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Recognition of Stress-Induced MHC Molecules
by Intestinal Epithelial v6 T Cells

Veronika Groh,* Alexander Steinle, Stefan Bauer,
Thomas Spies*

T cells with variable region V1 y3 T cell receptors ( TCRs) are distributed throughout the
human intestinal epithelium and may function as sentinels that respond to self antigens.
The expression of a major histocompatibility complex (MHC) class |-related molecule,
MICA, matches this localization. MICA and the closely related MICB were recognized by
intestinal epithelial T cells expressing diverse V,1 v8 TCRs. These interactions involved
the a1a2 domains of MICA and MICB but were independent of antigen processing. With
intestinal epithelial cell lines, the expression and recognition of MICA and MICB could
be stress-induced. Thus, these molecules may broadly regulate protective responses by
the V41 y8°T cells in the epithelium of the intestinal tract.

T cells expressing y& TCRs recognize
antigens without restriction by polymor-
phic MHC class I or class I[I molecules and
their associated peptide ligands (1-3). Of
two main subsets in humans, VVZ/V52 T
cells predominate in the circulation and
respond to bacterial ‘infections by recog-
nizing soluble nonpeptide antigens (4).
The other subset defined by expression of
V;1, however, is of unknown function and
no antigens have been identified. These T
cells represent 70 to 90% of the y8 T cells
in the intestinal epithelium (5). Because
they are oligoclonal and uniformly distrib-
uted, they are believed to recognize self
antigens that may be stress-induced (6, 7).

The localization of the intestinal intra-
epithelial V41 v T cells is matched by the
restricted expression of MICA, a divergent
MHC class [-related molecule of unknown
function (8). Its characteristics include the
lack of association with B,-microglobulin
(B,M), stable expression without conven-
tional class I peptide ligands, and the ab-
sence of a CD8 binding site (8, 9). Notably,
the 5’-end flanking regions of the genes for

MICA and a closely related molecule,.
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MICB, include putative heat shock ele-
ments similar to those of hsp70 genes, and
the encoded mRNAs are increased in heat
shock—stressed epithelial cells (8).

To explore a functional relation, we
established T cell lines from lymphocytes
extracted from intestinal epithelial tumors
(10). Other adequate sources of human
intestinal epithelium are generally’ un-
available. Freshly isolated tumor cells gave
positive stainings with monoclonal anti-
bodies {(mAbs) 2C10 and 6D4, which are
specific for MICA and for MICA and
MICB, respectively (8, 11, 12). Vg1 v8 T
cells isolated by cell sorting were grown as
two lines, 81A and 81B, which were cul-
tured in the presence of cytokines and
irradiated CIR cells transfected with
cDNA for MICA or MICB, respectively
(10, 13). After expansion, the T cell lines
were tested for phenotype and function.
They were homogeneously positive for
Vsl v8 TCRs, CD4~, and CD8~ (Fig. 1A).
As is characteristic of intestinal intraepi-
thelial T cells, they expressed the ag B,
integrin (12, 14). In chromium release
assays with CIR- MICA or C1IR-MICB
cells as targets, the 81A and 81B T cells
were cytotoxic against both of these trans-
fectants, but not against untransfected
CIR cells (Fig. 1B) (15). Two CD8" af T

cell lines grown and tested under identical
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conditions gave negative results. The same
observations were made with T cell lines
from a second intestinal epithelial tumor
and when T cells were expanded in the
absence of MICA and MICB (12).

We used the 31B line to analyze the
apparent recognition of MICA and MICB.
MICA transfectants of Daudi cells, which
lack B,M and surface MHC class I (16),
were as effectively lysed as Daudi-B,M-
MICA double transfectants with normal
expression of class I (Fig. 2A) (13). Trans-
fectants of the lymphoblastoid cell line
mutant 5.2.4, which lacks expression of
most MHC class II molecules (17), were
also recognized (Fig. 2B) (13), as were
transfectants of mouse T cell lymphoma
EL4 cells (12). No lytic activity was ob-
served against B cell lines with diverse
MHC haplotypes. Thus, the 81B T cell
responses were independent of MHC class
I and class II and were not secondary to
cross-reactivity with some alleles of these

V3
cD4 cD8
100 102 100 102 10
fluorescence
B
70 1
81A | 518
il B C1R-MICA o C1R-MICB
50 + © C1R-MICB B C1R-MICA
N O CI1R O CIR

% specific lysis

sk

| |

Fig. 1. V1 v3 T cell lines from intestinal epithe-
lium recognize C1R transfectants expressing
MICA or MICB. (A) Surface phenotype of the 31B
T cells by immunofluorescence stainings and
flow cytometry with the following mAbs: a8 TCR
(anti-TCR- o/B-1) (shaded profile), vd TCR (anti-
TCR-v/3-1), V41 (mAb 8TCS1), CD4 (mADb Leu-
3a), and CD8 (mAb Leu-2a) (70). Note that mAb
anti-TCR- o/B-1 weakly stains y& TCR* T cells.
The open profile is an isotype-matched control
staining. Similar profiles were obtained with the
31AT cells. (B) In chromium release assays, the
31A and 81B T cells lysed C1R-MICA and C1R-
MICB transfectants but not untransfected C1R
cells. Data are means of triplicate experiments
with less than 5% deviation. E:T, effector-to-
target cell ratio.
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molecules. Cytotoxicity against the trans-
fected target cells was inhibited when
these cells were preincubated with mAbs
2C10 or 6D4 (Fig. 2, C and D). The
epitopes recognized by these mAbs are
within the ala2 domains of MICA and
MICB, as determined by stainings of C1R
transfectants expressing mouse class I
H-2D" or K* hybrid molecules in which
the ala2 or a3 domains have been sub-
stituted with the corresponding sequences
of MICA (8, 12). The 31B T cells lysed
CIR-MICAala2-Db cells, but not C1R-
MICAa3-KP cells (12). Thus, Vel v T cells
from intestinal epithelium were restricted by
MICA and MICB and recognized an epitope
or epitopes associated with the ala2 do-
mains of these molecules.

We examined whether the recognition
of MICA involved antigen processing and
presentation of peptide ligands. With con-
ventional MHC class 1, the peptides are
generated by proteasomes in the cytosol and
are translocated into the endoplasmic retic-
ulum by the transporters associated with
antigen processing (TAP) (I8). Treatment
of CIR-MICA cells with lactacystin, which
blocks proteasome functions (19), had no
effect on the recognition of MICA by the
31B T cells, but this did not preclude the
presence of long-lived MICA-peptide com-
plexes. However, the transfected mutant

5.2.4 cells, which lack TAP (17), were also
proficient targets (Fig. 2B); this result im-
plies that MICA has no function in the
MHC class I pathway.

We sought physical evidence for MICA-
peptide complexes by gel filtration chro-
matography of acid-dissociated immuno-
precipitates that were isolated with mAb
2C10 from lysate of C1IR-MICA cells after
metabolic labeling with tritiated amino
acids. The eluted fractions contained a
single peak of radiolabeled polypeptide
that was of high molecular weight and
corresponded to MICA (Fig. 2E) (20).
Analysis of MHC class I complexes isolat-
ed with mAb W6/32 (anti-HLA-A, -B,
and -C) yielded fractions of high and low
molecular weights (Fig. 2F) (21). Thus,
under these experimental conditions,
there was no evidence for an association of
MICA with peptides. This was consistent
with its recognition by the 381B T cells
independent of conventional class | anti-
gen processing.

These results were in agreement with
previous models of antigen recognition by
vd T cells (2, 3) and supported a role of
MICA and MICB as self antigens. We used
intestinal epithelial cell lines to investigate
the expression, regulation, and T cell rec-
ognition of these molecules. Semiconfluent
DLD-1, Lovo, HCT116, and HUTU-80
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90 T — -
W Daudi-MICA W 52.4-MCA | | C1R-MICA C1R-MICB
O Daudi 0 5.2.4 | A +mAb W6/32 A +lg control
70 T 1 B +mAb 2C10 B +mAb 6D4
2 B 1 0O no mAb O nomAb
2 !
g 50 + 1
S
3 T T
& A Daudi-ppM-MICA
307 A Daudi-ppM T
D\D-\G | a
R P 1
30 8 2 30 8 2 30 8 2 30 8 2
E:T E:T E:T E:T
E F
2.5 [ ‘
CIR-MICA i CIR-MICA |
2.0 mAb 2C10 ' l‘ mAb W6/32 |
£15 ‘ ; \
=] i
210
0.5
0 9

fraction

1 5 10 15 20 25 30 351 S 10 15

20 25
fraction
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Fig. 2. V,1 v T cell responses are restricted by MICA and MICB and are independent of B,M and
conventional class | antigen processing. (A and B) The 81B T cells lysed Daudi-MICA (3,M~, class I),
Daudi-B,M-MICA (class I"), and 5.2.4-MICA (DR~, DQ~, TAP") transfectants but showed no or minimal
Iytic activity against the untransfected cells. (C and D) Binding of mAbs 2C10 (anti-MICA) and 6D4
(anti-MICA and -MICB) inhibited lysis of C1R-MICA and C1R-MICB targets, respectively. Treatment with
the anti-HL A-A, -B, and -C mAb W6/32 (27) or isotype control IgG had no effect. (E and F) Gel filtration
analysis of acid-dissociated immunoprecipitates isolated with mAbs 2C10 or W6/32 from C1R-MICA
cells after metabolic labeling with [*H]amino acids (20).
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cells that were rapidly proliferating ex-
pressed large amounts of MICA and MICB.
They were lysed by the 81B T cells in a
specific interaction that was inhibited by
mAb 6D4 (12, 22).

The expression of MICA in intestinal
epithelium may be stress-induced rather
than constitutive (8). In proliferating cell
lines, however, transcription of the hsp70
gene is activated in the absence of cellular
stress (23). We used Lovo, HCT116, and
HUTU-80 cells grown as nonproliferating
confluent monolayers to investigate the
expression of MICA and MICB before and
after heat shock induction. Uninduced
cells had very low steady-state levels of
MICA and MICB mRNA and expressed
small amounts of the encoded surface mol-
ecules. However, heat shock induction re-
sulted in large increases in mRNA and
protein expression (Fig. 3, A and B) (24).
Concurrently, hsp70 mRNA was potently
induced, whereas class | HLA-B mRNA
and surface class I HLA-A, -B, and -C
detected with mAb W6/32 on HCT116
and HUTU-80 cells (Lovo lacks B,M and
thus class I surface expression) were un-
changed (Fig. 3A) (12). The heat shock-
treated cells were sensitized to lysis by the
31B T cells, whereas minimal lytic activity
was observed with the uninduced target
cells. As with the proliferating cell lines,
cytotoxicity was inhibited by mAb 6D4
(Fig.. 3C). Thus, the expression of MICA
and MICB and their recognition by the
31B T cells were regulated by cell stress.
Because these results were obtained with
cell lines derived from intestinal epitheli-
um, which is the only peripheral site
where expression of MICA has been ob-
served (8), MICA and presumably MICB
were functionally associated with Vg1 8
T cells in this compartment.

We investigated whether MICA and
MICB were recognized by T cells expressing
diverse ¥8 TCRs and sought evidence for
TCR engagement. A total of 16 T cell
clones derived from the 81A and 1B lines
showed functional activity against C1R-
MICA and CIR-MICB targets. Analysis
of cDNA sequences identified five distinct
v and & chain pairs (Fig. 4, A and B) (25).
The v chains included V71.3, 1.4, 1.5, or
1.8, and J,2.1 or 2.3. All of the 8 chains
expressed Vgl and J;1 with diverse junc-
tions encoded by one or two D segments
and nontemplated N region nucleotides
(Fig. 4A) (I, 26). Because prolonged cul-
ture frequently resulted in loss of function-
al activity of T cell clones, these sequenc-
es were a minimal representation of differ-
ent Vg1 ¥8 T cells capable of recognizing
MICA and MICB. We tested the ability of
T cell clones 1, 3, and 5 to recognize

C1R-MICA targets in the presence of the

www.sciencemag.org ® SCIENCE ¢ VOL. 279 * 13 MARCH 1998

Vsl mAb 3TCS1 (10, 15). With all three
clones, inhibitory effects were observed
(Fig. 4C). These data showed that MICA
and MICB were recognized by Vi1 v& T
cells expressing diverse TCRs and support-
ed an engagement of these molecules by
these TCRs. The diversity of TCRs im-
plied that most, if not all, intestinal epi-
thelial Vi1 y8 T cells may be capable of
interacting with MICA and MICB.

Our results define a T cell subset-MHC
ligand interaction. Intestinal epithelial
Vsl 8 T cells recognize epithelial cell
lines without restriction by polymorphic

Fig. 3. Stress-induced expres-
sion and T cell recognition of £ A0
MICA and MICB on quiescent
intestinal epithelial cell lines.
Lovo, HCT116, and HUTU-80
cells cultured for 8 days as
confluent monolayers had very
low steady-state levels of
MICA and MICB mRNAs by
blot hybridization of total cellu-

no HS

MHC class I or class II.molecules (27). We
have now shown that stress-induced MHC
class I-related molecules, MICA and
MICB, function as target antigens recog-
nized by these T cells. A number of allelic
variants of MICA of uncertain signifi-
cance have been identified (28). We ob-
served no differences in the recognition by
the 81B T cells of CIR transfectants ex-
pressing three alleles representing most of
the sequence variation in the ala2 do-
mains of MICA (29). Thus, although
MICA and MICB are encoded in the
MHC, their recognition was “MHC-unre-

lar RNAs (A) (24). They ex- i
pressed small amounts of the
encoded cell surface proteins
by indirect immunofluores-
cence staining with mAb 6D4
and flow cytometry (shaded

A HUTU-80
mAb 604

Lovo HCT116

mAb 6D4 \!

10° 10 107 108 10 102 10°

profiles in B) and were poorly RO

lysed by the 31B T cells (C). C i

Heat shock treatment strongly T [t
increased MICA and MICB ¢ 39 7 :0,:2 HC: Cé .\ Hlm: f.%
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sion (iled profiles in B), and also  § #° B noHs Fuas Sk
sensitized target cells to lysis, & o \

which was inhibited by mAb = e el

6D4 (C); hsp70 mRNA was po- Ry ey U= 3

tently induced and control 30 8 2 30 8 2 30 8 2
HLA-B mRNA was unaltered E:T E:T E:T

(A). The hsp70 blot was ex-

posed to film for a much shorter time. Open profiles in (B) are isotype IgG1 control stainings. HS, heat shock.

A Fig. 4. MICA is recognized
W N Iy v NDN a8 by T cell clones expressing
1. v1.5/3y2.3 TWD RLR KKL Vv81/381 LGEL YGPLRRGGGAY TDKL  (iverse V,1 vd TCRs. (A)
2. V1.8/3y2.3 TWD WG KKL V81/381 LGE PLP TDKL Five different v and & chain
3. V1.4/3y2.3 TWD Q NYYKKL V81/381 LGE SLTRA DKL R : !
4. VY1.3/3y2.1 TWDR PLNA WIKT WV81/J81 LG VSSSYPWGIIKPH DKL  Sequence pairs were identi-
5. Vi.3/Jy2.3 TWDR LE KL V81/381 LGEL ALWGIRIW pkL fied by reverse transcription—
PCR and direct sequencing
B C among the 16 T cell clones
clone 1 clone 1 derived from the 31A and
31B lines. Of the V and J re-
~ clone 3 .qr;fbcg‘ég‘:' gion sequences flanking the
S ] variable N or N(D)N regions,
e clone 3 clone § only a few amino acids are
o shown (25). Abbreviations
clone 4 20 40 60 for the amino acid residues
| C1R-MICA % specific lysis are as follows: A, Ala; D, Asp;

clone 5 acirR

20 40 60
% specific lysis

E, Gly; G, Gly; H, His; |, lle; K,

Lys; L, Leu; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y,
Tyr. (B) T cell clones expressing the different v8 heterodimers were cytotoxic
against C1R-MICA targets. (C) Inhibition of cytotoxicity of T cell clones express-

ing TCR sequences 1, 3, and 5 by V,1 mAb 8TCS1 (70). Control IgG1 antibody was used under the same
conditions. Data shown are representative of several independent assays and were obtained at a

constant effector-to-target ratio of 5 to 1.
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stricted.” This was.in accord with the

re

cognition of all of the intestinal epithe-

lial cell lines tested. Because MICA and
MICB were recognized on diverse target
cells without an apparent requirement for
antigen processing, and there was no evi-
dence for associated peptide ligands, it seems
probable that these molecules alone con-
ferred specificity in the recognition by the
Vi1 v8 T cells. This inference would be
consistent with current models of ¥8 T cell
recognition of antigen but remains tentative
until the absence of peptide or nonpeptide
ligands is conclusively demonstrated.

The stress-induced expression of MICA

and MICB and their recognition by di-
verse Vgl v8 T cells may serve as an
immune surveillance mechanism for the
detection of damaged, infected, or trans-

fo

rmed intestinal epithelial cells, or may

stimulate T cell secretion of growth factors

fo

m

t the maintenance of epithelial ho-
eostasis, as originally proposed for mu-

rine intraepithelial T cells expressing in-
variant y3 TCRs (7). The irregular distri-
bution of MICA in variable areas of intes-
tinal epithelium may reflect such an
induction (8).

10.
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with weekly restimulations. Double staining with
mAb 3TCS1 and biotinylated anti-TCR- v/8-1 (Bec-
ton Dickinsen) [J. Borst et al., J. Exp. Med. 167,
1625 (1988)] indicated that all v& T cells expressed
Vg1. The remaining lymphocytes were o T cells,
as shown by staining with anti-TCR-a/B-1 (Becton
Dickinson) [W. J. M. Tax, H. M. Willems, P, P. M.
Reekers, P. J. A. Capel, R. A. P. Koene, Nature
304, 445 (1983)], and were grown under identical
conditions. T cell lines were first tested 3 weeks
after sorting. The 81A and 31B lines were CD4-and
CD8-, as determined with mAbs Leu-3a and Leu-
2a (Becton Dickinson), respectively, and were
agB,* as shown by staining with mAb CD103 (Im-
munotech). After another 3 weeks, T cells were
grown in the additional presence of irradiated allo-
geneic peripheral blood mononuclear cells. T cell
clones from the 31A and 81B lines were derived
after the first week of culture by limiting dilution
plating and expanded for at least 3 weeks before
functional testing.

. The mAb 6D4 was generated by immunization of

RBF/DnJ mice (Jackson Laboratories) with mouse
LTK-MICA transfectants as described (8) and identi-
fied by screenings of hybridoma supernatants by
indirect immunofluoresence stainings and flow cy-
tometry of C1R, C1R-MICA, and C1R-MICB trans-
fectants (73). This mAb was subcloned twice and is
of the immunoglobulin G1 (IgG1) isotype.
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MICA cDNA transfectants of C1R, Daudi, and 5.2.4
have been described (8). Transfections of EL4 and
Daudi-B,M cells [B. Sadasivan, P. J. Lehner, B. Ort-
mann, T. Spies, P. Cresswell, Immunity 5, 103
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Bahram and T. Spies, Immunogenetics 43, 230
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Grandea Ill, M. J. Androlewicz, R. S. Athwal, D. E.
Geraghty, T. Spies, Science 270, 105 (1995)]. Stable
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MICA or MICB, as shown by indirect immunofluores-
cence stainings with mAb 2C10 or 6D4 and flow
cytometry (8, 17).
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and washing. Adherent target cells were harvested -

with nonenzymatic cell dissociation solution (Sig-
ma). Effectors were added at the indicated ratios
and briefly centrifuged, and released radioactivity
was determined after 4 hours at 37°C by means of
Luma Plates and a TopGount microplate scintilla-
tion counter (Packard). Specific lysis (expressed as
a percentage) was calculated using the standard
formula [(experimental—spontaneous rélease/to-
tal—spontaneous release) X 100]. Data in Figs. 1
and 2 are the mean of triplicate experiments withs
usually less than +=5% deviation. All experiments
were repeated at least once and in most cases
several times. For blocking with mAb, labeled tar-
get cells were preincubated for 30 min with satu-
rating amounts of 2C10, 6D4, or W6/32 ascites
before exposure to T cells. TCR Vg1 mAb 3TCS1
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quent testing with the 31B T cells [G. Fenteany et al.,
Science 268, 726 (1995)].

C1R-MICA cells (2 X 107) were labeled with a mix-
ture of 15 3H-labeled amino acids (Code TRK440;
Amersham) and proteins solubilized in 2 ml of NP-
40 lysis buffer in the presence of protease inhibi-
tors. After preclearing with protein A-Sepharose
(Pharmacia), MICA -and MHC class | (C1R cells
express only HLA-C) were each precipitated from
half of the lysate using ascites of mAb 2G10 and
W6/32 (21), respectively. Washed immunoprecipi-
tates were incubated in 0.2 ml of 1 M acetic acid for
15 min and fractionated by gel filtration using a
Biogel P10 column (Bio-Rad; equilibrated with 1 M
acetic acid, 1% bovine serum albumin, and 0.1%
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in Petri dishes were immersed in a 42.5°C water bath
for 90 min. One hour later, total cellular RNAs were
prepared, gel-fractionated, and blot-hybridized
with [32P]deoxycytidine triphosphate—labeled DNA
probes for MICA, HLA-B, and hsp70 as described
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heat shock induction with nonenzymatic cell disso-
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Mak, Immunogenetics 42, 455 (1995)] were amplified
by the polymerase chain reaction (PCR) using Taq
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CTTCAAGAAAGCAGC-3'), and Cy [biotin-(5'-GTA~
GAAT TCCTTCACCAGAC-3')]. PCR cycles included
30 s at 95°C, 20 s at 56°C, and 60 s at 72°C. Alkali-
denatured DNA strands were separated with strepta-
vidin-coupled magnetic beads (M-280; Dynal) and
single-stranded DNAs were sequenced. The Gen-
Bank accession numbers of the five y and five 8 chain
sequences (in order from 1 to 5) are AF025412 to
AF025416 and AF025417 to AF025421, respectively.
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We tested C1R cDNA transfectants expressing
MICA alleles 1, 4, and 5 (13, 28).
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