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Dendritic cells (DCs) are the most potent antigen-presenting
cells of the immune system. Depending on theirmaturation sta-
tus, they primeTcells to induce adaptive immunity or tolerance.
DCs express CD155, an immunoglobulin-like receptor binding
CD226 present on T and natural killer (NK) cells. CD226 repre-
sents an important co-stimulator during T cell priming but also
serves as an activating receptor on cytotoxic T and NK cells.
Here, we report that cells of the T and NK cell lineage of
CD155�/� mice express markedly elevated protein levels of
CD226 compared with wild type (WT). On heterozygous
CD155

�/�
T cells, CD226 up-regulation is half-maximal, imply-

ing an inversegene-dosis effect.Moreover,CD226up-regulation is
independent of antigen-driven activationbecause it occurs already
in thymocytes and naïve peripheral T cells. In vivo, neutralizing
anti-CD155 antibody elicits up-regulation of CD226 on T cells
demonstrating, that the observed modulation can be triggered by
interruptingCD155-CD226 contacts. Adoptive transfers ofWTor
CD155�/� T cells into CD155�/� or WT recipients, respectively,
revealedthatCD226modulation isaccomplished in trans.Analysis
of bone marrow chimeras showed that regulators in trans are of
hematopoietic origin. We demonstrate that DCs are capable of
manipulating CD226 levels on T cells in vivo but not in vitro, sug-
gesting that the process of T cells actively scanning antigen-pre-
senting DCs inside secondary lymphoid organs is required for
CD226modulation.Hence, aCD226 level divergent fromWTmay
be exploited as a sensor to detect abnormalDC/T-cell cross-talk as
illustrated for T cells inmice lacking CCR7.

CD155 (poliovirus receptor) and its ligand CD226 (DNAX
accessorymolecule 1) belong to a subfamily of Ig-like receptors.
CD155 is expressed on many tissue cells such as fibroblasts,
epithelia, and endothelia and on a variety of hematopoietic cell
types, e.g. T cells and dendritic cells (DCs)4 (1, 2). Accordingly,
CD155 is implicated in diverse cellular functions. It mediates

cell-cell or cell-matrix contacts and was found to support pro-
liferation, motility, and migration of tissue cells lacking such
contacts (3–5). In addition, CD155 participates in the establish-
ment of humoral immune responses of the gastrointestinal
tract and is required for proper terminal maturation of CD8�

thymocytes (1, 6, 7). CD226 was assigned a co-stimulatory
capacity for CD4� T cells as well as CD8� T cells and may be
involved in directing naïve CD4� T cells into the T helper 1
differentiation pathway (8–13). Moreover, on NK cells and
cytotoxic T cells CD226 contributes to killing of target cells
(14–16). By interacting with CD155 on endothelia, CD226may
also contribute to transendothelial migration of monocytes
(17). Most recently, CD226 and CD155 were assigned a role in
graft-versus-host disease (18, 19).
It is well documented that CD155 is overexpressed by a vari-

ety of tumors (20–27). It appears that an aberrant expression of
CD155 on cancer cells correlates with metastatic potency and
poor prognosis probably because CD155 increases the invasive
capacity of tumor cells (28–32). However, CD155 expression
also renders tumor cells more susceptible to killing by NK and
cytotoxic T cells that express the activating receptor CD226
(20–23,26,27,33–35). Indeed, tumor growth is accelerated in
mice lacking CD226 (36). Therefore, it is widely accepted that
the conducive effects of CD155 on tumor spread and the con-
current drawback by stimulating NK cell activity build up a
delicate balance determining growth and metastasis of several
types of cancer. This view was refined by recent findings show-
ing that tumor cells overexpressingCD155 can cause a substan-
tial down-modulation of CD226 on NK cells (23, 33) thereby
probably dampening their killing efficiency. Similarly, it was
observed that chronic HIV infection correlates with a down-
regulation ofCD226 on antigen-specific cytotoxicCD8�Tcells
that may help render these cells dysfunctional (37).
Here, we demonstrate that themodulation of CD226 expres-

sion on T and NK cells is part of a natural rheostat driven in
trans by CD155 present on contacting cells. Thus, naïve T cells
residing in a CD155-deficient environment up-regulate CD226
regardless of whether they express CD155 themselves or not. T
cells isolated from CD155-deficient mice possessing high
CD226 levels down-modulate the CD226 amount present on
their cell surface back to wild-type (WT) levels upon transfer
into WT recipients. We provide evidence that the cell type(s)
expressing CD155 and capable of regulating CD226 in trans on
T cells are of hematopoietic origin.We finally demonstrate that
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DCsmodulate CD226 surface expression on T cells upon inter-
action within a peripheral lymph node (PLN).

EXPERIMENTAL PROCEDURES

Mice—WT BALB/c and C57BL/6 mice were either pur-
chased from Charles River Laboratories or bred in the Han-
nover Medical School animal facility. BALB/c-Pvrtm1Gbn mice
were described before and are referred to as CD155�/� mice
throughout the paper (6). BALB/c-Ccr7tmRformicewere bred in
theHannoverMedical School animal facility and are referred to
as CCR7�/� mice (38). All experiments including animals were
conducted according to the regulations of the local government
and institutional guidelines.
FlowCytometry—Single-cell suspensions of lymphoid organs

were prepared as described and stained in 96-well plates in a
50–100-�l format (6). The following antibodies were used:
DX5-PE, ��TCR-FITC (Invitrogen), CD11c (clone HL3, BD
Biosciences), and MHCII I-Ad (BD Biosciences). Home-made
antibodies (clone name) CD3 (17A2), CD4 (RMCD4-2), CD8�
(RMCD8-2), CD62L (MEL-14), CD155 (3F1), and CD226 (3B3,
5G8) were either used directly labeled as indicated or detected
with fluorochrome-labeled standard secondary antibodies. In
some experiments, anti-CD226 mAb Tx42 kindly provided by
A. Shibuya (University of Tsukuba, Japan) was used. For intra-
cellular staining of CD226, cells isolated from secondary
lymphoid organs (SLOs) were first enriched by negative isola-
tion kits (Invitrogen) to obtain either CD4� T cells or CD8� T
cells. The purity of the preparations was �90%. Part of the cell
preparations was then subjected to fixation and permeabiliza-
tion using the BDCytofix/Cytoperm kit (BD Biosciences). Flow
cytometry was performed on a FACSCalibur or a LSRII flow
cytometer (BD Biosciences); the data were evaluated using
WinList 5.0. Cell populations were identified by the gating
strategies as indicated in the figures. In particular, DCs isolated
from PLNs were identified based on their CD11c/MHCII
expression as LN resident DCs (CD11c�/MHCIIint), and a
small population of semi-mature DCs immigrated from the
periphery via afferent lymph (CD11c�MHCIIhi) (1, 39). DAPI
or propidium iodide was included in all samples prepared for
flow cytometry to allow for exclusion of dead cells (except for
permeabilized cells).
Antibody Treatment of Mice—WT BALB/c mice were

injected intravenously with 400 �g of anti-CD155 mAb 3F1 or
an isotype control mAb every 5 days. The animals were sacri-
ficed 25 days following the first injection.
FTY720 Application—CD155�/� BALB/c mice received

FTY720 (40�g/mouse; Calbiochem) by gavage 6–8 h following
DC transfer. Gavage was repeated 2 days later. Drug effective-
ness was confirmed by analyzing lymphopenia induction in the
blood of treated animals. A group of mice not receiving DCs
was used to analyze the effect of FTY720 on CD226 levels of T
cells isolated from PLNs.
Real-time PCR—Sample preparation and real-time PCR was

done as described (15) on CD4�CD8�CD62L� cells and
CD4�CD8�CD62L�BALB/c cells obtained by FACS sorting of
lymph node cells. Thymocytes were sorted as CD4�CD8� sin-
gle positive (SP) cells and CD4�CD8�SP cells.

Adoptive Transfer of Lymphocytes—BALB/c lymphocytes
were prepared from lymph nodes (LNs) and purified using
Lympholyte M (Cedarlane). WT cells were labeled at 37 °C for
10min in 10 �M 5-carboxytetramethylrhodamine succinimidyl
ester (TAMRA) whereas CD155�/� cells were labeled with 75
nM carboxyfluorescein diacetate succinimidyl ester (CFSE).
Labeling with dyes was also done vice versa in some experi-
ments to exclude dye-specific influences. WT and CD155�/�

dye-labeled cells were mixed 1:1 and 5 � 106 injected intrave-
nously into WT or CD155�/� recipients. Spleens were har-
vested 3 days later and the expression of CD226 determined.
For some adoptive transfers (kinetics of CD226 regulation), T
cells were purified using aT cell purification kit (DynalmouseT
cell negative isolation kit; Invitrogen) before labeling with
TAMRA. For adoptive transfer into CD3��/� mice (C57BL/6)
lacking T cells, 2 � 107 WT or CD155�/� lymphocytes were
injected intravenously, and the spleen as well as PLNs were
harvested 7 days later. T cells were analyzed by flow cytometry
as indicated.
Bone Marrow Chimeras—Bone marrow was prepared from

femur and tibia of BALB/c donors, and the cells were counted
and washed in RPMI 1640 medium. For intravenous injection,
107cells were resuspended in PBS. Recipient mice were irradi-
ated twice with 4 Grays each at an interval of 4 h. Mice were
analyzed 6–8 weeks later.
Generation of DCs in Vitro—Bone marrow was harvested

from femur and tibia of BALB/c mice, and 2 � 106 cells were
cultivated in a 10-cm bacterial dish along with 10 ml of RPMI
1640 medium/10% FCS/50 �M 2-mercaptoethanol in the pres-
ence ofGM-CSF.GM-CSFwas obtained as culture supernatant
of a GM-CSF-producing cell line (40). After 3 days 10 ml of
medium was added, and after 6 days 10 ml of medium was
replaced by fresh medium. At day 7 the immature DCs were
collected from the plate and used for the experiments. In the
case of DC transfer in vivo, DCs were stimulated for 24 h with
TNF� (30 ng/ml) and prostaglandin E2 (1 �g/ml; Sigma) prior
to injection.
Co-culture in Vitro of DCs and T Cells—In vitro differenti-

ated DCs and T cells were mixed to obtain a total of 5 � 104 to
105 cells at the ratios indicated. Cells were seeded into round
bottom 96-well plates in a volume of 200 �l of RPMI 1640
medium/10% FCS per well. Cells were incubated for 3 days,
harvested, and subjected to expression analysis.
Intralymphatic Injection of DCs and Immunohistology—In-

tralymphatic injection was done as described elsewhere (41). In
short, mice were anesthetized by injection of ketamine/me-
detomidine. The calves to be used for intralymphatic injection
were shaved and depilated before a skin incision was made. A
borosilicate glass capillary was filled with 2� 105 DCs in 5�l of
PBS using a Microinjector PLI-100 (Harvard Apparatus). After
locating an afferent lymphatic vessel of the popliteal LN
(popLN), amicromanipulator (HarvardApparatus) was used to
guide the capillary and penetrate the lymphatic vessel. Follow-
ing surgery, topical tissue adhesive (Nexabond) was used to
close the incision. Four days later, the popLNand anondraining
LN were collected and cells isolated for flow cytometry. Alter-
natively, DCs were labeled with TAMRA prior to transfer and
the popLNembedded after 4 days inTissueTek for cryosection-
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ing. Staining of cryosections was done as described (42) using
Cy5-labeled anti-CD3 (clone 2C11) and DAPI for detecting
nuclei. Immunofluorescence imaging was performed using a
BX61 microscope and analySIS P software (Olympus). The
determination of immigration efficiency of WT or CD155�/�

DCs into a given LN was done by counting the numbers of
TAMRA� DCs found to locate within the CD3� areas of eight
or nine randomly chosen cryosections representing the entire
LN.

RESULTS

Expression of CD226 Is increased on T, NK, and NKT cells of
CD155�/� Origin—When analyzing leukocytes isolated from
CD155-deficient mice for their surface expression of CD226 by
flow cytometry, we observed substantially increased levels of
CD226 on naïve (CD62Lhi) as well as antigen-experienced
(CD62Llo) CD4� T cells and CD8� T cells isolated from spleen
or peripheral lymph nodes (Fig. 1, A and B). Calculated as the
ratio of mean fluorescence elicited by binding of anti-CD226
mAb to that of an isotype control antibody � S.D. we found for
T cells of PLNs (n � 5): WT CD4�CD62Lhi (6.00 � 0.69),
CD155

�/� CD4�CD62Lhi (11.70 � 1.88), WT CD4�CD62Llo
(12.90 � 2.07), CD155�/� CD4�CD62Llo (24.50 � 3.77), WT
CD8�CD62Lhi (7.30 � 2.45), CD155�/� CD8�CD62Lhi
(12.90 � 5.20), WT CD8�CD62Llo (7.60 � 2.80), CD155�/�

CD8�CD62Llo (13.00 � 5.66). The extent of up-regulation of
CD226 due to CD155 absence was found to be virtually identi-
cal for naïve and antigen experienced T cells. Additionally, this
effect was also observed on DX5���TCR� NK as well as
DX5���TCR� NKT cells (Fig. 1C). Whereas CD226 was up-
modulated to a similar extent on CD155�/� NKT cells and on
CD155�/� T cells (WT, 24.00 � 4.88; CD155�/�, 38.80 �
15.96; n � 5 mice) up-regulation on NK cells was marginal yet
represented a consistent feature whenever CD155�/� NK cells
were analyzed. It was shown before that upon T cell activation,
CD226 is up-regulated (8, 15). However, on CD155�/� cells
increased levels of CD226 could be observed already in naïve
CD62Lhi T cells compared with WT. This indicates that a pre-
vious or ongoing encounter with antigen causing full stimula-
tion via TCR is not required for CD226modulation. In linewith
this, a significant up-regulation ofCD226was already evident in
SP thymocytes (Fig. 2, A and B). Including heterozygous
CD155�/� animals in the analyses, we observed that SP thymo-
cytes of these mice displayed a degree of CD226 up-regulation
approaching approximately half the extent as seen in SP thymo-
cytes derived from CD155�/� animals. CD155 expression is
gene-dosis-dependent on heterozygous cells possessing half
the amount of CD155 as found onWT cells (Fig. 2, C andD for
lymph node DCs) (6). These results suggest that the degree of
CD226 up-modulation responds in a linear fashion to the
amount of CD155 present on either the cells themselves or on
cells contacting the thymocytes (see below). The described

FIGURE 1. Comparative expression analysis of CD226 on leukocytes of WT
and CD155�/� origin. Cells were isolated from spleen and stained for CD226
expression using mAb 3B3. A, dot plots showing the levels of CD226 on WT

and CD155�/� T cells as indicated. B, representative histograms of CD226
levels on naïve T cells (CD62Lhi) and antigen-experienced T cells (CD62Llo).
Dashed line, WT; solid line, CD155�/�; shaded area, isotype control stain. C,
upper, expression of DX5 and ��TCR on splenocytes of WT and CD155�/�

origin. Lower, determination of CD226 expression on NK cells (DX5���TCR�)
and NKT cells (DX5���TCR�) as indicated in B.
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gene-dosis effect of CD226 up-regulation was not only found
on thymocytes but also on peripheral T cells (data not shown).
CD226 Modulation Occurs at a Post-transcriptional Level—

It was of interest to investigate whether the increased levels of
CD226 observed on CD155�/� T cells are accompanied by ele-
vated amounts of mRNA coding for CD226. An initial analysis
using gene arrays indicated that mRNA levels specific for
CD226 did not differ between peripheralWT and CD155�/� T
cells. To investigate this more thoroughly, we applied real-time
PCR on cDNA established from SP thymocytes and naïve
peripheral T cells sorted by flow cytometry (15). Interestingly,
we failed to observe statistically significant differences in the
amount of CD226-specific mRNA when comparing WT and
CD155-deficient cells (Fig. 3A). This demonstrates that the
modulation of CD226 expression occurs at a post-transcrip-
tional step. An altered level of cell surface-bound CD226 as

FIGURE 2. Gene-dosis dependent up-regulation of CD226. SP thymocytes
(A and B) or LN-derived DCs (C and D) of WT (CD155�/�), heterozygous
(CD155�/�), and CD155-deficient mice (CD155�/�) were stained to detect
expression of CD226 or CD155, respectively. A, representative CD226 stains of
SP thymocytes. Light shaded area, isotype control; dark shaded area, WT;
dashed line, CD155�/�; solid line, CD155�/�. B, quantitative determination of
CD226 levels in SP thymocytes. C, representative CD155 stains of LN resident
DCs (CD11c�MHCIIint) and recently immigrated semi-mature DCs
(CD11c�MHCIIhi). Light shaded area, CD155�/�; dark shaded area, CD155�/�;
solid line, WT. D, quantitative determination of CD155 levels in LN-derived DCs
as indicated. Each dot represents cells from one animal of indicated origin.
WT, �/�; CD155�/�, �/�; CD155�/�: �/�; **, p � 0.01; ***, p � 0.001.

FIGURE 3. Determination of total versus cell surface-bound CD226 pro-
tein and CD226-specific mRNA. A, real-time PCR analysis of CD226-specific
mRNA present in SP thymocytes and naïve peripheral T cells. Cells were
sorted by flow cytometry and the CD226 mRNA quantified as described under
“Experimental Procedures.” Each dot represents cells isolated from one ani-
mal. n.s., not significant. B, peripheral CD4� T cells or CD8� T cells purified by
magnetic bead separation as described under “Experimental Procedures.”
Cells were then either stained directly for detection of CD226 (surface stain-
ing) or fixed and permeabilized prior to CD226 staining (total CD226 levels;
permeabilized cells). Shown are mean fluorescence intensities (MFI) because
staining with isotype control mAb caused a uniform but elevated level of
background when applied on fixed/permeabilized cells. Each dot represents
cells isolated from one animal. The summarized result from two experiments
is shown. The mean fluorescence elicited by staining of CD4� T cells was set at
100 in each experiment. WT, �/�; CD155�/�, �/�; ***, p � 0.001.
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observed in CD155�/� cells may be due to an imbalance
between CD226 present on the surface and receptor that is
possibly stored inside the cells. Therefore, we subjected T cells
fromWTandCD155�/�mice to flow cytometry and compared
the mean fluorescence intensities specific for CD226 on either
native cells or those that underwent fixation and permeabiliza-
tion prior to mAb staining. The latter allows for detection of
surface-bound as well as cell internal CD226, but the intensity
of antibody staining suffers from chemical modification and/or
denaturation of epitopes thus dampening signal intensities.
Yet, an internal comparison of WT and CD155�/� T cells
stained by either procedure indicates that cells lacking CD155
indeed possess more CD226 total protein compared with their
WT counterparts (Fig. 3B).
CD226 Modulation Can Be Induced in Vivo by a CD155-

neutralizing Antibody—The observed up-regulation of CD226
may have occurred during T cell development and subse-
quently maintained throughout T cell life. Therefore, we made
use of the anti-CD155mAb3F1 known to interrupt theCD155-
CD226 interaction (1, 15). This mAb was shown earlier to pro-
voke loss of mature CD8 SP fromWT thymi thus mimicking a
CD155 knock-out phenotype (6). Upon injection of mAb 3F1
intoWT animals, CD4� T cells as well as CD8� T cells up-reg-
ulated theirCD226 level to an extent observed in theCD155�/�

cells (Fig. 4A). This is particularly true also for antigen-experi-
enced cells (not depicted separately). This result demonstrates
that a disruption of the CD155-CD226 interaction is responsi-
ble for CD226 up-modulation on T cells. Based on these obser-
vations, it appears unlikely that absence of CD155 in cis and a
concurrent lack of CD155-triggered signaling events caused
CD226 up-regulation in CD155�/� T cells.
CD226 Modulation Is Induced by a CD155-CD226 Interac-

tion in Trans—Because the leukocytes under investigation
express both CD155 and CD226, respectively, mAb-triggered
up-regulation is not suitable to discriminate whether CD226
modulation is due to interrupted interaction of CD155 with
CD226 in cis or in trans. Therefore, we adoptively transferred

FIGURE 4. CD226 expression on T cells is governed in trans by cells of
hematopoietic origin. A, mice were treated with either PBS, an isotype con-
trol mAb, or mAb 3F1 neutralizing CD155 for 25 days as specified under

“Experimental Procedures” before the expression of CD226 was determined
on T cells harvested from PLNs. Data of a representative experiment are
shown. B, a mixture of 5 � 106 WT and CD155�/� lymphocytes, labeled with
either CFSE or TAMRA, was injected intravenously into WT or CD155�/� recip-
ients. Three days later, the spleens were harvested, and the expression of
CD226 was determined on CD4� T cells and CD8� T cells. To allow summa-
rizing the results from several experiments, the data were normalized: the
CD226 expression on CD4� T cells, and CD8� T cells, respectively, was set at
100 for WT animals receiving WT cells. C, dynamics of CD226 regulation is
shown. CD226 levels on WT or CD155�/� T cells were determined following
their adoptive transfer into CD155�/� or WT recipients, respectively, for the
indicated periods of time (hours). Data were collected in two experiments in
which a total of five or six PLNs/time point were analyzed. Shown are means
of mean fluorescence intensity (MFI) � S.D. (error bars). Gates were set to
identify transferred naïve CD4� T cells (left) and naïve CD8� T cells (right).
Data were normalized by setting the average mean fluorescence intensity of
CD226 observed in WT CD4� T cells and WT CD8� T cells, respectively, at 100.
D, syngeneic bone marrow chimeric mice were generated as described under
“Experimental Procedures.” Four groups of mice were established based on
WT or CD155�/� donor bone marrow and WT or CD155�/� recipients. PLNs
were harvested 6 – 8 weeks later and the CD226 expression determined on
the cell types indicated. Each dot represents cells obtained from one mouse.
Note that differences in the -fold isotype control stain in T cell subsets as seen
in A versus D are for the most part due to the use of different batches of
secondary antibody conjugates. WT, �/�; CD155�/�, �/�; *, p � 0.05; ***,
p � 0.001; n.s., not significant.
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fluorescently labeled lymphocytes isolated from WT into
CD155�/� recipients or vice versa, CD155-deficient lympho-
cytes intoWT animals. As controls, transfers fromWT donors
to WT recipients as well as from CD155�/� donors to
CD155�/� recipients were done. When analyzing the T cells 3
days later, we found that the transferred cells adopted the
CD226 level characteristic for the recipient, i.e. WT cells up-
regulated CD226 in CD155�/� recipients whereas CD155�/�

cells in WT recipients down-modulated their CD226 expres-
sion to exactly that level typically found for nontransferred
recipient cells (Fig. 4B). Thus, CD226 expression adjusts to the
level specific of the recipient’s genotype irrespective of the cells’
own CD155 expression. This indicates that cells present in the
recipient govern in trans the level of CD226 on T cells. Adop-
tive transfers were also used to determine the kinetics of CD226
regulation in vivo. To this end, fluorescently labeled WT or
CD155�/� T cells were injected into CD155�/�, or WT mice,
respectively. Mice were sacrificed at the time points (hours)
indicated in Fig. 4C, and the transferred T cells were analyzed
following their reisolation. Up-modulation of CD226 on WT
cells proceeded at a slow but constant rate in both CD4� and
CD8�T cells, reaching levels of CD226 characteristically found
on CD155�/� T cells after �3 days. In contrast, CD226 was
rapidly down-regulated on CD155�/� cells approaching WT
levels already 3–6 h following transfer into WT mice.
CD226Modulation in Trans Is Induced by a Cell of Hemato-

poietic Origin—To dissect in more detail which cell type(s) are
capable of regulating CD226 on T cells in trans, we established
bone marrow chimera. WT or CD155�/� animals were recon-
stituted with WT or CD155�/� bone marrow following lethal
irradiation. Six to 8 weeks later, the T cells grown out of the
transplant were analyzed for their CD226 expression. Contrary
to the results obtained following adoptive cell transfers, the T
cells displayed a CD226 expression strength typical for the
donor whereas the recipients genetic background (WT or
CD155�/�) was irrelevant (Fig. 4D). The very same result was
obtained when CD226 levels on SP thymocytes were investi-
gated (data not shown). This suggests that cells differentiating
from the donor bonemarrowmanipulate theCD226 levels onT
cells and SP thymocytes. Because T cells from reconstituted
animals completely adapted the CD226 phenotype of the
donor, these results also imply that nonhematopoietic cells do
not participate noticeably in regulation of T-expressed CD226
regardless of whether they express CD155.
ANon-TCell Type Is Capable of Regulating CD226 on TCells

in Trans—The results presented thus far narrow the potential
cell type(s) regulating CD226 on T cells in trans to those arising
from bone marrow and residing in SLOs and thymus. Inside
these organs, T cells are in constant movement, coming into
close contact with each other. To investigate whether interac-
tions between T cells trigger CD226 regulation, T cells of WT
and CD155�/� origin were mixed in various ratios and co-cul-
tured for up to 3 days before their CD226 levels were deter-
mined.We failed to observe significant regulation of CD226 on
WT or CD155�/� T cells as observed in vivo (data not shown).
We also adoptively transferred WT or CD155�/� T cells into
CD3� knock-out mice and determined the CD226 expression
on the T cells reisolated 7 days later. CD3� knock-outmice lack

endogenous T cells, ensuring that all T cells recovered follow-
ing transfer are of donor origin. If T cells control each others’
CD226 expression in trans, it would be expected that WT and
CD155�/� T cells keep their divergent original levels during
their in vivo passage in the CD3� knock-out hosts. However,
analyzing theCD226 levels following reisolationwe did not find
differences any more between transferred T cells of WT and
CD155�/� origin (Fig. 5A). This indicates that the recipient’s
milieu actively manipulated CD226 expression on T cells to
achieve a uniform level. Even though the unique environment
stimulating homeostatic proliferation (see below) precludes a
comparison with the levels found on regular WT cells, this
result indicates that a non-T cell type expressing CD155 and
present in the donor is capable of adjusting CD226 levels on the
transferred T cells.
As shown in Fig. 5B, the sizes of theT cell pools of bothCD4�

and CD8� cells were identical regardless of whether WT or
CD155�/� cells were transferred. In chronically lymphopenic
hosts, most transferred T cells undergo a rapid proliferation
within 1 week, and a huge proportion of these cells is CD62Llo
(43). We observed a considerable fraction of such cells proving
that spontaneous proliferation occurred in theCD3� knock-out
mice (Fig. 5C). This suggests that survival of the T cells and/or
their spontaneous proliferation in the lymphopenic mice is not
influenced by CD155 deficiency. All in all, in vitro as well as in
vivo evidence indicated that despite expressing CD155, T cells
lack the capacity to regulate CD226 levels on other T cells con-
tacting them.
DCsCan Influence CD226 Levels on TCells in Vivo but Not in

Vitro—To test the potential of DCs to regulate CD226 expres-
sion upon contacting T cells we generated DCs in vitro from
bone marrow and co-cultivated them along with CD4� T cells
at varying DC:T cell ratios. Three days later, the expression of
CD226 on the CD4� T cells was determined. We failed to
observe an influence of the DCs on CD226 expression because
WT and CD155�/� T cells kept their original CD226 level
regardless of whether they were co-incubated in the absence or
presence of DCs of whatever origin (Fig. 5D). Experiments sim-
ilar to those for CD4� T cells could not be performed using
CD8� T cells that do not survive long enough under the non-
stimulatory in vitro conditions applied. The possible influence
of DCs on CD226 levels of T cells was then explored in vivo. To
this end, in vitro differentiated WT or CD155�/� DCs were
injected into the afferent lymph vessel connecting to the popLN
of CD155�/� recipients. By this route, the DCs gain immediate
access to the subcapsular sinuses of the targeted popLN from
where they subsequently migrate into the T cell zone andmake
contact with the endogenous T cells present therein. To pre-
vent the loss of cells that underwent contact with injected DCs,
T cells were trapped inside the LN by blocking their egress
following FTY720 treatment (44). By blocking exit of lympho-
cytes from LN, FTY720 causes lymphopenia thereby also inter-
rupting the constant influx of T cells from the blood into LN.
Therefore, this strategy allows monitoring of the CD226
expression of those T cells already present at the time the DCs
arrived in the popLN and excludes a significant contribution of
newly immigrated (CD226hi) CD155�/� T cells that were not
yet exposed to the putative influence of the transferred DCs.
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Because FTY720 also inhibits DC migration (40), drug treat-
ment was started only 6–8 h after DC transfer when the vast
majority of DCs reached their final destination, the T cell zone.
The efficient immigration of the transferred DCs into the
popLN was controlled by immunohistology, also demonstrat-

ing that DCs of WT or CD155�/� origin settle the T cell zone
similarlywell (Fig. 5,E and F). T cells from the popLNs aswell as
WT control PLNs were isolated 4 days following DC transfer
and analyzed for their CD226 expression. A significant reduc-
tion in CD226 levels was observed for both CD4� and CD8� T

FIGURE 5. DCs can modulate CD226 levels on T cells in trans. A–C, CD3�-deficient mice were adoptively transferred with 2 � 107 lymphocytes of WT or
CD155�/� origin. Seven days later, lymphocytes were prepared from PLNs and spleen (SPL). A, expression levels of CD226 on CD4� T cells and CD8� T cells. B,
frequency of recovered CD4� T cells and CD8� T cells in PLN and spleen. C, frequency of CD62lo cells among the recovered T cells. Shown is one representative
experiment of two where the results obtained from two WT and four CD155�/� recipients are summarized. D, in vitro differentiated DCs and T cells mixed in the
indicated ratios and seeded into 96-well plates in duplicate. Cells were stained 3 days later to determine their CD226 expression. Shown are the combined
results of two experiments where the mean fluorescence intensity (MFI) of the T cells incubated in the absence of DCs was set at 100. E, fluorescence
microscopic images (4� objective) of LNs 4 days following transfer of TAMRA-labeled DCs of WT or CD155�/� origin. Cryosections were stained to detect the
T cell area (CD3) and counterstained with DAPI allowing identification of nuclei. F, immigration efficiency of transferred WT and CD155�/� DCs determined as
described under “Experimental Procedures” and expressed as numbers of TAMRA� DCs detected/mm2 T cell area. Shown are the combined results (� S.D.;
error bars) from two transfers of WT DCs into CD155�/� animals and three transfers of CD155�/� DCs into WT recipients. G, CD4� T cells and CD8� T cells of PLN
of mice treated for 4 days with FTY720 or PBS were analyzed for their CD226 expression. Summary results from two experiments are shown with each dot
representing cells from one PLN. H, determination of CD226 expression done 4 days following transfer of the indicated matured DCs into CD155�/� recipients.
All mice were treated with FTY720 regardless of whether they received DCs or not. Gates were set to identify naïve CD4�CD62Lhi T cells and CD8�CD62Lhi T
cells. Shown are the combined data from two experiments where each dot represents cells isolated from one LN. n.s., not significant; *, p � 0.05; ***, p � 0.001.
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cells upon transfer of WT DCs compared with that of
CD155�/� DCs (Fig. 5H). A complete accommodation to WT
levels was not found presumably due to an insufficient extent of
DC/T contacts and/or the competition of theT cells interacting
with endogenous DCs that are of CD155�/� origin. These DCs
would counteract the influence of adoptively transferred WT
DCs by instructing the contacting T cells to keep a high level of
CD226. As an additional control, WT mice were treated with
FTY720 to test whether the drug manipulates CD226 expres-
sion. Levels of CD226 are unchanged in T cells from PLNs of
FTY720-treated mice, suggesting that the drug does not influ-
ence CD226 expression (Fig. 5G). In summary, our observa-
tions demonstrate that DCs are capable of influencing in trans
the levels of CD226 on T cells but can do so only in an in vivo
environment.
CD226 Expression Is Altered on T cells in CCR7�/� Mice—It

appears that ongoing contacts between CD155-expressing DCs
and T cells are of importance to keep the expression of CD226
at exactly that level that is observed inWT. Once the frequency
or quality of these contacts is out of balance, the “system” reacts
with changing the amount of CD226 detectable on T cells.
Taken the other way around, a non-WT expression level of
CD226 on T cells may represent a hint for an irregular cross-
talk between DCs and T cells. To test this, we analyzed the
expression of CD226 on peripheral T cells of CCR7-deficient
(CCR7�/�) mice. Thesemice display a severely disturbed recir-
culation of lymphocytes into LNs and almost abrogated migra-
tion of DCs into SLOs via afferent lymphatics. Additionally, the
internal architecture of their SLOs is disturbed (38, 39). In
spleen, CCR7�/�T cells reside to a large extent in the red pulpa
instead in the white pulpa where lymphocytes accumulate nor-
mally. Indeed, it is evident that T cells isolated from CCR7�/�

spleens possess markedly elevated levels of CD226 (Fig. 6A).
Similarly, up-regulated levels of CD226 on T cells were also
observed in the mesenteric LN of CCR7�/� mice (Fig. 6B).

Further analyses included the thymus of CCR7�/� mice
because we found that CD155�/� SP thymocytes displayed a
CD226 up-regulation similar to that observed for peripheral
CD155�/� T cells. In addition, DCs in thymus express CD155
(6) and participate in negative selection proving that thymo-
cytes come into close contact with DCs (45, 46). The thymi of
CCR7�/� animals are distinguished by an abnormal architec-
ture regarding the size and arrangement of cortical and medul-
lary areas. Moreover, CCR7�/� T cells are prone to provoke
autoimmunity that is at least in part due to a skewed negative
selection of thymocytes (47, 48). Contrary to the expectation
and to the results shown for peripheral CD8� T cells, we found
that CCR7�/� CD8� SP thymocytes express WT levels of
CD226 (Fig. 6C). Interestingly, CCR7�/� CD4� SP thymocytes
possess slightly but significantly lower CD226 levels. This
would suggest that despite the observed abnormalities,
CCR7�/� SP thymocytesmeet a “normal CD155 environment”
during their stay in thymus, excluding aberrant DC/SP thymo-
cyte contacts as a cause for defects in negative selection. In
support of this, we found that DCs show aWT-like distribution
pattern in CCR7�/� thymi (data not shown), confirming a very
recent report (49).

The results described here unravel the existence of a regula-
tory mechanism that contributes to determine the levels of cell
surface-exposed receptor. Regulation takes place with different
kinetics: Up-regulation of CD226 proceeds slowly whereas its
down-modulation occurs rather rapidly. Intriguingly, the con-
trol is exerted in trans and requires an in vivo context, demon-
strating that the presence of CD155 on contacting cells is nec-
essary but not sufficient for CD226 regulation. Notably, not any
cell expressing CD155 is licensed to participate in CD226 reg-
ulation onT cells.We found that DCs but not T cells or stromal

FIGURE 6. CD226 is aberrantly expressed on CCR7�/� T cells. Cells were
isolated from CCR7�/� mice and stained for CD226 expression. A and B,
CD226 levels on CD4� T cells and CD8� T cells from spleen (A) and mesenteric
LNs (B). The level found in WT was set at 100. C, CD226 levels on CD4� SP and
CD8� SP thymocytes. The level found on WT CD4� thymocytes was set at 100.
Summary results are from four experiments. Each dot represents cells from
one mouse. n.s., not significant; **, p � 0.01; ***, p � 0.001.
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cells are capable of instructing contacting T cells to modulate
their level of CD226.

DISCUSSION

We demonstrated that the CD226/CD155 system represents
a dynamic unit where cells expressing CD155 have the capacity
of regulating in trans the level of CD226 on T cells. We identi-
fied DCs to be at least partially involved in this regulation. The
underlying mechanism that executes CD226 regulation on the
surface of naïve T cells remains elusive. The finding that CD226
modulation requires an in vivo environment prevented classical
experiments exploring the effect of diverse drugs on cellular
pathways in in vitro assays. However, the rather rapid down-
regulation of CD226 would be in favor of endocytosis and is
reminiscent of descriptions in the literature documenting, for
example, that MHC class I chain-related molecules overex-
pressed by cancer cells down-regulate surface-expressed
NKG2D on T and NK cells with similar kinetics (4–24 h) (50,
51). Endocytosis was shown to be involved in this process (51,
52), but other mechanisms such as trogocytosis or receptor
shedding may also contribute to receptor down-regulation. In
contrast, up-regulation of CD226 proceeds slowly but at a con-
stant rate, requiring approximately 3 days to reach a plateau
characterized by the level of CD226 observed in CD155�/� T
cells. It is assumed that this represents a simple receptor accu-
mulation over time due to the absence of CD155 on cells con-
tacting the T cells. We showed that mRNA levels coding for
CD226 are unaffected in T cells of CD155�/� mice but that the
total proteincontent aswell as theamountofCD226detectableon
the cell surface are increased. This CD226 tuning in response to
interaction with CD155 reflects a completely independent mech-
anism from that observed for T cells differentiating into follicular
helper T cells where CD226 regulation occurs at the level of tran-
scription (7). In addition, we never observed a cell type naturally
devoid of CD226 becomingCD226�whenCD155 is absent (e.g.B
cells; data not shown), suggesting that CD155 can only operate on
aCD226 level already existing on other cells. These findings are in
line with the idea that CD226modulation represents a post-tran-
scriptional event. Interestingly, loss of CD226 on cytotoxic T cells
of HIV-patients is also most likely accomplished at a post-tran-
scriptional level (37).
Because mAb neutralizing CD155 exerted the same effect as

the CD155 knock-out, we conclude that an ongoing CD155-
CD226 interaction is required to keep the CD226 expression at
the level typically found in WT. Moreover, anti-CD226 mAb
blocking binding to CD155 exerted no influence on CD155 lev-
els present on DCs, T cells, or NK cells when administered in
vivo (data not shown). It is therefore likely that the dynamic
CD226-CD155 unit represents a one-way systemwhere CD155
influences CD226 expression on contacting cells, whereas
CD226 has no impact on CD155 levels. We could elicit sponta-
neous CD226 regulation in vivo not only by treatment of mice
with mAb blocking the CD155-CD226 interaction but also by
adoptive transfer of T cells or DCs. However, we failed to
observe regulation in vitro by co-culturing DCs and T cells,
indicating that a still unknown in vivo parameter is also
required to accomplish modulation. Such a factor may be a
biologically active compound like a cytokine. Another parame-

ter may consist of the active migration of T cells inside the LN,
enabling their recurring contact formation to DCs, processes
that require a continuous rearrangement of the cytoskeleton.
Interestingly, CD226 was shown to form a complex with pro-
tein 4.1G that allows T cells to connect surface-bound CD226
to the actin skeleton upon activation (53). Similarly to our find-
ings, down-regulation of CD226 on HIV-specific cytotoxic T
cells or on NK cells in ovarian cancer patients requires a phys-
ical contact with CD155-expressing cells (33, 37). However, in
these particular settings, regulation can be achieved in vitro,
indicating that different minimal requirements exist for adjust-
ment of CD226 levels on afflicted cells.
The physiological role or consequences of increased CD226

levels on CD155-deficient T cells remain unknown. So far,
there is no evidence that changed levels of CD226 expressed by
naïve T cells can influence their proliferative capacity or differ-
entiation pathways (7 and this report). However, it should be
noted that most of the observations using CD155�/� cells refer
to the role of DCs in priming T cells and mainly addressed
CD4� T cells. Gilfillan et al. reported that transgenic CD8� T
cells (OT-I) lacking CD226 are stimulated like WT cells when
DCs were used to activate them (9). Intriguingly, when a non-
professional antigen-presenting cell was used for this purpose,
CD226-deficient OT-I cells were much less efficiently stimu-
lated compared with WT. Therefore, CD226 is probably dis-
pensable or at least functionally redundant in settings when
DCs prime T cells. Considering this, it is possible that ongoing
contacts between DCs and T cells permanently adjust CD226
levels on T cells to fine tune the sensitivity toward antigens
presented by antigen-presenting cells other than DCs. Conse-
quently, an immunological effect of elevated CD226 levels on T
cells may become apparent only in pathways bypassing DCs as
initiators of T cell responses.
The results obtained from the analyses of bone marrow chi-

meric animals revealed that only cells of hematopoietic origin
are capable of manipulating CD226 expression in trans on
peripheral T cells or SP thymocytes. This was an unexpected
finding because T cells inside the T area of SLOs make recur-
rent contacts with stromal cells (54). The latter are important
because their dendritic network represents a guiding path for T
cells quickly moving inside SLOs (55). Stromal cells express
CD155 (data not shown), thus providing ample opportunity for
CD155-CD226 complex formation. Likewise, during negative
selection, SP thymocytes contactmedullary epithelial cells (56).
These nonhematopoietic cells also express CD155 (6). There-
fore, naïve T cells as well as SP thymocytes discriminate
between CD155 expressed by various other cell types. CD226
modulation as a response to cell-cell contact may occur only
when the CD155-CD226 complex is part of the synapse other-
wise the presence of CD155 on the attaching cell is ignored by
the T cell. Apart from this speculation, our findings document
that CD226 recognizes selectively the presence of CD155 on
other cells. Thus, the widespread expression pattern of CD155
is narrowed and split up into functionally relevant subpatterns
depending on its diverse biological activities.
The finding that CD226 modulation is dependent on the

CD155 gene-dosis suggests that CD226 levels found on T cells
reflect the extent of effectivemolecular CD155-CD226 interac-
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tions. The frequency of cell-cell contacts, their intensity (num-
ber of participating molecules in the synapse) as well as their
duration might sum up the observed net result of CD226
expression. At any rate, the actual level of CD226 probablymir-
rors the history of active encounters of the cells with other cells
expressing CD155. Because we can observe changes in the
CD226 levels between 3 days (e.g. followingmAb application in
vivo), it seems likely that the CD226 status only reflects the very
recent CD155-relevant cell-cell communication. Even though
it is impossible to deduce from the actual level of CD226
expression the nature and frequency of cell-cell contacts, a level
divergent fromWTmight well inform whether a T cell experi-
enced a regular CD155 environment during the past days.
Because in vivo cell-cell contacts are required for modulation
andDCs are one (if not the only) cell type capable ofmodulating
CD226 expression in a healthy mouse, a regular CD155 envi-
ronment may translate into a normal contact scenario regard-
ingDC-T cell interactions. Indeed, theCD226 levels found onT
cells of CCR7�/� support such a hypothesis. Here, peripheral T
cells show abnormally high CD226 expression. This can be
explained by the irregular compartmentalization of the
CCR7�/� SLOs where T cells are only loosely organized in T
cell zones of abnormal size and location (38). T cell areas usually
represent a DC-T cell interaction platform of utmost impor-
tance and because DCs also require CCR7 to immigrate from
the periphery (39), it can be assumed that the frequency of
DC-T contacts in CCR7�/� SLOs is well below average com-
pared with WT. This provides a plausible explanation for the
delayed primary immune response inCCR7�/� animals (38). In
contrast, CCR7�/� thymocytes showed normal (CD8� SP) or
even lower CD226 levels (CD4� SP). The latter findings suggest
that CCR7�/� thymocytes do not suffer from a paucity of con-
tacts withDCs despite the profound structural abnormalities of
the CCR7�/� thymi.
The results presented here demonstrate that regulation of

CD226 on T cells is not an exceptional case met in cancer or
infection involving only effector cells. It rather represents a nat-
ural rheostat existing already in thymocytes and naïve periph-
eral T cells. It is assumed that the biological effect of a CD155-
driven CD226 regulation is beneficial for the immune system
and its host. From this perspective, cancer cells or viruses such
as HIV exploit an existing system, helping them to escape
immune surveillance. It will be interesting to learn whether
other receptor-ligand interactions obey similar regulatory
mechanisms as described for the CD155-CD226 system. In this
case, such a receptor-driven ligand balancing may represent an
important general tool in controlling the density of surface-
exposed proteins complementing the array of mechanisms
influencing for example post-Golgi transport and receptor
endocytosis. Future work will also need to address the question
of why such a modulatory pathway exists already in the steady
state of an unchallenged immune system.
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