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) ) i . . gration (6). For example, chemokine gradients attract activated T
Chgmoklnes play an important rqle |n. estgbllshlng the distri- cells to APCs (7). In contrast, a gradient leading past the APC
bution of lymphocyte subpopulations in primary and second- ;o1 have the potential to suppress the T cell response by pre-
ary lymphoid tissues and in the recruitment of leukocytes to  yenting T cell stopping and IS formation. The ability of chemokine
sites of inflammation. However, the potential of chemokines to receptor signaling to compete with TCR signaling for control of T
down-regulate immune responses has not been demonstrated. cell migration has not been systematically examined. Therefore, to
We now show that certain chemokine gradients have the po- understand the basic issues in the competition between TCR and
tential to suppress T cell activation by preventing formation of  chemokine signals, we tested the ability of a panel of chemokines
the immunological synapse, the specialized cell-cell junction to compete with TCR signals for T cell migration and proliferation.
that forms before a T cell can be fully activated. Our data  Our results demonstrate that chemokines can be divided into two
reveals an immunosuppressive potential of chemokines engag- groups with respect to TCR signals, dominant and subordinate.
ing the CXCR3 and CCR7 receptors, but not the CXCR4, Dominant chemokine gradients override the TCR-mediated stop
CCR2, CCR4, or CCRS5 receptors. These results suggest a Signal, while subordinate chemokine gradients do not prevent or
novel mechanism for T cell ignorance of agonist MHC-peptide ~ reverse the TCR-mediated stop signal. Dominant chemokines have
complexes based on dominant chemokine gradientsThe  the potential to suppress T cell responses as demonstrated here by
Journal of Immunology, 2000, 165: 15-19. inhibition of T cell proliferation. The cells that have bypassed
MHC-peptide complexes under the influence of a dominant che-
mokine gradient still proliferate to subsequent MHC-peptide ex-
cell activation is an essential process for elimination of posure. This suggests that dominant chemokine gradients render T
many microbial infections and for chronic inflammatory cells ignorant of agonist MHC-peptide complexes, as opposed to
processes. T cell activation is initiated by formation of a anergic.
specialized junction between T cells and APCs, aptly described as
an immunological synapse (I5]1). The first manifestation of IS
formation in response to agonist MHC-peptide complexes is thaMaterials and Methods
the T cell stops migrating (2—4). The ability of agonist MHC- T cells
peptide _complexes to Qellver a_ stop s'gf“"" through thg .TCR ma}éplenocytes from 3A9 TCR transgenic mice (8), provided by E. R. Unanue
play an important role in selective retention of Ag-specific T cells s " oyis, MO), were stimulated for 3 days with AM hen eggwhite
in tissues and in T cell proliferation. Chemokines have also beeflysozyme (HEL). Cells were then expanded with EL-4 supernatant con-
shown to arrest T cell rolling under flow (5). However, in tissues, taining 50 U/ml IL-2 activity and used on day 7. T cells from 3A9 TCR

chemokine gradients are thought to motivate and direct T cell miiransgenic mice interact specifically with 1AEL4s_c, The 3A9 T cells
prepared in this manner make IFN-and no IL-4 and are therefore

Thl like.
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1

or IAX HEL ,¢_¢,by dilution of the octylglucoside to 0.1% in 5@ in the

filter insert. In this case, the inserts were not dried. Rather, they were then
blocked with 5% nonfat dried milk fol h and then washed with media.
Only the upper surface of the filter is coated with protein, and thus cells are
not retained on the bottom of the filters. In addition, cells were stained with
0.1% crystal violet both before and after exposure to each chemokine and
examined microscopically for cell aggregation. Each condition was per-
formed in triplicate for the calculation of mean and SD values.
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Results and Discussion HSA FN ICAMlCA:HCA:i
Prior experiments with time-lapse microscopy demonstrated that B A
effector T cells from TCR transgenic mice migrate rapidly on

ICAM-1-coated surfaces and stop migrating when they encounter - ggi

Ag in the form of a specific MHC-peptide complex (3). We es- 2 & 401

tablished a system in which T cells could be simultaneously ex- g:“a 301

posed to Ag and chemokine gradients. This was based on coating § § 201

adhesion molecules and MHC-peptide complexes on the top sur- & g 10-

face of a 5um pore-size polycarbonate filter. The filter separated 0

two chambers, a top chamber into which T cells are placed and a 0 50 100 150
bottom chamber into which the cells that cross the filter are col- C IAK HEL48-62 (sites/um?)
lected. In vitro-activated T cells were used for these experiments, g
because they adhere to and migrate through the ICAM-1-coated + g 4.3
filters. Furthermore, these effector cells express a broad repertoire gl s 3 é‘

of chemokine receptors, allowing comparison of the response to -l 'a 4 g *
multiple chemokines. Spontaneous migration of T cells on filters %E 3 2; R
coated with ICAM-1 alone or ICAM-1 and irrelevant MHC-pep- 2 ; 2 E S
tide complexes resulted in rapid migration across the filter and 5 ] (1) o OEE
collection of~50% of the cells in the lower chamber affeh (Fig. & 70 1020 3040 50 2

34

1A). In contrast, the Ag-specific T cells did not migrate through
filters coated with ICAM-1 and the activating MHC-peptide com-
plex (Fig. 1A). This inhibition of spontaneous migration was dose

dependent (Fig. B). Mlgrat.lon of >98% of the T C_e”S Was 3a9 T cells through protein-coated filters. T cells were allowed to trans-
stopped for 2—4 h, after W_h'Ch the T cells bggan t.o migrate to thnigrate through filters coated with 1% human serum albumin (HSA), 25
lower chamber and to proliferate with peak induction at 12 h (Fig. g/ml fibronectin (FN), ICAM-1 (1000 sitegfn?), or ICAM-1 and an
1C). Thus, the stop signal is sustained long enough to ensure fUﬁLreIevant MHC-peptide complex, KAwith endogenously loaded peptide
T cell activation, at which time the T cells release themselves tq100 siteskm?) or with IAX HEL ,5_4,(100 siteskm?). Note that no che
migrate and proliferate. This is reminiscent of in vivo experimentsmokine is required for this spontaneous migratierp < 0.0003.B, Den-

in which Ag-activated T cells are retained in the lymph node until sity of MHC-peptide complex required to stop 3A9 T cells in a 1-h trans-
they are released as proliferating effector cells (9) These expermigration assay with ICAM-1-coated filte€, Time course of spontaneous
ments demonstrate a 2- to 4-h time period in which the results of cell migration and‘ proliferation. A tptal of BBA9 T cell blasts were
competition between the chemokine go signal and Ag stop signeidded to transwell inserts coated with ICAM-1 and" IMELs o and
can be determined. allowed to migrate for the indicated time spans (shading to emphasize time

. . . . periods). At the indicated time points, transmigrated cells from the pre-
The optimal fo_rwargl gradient of egch chemokine feql_J"ed toceding time span were collected, and three wells were pooled, counted, and
enhance T cell migration was determined and then used in subs@znsferred to an untreated well of a 96-well plate. At 48 h, the cells were
quent experiments (FigAJ (10). A forward gradient is generated pulsed with 0.4.Ci [*H]thymidine per well for 12 h. Then, the cells were
by placing the chemokine only in the lower chamber of the trans-harvested onto filters for scintillation counting. Results are representative
well on the opposite side of the filter from the T cells. The optimal of three experiments.
concentrations we determined are consistent with earlier studies
for each chemokine (7, 10—14). Next, Ag-specific T cells were
loaded onto filters coated with ICAM-1 and the activating MHC-
peptide complex and incubated for 1 h. The filters were thernacross the Ag-coated filters (FigBR Furthermore, cells exposed
washed to remove nonadherent cells such that any migrating celEmultaneously to the Ag and chemokine signals migrated in re-
in the subsequent hour would represent cells that were releaseghonse to SLC, MIP{3, and IP-10. However, the agonist MHC-
early from the Ag stop signal. The adherent cells were subjected tpeptide-coated filters stopped 3A9 T cells simultaneously exposed
optimal forward chemokine gradients of stromal cell-derived fac-to gradients of SDF-4 or MIP-1«a (data not shown). Thus, mi-
tor (SDF)-kx, macrophage inflammatory protein (MIP)1SLC, gration signals produced by receptors CXCR4 (Skf-LCCR2
MIP-3B, IFN-inducible protein-10 (IP-10), RANTES, macro- (MCP-1), CCR4 (MDC), and CCR5 (RANTES and MIR¥lare
phage-derived chemokine (MDC), and macrophage chemoattrasubordinate to TCR signals, while signals produced by CCR7
tant protein (MCP)-1. SDFd, MIP-1la, RANTES, MDC, and (SLC and MIP-8) and CXCRS3 (IP-10) are dominant over TCR
MCP-1 did not overcome the Ag stop signal, wittl% of cells  signals. Dominant chemokine gradients block or disrupt IS
migrating to the bottom chamber. Filters were examined microformation.
scopically both before and after exposure of the cells to these che- It was important to determine the form of chemokine presenta-
mokines; failure of the cells to transmigrate in response to theséon that leads to reversal of IS formation. When the chemokine
chemokines did not result from cell aggregation. Strikingly, SLC, SLC was included in the chamber with the T cells (reverse gradi-
MIP-3B, and IP-10 all attracted at least 10% of effector T cells ent), or in both the chambers (no gradient), there was no increase

Time (hours)

FIGURE 1. Effect of agonist MHC-peptide complexes adsorbed to fil-
ters on T cell migration and proliferatiod, One-hour transmigration of



The Journal of Immunology 17

A v A
IP-10 Upper
.2 SLC Chamber
% SDF-la = SLC in lower
E  RANTES 4 MIP-381 chamber
(% MDC MIP-1a
MCP-1 |- IP-10
MIP-1a -
¢ 10 20 30 40 0 10 20 30
Transmigration (percent of input) C
Uppell;e
B r
MIP-38 CCR7 SLC IP-10 MIP-1c
© IP-10 CXCR3 MIP-3 n lower - SLC
g SLC CCR7 B hamber! —  SDR1
k4 g MiIP-1a SLC SDF-1
¢ SDRla CXCR4 ~§_ o LC SDEL
S RANTES CCR1,3,5 3 B SLC MIPla
Q MDC: CCR4 -4 - SLC SLC
MCP-1 CCR2 0 10 20 3 6 10 20 30
MIP-1a CCR1,S Transmigration (percent of input)
0 5 10 15

FIGURE 3. Requirement of chemokine gradient for reversal of Ag-in-
duced T cell stop signal. 3A9 T cell blasts were allowed to interact with
FIGURE 2. Effect of chemokine gradients on T cell migration through inserts coated with ICAM-1 and HEL 45 _s,as in Fig. B. After removal

agonist MHC-peptide complex-coated filters, Efficient migration of T of l:(nbound Czl(ljs,le(M th”_“ed'a alone_ or corr:tammg‘the |rk1Jd|ca;ed ﬁheﬁ]
cells through fibronectin-coated inserts in response to optimal chemoking|o ine was added to each insert containing the remaining bound cells. The

gradients. Optimal concentrations of chemokines were determined in prépszr_ts vlvere then immediately transferred into vr\:ell_s dgontaiCininr? /00
liminary experiments: MIP-8 (0.5 pg/ml), IP-10 (0.5ug/ml), SLC (0.5 ~ Media pius A) SLC, ) MIP-3p, (C) IP-10, or D) the indicated chemo-

ug/ml), RANTES (100 ng/ml), MCP-1 (100 ng/ml), MDC g/ml), and kines (concentrations as in Fig. _2). After 1 h, trar_15migrated cells were

MIP-1a (1 ng/ml). Transmigration through fibronectin-coated inserts in thecounted. Resuits are representative of three experiments.

absence of chemokine is 6%. Results are representative of three experi-

ments.B, Assay for competition of MHC-peptide stop signal and chemo-

kine signals. Inserts were coated with ICAM-1 and AEL ,5_. A total

of 10° 3A9 T cells were added to the upper chamber and allowed to interacsponse to MIP-B (Fig. 3B) and IP-10 (Fig. ). As expected,

with the protein-coated insert. After 1 h, the upper chambers were gentlyeverse gradients of chemokines that interact with the same recep-

washed to remove unbound cells. The filters and remaining bound cellgor as the chemokine in the forward gradient (SLC and M@®-3

were then transferred to wells containing individual chemokines (samgestored IS formation (Fig. 3 andB). Furthermore, treatment of

concentration a'\(sA). Spontaneous _transmigration (1.9%) through the T cells with a nongradient form of SLC did not allow the T cells

ICAM-1- and IA" HEL;_gcoated filters was subtracted from each-con migrate across the agonist MHC-peptide-coated filter in re-

dition as background migration. Results are representative of seven - .

experiments. sponse to a gradient of SDFelor MIP-1a (Fig. 3D). Thus, _the
dominant effect of SLC, MIP-@, or IP-10 over the Ag stop signal
requires that the T cells migrate from low to high chemokine
concentration.

in T cell migration through Ag-coated filters. Only when the SLC T cells require sustained interaction with agonist MHC-peptide

gradient originated from the lower chamber, opposite the T cellscomplexes to proliferate and initiate an immune response (15). In

would they migrate through the agonist MHC-peptide-coated fil-previous studies the separation of T cells from surfaces bearing

ters (Fig. 3\). Similar results were obtained for migration in re- agonist MHC-peptide complexes was forced mechanically (15).

Transmigration (percent of input)
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FIGURE 4. Dominant chemokine can prevent T cell proliferation in response to agonist MHC-peptide complexes. Cells were allowed to interact with
ICAM-1- and IA* HEL ,4_¢sCoated inserts for 1 h. Unbound cells were removed. Then, inserts with remaining bound cells were immediately transferred
to wells containing chemokine or were allowed to incubate for amahe without a chemokine gradient, after which they were placed in a chemokine
gradient. After 1 h, transmigrated cells were counted and transferred to an uncoated or ICAM-1* &L |A_.-coated 96-well plate. After 48 h, cells

were pulsed with 0.4Ci [*H]thymidine for 12 h, harvested, and countegdp < 0.02. Results are representative of two experiments.
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We determined whether the premature separation of T cells fronto draining lymphatics to exit tissues (25). Thus, in the absence of
the agonist MHC-peptide complex could be accomplished in a@nflammation a T cell may follow an SLC gradient and exit tis-
more natural manner with a dominant chemokine gradient. Wesues, even in the presence of cognate Ag. However, under inflam-
found that an SLC gradient did inhibit the proliferation of T cells matory conditions, local production of MIPB3by activated mac-

by pulling them through the agonist MHC-peptide-coated substratgéophages and differentiated dendritic cells (26, 27) could
before commitment of the T cell to a program of proliferation (Fig. functionally saturate CCR7, preventing T cells from sensing the
4). T cells that migrated through the agonist MHC-peptide-coatedonstitutive SLC gradient and allowing IS formation in response to
filter in response to SLC gradients withiL h did not proliferate. ~ Ag. We have demonstrated that SLC gradients can induce T cell
These cells did proliferate when replated in wells with agonistignorance of Ag. Thus, chemokines not only guide T cells to the
MHC-peptide complexes and ICAM-1, demonstrating that theyAPC, but may dictate the actions of the T cell in response to ag-

were competent to proliferate. Additionally, if cells were allowed onist MHC-peptide complexes.

to interact with the agonist MHC-peptide-coated filter for 3 h be-
fore exposure to the SLC gradient, then a significant level of pro-
liferation was detected in the migrating cells when they were re-
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