (anti-α4β7) after BMDC injection and 

continued until harvest at 72 h. Dot plots are gated on CD8+H-2Kb-OVA257-tetramer+ 

lymphocytes. MFI values refer to α4β7 staining of cell populations in boxes. a and b, Effects 

of blockade with anti-CD62L. a, Data from individual mice representative of eight mice 

treated with each reagent in three independent experiments. b, Data are mean values (±SEM) 

from eight mice per group analyzed in three independent experiments. c and d, Effects of 

blockade with anti-α4β7. c, Data from mesenteric LN and spleen of individual mice and 

parathymic and paratracheal LN pooled from two mice. Representative of eight mice treated 

with each reagent in four independent experiments. Because of the presence of in vivo 

bound anti-α4β7 Ab on OT-1 cells in anti-α4β7-treated mice, these cells were stained with 

PE anti-rat IgG, leading to an elevated MFI. Cells from mice treated with rat IgG were 
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stained normally, as described in Materials and Methods. d, Data are mean values (±SEM) 

from two mice per group, except parathymic and paratracheal LN, which were values 

obtained from pooling samples from two mice. Data are representative of four independent 

experiments.
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FIGURE 6. 
MAdCAM-1 expression and its role in the entry of α4β7

high cells into mediastinal LN. a–f, 
Expression of MAdCAM-1 in mesenteric (a), brachial (b), parathymic (c), and paratracheal 

(d) LN in naive mice, as well as parathymic (e) and paratracheal (f) LN of i.p. immunized 

mice. MAdCAM-1 staining is red, and smooth muscle α-actin staining (to delineate HEV) is 

green. Scale bar equals 50 μm. g and h, Entry of α4β7
high cells into mediastinal LN is 

MAdCAM-1 independent. Mice were adoptively transferred with CFSE-labeled OT-1 cells 

before i.p. immunization. Ab treatment was initiated 24 h after BMDC injection and 
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continued until harvest at 72 h. g, Dot plots are gated on CD8+H-2Kb-OVA257-tetramer+ 

lymphocytes. MFI values refer to α4β7 staining of cell populations in boxes. h, Percentage 

of OT-1 cells that were α4β7
+ at each cell division based on CFSE dilution. Data are mean 

values from six to nine mice (±SEM) analyzed in three independent experiments. i, Mice 

were adoptively transferred with CFSE-labeled OT-1 cells before i.p. immunization. Ab 

treatment was initiated 24 h after BMDC injection and continued every 24 h. Tissues were 

harvested 3 days after BMDC injection. Intraepithelial lymphocytes were recovered, as 

described in Materials and Methods. Data are mean values (±SEM) from three to four mice 

analyzed in three independent experiments.
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FIGURE 7. 
Roles of BMDC and endogenous DC in imprinting of α4 integrin expression on activated 

OT-1 cells. a and b, CFSE-labeled, CD8-enriched OT-1 cells were cultured in vitro for 4 

days with unpulsed or 10 μM OVA257-pulsed CD40L-activated BMDC (a) or DC enriched 

from mediastinal LN or spleen (b) from fms-like tyrosine kinase-3 ligand-treated mice. Dot 

plots are gated on CD8+ (a) or Thy1.2+ (b) lymphocytes. Data are representative of three 

independent experiments. c–g, Lethally irradiated B6 mice were reconstituted with bone 

marrow from either bm1 or B6 mice. At least 10 wk after bone marrow transplant, these 

bone marrow were adoptively transferred with CFSE-labeled, CD8-enriched OT-1 cells, and 

then immunized i.p. with CD40L-activated OVA257-pulsed BMDC. Lymphoid organs were 

collected 3 days after immunization. c, OT-1 cell proliferative responses in priming 
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compartments of bm1 and B6 chimeras. Histograms are gated on CD8+H-2Kb-OVA257-

tetramer+ lymphocytes. Values are percentage of CFSE undiluted of total OT-1 cells. d, 

Expression of α4β7 on OT-1 cells in the mesenteric LN of bm1 and B6 chimeras. Dot plots 

are gated on CD8+H-2Kb-OVA257-tetramer+ lymphocytes. e, Percentage of OT-1 cells that 

were α4β7
+ at each cell division in the mesenteric LN as determined by CFSE dilution. Data 

are mean values (±SEM) from five bm1 chimeras and four B6 chimeras analyzed in three 

independent experiments. f, Expression of α4 on OT-1 cells in priming compartments of 

bm1 and B6 chimeras. Dot plots are gated on CD8+H-2Kb-OVA257-tetramer+ lymphocytes. 

g, Percentage of OT-1 cells that were α4
+ at each cell division in priming compartments as 

determined by CFSE dilution. Data are mean values (±SEM) from five bm1 chimeras and 

four B6 chimeras analyzed in three independent experiments.
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