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Abstract

The objectives of this study were to assess the role of LFA-1 in enteric antigen (EAg)-induced 

activation of T-cells in vitro and in vivo and to define the importance of this integrin in promoting 

trafficking of T-cells to the MLNs and colon. We found that EAg-pulsed dendritic cells (DCs) 

induced proliferation of LFA-1-deficient (CD11a−/−) CD4+ T-cells that was very similar to that 

induced using WT T-cells suggesting that LFA-1 is not required for activation/proliferation of T-

cells in vitro. Co-culture of WT or CD11a−/− T-cells with EAg-pulsed DCs induced the generation 

of similar amounts of INF-γ, IL-4 and IL-10 whereas IL-17A production was reduced 

approximately 2-fold in co-cultures with CD11a−/− T-cells. Short term (20-22 hr) trafficking 

studies demonstrated that while both WT and CD11a−/− T-cells migrated equally well into the 

spleen, liver, lungs, small intestine, cecum and colon, trafficking of CD11a−/− T-cells to the MLNs 

was reduced by 50% when compared to WT T-cells. When the observation period was extended 

from 3-7 days post transfer, we observed approximately 2-3 fold more WT T-cells within the 

MLNs and colon than CD11a−/− T-cells whereas T cell proliferation (as measured by CSFE 

dilution) was comparable in both populations. Taken together, our data suggest that LFA-1 is not 

required for EAg-induced activation of CD4+ T-cells in vitro or in vivo but is required for 

trafficking of T-cells to the MLNs and homing of colitogenic effector cells to the colon where they 

initiate chronic gut inflammation.
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INTRODUCTION

There is an accumulating literature suggesting that the inflammatory bowel diseases (IBD; 

Crohn's disease; ulcerative colitis) arise from a complex interaction among genetic, immune 

and environmental factors1-3. It is thought that the presence of one or more genetic defects 

predisposes individuals to a dysregulated immune response to components of the normal gut 

flora4-7. Indeed, the role of commensal bacteria in the pathogenesis of experimental IBD has 

been well-documented in a number of different animal models of chronic gut 

inflammation2,3,8,9. It is well-known that luminal enteric antigens continuously gain access 

to the intestinal interstitium where they are endocytosed by interstitial dendritic cells (DCs) 

and transported to the gut-draining mesenteric lymph nodes (MLNs)10-13. It is becoming 

increasingly clear that naïve T-cells migrate from the blood to the MLNs where, in the 

absence of appropriate regulatory mechanisms, they interact with enteric antigen-loaded 

DCs resulting in their priming, polarization and expansion to yield large numbers of 

colitogenic effector (Th1/Th17) cells6,7,10,11,13-17. These effector cells then exit the 

lymphoid tissue via the efferent lymphatics, enter the systemic circulation and home to the 

gut where they initiate intestinal inflammation.

Trafficking of naïve and effector T-cells to lymphoid and nonlymphoid tissues is a complex 

process that is mediated by a sequence of adhesion and signaling steps that include tethering 

of T-cells to the high endothelial venules (HEV) within MLNs or post-capillary venules 

within the small and large bowel; rolling along the endothelial cell surface, activation-

induced firm adhesion of the T-cells to the endothelium and finally extravasation of these 

lymphocytes into lymphoid or nonlymphoid tissue18-22. One of the T-cell-associated 

adhesion molecules that has been shown to play an important role in promoting T-cell 

recruitment to lymphoid and nonlymphoid tissue is lymphocyte function-associated 

antigen-1 (LFA-1). LFA-1 is a heterodimeric β2 integrin composed of an alpha chain 

(CD11a, αL) and a beta chain (CD18, β2) and is expressed on virtually all leukocytes 

including T- and B-cells, granulocytes and macrophages20-22. At least two LFA-1 ligands 

associated with HEVs and post capillary venules have been identified in mice including 

ICAM-1 and-223-31 as well as junctional adhesion molecule-1 (JAM-1; CD166)32. Short 

term homing experiments have demonstrated that LFA-1 is important for trafficking of T-

cells to MLNs of immune-competent mice 24,33. Once naïve T-cells enter the MLNs, they 

may encounter their cognate antigens presented on the surface of DC-associated major 

histocompatability complex class II thereby initiating their firm adhesion to the DC and 

promoting T-cell priming, polarization and proliferation. It has been proposed that LFA-1 

may also function as a co-stimulatory molecule for T-cell activation24,34-39. In fact, it has 

been shown that blocking the interaction of LFA-1 with ICAM-1 expressed on DCs inhibits 

Th1 polarization and cytokine production and in some cases may skew polarization to a Th2 

response29,38,40,41. Following priming and polarization, effector T-cells exit the MLNs and 
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enter the systemic circulation via the efferent nodal lymphatics and home to the gut. Again, 

T-cell-associated LFA-1 as well as other integrins and selectins have been shown to play 

important roles in mediating the homing of effector cells to nonlymphoid tissue such as the 

small and large intestine19,21,22,42,43. Upon entering the gut interstitium, these effector cells 

re-encounter their cognate antigens presented on the surface of a wider range of antigen 

presenting cells becoming rapidly activated to produce a variety of pro-inflammatory 

cytokines and mediators. In the absence of appropriate regulatory mechanisms, unfettered T 

cell activation initiates chronic intestinal inflammation.

We have previously demonstrated that adoptive transfer of naïve, LFA-1 deficient 

(CD11a−/−) T-cells into lymphopenic recipients fails to induce chronic colitis whereas 

transfer of wild type T-cells induces chronic and unrelenting colonic inflammation42,43. 

Failure to induce disease was associated with large and significant reductions in the numbers 

of CD4+ T-cells within the MLNs and colon suggesting that LFA-1 may be critical for T-

cell migration to and/or activation within the MLNs and colon. As a first step toward 

determining whether the lack of disease is due to defects in T-cell priming/activation and/or 

trafficking to MLNs and colon, we undertook a series of in vitro and in vivo studies to 

differentiate between these two possibilities. We present evidence demonstrating that LFA-1 

is not required for enteric antigen-induced activation of CD4+ T-cells in vitro or in vivo but 

is important for the trafficking of these T-cells to the MLNs where these cells become 

primed and polarized to yield colitogenic effector cells. Our data also suggest that T-cell-

associated LFA-1 may play an important role in homing of effector cells to colon where they 

initiate chronic gut inflammation.

MATERIALS AND METHODS

Preparation of enteric antigens

Enteric antigens (EAg) were prepared from cecal luminal contents of mice using a minor 

modification of the method described by Gad and co-workers44-46. Ceca of healthy WT 

(C57Bl/6) mice were removed and placed in a 90 mm Petri dish containing PBS (Gibco, 

Grand Island, NY, USA) and 10 μg/ml DNase-1 (Roche, Basel, Switzerland). The luminal 

contents were expelled, collected, homogenized and then disrupted by ultra-sonication on 

ice. Whole bacteria and debris were removed by centrifugation, and the supernatant was 

filter-sterilized using a 0.2-μ Acrodisk filter (Pall, Ann Arbor, MI, USA). Protein content of 

the sterilized extract was determined using Bio-Rad DC Protein Assay (Bio-Rad 

Laboratories, Richmond, CA, USA). Aliquots of the enteric luminal extract were stored at 

−80°C.

Preparation of bone marrow and spleen dendritic cells

Bone marrow-derived dendritic cells (bmDCs) were prepared as previously described47 with 

minor modifications. Bone marrow was removed from the femurs and tibia of WT C57Bl/6 

mice and cultured for 7 days in L-glutamine and Phenol Red containing RPMI-1640 

medium supplemented with 5% FBS (HyClone Laboratories, South Logan, UT, USA), 

10mM HEPES (pH 7.4), 50 μM 2-mercaptoethanol, 20 ηg/ml recombinant murine GM-CSF 

(R&D Systems, Minneapolis, MN, USA) and antibiotics47. The CD11c+ population was 
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enriched using magnetic separation (Miltenyi). Splenic DCs (sDCs) were isolated using a 

minor modification of the method described previously48. Spleens from WT mice were 

removed, injected with 1 ml of 100 U/ml Collagenase D (Roche) in HBSS, cut into 1-2 mm 

pieces, and incubated for 90 min at 37°C in HBSS containing 400 U/ml Collagenase D. The 

fragmented tissue was then passed through a 70 μm strainer, washed by centrifugation and 

erythrocytes removed using hypotonic lysis. The resulting splenocyte preparation was then 

depleted of B220+ cells (B-cells) and CD3+ cells (T-cells) using magnetic negative 

selection. The CD11c+ population was purified by cell sorting using the BD FACS Aria IIu 

(BD Biosciences, San Jose, CA, USA).

T-cell Proliferation in vitro

DCs (bmDCs or sDCs) were incubated overnight (16 hrs) with PBS or different 

concentrations of EAgs. The cells were then washed and irradiated with 2000 rad44-46. 

CD4+CD25− T-cells were isolated from WT or CD11a−/− mice using the Dynal Mouse 

Negative isolation kits for CD4+ T-cells followed by positive selection to remove CD25+ 

cells (Invitrogen, Carlsbad, CA, USA). T-cell proliferation was quantified as described 

previously45,46. 104 bmDCs or sDCs were incubated with 105 CD11a−/− or WT 

CD4+CD25− T-cells for 6 days in 96-well round-bottom culture plates (Corning, Corning, 

NY, USA). One μCi of [3H]thymidine (PerkinElmer, Boston, MA, USA) was added to each 

well on day 5 and incubation was continued for an additional 24 hrs. Cells were then 

harvested using the Brandel 200A cell harvester (Brandel, Gaithersburg, MD, USA) and 

radioactivity quantified for each well. For some experiments, a time-course for T-cell 

activation was performed. For some experiments, WT or CD11a−/− CD4+CD25− T-cells 

were activated by addition of CD3 and CD28 monoclonal antibodies (mAbs) as previously 

described49. Briefly, 1×105 cells were added into wells of round-bottom 96-well 

immunologic plates (Corning) coated with 0.5 mg/well anti-CD3 mAb (eBioscience) and 

incubated for 4 days in presence of 1 ug/ml anti-CD28 mAb (eBioscience). Control T-cells 

were incubated in the absence of the mAbs. T-cell proliferation was quantified as described 

above.

Cytokine Determinations

Cytokine levels in the culture media were quantified following co-culture of CD4+CD25− T-

cells with EAg-pulsed bmDCs as described above. Following the 6 day incubation period, 

culture supernatants were collected and stored at −80°C until analyzed. IFN-γ, IL-4, IL-10 

and IL- 17A levels in the supernatants were determined by sandwich ELISA using 

commercial kits for murine cytokine ELISA (eBioscience, San Diego, CA, USA) as 

described by the manufacturer.

T-cell Trafficking to Lymphoid and Nonlymphoid Tissues using 51Cr-labeled T-cells

CD4+ T-cells were isolated from the spleens of CD11a−/− and WT mice as described above 

and labeled with 51Cr (Na chromate) using a minor modification of the method described by 

Siegmund et. al.50. Cell suspensions were adjusted to a concentration of 20×106 cells/ml in 

RPMI-1640 medium (Gibco) supplemented with 5% FBS (Hyclone), 10mM HEPES (Fisher 

Scientific), and an antibiotic/antimicotic solution (Mediatech). Twenty μCi of 51Cr were 

added for every ml of cell suspension. Cells were incubated at 37°C for 1 hour with 
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occasional mixing. Cells were then washed twice by centrifugation to remove unbound 51Cr 

twice using RPMI media. The cells were suspended in calcium- and magnesium-free HBSS 

at a concentration of 1×108 cells/ml. Mice were anesthetized (using ketamine/xylazine) and 

injected (iv) with 107 T-cells (in 0.1 ml). At 20-22 hrs following injection of T-cells, mice 

were euthanized and the entire blood volume was exchanged with prewarmed (37°C) PBS to 

remove all cells within the vasculature. Lymphoid and nonlymphoid tissues were removed, 

blotted with absorbent paper to remove excess fluid, weighed and the amount of 

radioactivity was quantified. Data were expressed as percent (%) of recovered radioactivity 

as described by Siegmund et. al.50.

Labeling of T-cells with 5-(and-6)-carboxyfluorescein Diacetate Succinimidyl Ester (CFSE) 
and Lymphocyte Analysis

T-cells were labeled with CFSE using a modification of the method described by Parish et. 

al.51. A cell suspension containing equal numbers of congenically marked CD11a−/− 

(CD45.2) and WT (CD45.1) CD4+ T-cells (107 cells/ml each in FACS buffer) was 

incubated with 5 uM CFSE for 10 min at 37°C with gentle mixing. Five volumes of ice cold 

FACS buffer (PBS supplemented with 4% fetal calf serum) were then added, and cells were 

put on ice for 5 min. The T-cells were washed twice with FACS by centrifugation, 

resuspended in a small volume of HBSS and adjusted to concentration of 2×108 cells / ml. 

One hundred μl of cell suspension containing 1×107 cells of each population was then 

injected (iv) into anesthetized RAG−/− recipients and animals were allowed to recover from 

the anesthetic. At 3 and 7 days following T-cell transfer, mice were euthanized and 

mononuclear leukocytes were isolated from the colonic lamina propria and MLNs of the 

recipient mice using our previously published methods42,52,53. Colons were removed, cut 

into 0.5-1.0 cm pieces and washed in PBS. Epithelial cells were removed from the colonic 

tissue by three subsequent 15 min at 37°C in RPMI-1640 supplemented with 2 g/l D-

glucose, 2mM Na2-EDTA, and 2mM dithithreitol. The colonic tissue was then washed with 

RPMI-1640 media supplemented with 4% FBS (Cellect) to remove residual EDTA and 

DTT. Tissue was then minced with the razor blade in a sterile 60 mm Petri dish and then 

incubated for 40 min at 37°C in RPMI-1640 media supplemented with 4% FBS and 200 

U/ml collagenase type VIII. The leukocyte-containing supernatants were collected, pooled, 

filtered through a 70 μm strainer and centrifuged for 10 min at 4°C at 400 × g. Mononuclear 

cells were further enriched by centrifugation over 40%/70% Percoll gradient. The cell pellet 

was washed and resuspended in FACS buffer and cell viability determined. Mononuclear 

leukocytes were prepared from the MLNs and spleens as we previously described54. Cells 

were stained for CD4, CD11a, CD44, CD45.1, and CD45.2 and analyzed for these surface 

markers as well as for CFSE fluorescence using the FACScalibur (BD Biosciences).

Statistics

Data are presented as mean ± SEM (standard error of mean). Statistical significance between 

2 groups was evaluated using a paired T-test whereas a one way analysis of variance 

followed followed by Dunnett's post hoc test was used for comparing 3 or more groups. A 

probability value of p < 0.05 was considered significant.
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RESULTS

LFA-1 is not Required for Polyclonal- or Enteric Antigen-Induced Activation of CD4+ T-
cells in vitro

Previous studies have suggested that T-cell-associated LFA-1 is important for optimal T-cell 

activation in vitro and in vivo using T-cells obtained from CD18−/− DO11.10 transgenic 

mice24,37. Because CD18−/− T-cells are deficient in all β2 intergrins including LFA-1 and 

Mac-1 (CD11b/CD18), we wished to re-evaluate more specifically the role of LFA-1 in T-

cell activation using polyclonal or enteric antigen (EAg)-induced proliferation of CD4+ T-

cells in vitro. To do this, we activated WT or CD11a−/− CD4+CD25− T-cells with CD3 and 

CD28 mAbs and quantified T-cell proliferation following a 96 hr incubation period. 

Surprisingly, we found that polyclonal activation induced a significantly greater proliferative 

response in CD11a−/− than in WT T-cells (Figure 1A). In order to more closely mimic the 

immunological interactions thought to occur during induction of chronic colitis following 

transfer of CD4+ T-cells into RAG−/− recipients, we co-cultured WT or CD11a−/− 

CD4+CD25− T-cells with bmDCs pulsed with different concentrations of EAg. We observed 

a concentration-dependent increase in proliferation that was quantitatively very similar 

between the two T-cell populations (Fig. 1B). When shorter incubation times were used (2-4 

days), we observed significant increases in proliferation of CD11a−/− T-cells when 

compared to WT T-cells (Fig. 1C). The ability of EAgs to induce T-cell proliferation was 

not specific for bmDCs as we found that the WT and CD11a−/− T-cells proliferated, in a 

similar and concentration-dependent manner when co-cultured with EAg-loaded sDCs for 6 

days (data not shown). Co-culture of WT or CD11a−/− T-cells with EAg-pulsed bmDCs 

resulted in the production of comparable amounts of IFN-γ protein in WT vs. CD11a−/− 

cultures however, IL-17A generation was reduced by approximately 60% when CD11a−/− T 

cells were used (Fig. 1D). Production of IL-4 and IL-10 by either group of T-cells was very 

low or undetectable (Fig. 1D). Taken together, our in vitro data suggest that while LFA-1 is 

not critical for EAg-induced priming, polarization and expansion of IFN-γ producing T-

cells, it may be important for maximal production of IL-17A generation (Fig. 1D).

LFA-1 is Required for the Short Term Trafficking of T cells to the MLNs in vivo

It is well known that adoptive transfer of naïve CD4+ T cells into RAG−/− mice induces a 

chronic and unrelenting colitis53. Because previous studies have demonstrated that LFA-1 is 

important for trafficking of T-cells to the MLNs in immuno-competent WT mice24,33, we 

wished to ascertain whether T-cell-associated LFA-1 plays an important role in the 

migration of intravascular T-cells to the MLNs as well as nonlymphoid tissues in 

lymphopenic RAG−/− recipients at a time prior to T cell proliferation post-transfer (i.e. 

20-22 hrs). We observed large and equivalent accumulation of 51Cr-labeled WT and 

CD11a−/− T-cells within the liver, spleen, lungs and kidneys (Fig. 2A). The amount of T-

cell-associated 51Cr within these tissues accounted for >80% of the total recovered 

radioactivity. Few, if any T-cells were detected in the brain, heart, thymus or stomach (data 

not shown). Evaluation of T-cell trafficking to the gastrointestinal tract and draining MLNs 

revealed that while similar numbers of WT and CD11a−/− T-cells migrated to the small 

bowel, cecum and colon (Fig. 2B), trafficking of CD11a−/− T-cells to the MLNs was 

reduced by ~50% when compared to WT T-cells (p<0.05; Fig. 2C).
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LFA-1 is Required for T-cell Trafficking to the MLNs and Colon but is not Required for T-
cell activation in vivo

Data obtained from our short-term homing experiments suggest that within the first 20-22 

hrs, LFA-1 is not required for T-cell trafficking to the small or large bowel but is important 

for trafficking of these lymphocytes to the MLNs. We next wished to ascertain whether 

LFA-1 plays an important role in T-cell trafficking and activation in vivo at longer periods 

of time. To do this, we co-transferred congenically marked CSFE-labeled WT (CD45.1) and 

CD11a−/− (CD45.2) CD4+T-cells into RAG−/− mice and quantified cell number for each 

population as well as CFSE dilution as an index of cell proliferation within the different 

tissues. At 3 days post T-cell transfer we observed large and significantly greater numbers of 

CD11a−/− vs. WT T-cells (3-fold) within the spleen (Fig. 3A). In addition, we found a small 

but significant decrease (9%) in the percentage of CD11a−/− T-cells that were CFSE+ 

compared to their WT CFSE+ counterparts (p<0.05) suggesting a slight increase in 

proliferation of LFA-1-deficient T-cells compared to WT T-cells at 3 days following 

transfer (Fig. 3B and 3C). In contrast to the spleen, we observed similar numbers of WT vs. 

CD11a−/− within the MLNs at 3 days post transfer (Fig. 3D) with 95-100% of both 

populations remaining CSFE+ suggesting that neither T-cell population had undergone 

extensive proliferation at this time period (Fig. 3E and 3F). Very few T-cells could be 

obtained from the colons of mice at 3 days following transfer of WT and CD11a−/− T-cells 

(data not shown). The ability to quantify small but significant numbers of T cells in the 

colon at 20-22 hrs but not at 3 days is most likely due to the increased sensitivity of 

measuring 51Cr-labeled T cells within the tissue compared to cytometric flow determination 

of cells isolated from the colonic lamina propria.

When we extended the observation period to 7 days, we observed large and equivalent 

numbers of WT and CD11a−/− T-cells within the spleens of the RAG−/− recipients (Fig. 4A), 

however, WT T-cells appeared to have undergone significantly more proliferation (3-fold) 

than CD11a−/− T-cells as only 15% of the WT and 47% of the CD11a−/− T-cells remained 

CFSE+ (Fig. 4B). In addition, we found greater numbers of WT T-cells (2-fold) within the 

MLNs when compared to their CD11a−/− counterparts at 7 days post transfer (Fig. 5A). 

Despite the significant increase in WT T-cell numbers in the MLNs, the percentages of 

CFSE+ WT and CD11a−/− T-cells were very similar (~30-35%) suggesting that both WT 

and CD11a−/− T-cells had undergone at least 1-2 population doublings within this lymphoid 

tissue (Fig. 5B). Although there was a trend for increased accumulation of WT vs CD11a−/− 

T-cells within the colon at 7 days following T-cell transfer, the differences were not 

significantly different (Fig. 6A). Interestingly, the vast majority of colonic WT and 

CD11a−/− T-cells had undergone extensive proliferation, with only 5-11% of each 

population of T-cells remaining CFSE+ at 7 days post transfer (Fig. 6B). Analysis of the 

CD4+CFSE negative population of CD11a−/− T-cells in different at 7 days post-transfer was 

not decreased compared to WT CD4+CFSE negative population indicating that CD11a 

deficiency does not interfere with the activation of these T-cells in vivo (Figs. 7 and 8).
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DISCUSSION

Previous studies from our laboratory have demonstrated that T-cell associated LFA-1 is 

critical for induction of chronic colitis in RAG−/− recipients42,43. The failure of LFA-1-

deficient T-cells to induce disease was associated with significant reductions in the numbers 

of CD4+ T-cells within the MLNs and colon suggesting that LFA-1 may be required for T-

cell migration to and/or activation within the MLNs and colon. In order to determine 

whether the lack of disease was due to defects in T-cell priming and/or trafficking to MLNs 

and colon, we performed a series of studies to differentiate between these two possibilities. 

Although previous studies reported that LFA-1 is an important co-stimulatory molecule for 

T-cell activation in vitro and in vivo24,34-39 we found that proliferation of LFA-1-deficient 

(CD11a−/−) T cells proliferation was not reduced in response to either CD3/CD28 mAbs or 

EAg-pulsed DCs (Fig. 1A-C). Indeed, we observed increased not decreased proliferation of 

LFA-1-deficient T cells when induced by CD3/CD28 mAbs for 96 hrs or by EAg-pulsed 

DCs with the first 4 days of culture (Fig. 1A-C). The reasons for these differences are not 

entirely clear however, consideration of the specific T-cell populations used for the different 

studies as well as the methods used to activate these lymphocytes in vitro (and in vivo) may 

provide possible explanations. For example, we used CD11a−/− T-cells to insure that these 

lymphocytes were deficient in only LFA-1 (CD11a/CD18) while other investigators used 

CD18−/− mice as a source of LFA-1 deficient lymphocytes24,37. In addition to LFA-1, 

CD18−/− T-cells also lack expression of Mac-1 (CD11b/CD18) which is present on T-cells 

as well55-59. Thus, it is difficult to ascertain whether the defect in T-cell activation observed 

using CD18−/− T-cells is due to the absence of LFA-1 and/or Mac-1. Another possible 

explanation is that our EAg-based assay targets only those T-cells with the ability to 

recognize enteric antigens, which is estimated to be 3-5% of murine CD4+ T-cells45.

Although LFA-1 has been reported to be required for optimal T-cell activation using 

polyclonal or antigen specific activation of T cells24,34,35,40,60, there are also several reports 

demonstrating that LFA-1 is either dispensable for T-cell activation36,55,56,60 or is required 

for low but now not high concentrations of antigen36. Using an in vitro model that more 

closely mimics those early immunological events that are thought to occur during the 

priming, polarization and expansion of naïve T-cells to yield colitogenic effector cells in 

lymphopenic mice, we failed to demonstrate a major co-stimulatory role for LFA-1. It could 

be argued that while EAg-induced activation of CD11a−/− deficient T-cells is virtually 

identical to WT T-cells, cytokine production may be very different. Indeed, it has been 

reported that blocking LFA-1/ICAM-1 interactions skews cytokine production in favor of a 

Th2 profile40. Data obtained in the current study suggest that this is not necessarily the case 

as we observed the production of similar levels of representative Th1, Th2 and regulatory 

cytokines by WT vs. CD11a−/− T-cells (Fig. 1D). Of note, we did observe significantly less 

IL-17 production by CD11a−/− T-cells when compared to WT T-cells (Fig. 1D) however, it 

is not clear that this could account for the remarkable differences we observe in induction of 

chronic colitis in vivo. In fact, T-cell-derived IL-17A may exert a protective response in the 

T-cell transfer of chronic colitis as transfer of IL-17A−/− T-cells into lymphopenic recipients 

exacerbates rather than attenuates colonic inflammation61.
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In addition to our in vitro experiments, we also performed a series of in vivo studies to 

ascertain the role that LFA-1 plays in trafficking and activation of T-cells in RAG−/− 

recipients. We found that while WT and CD11a−/− T-cells trafficked equally well to 

virtually all nonlymphoid tissues within the first 20-22 hrs following transfer (Fig. 2A and 

2B), we observed approximately a 50% reduction in CD11a−/− T-cell accumulation within 

the MLNs (Fig. 2C). These data agree well with previously published studies using WT 

mice as recipients24,60. These data also suggest that trafficking to this lymphoid tissue may 

represent an important first step in the EAg-dependent priming, polarization and expansion 

of T-cells to yield colitogenic effector cells. Indeed, chronic gut inflammation induced by 

adoptive transfer of T-cells is associated with the polarization and expansion of Th1 cells 

within the MLNs53. Another surprising observation that we made was that while CD11a−/− 

T-cell accumulation within the MLNs was reduced compared to WT T-cells at 20-22 hrs 

post transfer, similar numbers of CD11a−/− and WT T-cells were found within MLNs at 3 

days post transfer and >95% of both populations were CFSE+ indicating that little 

proliferation had occurred at this time point (Fig. 3D-F). Although the reasons for these 

time-dependent differences in trafficking to the MLNs were not investigated in the current 

study, it may be that CD11a−/− T-cells are retained for a longer period of time within this 

lymphoid tissue during the first few days following transfer compared to WT T-cells.

When the observation period was extended to 7 days post transfer, we observed significantly 

more WT T-cells within the MLNs vs. their CD11a−/− counterparts (Fig. 5A and B); 

however, equal percentages of WT and CD11a−/− T-cells were found to be CFSE+ 

(~30-35%) suggesting that CD11a−/− T-cell proliferation was not impaired when compared 

to WT T-cells. These data differ from those of Kandula et. al.24 who demonstrated that 

DO11.10 T-cells, proliferated to a greater extent that did CD18−/−DO11.10 T-cells within 

the MLNs of OVA treated mice. The reasons for these differences are not readily apparent 

but may be due the use of CD18−/− vs CD11a−/− T-cells and/or the different in vivo models 

employed as described above. We did observe a nonsignificant trend for an increase in WT 

vs CD11a−/− T-cells within the colon at 7 days post transfer with only 5-10% of either 

population remained CFSE+ suggesting multiple population doublings by both WT and 

CD11a−/− T-cells at this time point (Fig. 6A and B). Importantly, flow cytometry data 

revealed that the large majority (~90%) of WT or CD11a−/− T-cells that were CSFE 

negative expressed the activation marker CD44 confirming immunological activation of 

both T cell populations in vivo (Fig. 7 and 8). Taken together, these data suggest that the 

decreased numbers of CD11a−/− T-cells within the colon were due to defects in trafficking 

rather than a decrement in their ability to proliferate. The absence of LFA-1 expression also 

appeared to also affect the accumulation of T-cells within the spleen in a time-dependent 

manner. Although no significant differences in accumulation were observed between WT vs. 

CD11a−/− T-cells at 20-22 hrs post transfer, significantly greater numbers of CD11a−/− T-

cells found within the spleen at 3 but not 7 days following transfer (Fig. 3A and 4A). These 

data are somewhat similar to what has been observed in CD11a−/− mice showing increased 

numbers of CD4+ T-cells in spleens of these mice in the steady state33. Taken together with 

our MLNs and colon T-cell accumulation data, this observation is consistent with idea that 

LFA-1−/− T-cells may increase their number in spleen due to decreased trafficking to other 

lymphoid and nonlymphoid tissues. Data obtained in the current study also suggest that 
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peripheral (i.e. splenic) LFA-1-deficient T-cells undergo a small but significant increase in 

proliferation at 3 days post transfer when compared to WT cells (Fig. 3B and 3C). These 

data contrast to those of Kandula et. al. who reported significantly less proliferation of 

splenic CD18−/−DO11.10 transgenic T-cells vs. their heterozygous controls at 3 days 

following OVA immunization in vivo24. Although the reasons for these differences are not 

clear at the present time, differences in the use of CD11a−/− vs transgenic, antigen-specific 

CD18−/− T-cells followed by immunization in lymphoid tissue other than MLNs may 

represent reasonable explanations. In contrast to these data, we observed large and 

equivalent numbers of WT and CD11a−/− T-cells within the spleens at 7 days post transfer 

with significantly more of the WT T-cells undergoing proliferation than their CD11a−/− 

counterparts (Fig. 4B). These data suggest that while LFA-1 deficient T-cells accumulate to 

a much greater extent within the spleen than do WT T cells at 3 days post transfer, WT T-

cell proliferation increases 3 fold over that observed for CD11a−/− at 7 days resulting in the 

presence of similar numbers of T-cells within the spleen. These data agree well with those 

reported by Kandula et. al. who demonstrated enhanced proliferation of WT vs. 

CD18−/−DO11.10 transgenic T cells in the spleen at 7 days post transfer 24.

Taken together, our data suggest that LFA-1 is not required for CD3/CD28 and EAg-

induced activation of T-cells in vitro or in vivo and may even function as a negative 

regulator of T-cell activation under certain stimulatory conditions. In addition, we provided 

evidence that clearly demonstrate that LFA-1 is important for the initial trafficking of these 

T-cells to the MLNs where these cells are primed and polarized to yield colitogenic effector 

cells. Our data also suggest that T-cell-associated LFA-1 also plays an important in homing 

of effector cells to colon where they initiate chronic gut inflammation.
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Figure 1. Activation of wild type or CD11a−/− T-cells in vitro
(A). Wild type (WT; black bars) or CD11a−/− (white bars) CD4+CD25− T-cells were 

incubated with plate-bound CD3 and soluble CD28 mAbs for 4 days and T-cell proliferation 

was quantified using incorporation of [3H]thymidine as described in the Methods section. 

(B) WT or CD11a−/− CD4+CD25− T-cells were co-cultured with enteric antigen (EAg)-

pulsed, bone marrow-derived DCs (bmDCs) 6 days and T-cell proliferation quantified as 

described in (A). (C) Time-dependent proliferation of WT or CD11a−/− CD4+CD25− T-cells 

induced by EAg-pulsed bmDCs. (D) Protein levels of different cytokines produced 

following co-culture of EAg-pulsed bmDCs with WT or CD11a−/− CD4+CD25− T-cells for 

6 days as described in B. Cytokines were quantified in the supernatants using ELISA. Black 

bars represent WT cells obtained from WT mice whereas white bars are cells taken from 

CD11a−/− mice. Data represent the mean±SEM from 3-4 independent experiments and 

*p<0.05 vs. WT T-cells.
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Figure 2. Short-term trafficking of T-cells to different tissues in RAG-1−/− mice
51Cr-labeled WT or CD11a−/− CD4+ T-cells were injected (iv; 107 cells per mouse) into 

RAG-1−/− recipients. At 20-22 hrs following transfer, animals were euthanized and the 

entire blood volume was exchanged with pre-warmed (37°C) PBS to remove all cells within 

the vasculature. Lymphoid and nonlymphoid tissues were removed, blotted dry, weighed 

and the amount of radioactivity was quantified and expressed as percent (%) of recovered 

activity. (A) T-cell trafficking to the kidneys, liver, lungs and spleen. (B) T-cell trafficking 

to the cecum, colon, proximal small intestine (P.SI) and distal small intestine (D.SI). (C) T-

cell trafficking to the MLNs. Black bars represent WT cells obtained from WT mice 

whereas white bars are cells taken from CD11a−/− mice. Data represent the mean±SEM for 

N=6-7 mice per group and *p<0.05 vs. WT T-cells.
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Figure 3. Accumulation and proliferation of wild type and CD11a−/− T-cells within the spleen 
and MLNs at 3 days following transfer into RAG-1−/− mice
Congenically-marked, CFSE-labeled WT (45.1; black bars) and CD11a−/− (45.2; white bars) 

CD4+ T-cells were co-injected (iv; 107 cells each) into RAG-1−/− recipients. At 3 days 

following T-cell transfer, animals were sacrificed, T-cells were isolated from the indicated 

tissue, stained for CD4, CD45.1 and CD45.2 and analyzed by flow cytometry. (A) T-cell 

numbers within the spleen. (B) Representative histograms showing CFSE fluorescence of 

WT and CD11a−/− CD4+ T-cells. (C) Quantification of WT and CD11a−/− T-cells T-cell 

CFSE fluorescence. (D) T-cell numbers within the MLNs. (E) Representative histograms 

showing CFSE fluorescence of WT and CD11a−/− CD4+ T-cells. (F) Quantification of WT 

and CD11a−/− T-cell CFSE fluorescence. Black bars represent WT cells obtained from WT 

mice whereas white bars are cells taken from CD11a−/− mice. Data represent the mean

±SEM for N=3 mice per group and *p<0.05 vs. WT T-cells.
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Figure 4. Accumulation and proliferation of WT and CD11a−/− T-cells within the spleen at 7 
days following transfer into RAG-1−/− mice
Congenically-marked, CFSE-labeled WT (45.1) and CD11a−/− (45.2) CD4+ T-cells were co-

injected (iv; 107 cells each) into RAG-1−/− recipients. At 7 days following T-cell transfer, 

animals were sacrificed, T-cells were isolated from the spleen, stained for CD4, CD45.1 and 

CD45.2 and analyzed by flow cytometry. (A) T-cell numbers within the spleen. (B) 
Quantification of CFSE fluorescence in WT and CD11a−/− T-cells. Insert shows 

representative histogram of CFSE fluorescence for each T-cell population. Data represent 

the mean±SEM for N=6 mice per group and *p<0.05 vs. WT T-cells.
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Figure 5. Accumulation and proliferation of WT and CD11a−/− T-cells within the MLNs at 7 
days following transfer into RAG-1−/− mice
Congenically-marked, CFSE-labeled WT (45.1) and CD11a−/− (45.2) CD4+ T-cells were co-

injected (iv; 107 cells each) into RAG-1−/− recipients. At 7 days following T-cell transfer, 

animals were sacrificed, T-cells were isolated from the MLNs, stained for CD4, CD45.1 and 

CD45.2 and analyzed by flow cytometry. (A) T-cell numbers within the MLNs. (B) 

Quantification of WT and CD11a−/− T-cells T-cell CFSE fluorescence. Insert shows 

representative histogram of CFSE fluorescence for each T-cell population. Data represent 

the mean±SEM for N=6 mice per group and *p<0.05 vs. WT T-cells. (B) Quantification of 

CFSE fluorescence in WT and CD11a−/− T-cells. Insert shows representative histogram of 

CFSE fluorescence for each T-cell population. Data represent the mean±SEM for N=6 mice 

per group and *p<0.05 vs. WT T-cells.
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Figure 6. Accumulation and proliferation of WT and CD11a−/− T-cells within the colon at 7 days 
following transfer into RAG-1−/− mice
Congenically-marked, CFSE-labeled WT (45.1) and CD11a−/− (45.2) CD4+ T-cells were co-

injected (iv; 107 cells each) into RAG-1−/−recipients. At 7 days following T-cell transfer, 

animals were sacrificed, T-cells were isolated from the colon, stained for CD4, CD45.1 and 

CD45.2 and analyzed by flow cytometry. (A) T-cell numbers within the spleen. (B) 
Quantification of CFSE fluorescence in WT and CD11a−/− T-cells. Insert shows 

representative histogram of CFSE fluorescence for each T-cell population. Data represent 

the mean±SEM for N=6 mice per group and *p<0.05 vs. WT T-cells.
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Figure 7. Expression of CD44 on CFSE negative WT CD4+ T-cells at 7 days following transfer 
into RAG-1−/− mice
CFSE-labeled WT (CD45.1) CD4+ T-cells were injected (iv; 107 cells) into RAG-1−/− 

recipients. At 7 days following T-cell transfer, animals were sacrificed, T-cells were isolated 

from the different tissues, stained for CD45.1 and CD44 and analyzed using flow cytometry. 

Representative histograms showing CD44 expression on CFSE negative T cells are 

presented. Data represent the mean±SEM for N=3 mice per group.

Koboziev et al. Page 20

Inflamm Bowel Dis. Author manuscript; available in PMC 2015 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Expression of CD44 on CFSE negative CD11a−/− CD4+ T-cells at 7 days following 
transfer into RAG-1−/− mice
CFSE-labeled CD11a−/− (CD45.2) CD4+ T-cells were injected (iv; 107 cells) into RAG-1−/− 

recipients. At 7 days following T-cell transfer, animals were sacrificed, T-cells were isolated 

from the different tissues, stained for CD45.1 and CD44 and analyzed using flow cytometry. 

Representative histograms showing CD44 expression on CFSE negative T cells are 

presented. Data represent the mean±SEM for N=3 mice per group.
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