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Abstract
Tissue homing of activated T cells is typically mediated through their specific integrin and chemokine
receptor repertoire. Activation of human primary CD4+ T cells in the presence of CD46 cross-linking
induces the development of a distinct immunomodulatory T cell population characterized by high
IL-10/granzyme B production. How these Tregs migrate/home to specific tissue sites is not
understood. Here, we determined the adhesion protein and chemokine receptor expression pattern
on human CD3/CD46-activated peripheral blood CD4+ T cells. CD3/CD46-activated, but not CD3/
CD28-activated, T cells up-regulate the integrin α4β7. The interaction of α4β7 with its ligand,
MAdCAM-1, mediates homing or retention of T cells to the intestine. CD3/CD46-activated Tregs
adhere to/roll on MAdCAM-1-expressing HeLa cells, similar to T cells isolated from the human
lamina propria. This interaction is inhibited by silencing MAd-CAM-1 expression in HeLa cells or
by the addition of blocking antibodies to β7. CD46-activation of T cells also induced the expression
of the surface-bound cytokine LIGHT and the chemokine receptor CCR9, both marker constitutively
expressed by gut lamina propria-resident T cells. In addition, we found that ∼10% of the CD4+ T
lymphocytes isolated from the lamina propria of patients undergoing bariatric surgery contain T cells
that spontaneously secrete a cytokine pattern consistent with that from CD46-activated T cells. These
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data suggest that CD46-induced Tregs might play a role in intestinal immune homeostasis were they
could dampen unwanted effector T cell responses through local IL-10/granzyme B production.
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Introduction
An essential property of the immune system is its ability to prevent/clear dangerous infections
while remaining unresponsive to antigens derived from innocuous substances or host tissue.
Such immunological tolerance is mediated through thymic clonal deletion and peripheral
anergy induction (1). Recently, active suppression through regulatory T cells (Tregs) has re-
emerged as a major mechanism in the control of auto-reactive or unwanted T cells responses
(2-4). Tregs are currently divided into two major subpopulations: natural thymic-derived
CD4+CD25+ Tregs and adaptive, or peripherally induced, Tr1 and Th3 cells (2,5).

Natural Tregs constitute about 10% of peripheral blood CD4+ T lymphocytes and express the
transcription factor Foxp3 and high levels of the IL-2R alpha chain (CD25). They require
exogenous IL-2 for their activation/function, are specific for self-antigens and act via a contact-
dependent mechanism (2,5). Natural Foxp3+ Tregs are thymus-derived but can also be induced
in the periphery via conversion of Foxp3- cells through the action of TGF-β (6,7) In contrast,
adaptive Tr1 and Th3 cells are not thymus-derived but generated in the periphery against both
self and foreign antigens. They also require exogenous IL-2 for their expansion but mediate
their suppressive effect by secretion of immunosuppressive cytokines (2,8). Foxp3 expression
is not a pre-requisite for the function of adaptive Tregs (9-11). While Th3 cells secrete TGF-
β and are critical for the induction of oral tolerance (12,13) Tr1 cells are characterized by high-
level synthesis of IL-10 and play a role in the maintenance of tolerance against enteric bacteria
(8,14).

Recent evidence suggests the existence of additional adaptive human Treg cell types that
display features distinct from those of Tr1 and Th3 cells (15). CD46, a widely expressed
complement inhibitor, can function as a co-stimulatory molecule in the activation of human
peripheral CD4+ T cells (16,17). Cross-linking of CD46 with antibodies or one of its natural
ligands (e.g. C3b dimers or streptococcal M protein) in the presence of TCR-stimulation leads
to the development of highly proliferative cells with a regulatory phenotype that most closely
resemble Tr1 cells (17-19). CD3/CD46-induced Tregs synthesize large amounts of IL-10, but
low or undetectable quantities of IL-2, IL-4 and IL-5. Like natural CD4+CD25+ Tregs, their
induction/function is IL-2-dependent, however, they do not require basal Foxp3 expression
(17,19,20). They suppress bystander T cell activation in an IL-10-dependent, contact-
independent manner. Interestingly, these CD46-induced Tr1-like cells also demonstrate strong
granzyme B and perforin expression and display contact-dependent cytotoxicity towards
autologous T cells, including activated CD4+ and CD8+ T-cells (20,21). Thus, CD4+ T cells
activated via CD46-stimulation possess three distinct mechanisms for T cell suppression:
secretion of IL-10, consumption of IL-2 and granzyme B-mediated contact-dependent
inhibition (19).

Although the exact in vivo roles of adaptive Tregs are not understood, they seem to play an
important part in the homeostasis of intestinal immunity, as mice deficient in the II10 or II2
gene succumb to colitis (22,23). Further, the absence of adaptive IL-10-producing Tregs leads
to intestinal inflammation due to a pathologic immune responses induced by commensal
bacteria in the gastrointestinal tract (24-27). The ability of Tregs to modulate immune responses
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has also been established in animal models of autoimmunity, including inflammatory bowel
disease [IBD] (26,27). In addition, a recent study comparing the possible distinct functions of
Foxp3-positive and IL-10-secreting Tregs in the maintenance of tolerance suggests a dominant
role for IL-10-producing Tregs at the host/environmental mucosal interfaces including the gut,
lung and skin (28).

For CD4+ T cells to home to the intestine, the expression of specific adhesion proteins and
chemokine/cytokine receptors on their surface is essential (29-31). T cells residing in the lamina
propria (LP) of the small intestine express the gut-specific α4β7 integrin (CD49d/β7) (32), the
chemokine receptor CCR9 (33) and the surface-bound cytokine a cellular ligand for herpes
virus entry mediator and lymphotoxin receptor (LIGHT; TNFS14), a member of the TNF
superfamily (34,35). The principal α4β7 ligand is mucosal addressin cell adhesion molecule-1
(MAdCAM-1) (31). MAdCAM-1 is expressed by intestinal endothelial cells and gut lamina
propria (LP) venules and this interaction mediates recruitment of effector T cells/Tregs into
the small and large bowel (30). The interaction of CCR9 on T cells with its ligand, CCL25
(thymus-expressed chemokine; TECK), is required for optimal T cell entry into the small
intestinal LP (36,37). Recently, LIGHT was discovered being constitutively expressed by
human LP-resident CD4+ T cells and its deregulation might contribute to intestinal
inflammation (35).

Because CD46-activation of naïve primary human CD4+ T cells equips these cells with
properties similar to adaptive IL-10-producing Treg cells that are preferentially found in
mucosal tissue, we analyzed herein the homing properties of complement-induced Tregs. We
found that CD46-stimulation induces the up-regulation of the gut-homing specific integrin
α4β7. The expression of this adhesion molecule allows CD46-induced Tregs to roll onto/adhere
to MAdCAM-1-expressing epithelial cells under physiological flow conditions. In addition,
CD46-stimulation of T-cells induces LIGHT expression and, in the presence of retinoic acid,
the specific up-regulation of CCR9. Finally we identified a population of T cells in the human
small intestinal LP with characteristics of CD46/complement-activated T lymphocytes. Taken
together, these results suggest that CD46-activated T cells could home to the intestine through
up-regulation of integrin α4β7, where they would suppress unwanted effector T cell responses
through IL-10 secretion.

Materials and Methods
Patient and donor samples

Normal small intestinal tissue samples (jejunum) were obtained from patients undergoing
bariatric surgery. Blood was drawn from healthy volunteers. Patients and donors provided
written consent in accordance with the Declaration of Helsinki. Tissue and blood was collected
and processed with the approval and in accordance with the Washington University Medical
Center Human Studies Committee guidelines.

Cell lines and antibodies
Cell lines, media, buffer and supplements were obtained from the tissue culture facility at
Washington University School of Medicine if not stated otherwise. PBL and LPL T cells were
maintained in RPMI 1640 medium (Gibco, Carlsbad, CA) with 10% FCS and 200 mM L-
glutamine in the presence of 25 U/ml recombinant human IL-2 (BioSource International,
Camarilla, CA). HeLa cells were cultured in DMEM with 10% FCS and L-glutamine. The
mAb to CD46, TRA-2-10, was generated in house. The mAbs to human CD3 and CD28 and
the function neutralizing mAb to β7 (FIB504) were purchased from BD PharMingen (San
Diego, CA). The mouse non-specific isotype-matched control mAb (MOPC 31c, IgG1) was
obtained from Sigma-Aldrich (St. Louis, MO). The mAb to MAdCAM-1 (17F5) was purchased
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from abcam (Cambridge, MA). Monoclonal Abs to human CD3 (HIT3a), CD4, CD25, CD18
(β2), CD29, CD45RA and CD45RO, CD49d/α4 (9F10), CD103, CD154/CD40L (TRAP1),
CLA, β7 (FIB504), IL-10 (JES3-9D7) and GM-CSF (BVD2-21C11) labeled with FITC, PE,
allophycocyanin or PerCP, were used for FACS analyses and obtained from BD Bioscience
(San Diego, CA). Fluorochrome-labeled mAbs to CCR4, CCR9 and TNFS14/LIGHT were
obtained from R & D Systems (Minneapolis, MN).

T cell isolation and activation
Peripheral blood T cells (PBL)—CD4+ T lymphocytes were purified from whole blood
as previously described using Ficoll separation and Human CD4 MicroBeads (Miltenyi
Biotech, Auburn, CA) (17). In vitro stimulation of isolated CD4+ T cells was performed in 96-
well culture plates coated with mAbs to CD3 and CD28, CD46 or a matched IgG1 isotype
control Ab, each at 2 μg/ml. Purified CD4+ lymphocytes (1.5 – 2.0 × 105 cells/well) were added
in 100 μl culture medium supplemented with 25U/ml recombinant human IL-2 and in some
cases with 10 nM all-trans-Retinoic acid (Sigma-Aldrich). The plates were centrifuged at 250
× g for 1 min, cultured and T cells or cell supernatants harvested at desired time points.

Lamina propria T cells (LPL)—All intestinal tissue samples were processed within 4 hrs
post surgical removal. The mucosa was dissected, weighted, cut into 2-4 mm2 pieces and
washed 3× in a sterile bottle with a magnetic stirrer for 5 min in 50 ml Media I (Hanks Buffered
Salt Solution (HBSS) w/o Ca++ and Mg++ containing Fungizone, Tircacillin, Amikacin,
Trimethoprim and Sulfamethoxazole (Sigma-Aldrich)). Mucosal tissue was washed repeatedly
with Media II (HBSS w/o Ca++ and Mg++ containing fungizone, antibiotics, 500 mM EDTA
(Sigma-Aldrich) and 5% human serum) until all crypts/individual epithelial cells were
removed. Cells were washed 3× with Media I followed by 2× with HBSS w/ Ca++ and
Mg++. The mucosa was then digested on a Thermolyne Nuova II hot plate/stirrer at 800–1000
rpm for 6-8 hours at 37 °C in 5% CO2 in Media III (HBSS w/ Ca++ and Mg++, Fungizon,
antibiotics, 10% pooled human serum and 300 U/ml collagenase (Sigma-Aldrich)).
Supernatants were collected after digestion and remaining tissue washed twice with Media II.
Supernatants and washes were combined, layered over Ficoll-Hypaque (Pharmacia
Biotechnology AB, Uppsala, Sweden) and centrifuged 40 min at 400 × g. The interface was
collected, washed once with HBSS w/EDTA, resuspended in 15 ml density gradient-forming
Percoll (Sigma-Aldrich) solution (90 % Percoll - 9 parts Percoll and 1 part 10 × PBS - diluted
1:2 with 1 × PBS) and centrifuged 15 min at 400 × g. The cell pellet containing the LP
lymphocytes was washed twice in PBS containing 15 % FCS and 1.5 mM EDTA. CD4+ LPL
then isolated using Human CD4 MicroBeads (Miltenyi Biotech). LPL were cultured at 1.5 ×
106/ml in media supplemented with 25 U/ml recombinant human IL-2. Purity of isolated PBL
and LPL was consistently > 95% and viability > 93%.

RNA silencing—HeLa cells were grown in 10 cm diameter plates (1×106 cells/plate)
overnight in antibiotic-free medium to ca. 50% confluence. Cells were then transfected with
either 15 nM siRNA targeting MAdCAM-1 (Santa Cruz, sc-43037) or 15 nM negative control
scramble siRNA (Santa Cruz, sc-37007) + 2.5 nM Cy3-labeled negative control siRNA
(Ambion, AM4621) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and cultured. Fresh
antibiotic-free medium was added after 6 hrs. For flow experiments, cells were sub-cultured
onto glass slides and for conjugate formation experiments into 24-well plates 24 h post
transfection. Cells were used for flow/conjugate experiments 48 h post transfection. siRNA
transfection efficiency and protein knockdown were monitored via FACS analysis using the
Cy3-tagged siRNA and MAd-CAM-1 antibody, respectively.
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Conjugate formation assay
HeLa were grown to confluence in 24-well plates and CFSE-labeled PBL (3 days) were added
to HeLa cells in a 1:1 cell ratio (2.5 × 105 cells/well). The cell mixtures were incubated for 1
h at 37 °C and 5% CO2 without agitation. Non-attached cells were then aspirated and the plates
washed 3× with PBS. Remaining cells were detached from the wells by incubation with media
containing 5% trypsin for 15 min and then subjected to FACS analysis to assess the amount
of retained PBL and HeLa/PBL conjugates. To assess for the specificity of the α4β7/
MAdCAM-1 interaction, 10 μg/ml of blocking mAb to β7 were added to a proportion of
samples during the T cell and HeLa incubation. Freshly isolated LPL were used as positive
control and non-activated PBL as negative control.

Parallel plate flow chamber assay
HeLa cells were seeded onto glass microscope slides (1″ × 3″, Fisher Scientific, Waltham,
MA) and grown to confluence. After removing non-adherent HeLa cells, the parallel plate flow
chamber (GlycoTech, Rockville, MD) was constructed by first placing a 0.0254 cm thick
silicone gasket on the surface of a polycarbonate flow deck and then attaching the microscope
slide to the flow deck using house vacuum. Medium was placed in the flow channel prior to
attaching the HeLa-containing microscope slide in order to maintain cell viability. CSFE-
labeled T cells were injected into the flow chamber (1 × 106 cells) and allowed to adhere to
the HeLa monolayer for 15 min at 37°C under static conditions. Fluid flow was initiated at a
flow rate of 0.4 mL/min using a peristaltic pump, and was increased by 0.4 mL/min at 1 min
intervals during the course of the experiment. A pulse dampener (Cole Parmer, Vernon Hills,
IL) was used in the flow loop between the pump and the parallel plate flow chamber to eliminate
pulsatile flow due to the pump. The wall shear stress, τw, as experienced by the cell monolayer
was calculated by:

where μ is the apparent viscosity of the cell medium (water at 37°C = 0.0076 P), Q is the
volumetric flow rate (mL/sec), a is the flow channel height (0.0254 cm), and b is the flow
channel width (1.0 cm). Experiments were conducted in a constant temperature chamber (37°
C) and time-lapse microscopy (Δt = 5 sec) was used to determine the number of adherent T
cells at each wall shear stress level. Differential interference contrast (DIC) and fluorescent
images were captured using a 10 × objective on a Olympus IX71 inverted microscope. For
analysis, CSFE-labeled T cells were counted using MetaMorph software (Molecular Devices,
Downingtown, PA) before the onset of flow (t = 0 min) and then again after 1 min at each flow
rate, using the images captured (DIC and fluorescent) just before the flow rate was increased.
For applicable conditions, T cells were incubated with anti-β7 antibody for 30 min prior to
injection into the flow chamber.

Cytokine assays
Cytokine secretion of T cells was measured using the appropriate EASIA kits from BioSource
International (Camarillo, CA). For intracellular cytokine staining, T cells were cultures for 24
hrs with the addition of monensin (BD Biosciences) for the last 12 hrs of culture.

Statistical analysis
Experiments were performed at least three times using a different donor each time. All
activation conditions were performed in triplicate if not stated otherwise. Inter-donor
variability for cytokine secretion ranged from 10 to 35%. Statistical significance was
determined using the paired Student's t test or by ANOVA using the Student-Newman Keuls
post-hoc test. A P value of less than 0.05 was considered significant.
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Results
CD46 activation of peripheral CD4+ T cells induces α4β7, LIGHT and CCR9 up-regulation

Cross-linking of the complement regulator CD46 and the T cell receptor on human peripheral
blood CD4+ T cells (PBL) induces the development of a distinct T cell subset with features
resembling most closely Tr1 Tregs (17). These complement-induced immunomodulatory cells
suppress activation of bystander T cells through the production of IL-10 and granzyme B
(17,20,21). However, the in vivo role of CD46-activated T cells is unclear. Because other
adaptive IL-10-producing Treg subpopulations are thought to play a role in intestinal immunity,
we determined if CD3/CD46-activation of peripheral CD4+ T cells imprints these cells with
gut-homing properties. Purified CD4+ PBL were activated with antibodies to CD3 and CD46
and cells FACS-analyzed for their cell surface adhesion protein and chemokine receptor
expression pattern, in comparison with T cells isolated from the lamina propria (LPL). We also
included in all experiments CD3/CD28/CD46-activated cells to monitor for the impact of
simultaneous CD28 and CD46 activation of CD4+ T cells. The CD4+ LPL used in this study
were isolated from samples of small intestinal tissue obtained from normal donors undergoing
bariatric surgery. The surface marker expression analysis of these cells showed normal CD46
protein levels and the expected expression of activated helper/inducer T cell marker as has
been shown for T-cells residing at this location (38) (data not shown).

Figure 1A shows a representative FACS analysis of the purity and viability of the isolated
CD4+ T cell populations. Although most PBL express α4 and β7, these heterodimers are usually
in an inactive conformation and resume their functional conformation only when paired in a
specific expression profile on the surface upon cell stimulation (31, 39, 40). We found that
CD3/CD46- and CD3/CD28/CD46-activated T cells change their expression profile of the α4
and β7 integrins to an expression pattern similar to that found on LPL: At day 3 post activation
almost all CD3/CD46- or CD3/CD28/CD46-activated T cells showed an α4 and β7 expression
profile similar to that found on LPL (Figure 1B and C). In contrast, non-activated or CD3- and
CD3/CD28-activated T cells did not show an increase in the LPL-specific α4β7 expression
profile (Figure 1B and C). The presence of low-level α4β7 expression in the functional LPL
conformation on a proportion of PBL (Figure 1B and C) is in accordance with previous studies
(30, 40), however, the physiological significance of this basal integrin expression is not clear.

Small intestine-resident T cells also constitutively express the chemokine receptor CCR9
(31,41) and the surface-bound cytokine LIGHT (34,35). When we analyzed CD3/CD46- and
CD3/CD28/CD46-activated PBL for the expression of these two additional LPL markers, we
found that these cells also up-regulate both LIGHT and CCR9 (Figure 1B). Over 50% (± 9%)
of CD3/CD46- and CD3/CD28/CD46-activated T cells express LIGHT at levels comparable
to those found on LPL at day 3 (Figure 1B). In addition, PBL activation with CD3/CD46
induced significantly higher CCR9 expression (60 ± 7%) as compared to CD3 (5 ± 30%) or
CD3/CD28-activated PBL (30 ± 6%). CD3/CD28/CD46 activation of PBL increased LIGHT
expression only marginally when compared to CD3/CD46 activation (Figure 1B) but increased
CCR9 expression from about 60% to over 80% (± 4%) (Figure 1B). However, the induction
of CCR9 expression was dependent on the presence of the vitamin A (retinol) metabolite,
retinoic acid (RA), in all activation conditions (Figure 1B). This observation is in accordance
with a study showing that RA enhances CCR9 (and α4β7) expression on activated T cells and
imprints these cells with gut tropism (39). Figure 1D shows a representative FACS analysis
for the concurrent expression of LIGHT and CCR9 of LPL and the differently activated PBL.
These data demonstrate that about 50% of the CD3/CD46 or CD4/CD28/CD46-activated PBL
express all three of the analyzed gut-specific T cell marker, as all LIGHT/CCR9-positive PBL
expressed also the LPL-specific α4β7 pattern (data not shown). None of the CD3- or CD3/
CD28-activated T cells show simultaneous expression of the LPL marker. Panels E to G of
Figure 1, show the statistical analysis of α4β7, LIGHT and CCR9 expression on activated PBL
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of three similarly performed experiments (100% corresponds to the expression of these marker
on LPL).

We also analyzed CD3/CD46-activated T-cells for the expression of additional integrin/
adhesion molecules, which could mediate T-cell homing or retention to other mucosal sites,
inflamed tissue or lymph nodes. CD3/CD46 or CD3/CD28/CD46 cross-linking on PBL did
not induce αEβ7 (CD103/β7) expression, which is present on small intestinal intraepithelial
lymphocytes and mediates their retention at this location (30-32) (Supplemental Figure 1). In
addition, none of the analyzed activation conditions induced the cutaneous lymphocyte antigen
(CLA) or the β1 (CD29) integrin, which are required for skin homing (31) (Supplemental
Figure 1). Moreover, we observed that CD46 signaling seems to suppress the CD3-induced
up-regulation of the skin-homing chemokine receptor CCR4 (31). Interestingly, the concurrent
activation of T cells with both co-stimulators, CD28 and CD46, overrides the down-regulatory
effect of CD46 on CCR4 expression (Supplemental Figure 1). No induction of CCR5, a
chemokine receptor that directs cells to inflamed tissues, or of CCR7, which is essential in the
shuttle of T cells through lymph nodes, was observed under any of the analyzed activation
conditions (31) (data not shown). The integrin β2 (CD18) mediates cell/cell interactions and
is expressed in high amount by skin and possibly lung-resident T cells (31). CD3 activation of
PBL induces β2 on PBL and its expression is increased upon CD46 engagement to the levels
found on LPL (Supplemental Figure 1). The significance of β2 expression on LPL is unknown.

These data demonstrate that the concurrent engagement of CD46 during TCR-mediated
activation of primary human CD4+ T cells in vitro induces the expression of an adhesion
molecule and chemokine/cytokine receptor pattern characteristic of small intestinal LP T cells.

CD46-induced Tregs but not effector T cells display increased conjugate formation with
MAdCAM-1-expressing cells

We next assessed if the CD3/CD46-induced expression of α4β7 has physiological
consequences. First we asked whether the α4β7 up-regulation enables these cells to interact
with cells expressing this integrin's ligand, MAdCAM-1 (30,32). To do so, we utilized the
human cervical epithelial HeLa cell line, which express MAdCAM-1, and HeLa cells in which
MAd-CAM-1 expression was abrogated via RNA silencing using siRNA targeting MAd-
CAM-1 (Figure 2A and B). Purified CFSE-labeled PBL, non-activated or CD3-, CD3/CD28-,
CD3/CD46- or CD3/CD28/CD46-activated (Figure 2C), were incubated with HeLa cells that
had been tranfected with either scramble (control) siRNA or MAd-CAM-1 siRNA in tissue
culture plates. Primary human LPLs served as a positive control in this assay. Non-attached T
cells were removed through thorough washing and the percentage of T cells that remained
bound to the HeLa cells and formed conjugates was measured by FACS.

Figure 2D shows representative FACS results obtained during the T cell/HeLa adhesion/
conjugate formation assays. Figure 2E summarizes the statistical analysis of three separately
performed experiments for each. CD3/CD46 and CD3/CD28/CD46-activated PBL and LPL
specifically adhered to HeLa cells expressing MAd-CAM-1: These T cell populations formed
comparable levels of conjugates with MAd-CAM-1-positive HeLa cells (cells in the upper
right quadrants) while significantly reduced (up to 85% reduced) conjugate formation was
observed when MAd-CAM-1 expression was silenced in these cells (Figure 2D and E).
Additionally, a high number of non-conjugated LPL, CD3/CD46- and CD3/CD28/CD46-
activated T cells are retained on culture plates containing HeLa expressing MAd-CAM-1
(upper left quadrant) but not on HeLa cells lacking MAd-CAM-1 expression (Figure 2D).
These cells most likely represent T cells that bound specifically, but more weakly, to HeLa
cells, such that the cells were not detached during washing but because of their less strong
binding to HeLa cells, these conjugates were disrupted during the FACS analysis. In contrast
to the LPL and CD46-activated T cell populations, only 4% (± 23%) of non-activated, 5% (±

Alford et al. Page 7

J Immunol. Author manuscript; available in PMC 2009 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



10%) of CD3-activated and 12% (± 15%) of CD3/CD28-activated PBL bound to MAd-
CAM-1-expressing HeLa cells (Figure 2D and E). The low, but statistically significant, binding
of these T cell populations to HeLa cells is not surprising as a small proportion of these cells
express low levels of α4β7 in the active conformation (Figure 1B, C and E). As expected, none
of these activation conditions induced a significant interaction with the control HeLa cells
(Figure 2D and E). We also performed the above described experiments using another cell line,
293T cells, which does not express MAd-CAM-1. As expected, neither the LPL control cells
nor the CD3/CD46- or CD3/CD28/CD46-activated PBL displayed binding to 293T cells
(Supplemental Figure 2).

We next determined whether the binding of CD46-induced Tregs to HeLa cell is indeed
mediated through the α4β7/MAdCAM-1 interaction. We repeated the adhesion/conjugate
formation assays in the presence of a blocking mAb to β7. The addition of this mAb reduced
conjugate formation between LPL and HeLa cells and CD3/CD46- and CD3/CD28/CD46-
activated PBL and HeLa cells by 30 to 50% but had no statistically significant effect on non-
activated, CD3 or CD3/CD28-activated PBL (Figure 2F).

Together these data indicate that the CD3/CD46-induced integrin pattern allows cTregs to
recognize and bind to MAdCAM-1 present on cells.

CD3/CD46-induced α4β7 expression enables T cells to adhere to MAdCAM-1-expressing
cells under physiological flow

The above results describe adhesion/conjugation of CD3/CD46-activated T cells to HeLa cells
via a α4β7/MAdCAM-1-mediated interaction. To corroborate this interaction under
physiological conditions, we performed classic adherence rolling experiments using the
parallel plate flow chamber assay. CD3/CD46-activated CD4+ PBL and non-activated LPL or
control CD3-activated CD4+ PBL were CFSE-labeled, injected into a flow chamber containing
a monolayer of HeLa cells and allowed to settle and interact. Flow was then started and
fluorescent and differential interference contrast (DIC) time-lapse microscopy was used to
capture images of adherent T cells as a function of flow rate. The flow rates were chosen to be
within the physiological range of shear stress measured at venules (where the initial interaction
between α4β7-expressing lymphocytes and MAdCAM-1-expressing endothelium takes place)
in vivo (42). Figure 3A shows representative DIC/CFSE-merged images for indicated wall
shear stress levels, while Figures 3B and C depict the statistical analyses of these experiments.
We monitored and displayed the detachment behavior of CD3 vs. CD3/CD46-activated T cells
from MAdCAM-1-expressing HeLa cells in the presence and absence of β7-blocking
antibodies via video (Footnote 5).

Non-activated T cells show weak initial binding to HeLa cells and detached almost completely
upon flow initiation (Figure 3A and B). In contrast, CD3/CD46-activated PBL display a strong
interaction with HeLa cells and most of the cells (66 ± 11%) remain attached to the HeLa cell
monolayer even under the highest wall shear stress condition analyzed (4.5 dyne/cm2). Despite
all T cell populations being filtered through a cell strainer before injection into the chamber,
within the initial 15 min of incubation with the HeLa cells, CD3/CD46-activated T cells re-
formed typical homotypic clusters that are observed during their activation, in vitro (Figure
3A, panels in the second row). The analysis of a movie, generated from single exposures during
the initial incubation period, showed that single CD3/CD46-activated T cells settle onto the
HeLa cells and then move towards each other to form these characteristic cell clusters (Footnote
5). The chemokine/chemokine receptor interaction mediating this migratory behavior of CD3/
CD46-activated T cells is currently under investigation.

5Supplemental data: The online version of this article contains supplemental material.
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We next analyzed the effect of a β7-blocking antibody on the interaction between CD3/CD46-
activated T cells and HeLa cells in this dynamic system. Pre-incubation of CD3/CD46-induced
Tregs with a blocking antibody to β7 decreased their initial binding to HeLa cells by about
40% (± 2%) and only about 23% (± 4%) remained attached under the highest flow conditions
analyzed (Figure 3A and B). CD3-activated PBL also displayed relatively substantial binding
to HeLa cells, however, 41 ± 13% of cells detached immediately after flow was applied and
only 23 ± 5% of the initially injected PBL were bound to the HeLa cells under the highest wall
shear stress conditions. Pre-incubation of CD3-activated PBL with anti-β7 almost completely
abrogated their binding to HeLa cells, to a level exhibited by non-activated PBL. As expected,
freshly isolated non-activated LPL also interacted strongly with HeLa in the parallel plate flow
chamber assay and displayed adherence behavior similar to CD3/CD46-activated PBL (Figure
3A and C). The addition of anti-β7 abrogated the interaction of LPL with HeLa cells (Figure
3A and C). This is in contrast to static conjugate experiments in which the addition of anti-β7
during the LPL/HeLa incubation showed only 35% (± 20%) binding inhibition (Figure 2E).
Similarly, the addition of anti-β7 had also a greater effect on the CD3/CD46 Treg/HeLa
interaction under physiological flow conditions as binding was inhibited by approximately
78% versus the static experiments, where only 50% (± 9%) of the binding was inhibited.

We also performed the flow experiments using the HeLa cells in which MAd-CAM-1
expression had been silenced. As expected, the lack of MAd-CAM-1 abrogated the adherence
and rolling of CD3/CD46-activated PBL on HeLa cells under physiological conditions almost
completely (Figure 3D) and is in good agreement with the results obtained during the conjugate
formation experiments (Figure 2).

These data demonstrate that CD3/CD46-induced expression of α4β7 on primary peripheral
blood T-cells allows these cells to adhere and aggregate to cells that express the α4β7 receptor,
MAdCAM-1, and role over them under physiological flow conditions.

The human small intestinal lamina propria contains cells with characteristics of CD46-
activated T cells

The above results suggest that CD3/CD46-activation of peripheral blood T cells imprints these
cells with properties that could facilitate their homing to or retention in the gut. To begin
investigating a potential role for CD3/CD46-induced Tregs in the human small intestine, we
determined if the CD4+ T cell pool isolated from the LP contains cells with a cytokine profile
characteristic of CD3/CD46-activated peripheral blood T cells. As we have shown previously
that CD3/CD46-activated T cells also specifically express GM-CSF and sCD40L in addition
to IL-10 (43), we analyzed LPL for the secretion of these three factors. Freshly isolated
CD4+ LPL and PBL (Figure 4A) were each cultured in the presence of IL-2, but without any
further T cell receptor/co-stimulator stimulation and their spontaneous cytokine expression
profile measured via intracellular FACS staining after 24 hrs in culture (Figure 4B, upper three
panel pairs). While only few non-activated PBL produce IL-10, sCD40L and/or GM-CSF,
about 10% of the non-manipulated LPL stain positive for the CD3/CD46 Treg signature
cytokines. This LPL cell subpopulation did not express IL-4 or IL-5 (data not shown), a feature
that discriminates them from Th2 effector T cells. The FACS analysis of CD3/CD46-activated
PBL 24 hrs post activation is shown for comparison (lower panel pair). The number of cytokine
producing T cells in this control culture after 24 hrs is in agreement with previous studies
(17,43) with the percentage of PBL positive for these three cytokines after CD3/CD46
activation usually peaking at about 50% at 72 hrs of activation (17). We also addressed if LPL
are still able to respond to CD3/CD46 activation and cultured these cells in the presence of
immobilized mAbs to CD3 and CD46 and analyzed their cytokine secretion profile via ELISA.
Although producing lower amounts of IL-10 and sCD40L compared to CD3/CD46-activated
PBL, LPL respond to CD46 activation with increased production of all three analyzed cytokines
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(Figure 4C). Neither IL-4 not IL-5 was detected in these cultures and CD3 activation of PBL
or LPL alone did not significantly increase cytokine production (data not shown).

In summary, in vitro CD3/CD46-activated CD4+ PBL acquire features similar to gut-resident/
tropic T lymphocytes. Complementary, the human small intestinal LP contains T cells with
key characteristics of CD3/CD46/complement-activated PBL. Since complement activation
has been implicated in gut tissue destruction seen in IBD (44,45) these data suggest the
possibility that cTreg-mediated regulation of T cell responses could play a role in gut mucosal
immunity and injury.

Discussion
CD46 is ubiquitously expressed and was originally identified as a complement regulator that
functions as a cofactor in the factor I-mediated cleavage of the opsonins C3b and C4b, thereby
protecting host cells/tissue from unwanted deposition of complement activation fragments
(46). It is now clear, however, that CD46 serves additional important roles. For example, CD46
participates in sperm/egg interaction during fertilization (47) and functions as a co-stimulator
during T cell activation (16,48). Importantly, CD3/CD46 cross-linking on human CD4+ T
lymphocytes induces intracellular signaling events that lead to T cell proliferation (16,48) and
IL-10 and granzyme B production (17,20). Such CD3/CD46-activated T cells suppress the
activation/function of bystander effector T cells through production of immunosuppressive
IL-10 and simultaneous IL-2 consumption (cell/cell contact-independent mechanisms), as well
as granzyme B/perforin-mediated target killing (cell/cell contact-dependent mechanisms)
(17,19-21).

The ability to down-modulate T cell responses could be an explanation as to why many
important human pathogens including measles and herpes virus as well as Streptococcus
pyogenes and pathogenic Neisseria utilize CD46 as cell-entry receptor (49). Supporting this
idea is our observation that streptococci induce these regulative T cells via CD46 cross-linking
thereby generating a more conducive environment for an infection (18). An additional
indication for a role of CD3/CD46-activated T cells in immune response regulation is the
finding that multiple sclerosis patients present with defects in the CD46-induced IL-10
production of peripheral CD4+ T cells (50) and that a proportion of patients deficient in CD46
develop Common Variable Immunodeficiency (CVID) (51). However, when and how CD3/
CD46-induced immunomodulatory T cells are induced in vivo and in what setting or tissue
location the required conditions are met are critical and unanswered questions.

A small animal model to examine this question in vivo is currently not available because rodents
express CD46 only on spermatozoa (52). On mouse somatic cells, another protein, Crry,
mediates complement regulation (53). Although human CD46 and mouse Crry are structurally
related, activation of mouse naïve CD4+ T cells through CD3/Crry does not lead to IL-10/
granzyme B production (data not shown). In addition, CD4+ T cells isolated from human CD46-
transgenic mice do not produce IL-10 or granzyme B upon activation with anti-mouse CD3
and anti-human CD46 antibodies (data not shown). These results suggest that the receptor
pathway inducing IL-10-secreting adaptive Tr1 cells in the mouse (14) has not been identified.
Therefore, to determine in what tissue and under what conditions CD46-activated
immunomodulatory T cells are induced in vivo we turned our attention to human T cells and
tissues.

In this study, we demonstrate that CD3/CD46-activation of human CD4+ PBL induces the
expression of gut-homing receptors, namely the integrin α4β7, the surface-bound cytokine
LIGHT and the chemokine receptor CCR9. CD3/CD46-mediated expression of α4β7 equips
these PBL to bind to cells expressing the receptor for α4β7, MAdCAM-1, under physiological
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flow conditions. Thus, the activation of T cells in the presence of CD46-cross-linking ligands
induces a lymphocyte population that may be retained in or home to the gut and therefore
suggests a role for CD3/CD46-induced immunomodulatory T cells in intestinal immunity. A
specific function for CD3/CD46-activated T cells in the gut is in agreement with the
observation that adaptive Tr1 or IL-10-producing Tregs are relatively abundant in the intestine
and that their absence permits onset of gut autoimmunity (54-56). Accordingly, IBD patients
contain proportionally less IL-10-secreting Tregs in the LP as compared to healthy individuals
(57) and altered regulation of the intestinal T cell populations can lead to the development of
chronic intestinal inflammation (25,58). In addition, a recent study aimed at delineating the
specific role of Foxp3-expressing vs. IL-10-producing Tregs in a mouse model suggests that
IL-10 secreted by T cells is the key factor in the maintenance of tolerance at mucosal interfaces
(28).

Although CD3/CD46 cross-linking alone is sufficient to induce α4β7 and LIGHT up-regulation
on PBL (Figure 1B-F), CD46-driven induction of the gut-homing essential chemokine receptor
CCR9 was dependent on the presence of RA in our in vitro system (Figure1B, D and G). This
suggests that induction of CD3/CD46-activated T cells likely occurs in the intestine or
mesenteric lymph nodes, as opposed to peripheral lymph nodes, as RA is specifically produced
by intestinal dendritic cells (DCs) (59).

The intestinal immune system has to recognize and clear pathogens while simultaneously
maintaining tolerance towards commensals. CD3/CD46-activated Tregs could play a role in
regulating this balance between tolerogenic vs. immunogenic T cell responses at this location.
The normal gut flora creates a massive proinflammatory milieu and is a constant source of
foreign antigen and complement activation, thus, providing stimuli necessary for the induction
of effector as well as CD3/CD46-activated immunomodulatory T cells (43). Indeed, both
effector and IL-10-secreting regulatory T cells specific for the same enteric E. coli-derived
antigen have been identified in the intestine (54). Sampling and presentation of such E. coli
antigens by local DCs is constitutive and activates antigen-specific (memory) effector T-cells.
This activation in turn would provide the necessary IL-2 to stimulate antigen-specific CD46-
induced (memory) Tregs, which could suppress unwanted effector responses through IL-10
secretion in a contact-independent manner (54,58). CD3/CD46-activated T cells may also
uniquely participate in mucosal immune homeostasis as CD3/CD46-induced
immunomodulatory T cells impact DC maturation/function quite distinctively. First, in contrast
to other adaptive Treg populations, the cytokine profile secreted by CD46-induced Tregs
permits DC activation through the simultaneous secretion of GM-CSF and soluble CD40L in
addition to their IL-10 production (which usually inhibits DC maturation) (43). However,
CD46-induced adaptive Tregs express high amounts of granzyme B and can kill DCs upon
cell/cell contact (20,21). Thus, CD3/CD46-activated Tregs, specific for antigens derived from
non-dangerous enteric bacteria might kill APCs presenting the same innocuous antigen upon
cell contact and thereby prevent the induction of unnecessary responses. Thus, CD46-induced
Tregs could support mucosal tolerance on the T cell and DC level. In contrast, immature DCs
encountering invading pathogens should not interact with/get killed by resident Tr1-like cells
because these antigens are not recognized by the CD46-induced Treg pool. Therefore, these
DCs can mature in the presence of CD3/CD46-induced granzyme B/IL-10/GM-CSF/sCD40L-
producing Tregs. Activated DCs could then migrate to the draining lymphoid tissues and
initiate an immune response. Thus, CD3/CD46-activated “DC-sparing” Tregs would be
desirable in the gut as their cytokine/granzyme profile may provide a mechanism for ensuring
unresponsiveness to commensals and innocuous antigens (by suppressing an unwanted effector
T cell response through IL-10 and killing DCs presenting commensal antigens) while
maintaining reactivity to invading pathogens (by allowing for DC maturation upon encounter
with pathogenic antigens).
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In accordance with the above developed model for the potential induction/function of CD3/
CD46-activated T cells, our initial ex vivo experiments suggest that the human small intestinal
LP contains T cells with characteristics of CD46/complement-activated PBL (Figure 4). We
are currently trying to expand this LPL subpopulation to analyze these cells for their potential
suppressive properties towards effector T cells. However, the finding that a proportion of
lamina propria-resident T cells produces a cytokine profile similar to that of CD46-induced
Tregs is at this point circumstantial and does not allow to conclude that these cells have indeed
been induced via previous CD46 engagement. Such a notion would require the expression of
a specific CD46 Treg marker, however, as it is the case for other adaptive IL-10-secreting Treg
populations (9), such a marker remains to be identified.

In summary, the data presented here suggest a role for complement-induced
immunomodulatory T cells in intestinal immunity. As the complement system preceded the
evolution of T and B lymphocytes, it is not surprising that features of this ancient arm of innate
immunity are an integral part in the regulation of adaptive immune responses, specifically at
the host/environment interface.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CD3/CD46-activated T cells express α4β7, LIGHT and CCR9. Purified peripheral blood
CD4+ T cells (PBL) were activated with the indicated immobilized mAbs and cell samples
were analyzed after 48 and 72 hrs via FACS for the expression of α4β7, LIGHT and CCR9.
For the expression analysis of CCR9, cells were incubated in media containing 10 nM all-
trans-retinoic acid. Freshly isolated non-activated lamina propria lymphocytes (LPL) were
used as positive control in all experiments. (A) One representative FACS analysis depicting
the purity and viability of the isolated PBL and LPL CD4+ subpopulations. (B) Single stain
analysis of α4, β7, LIGHT and CCR9 expression at 72 hrs post activation and double stain
analysis for (C) α4 and β7 or (D) LIGHT and CCR9 expression of PBL and LPL 72 hrs post
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activation/isolation. Shown is one representative FACS analysis of three similarly performed
experiments for each double staining. (E to G) Statistical analysis of three similarly performed
experiments. Data shown represent integrin/LIGHT/CCR9 expression (mean ± SD) of three
separate experiments. Statistical difference in α4β7, LIGHT and CCR9 expression between
analyzed lymphocyte subpopulations was determined using the paired Student's t test.
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Figure 2.
CD3/CD46-activated, α4β7-expressing T cells form conjugates with MAdCAM-1-expressing
HeLa cells but not with HeLa cells in which MAd-CAM-1 expression had been silenced. (A)
siRNA transfection efficiency of HeLa cells. HeLa cells were transfected with either Cy3-
labeled siRNA targeting MAd-CAM-1, negative control scramble siRNA or buffer (mock,
shaded histrogram) and transfection efficiency determined via FACS 24 hrs post transfection.
(B) Analysis of MAd-CAM-1 protein expression/knockdown post siRNA transfection. HeLa
cells were transfected with the indicated siRNAs and MAd-CAM-1 expression analyzed 24
hrs later via FACS. The shaded histrogram shows staining with an isotype control Ab. (C and
D) CD3/CD46-activated CD4+ PBL form increased numbers of conjugates with MAd-CAM-1-
expressing HeLa cells. HeLa cells were transfected with Cy3-labeled control scramble siRNA
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or MAd-CAM-1 siRNA, grown to confluence in culture plates and incubated with CFSE-
labeled PBL that had been activated for 72 hrs under the depicted activation conditions. Non-
attached cells were removed, remaining cells detached and analyzed by FACS analysis for the
amount of retained PBL and HeLa/PBL conjugates. Freshly isolated LPL were used as positive
control and non-activated PBL as negative control. Shown is one representative FACS analysis
of three similarly performed experiments. (E) Statistical analysis of three separate experiments
performed as described under ‘C’ (mean ± SD). (F) The addition of an anti-β7 antibody
decreases binding of CD3/CD46-activated PBL and LPL to HeLa cells. Experiments were
performed as described under ‘C’ using the control siRNA transfected HeLa cells but with the
addition of a blocking anti-β7 antibody. Shown is the statistical analysis of β7-mediated
blocking of the PBL or LPL/HeLa interaction of three separate experiments (mean ± SD).
Statistical differences in panels ‘D’ and ‘E’ were determined using the paired Student's t test.
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Figure 3.
Analysis of the adherence properties of CD3/CD46-activated T cells mediated by the α4β7/
MAdCAM-1 interaction using a parallel plate flow chamber assay. (A) Microscopical
comparison of adherence behavior between differently activated PBL and freshly isolated LPL.
CD3 or CD3/CD46-activated CD4+ PBL or non-activated LPL were CSFE-labeled, injected
into the flow chamber containing a monolayer of HeLa cells and incubated for 15 min prior to
the start of flow. Time-lapse microscopy was used to record differential interference contrast
(DIC) and fluorescent images of adherent T-cells as the flow rate of the medium was increased.
Representative DIC/CFSE-merged images are shown for indicated wall shear stress levels. Bar
is equal to 150 μm. (B) CD3/CD46-activated T cells adhere strongly to HeLa cells and this
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interaction is significantly decreased by pre-incubation with an anti-β7 antibody. Experiments
were performed as described under ‘A’. At depicted wall shear stress levels, the number of
adherent cells was assessed. Shown is the statistical analysis of β7-mediated blocking of the
PBL/HeLa interaction of three separate experiments (mean ± SD). *Statistical difference in
adherence between CD3 and CD3/CD46-activated T cells and between cell populations with
and without Ab addition was p < 0.05 in all cases as determined by ANOVA using the Student-
Newman Keuls post-hoc test. (C) LPL display similar adherence behavior as CD3/CD46
activated T cells. Experiments were performed as described under ‘A’ and the number of
adherent LPL plotted against the wall shear stress as described under ‘B’. Shown is the result
of one experiment. (D) siRNA knockdown of MAd-CAM-1 expression in HeLa cells abrogates
adherence of CD3/CD46-activated T cells. HeLa cells were transfected with either control
scramble siRNA or MAd-CAM-1 siRNA. Flow experiments were then performed as described
under ‘A’ using CD3 or CD3/CD46-activated T cells and analyzed as described under ‘B’.
Shown is the result of one experiment.
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Figure 4.
CD3/CD46-activated peripheral blood CD4+ T cells produce a cytokine pattern similar to that
of lamina propria-derived T cells. (A) CD4+ T cells were isolated from blood or the lamina
propria and analyzed for purity via FACS analysis. (B) Comparison of the simultaneous IL-10/
CD40L and IL-10/GM-CSF production by resting and CD3/CD46-activated PBL with freshly
isolated LPL. Purified PBL and LPL were cultured for 24 hrs in IL-2-containing media in the
presence of monensin (last 12 hrs of culture) and cytokine expression determined by
intracellular double staining and FACS analysis. CD3/CD46-activated PBL are shown for
comparison. Depicted is one representative FACS analysis of three similarly performed
experiments. (C). LPL respond normally to CD3/CD46-activation. Freshly isolated PBL and
LPL were cultured for 36 hrs w/o activation or with CD3/CD46 activation and cytokine
production measured by ELISA. Activation of PBL and LPL with an anti-CD3 Ab alone did
not lead to a significant increase in cytokine production (not shown). Statistical difference in
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cytokine production by differently activated PBL and LPL was determined using the paired
Student's t test.
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Figure 5.
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