
hold silicone glue and allowed to dry for at least 24 
hours. The resulting "membrane dish" had a surface 
of 4.15 cm2. ~Melnbrane dishes of the same size were 
also prepared bv casting 0.5 ml of a mlvture of ten 
parts Svlgard 184 silicone elastomer and one part 
Sylgard 184 curing agent (Dow Corning) into 35- 
mm plastic culture dishes and allowing them to 
polymerize at 65OC overnight. When the mem- 
branes were still sticky, but firm, the silicone ring 
was allou~ed to polvlnerize into the membrane to 
avoid the use of glue. Sylgard-type membranes were 
0.23 mm thick and optically clear. Both types of 
membranes were sterilized and coated overnight 
with bovine plasma fibronectin (200 pglml). 

4. Type I1 cells were isolated from pathogen-free adult 
Inale Sprague-Dawley rats (Bantin-Kingman) [L. G. 
Dobbs, R. F. Gonzalez, M. C. Williams, A m .  Rev. 
Respiv. Dis. 134, 141 (1986)l. We cultured 
2.5 x 10' cellslml on each membrane in Dulbecco's 
Modified Eagle's medium (DIMEM) supplemented 
with 10% fetal bovine serum (University of Califor- 
nia at San Francisco Cell Culture Facility), 2 mM 
glutamine, penicillin (100 Ulml), and gentamicin 
(50 pglml). [3H]Choline was obtained from An~er- 
sham Corporation. Secretion of [)H]PC was mea- 
sured as previously described [L. G. Dobbs, R. F. 
Gonzalez, L. A. ~Marinari, E. J. Mescher, S. Haw- 
good, Biochim. Biophyr. Acta 877, 305 (1986)l. 
Medium and cells were hmested and centrifuged, 
and lipids were extracted [J. Folch, IM. Lees, G. H.  
S. Stanley, J. B~ol .  Chern. 226, 497 (1957)l. Radio- 
activity was measured in a liquid scintillation 
counter (Becknlan Instruments LS 7500). 

5. D. D. Fanestil and C. H.  Barrours, J. Gevoritol 20, 
462 (1965). Release of LDH into the media is 
expressed as the percentage of average LDH activity 
from the cellular fraction of nvo nonradioactive 
membranes per experiment. 

6. The stretching devices ure constn~cted provide space 
for two groups of three membranes per device. Each 
group of three membranes can be stretched indepen- 
dentlv. Thus three experimental membranes 
(stretched) were compared to three control mem- 
branes (unstretched) under equivalent conditions. 
Membranes were held in place by an acrylic top plate 
(2 cm high) with round borings forming the wells. 
Pressure was applied manually with a syringe and 
transduced to the membranes bv fluid; the amount 
of stretch was controlled by the volnnle of fluid 
added. 

7. Height was measured from the middle of the dis- 
tended elastic membrane. Volnnle added was plot- 
ted against the calculated increase in membrane 
surface area. The vo1ume:MSA relationship was 
reproducible and linear over the range used. It was 
nearly identical for both rypes of membranes. 

8. Cellular surface area is defined here as the area that is 
occupied by the cell in two dimensions as viewed 
through a microscope and not as a true three- 
dimensional measurement of cellular surface. Cellu- 
lar surface area was measured by digitizing cell area 
on photographs (Calcomp 6000). Although there 
was cell-to-cell variation in CSNMSA ratio, this 
ratio was higher (0.75 ? 0.36; mean i. SD, 
rz  = 20) for silastic sheeting than it was for the 
Sylgard membranes (0.40 i. 0.11, ti  = 6), poss~bly 
because of the smoother Sylgard surface. We do not 
know the reason for the difference benveen MSA 
and CSA. Cell attachment sites to fibronectin may 
be broken when cells are stretched. Alternatively, the 
cells or the matrix may slide on the membrane, 
resulting in less distension of the cells compared to 
the membrane. 

9. H. R. W. W i m  and L. G. Dobbs, unpublished data. 
10. Data from 23 of 300 stretched and 13 of 210 

u~stretched membranes were discarded because 
LDH release was greater than 1%; LDH released 
from cells on these discarded melnbranes averaged 
2.2 i. 1.6% for stretched and 3.2 * 3.4% for un- 
stretched membranes. 

11. L. G. Dobbs et a1 , Pvoc. Natl. Acnd. Sci. LT .S .A .  84, 
1010 (1987); W. R. Rice, G. F. Ross, F. M. 
Singleton, S. Dingle, J. A. Whitsett, J. Appl. Physi- 
01. 63, 692 (1987). 

12. H.  R. W. W i m  and L. G. Dobbs, unpublished data. 
13. E. M. Berty, J. R. Edmonds, J .  H.  Wvllie, Br. J 

Surg. 58, 189 (1971). 
14. M. J. Oyarzun and J .  A. Clements, Arn. Rev Respir. 

Dis. 117, 879 (1978). 
15. T .  E. Nicholas and H.  A. Barr, J .  Appl. Physiol. 51, 

90 (1981). 
16. L. A. S. Brown and W. J. Longmore, J. Biol. Chem 

256, 66 (1981); E. J.  Mescher, L. G. Dobbs, R. J. 
Mason, Exp.  Lurzg Res. 5, 173 (1983). 

17. K. Sano, D. R. Voelker, R. J. Mason, A m .  J. 
Pi~ysiol. 253, 679 (1987); M. S. P i n ,  L. G. Dobbs, 
N. Diizgiines, Biochim. Biophyr. Acta 960, 43 
119881. 

18. J. B. ~ansman, T. J. Hallam, T. J. Rink, .Vature 325, 
811 11987) .-- 

\-.  - ,. 
19. H.  R. W. Wirtz and L. G. Dobbs, unpublished data. 
20. P. A. Watson, J Biol. Chem. 264, 14735 (1989). 
21. Cyclic AMP content was determined with a radioim- 

munoassay (Rainen, Du Pont) after extraction of the 
cells at 4°C with 0.1 M HCI and rapid freezing. 
Results were similar to previously published obser- 
vations [E. J .  Mescher, L. G. Dobbs, R. J.  Mason, 
Exp. Lung Rer. 5, 173 (1983)l. [Ca2+], was mea- 
sured with an ACAS 470 laser cytometer  meridian 
Instruments Inc.). Cells cultured on Sylgard mem- 
branes were incubated for 1 hour wlth medium 
containing 2 pM Indo-l-AM (Molecular Probes 
Inc.) and transferred to a stretching chamber (37°C) 
adapted to the ACAS stage. To measure rapid 
changes in [Ca2+],, we used linescans (120 points; 
step size 0.25 pm) to measure [Ca2+], in a single cell 
over time (additional image scans correlated well 
with the [Ca2+], values obtained from linescans). 
The ratio offluorescence at 485 nm and 405 nm was 
calculated for each point. A calibration curve relat- 
ing [Ca2+], to fluorescence was constructed accord- 

ing to the method described [M. H.  Wade and S. A. 
McQuiston, A C A S  470 Trairilrig ,Mnrziial (Meridian 
Insuunlents Inc., Okemos, IMI, 1988), p. 371. 
[Ca2+], was measured for various lengths of time 
before stretching. Measurement of [Ca2+], during 
stretch was not feasible because the focal plane 
changed when the membrane was distended. Stretch 
was carried out by adding warmed fluid to the 
chamber with a syringe and followed by immediate 
relaxation. The same cell was quicklv identified and 
centered, and measurement of fluorescence was re- 
started as quickly as possible. Stretch and relaxation 
were usually completed in 12 s. The time required to 
recenter the cell and restart the instrument was more 
variable; time from start of stretch to restart of 
measurement was 21.7 +. 8.9 s for experiments in 
Ca2+-Me-containing medium and 19.4 ? 4.9 s 
for experiments in Ca2+-Mgt-free medium. The 
background determined from a cell-free area of the 
membrane was subtracted and [Ca2+], from line- 
scans was averaged. 
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Recognition by Human V,9N82 T Cells of a GroEL 
Homolog on Daudi Burkitt's Lymphoma Cells 

All human yS T cells coexpressing the products of the variable (V) region T cell 
receptor (TCR) gene segments Vy9 and V,2 recognize antigens from some mycobac- 
terial extracts and Daudi cells. Exogenous and endogenous ligands on the cell surface, 
homologous to the groEL heat shock family, induced reactivities that resembled 
superantigen responses in this major subset of human peripheral blood yS T cells. 
Stimulation of human Vy9N,2 T cells is not restricted by human leukocyte antigens 
(HLA), including nonpolymorphic P2-microglobulin (P2M)-associated class Ib mol- 
ecules. These data may be important for understanding the role of y6 T cells in 
autoimmunity and in responses to microorganisms and tumors. 

A SUBSET OF T CELLS EXPRESS THE 

yi3 T cell receptor (TCR) (1) and 
have limited variable (V) region 

repertoire (2). Antigens that stimulate yi3 T 
cells are only now being identified (3), and it 
is not clear whether they need to be pro- 
cessed and presented as is the case for cup T 
cells (4). The nonclassical major histocom- 
patibility complex (MHC) class Ib mole- 
cules also have limited polymorphism and 
have been proposed as antigen-presenting 
molecules for yi3 T cells ( 5 ) .  Both murine (6, 
7) and human ( 8 )  y6 T cells can respond to 
mycobacterial extracts. In the mouse, the 
65-kD mycobacterial heat shock protein 
(hsp65) and peptides from it can stimulate 
yi3 T cells (6). Hsp65 is homologous to the 

groEL protein of Escherichia coli and similar 
stress proteins in prokaryotic and eukaryotic 
cells (9, 10). Examination of over 2000 
human y6 T cell clones revealed that all of 
those expressing both V,9 and V,2 (1 1, 12) 
are particularly efficient killers of the Daudi 
Burkitt's lymphoma cell line (13). In this 
smdy, we examined the proliferative re- 
sponses of human 1/6 T cells to endogenous " 
A d  exogenous ankgens. The proliferative 
response of human V,9N,2 T cells to 
Daudi cells and bacterial extracts could be 
inhibited by antiserum to the mammalian 
groEL related heat shock proteins (hsp58 or 
hsp60) (1 4). This serum irnmunoprecipi- 
tated a molecule of corresponding molecular 
size from the surface of Daudi cells. We 
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fbuad that, unlike previous results, B2M 
biding MHC proteins are unlikely to be 
involved in the p d o n  of antigen to 
human Vv9/vJ T cells. 

Initially, we tested our clones fbr their 
ability to proliferaw in response to various 
cell lines and to mycobaaeria (Table 1). The 
Vv9iVs2 dons, but none of the Ottrers, 
were stimulated by the Daudi cell line and 
by some preparations ofsonicated mycobac- 
teria (IS), when presented by appropriate 
antigen-presenting cells (APCs). This was 
the first exposure ofthe clones to Daudi cells 
or mycobacterial antigens in vim (16). 
Lymphoblastoid B cell lines (LCLs) other 
than Daudi cells stimulated the Vv9N$ 
clones only in the presence of the mycobac- 
terial extracts (Table 1). Howcva, intracel- 
lular processing of the mycobacterial ex- 
tracts was not necessary because para- 
hnnaldehydc fixation of the APCs did not 
eliminate stimulation by the mycobacterial 
amigcns (Fig. 1). Allogcnic mutant LCLs 
that do not express polymorphic human 
IculGocycc antigens (HLA) dass I (LCL 
721.221) or class I1 (LCL 721.180) dmr- 
minants (17), the parent wnmutated LCL 
721, and Daudi cells (18) presented the 
mycobacterial antigens to the Vv9NJ 
clones (Fig. 1). Daudi cells do not express 
&M-associated HLA class I proteins be- 
cause the amslated class I a chains in Daudi 
arcnottransportedtothccdlsurfa~~ducto 
a mutation of the &M mRNA initiation 
codon (18). A Daudi variant that expresses 
cell surface HLA class I (18) was as stimu- 
latory h r  the human Vv9/V$ T cells as the 
parent Daudi cell line (Table 1). Thus, the 
response to Daudi was not assodated with 
the absence of HLA dass I antigens on the 
cell surface. However, other APCs (such as 
K562, Molt4, or Raji cells), independent of 
their surface class I or dass II +on, did 
not present mycobacterial antigcns to the y8 

P. FiSCll, Dcpvmvnt OfHumpl Otrdogy, univcnity 
of W& Mdirm, WI 53792. 
M. -, D c p v m w n t o f M ~ M i a o b i d o g y  
d y ? n d 9 r - + p + - =  
sarchcmta, nrvu=utyofWiao~lr5Mad!son,WI 
53706. 
S .Kova6dRqcMus ,  - J - ~ ~ - c s ,  
Univ~OfWiwanan, Madiron, WI 3706. 
E. Sturm, E. Braatmm, R L. H. Bdhuy 

The Dr. Dank, Dm r- &--%a R e  = N-h. 

53792. 

CA 94143. 
P. M. Swdd, Dcpmam of Pediaaicr, Human.&- 

and Galchcs, UlliwXsIty ofw- lihbm, 
a n 2 .  

Fig. 1. F'malmion of myaAamd vlfigcn 
to VT9ff$ T cells by d h t  APCs. P d h a -  
tion ([aH]thymidinc inanpotrtion as mcan 
coums per minute & staadard error of the mean 
of qudruplicatcs) of thc done GPC4 to d i v a  
APCs in the absence (shadcd bars) or prrsena 
(filled bars) of sanded H37Rv mycobacteria 
(15). The prolikative assays were pdmncd as 
described (30). APCs were K562, Mdt4, Raji, 
Daudi cells, LCL 68 (the autobps LCL for 
done GPC4). LCL 721. and variants fiom LCL 

APCs 
None 
k562 

I Experiment 1 - 
m- 

Molt4 , 
R ~ I I  > 

D 

LCL 
- - 

LCL 721 - 
LCL721 - 

.- - 
721 that havipartial dckons of h ctuomosome 

w 

6, LCLs 721.180 and 721.221. LCL 721.180 has 
LCL68 -1 

red& levels of HLA class I on the surface and F'xed LCL 68 'm 
- - 

does not express class 11 encoded by the DR, DP, sfm Daudi k- 

and DQ 106 whereas LCL 721.221 does nat Flxedsfm Daudl L- 
express HLA dass I a n t i p  A, B, and C (1 7). C 5"- 10000 15000 20000 
Daudi cdls that had been adapted to serum-fiec Prollteratlon (cprn) 
mcdium (HGl, Ventrcx Labomto&) bcfbrc the 
a s s a y a r r d e s ' ~ & - D ? u d i . A L I p r o ~ v c ~ ~ s l y s ~ m i n ~ o f l O % h u m a n  
serum. LCL 68 and &-Dad cdls were fixed by 5-min incubatiom in 0.15% -de (23). 
Similar d t s  with thcsc APCs were obtained with odm VT9ffd dona in sa ind- 
apcrknts. The antigen presenting capacity of LCL 721, LCL 721.180, and LCL 721.221 were 
comparablc,wtKicassomcothaLCLlimsw~kss~asAPCs.nK&-D?rdi&werelysed 
by the V,9N&? clones equally wdl as the Daudi cells, grown in serum containing medium, even whcn 
the cptoxicity assays were p a f o d  in serum-fiec mcdium. 

T cells (Fig. 1). Daudi cells presented dx 
mycobaauial antigens, even after adapta- 
tion to serum-tiae medium and fixation 
(Fig. 1). This excludes the possibility that 
serum p& allowed the transport ofHLA 
class I molecules to the Daudi d surface. 
Thus, the antigens h r  the Vv9/V$ T cdls 
do not require presentation by conventional 
polymorphic or pJ4-associated MHC mol- 
ecules. This would be consistent with the 
absence of CD4 or CD8 accessory molecules 
on most y8 T cells, and the normal develop- 
ment of $ T cells in &Md&aent mice 
(19). 

We then cxamined the ractivity of flesh 
peripheral blood lymphocytes (PBL) to the 
antigens that stitnulate the V,9N,2 clones. 
As damninad by flow cytomeay, both the 
mycobadd preparation and Daudi cells, 
but not Candida antigens or Raji cells, in- 
duced strong prolifdon of human periph- 

eral blood Vv9NJ T cells (Fig. 2). This 
indicates that the immuno1Ogical readvity 
of Vv9/VJ T cells was not a phammxm 
detectedodyafterinvitcoculnutofy8T 
cell clones with intd&-2 (IL-2). HU- 
man y8 T a l l s  also expanded and Vv9Na 
clones were stimulated by some E. wli a- 
tracts (20). The reactivity ofVv9/Vd T cells 
to Daudi and mycobactcrial antigens was 
d e t e a e d i n b 0 t h ~ ~ S k i n t e s t ~ -  
tive and -positive individuals. Daudi stimu- 
lation of umbilical cord blood mormonudear 
cells [less than 0.1% y8 T cells, prrdomi- 
nandy Val' (12, 22)], induad expansion 
of y8 T cells that conprrased Vv9N4 
genes (50 to 80 percent Vv9N J T cells 3 
weeks after two sequential exposures to 
Daudi cells in vim). In addition, y8 T cdls 
h m  mcsuS monkeys [reactive with the 
monodona1 antibody (MAb) TCR81 to the 
human y8 TCR] prolikate in response to 
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1 - -  2 3 - 1 8  

H37Rv m y c ~ ~  (I5) On 7, lo4 t 2  O H37Rv 2 Candlda 
cdlsfiomallcultureswaelabckdwithMAbsand = 
10,000 cvaus per sampk wcrr an* on a ;Io3, r ; /- 
FACSW'"' ( B e a m - D i )  using four det- I o2 :. .- 1 a 

a& log signal amplification. All viable & war ,o . : -b* , 24 J ', 
gated on h a r d  scatter and by exclusion of 
propictiurn iodidc (1 Wrnl). Two color d y s i s  "1 1 4  - - 

with MAbs to the y8 TCR (XRSl), conlugPcd luL I U - ~ U ~  10 102 103 lo6 10 lo2 to3 104 

tofluOlWxin isodi- (grccn-, Log green fluorescence (TCRyS) 

x-axis), and MAbs to CD56 (Lculg), conjugated to (red flum-~q y-axis), is shown. 
A ~ q i o n o f h ~ p a i e h c n l b b o d $ T ~ w a n d d g t u l a r r ~ ) ~  
seen after stimulation with Daudi and the H37Rv prepPntion but by none ofthe other antiga9. The 
c d l s ~ d K ~ u p p c r ~ t s ~ i d c n ~ a s N K c c l l s a n d i n t h c l e f t l m a ~ t s a s ~ T  
cells,bypanlldstainingwithothcrMAbs.Thcpaccmage~of&inthe~ts~itadicued~ 
y6 T cells apandcd by Daudi and mycobaaaia c o e x p d  Vy9 and V62, but thcy did not 
Val, as determined by the MAbs described (1 1). 
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Daudi (but not Raji) cells (22). These ob- 
servations suggest that the reactivity of hu- 
man y6 T cells to  Daudi is displayed early 
during ontogeny and is conserved during 
phylogeny. 

Because hsps are a major antigenic com- 
ponent of mycobacterial extracts, we tested 
polyclonal rabbit antisera specific for the 
hsp70 and groEL hsp families for inhibition 
of the proliferative response of the V,9Ns2 
T cells to Daudi. The proliferation of the 
peripheral blood y8 T cells and the V,9N62 
clones to Daudi was suppressed by the 
hsp58-specific antiserum (14), but not by 
hsp70 antisera (24, 23) or nonimrnune sera 
(Fig. 3). Thus, V,9Ns2 T cells recognize a 
ligand on the cell surface of Daudi cells 
related to the groEL hsp family. This is 
consistent with the specific recognition of 
Daudi cells by V,9&2 clones in cytotoxic- 
ity assays (23) and with the lack of prolifer- 
ation-inducing activity in cell-free Daudi 
culture supernatants. Also, the expansion of 
human y6 cells from PBL induced by bac- 
terial antigens could be markedly inhibited 
by the hsp58 antiserum (Fig. 3), suggesting 
that the V,9N82 T cells recognize related 
endogenous ligands on Daudi and exoge- 
nous ligands from some bacterial prepara- 
tions (14). 

We used the hsp58-specific antiserum to 
immunoprecipitate PEL-related molecules 
from surface-iodinated Daudi cell lysates. 
Two-dimensional elmphoresis of the 
immunoprecipitate revealed 58-kD and 66- 
kD molecules (Fig. 4). A similar complex of 
hsp58 and an hsp70 molecule is immuno- 
precipitated from the mitochondria of inter- 
nally labeled HeLa cells, using the same 
hsp58 antiserum (24). To control for the 
surface specificity of the iodination, we im- 

Fig. 3. The proliferation of peripheral blood 78 T 
cells, induced by Daudi and mycobacteria, can be 
inhibited by antiserum against the mitochondrial 
hsp58. PBL were activated with irradiated Daudi 
cells and sonicated mycobacteria (H37Rv) in the 
absence or presence of hsp58 antiserum and con- 
trol antibodies. The antibodies were control non- 
immune rabbit sera. rabbit antisera to the hsv70 

None 
Daudi 
Daudi 
Daudi 
Daudi 
Daudi 
D a d  
H37Rv 
H37Rv 
H37Rv 

family [PBP 72/74'(23) and grp75 (14)], rabbit o 10 20 30 40 
antiserum specific to hsp58 (14), and mouse MAb Percent fl T cells 

to LFA-1P (MAb TSlf18) (31). The cultures 
were analyzed by flow cytomeay. Only the hsp58 antiserum and the MAb to LFA-1P inhibited the 
expansion of y8 T cells. The hsp58 antiserum could also inhibit the proliferation of peripheral blood y8 
T cells induced by E. coli extracts (14), but did not block the stimulation of y8 T cells by IL-2 or MAbs 
to CD3, the expansion of NK cells by Daudi, or the proliferation of Daudi cells. All rabbit sera were 
tested at a 1:40 dilution. The data were confinned in three independent experiments. 

Fig. 4. Hsp58 can be detected on the cell surface _______g 
of Daudi whereas HLA dass I a chains are only - 66 
detectable in the cytoplasm. (A) Surface-labeled ,+ 
Daudi cells, immunoprecipitated with the hsp58 

I -  

antiserum (14); (B)  surface-labeled Daudi cells, 
immunopmipitated with control, nonimmune AC 

rabbit serum; (C) surfice-labeled Daudi cells, D 
immunoprecipitated with MAb 41/28 that bids 
to the HLA dass I a chains in the absence of P2M 
(32); (D) metabolically labeled Daudi cells, immu- 
noprecipitated with MAb 41/28. AC is the posi- 

A< 
. . * . . ,  

tion of a&, puri6ed actin was added to the dC 

samples to aid in orientation of the spots in the second dimension. The gels are oriented from acidic (+) 
to basic (-). The arrows point to the immunoprecipitated proteins at 58 and 66 kD in (A) and to the 
HLA dass 1 isoforms at 44 kD in (D). For surface labeling, 2.5 x 10' Daudi cells were surface- 
iodinated with lZ5I (1.0 mCi) with Iodogen (Pierce Chemicals) (33). The metabolic labeling with 
[3sS]methi~nine, irnmunoprecipitations, and 2-D gel analysis were done as described (34). 

munoprecipitated with a MAb to class I a 
chain. We did not detect any iodinated class 
I a chains (Fig. 4C) in the same Daudi 
lysate, whereas the HLA class I a chains 
were precipitated from the cytoplasm of 
biosynthetidy labeled Daudi cells (Fig. 
4D) and from iodinated cells expressing 
HLA class I on their surface. Moreover, no 
'251-labeled actin was detected in the cell 
lysate from surface-labeled Daudi cells (Fig. 

Table 1. Specitic proliferation of Vy9N&J dones to Daudi cells and 
mycobacterial e-xtract. Numbers represent [3H]thymidine incorporation 
(mean counts per minute + standard error of the mean of quadruplicates). 
The proliferative assays are described (30). The expression of the V regions 
was determined with MAbs to V,9, V&J, and Val (11). Representative are 
V 9+N,1-N,2+ T cell clones BT60, FW1, GPE5, and GPC4, other y8 T 
cei clones TS4B (Vy9-N,1+N62-)$ and PJ4 (Vy9-N,1-N,2-), and ap 
TCR done AD4. Proliferation was measured in medium alone, in the 
presence of IL-2 (500 unidml), surface immobilized MAb to CD3 MAb 

4, A to C) (actin binds nonspecifically to the 
immunoglobulin coated bcads, used for the 
immunoprecipitation), confirming the spec- 
ificity of the surface iodination procedure. 

Although groEL hsps are intracellular 
proteins and as yet have not been character- 
ized on the cell surface (9, lo), the reactivity 
of T cells may provide a very sensitive 
method of their surface detection (25, 26). 
The PEL-related protein we detected at 

(OKT3), or diverse target cell lines(Daudi, P2M-Daudi, Raji, LCL 68). 
&M-Daudi is the HLA class I+ Daudi variant after transfection with the 
mouse P2M gene (18); LCL 68 is representative for other LCL lines studied. 
Stimulation by LCL 68 was measured in the absence or presence of the 
H37Rv mycobacterial antigens (15) or Candida antigens at concentrations 
determined as optimal in preliminary experiments. Control PBL cultures 
primed to H37Rv and Candida showed spedcity for these antigens. 
NT = not tested The Vy9N&J dones but not the other clones lysed Daudi 
cells in cytotoxicity assays although all clones could lyse susceptible targets (13). 

Responder done 
Simulator 

BT60 FW1 GPE5 GPC4 PJ4 TS4B AD4 

Medium 
IL-2 
Anti-CD3 MAb 
Daudi 
P2M-Daudi 
Raji 
LCL 68 
L C L 6 8 + C  
LCL 68 + H 

- -- 

*C, Candida; H, H37Rv 
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the cell surface could be a novel member of 
the groEL family or the known form of " 
groEL could be transported to the cell sur- 
face with another molecule. An MHC class 
I-like molecule not binding P,M (27) may 
function as a transport mechanism for 
groEL. It is also possible that the 66-kD 
molecule associated with hsp58 on the cell 
surface (Fig. 3A) might be involved in the 
transport of groEL to the cell membrane. 
Molecules that bind and present endoge- 
nous antigens might also present homolo- 
gous exogenous antigens to y6 T cells. Such 
determinants could be expressed at low lev- 
els (26) on APCs that stimulated y6 T cells 
in the presence, but not in the absence, of 
exogenous antigens. 

Thus, all human T cells coexpressing V,9 
and V,2 genes proliferate in response to 
Daudi cells and to certain mycobacterial 
extracts, whereas the Daudi nonreactive y6 
T cells [that is, the V,1 subset (12)] do not 
recognize mycobacteria. The ligands recog- 
nized by the V,9NS2 T cells appear to be 
homologs of the groEL hsp family, either as 
endogenous ligands, expressed on the cell 
surface of Daudi, or as exogenous bacterial 
antigens that can be presented by APCs 
without antigen processing. Recognition by 
human V,9NS2 T cells of these antigens 
does not require antigen presentation by 
P,M-associated HLA class I or polymorphic 
HLA class I1 molecules. Only a few prepa- 
rations of crude mycobacterial antigens 
stimulate human y6 T cells effectively (15). 
Purified hsp65 antigens (15), including the 
groEL peptides that stimulated murine y6 T 
cells hybridomas (6 ) ,  did not stimulate our 
human y6 T cells. Our results suggest that 
the stimulatory epitopes for human 
V,9N,2 T cells may depend on the confor- 
mation of groEL molecules or their peptide 
fragments and on suitable presentation on 
the cell surface. Ineffective antigen presenta- 
tion to y6 T cells (6) could explain why only 
few investigators found purified hsp65 prep- 
arations stimulatory for human mycobacte- 
ria-reactive y6 T cells (8). 

The proliferative responses of all V,9N,2 
T cells, but not other r 6  T cells, to Daudi 
cells and mycobacterial antigens support the 
idea of TCR-mediated antigen recognition. 
Because human peripheral blood y8 T cells 
have extensive junctional diversity of both 
the y and 6 chains (2), it is unlikely that this 
recognition is determined by the junctional 
diversity. Coexpression of V,9 and V,2 
genes seems to be required for antigen re- 
sponsiveness to Daud  and mycobacteria 
(28). The requirement for specific V regions, 
irrespective of the diversity of junctional 
segments and the proliferation of the whole 
T cell subset in response to the same exog- 
enous and endogenous antigens resemble 

superantigen responses of murine Vp8 T 
cells to staphylococcal enterotoxins and Mls 
(29). Peripheral human V,9N,2 cells are 
selectively expanded in the first 10 years 
after birth, but thymic V,9N,2 T cells 
remain only a minor fraction of y6 T cells 
(12, 21). Our results indicate that endoge- 
nous and exogenous ligands, homologous 
to groEL hsps, could be responsible for this 
in vivo expansion (21). Recognition of 
groEL-related proteins by T cells may play a 
role in the pathogenesis of infectious and 
autoimmune diseases (9, 10, 25) and could 
explain the reactivity to the Daudi lym- 
phoma. Therefore, the V,9NS2 T cell sub- 
set may participate in diseases of infectious, 
autoimmune, and neoplastic origins. 
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Diet-Induced Hypercholesterolemia in Mice: 
Prevention by Overexpression of LDL Receptors 

The current studies were designed to determine whether chronic overexpression of low 
density lipoprotein (LDL) receptors in the liver would protect mice from the increase 
in plasma LDL-cholesterol that is induced by high-fat diets. A line of transgenic mice 
was studied that express the human LDL receptor gene in the liver under control of the 
transferrin promoter. When fed a diet containing cholesterol, saturated fat, and bile 
acids for 3 weeks, the transgenic mice, in contrast to normal mice, did not develop a 
detectable increase in plasma LDL. The current data indicate that unregulated 
overexpression of LDL receptors can protect against diet-induced hypercholesterol- 
emia in mice. 

IETS HIGH IN CHOLESTEROL AND 

saturated fats increase the plasma 
level of low density lipoprotein 

(LDL), owing to a combination of in- 
creased cholesterol content of precursor par- 
ticles, increased synthesis of particles, and 
decreased hepatic degradation (1). Degrada- 
tion is mediated by LDL receptors, most of 
which are located on hepatocytes (2). When 
high-cholesterol diets are ingested, hepatic 
LDL receptors are suppressed, and this con- 
tributes to the subsequent elevation in plas- 
ma LDL levels (3-5). 

The question arises as to whether forced 
overexpression of LDL receptors in liver 
would ameliorate or prevent diet-induced 
hypercholesterolemia. Although a stimula- 
tion of LDL receptor production is one 
means by which drugs lower plasma LDL 
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concentrations (4, it is not known whether 
such an approach would succeed during 
feeding of a high-fat diet. Now we attempt 
to answer this question by using transgenic 
mice that abnormally overexpress human 
LDL receptors. 

We have previously achieved overexpres- 
sion of LDL receptors by injecting mouse 
eggs with a cDNA encoding the human 
LDL receptor under control of the mouse 
metallothionein-I promoter (designated 
transgene- 1) (6). Mice expressing this trans- 
gene had high levels of LDL receptor activi- 
ty in liver when the metallothionein pro- 
moter was induced through the administra- 
tion of CdS04. As a consequence, the hepat- 
ic uptake of LDL increased. When the 
animals ate a low-fat diet, the plasma con- 
centration of the apoproteins (apo) B and E 
fell to virtually undetectable levels (6). We 
could not use transgene-1 for long-term 
studies, since high-level expression of this 
transgene requires induction with CdS04 
(6), and chronic treatment with such heavy 
metals is toxic to the animals. T o  circumvent 
this problem, we have established a new 

strain of transgenic mice that express a hu- 
man LDL receptor minigene at high levels 
without the need for metal induction. The 
human LDL receptor minigene, designated 
transgene-3 (Fig. l ) ,  is contained on a 15.5- 
kb Not I fragment that includes 3 kb of the 
mouse transferrin promoter and 27 bp of 5 '  
untranslated region from the human LDL 
receptor gene followed by the first four 
exons and introns of this gene. This se- 
quence is followed by contiguous exons 5 to 
18 contained in a single fragment derived 
from the LDL receptor cDNA. As with 
other transgene constructions ( 7 ) ,  the mini- 
gene gave much higher levels of expression 
than did the earlier transgene that contained 
only a cDNA sequence with no intron se- 
quences (6). Previous studies in transgenic 
mice showed that the 3-kb transferrin pro- 
moter segment used in the current study 
gave expression of human growth hormone 
that was high in liver and low in brain and 
kidney (8). We confirmed high-level expres- 
sion of the human LDL receptor in the 
transgenic mouse livers by blot hybridiza- 
tion of mRNA, immunoblot analysis of 
receptor protein, and immunofluorescence 
(9 ) .  Expression of the human receptor pro- 
tein in the liver of the transgenic mice was 
four to five times as high as that of the 
endogenous receptor protein in the normal 
mouse liver. 

When maintained on a normal laboratory 
h e t  ( l o ) ,  mice expressing LDL receptor 

Not I Exons Not I 

Fig. 1. Human LDL receptor transgene-3. The 
mouse transferrin (mTt) promoter and transcrip- 
tion initiation site were contained in a 3-kb Barn 
HI fragment (striped box) derived from the plas- 
mid that includes mTf and human growth hor- 
mone (prnTf-hGH) (8). This fragment was fused 
to a 12.5-kb fragment containing a human LDL 
receptor minigene (20) and the transcription ter- 
mination signal from the human growth hormone 
gene (stippled box) (6). Exons 1 to 18 and introns 
1 to 4 are indicated by filled-in and open boxes, 
respectively. The construct contained 27 bp of 5' 
untranslated region from the human LDL recep- 
tor gene (21). The thin lines represent polylinker 
sequences. A total of 436 eggs from C57BLi6 X 

SJL F2 hybrid mice were microinjected with 
transgene-3 contained in a 15.5-kb Not I frag- 
ment and transferred into pseudopregnant fe- 
males (22). Among 60 offspring, 23 (38%) con- 
tained the transgene as determined by dot-blot 
hybridization of DNA from tail tissues. Of these 
23 mice, 6 showed a chronic absence (<1 mgidl) 
of apo B-100 in plasma as measured by rocket 
irnmunoelectrophoresis (6). A strain of heterozy- 
gous mice derived from founders (line 212-5) was 
used in this study. Sibling mice that lacked the 
transgene (as determined by dot-blot hybridza- 
tion) were used as controls. 

30 NOVEMBER 1990 REPORTS 1273 




