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CDI Recognition by Mouse NKI + T Lymphocytes 
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Rare major histocompatibility complex (MHC) class I-like CDI -specific T cells have been 
isolated from human blood, but it has not been determined whether these clones are part 
of a defined subset of CDI -specific T cells selected during T cell development, or whether 
their recognition of CDI is a fortuitous cross-reaction. In mice, an entire subset of ap 
thymocytes with a unique phenotype was found to be CDI-specific. This particular 
subset, and its human counterpart, provide evidence that CD1 has a general role in 
selecting and interacting with specialized ap T cells. 

M o u s e  N K I +  T cells constitute up to 20% 
of the  mature co~nparttnent of the thymus 
and are also found in  inost peripheral tis- 
sues, 1 ~ 1 t h  particular frequency in bone mar- 
row and liver (1-7). They consist of CD4+ 
and C D 4 - 8  double-negative ( D N )  cells. 
Cnlilce other T cells, NK1- T cells express 
the  surface receptors normally associated 
with natural lciller (NK) cells, illcluding 
NKR-P1 and Ly-49, and they can lyse NK- 
sensitive target cells (8). In  addition, they 
have the  unique ability to secrete large 
amounts of cytolcines, especially interleu- 
kin-4 (IL -4),  upon primary stimulation 
through their ap T cell receptors (TCRs)  
in vitro 11 . 5 .  7 )  and in  vivo ( 9 ) .  Because 

depends o n  the identification of their T C R  
ligands. 

Several findings have suggested that the  
ligand is a nonpolymorphic M H C  class I 
molecule that is conserved in  different spe- 
cies. First, thyinlc selection of N K l t  T cells 
depends o n  the  expression of Pz-micro- 
globullll (P2M)  ( 2 ,  4 )  and thus, by irnpli- 
cation, o n  the expression of class I inole- 
cules. Second, the  T C R  repertoire of both 
CD4' and DN NK1- T cells is largely 
restricted to TCRs coinprisillg a single, in- 
variant T C R a  chain, V,14-J,281, paired 
with Vp8, Vp7, or Vp2 T C R P  chains (1 1 ) .  
Third, the  same T C R  repertoire exists in  

18. In our lnvestgatons of the N, cleavage reacton, 
we are attemptng to lsolate and Investgate the 
Intermediates depcted In Flg. 2. 

19. Financ~a slipport for C.C.C was provided by t i e  
Departmenr of Ciemlstry of the Massacilisetts n -  
siitute of Technology ( M i  r and for C.E L by the M i  
Undergraduate Researci Opportlin~ties Program. 
C.C.C. thanks R R Scirock for many s i~muat~ng 
dscusslons 
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different strains of mice, regardless of M H C  
haplotype ( 1  1 ) .  Fourth, a huinan counter- 
part to this subset exists that uses TCRs 
coinprising a n  invariant T C R a  chain, 
V,24-J,Q ( the  holnolog of inouse V,14- 
J,281), paired with V p l l  T C R P  chains 
(homologs of mouse Vp8)  (1 1 ,  12).  

A clue to the Identity of the NK1- T cell 
ligand is the ligand's tissue distribution. Ex- 
pression of p2b1 o n  bone inarrowderived 
cells, but not  o n  thyinic epithelium, enables 
thyinic selection of NK1- T cells ( 2 ,  4). 
T h e  relevant bone marrowderived cell is 
probably a thymocyte rather than a dendrit- 
ic cell or macrophage, because mice with 
severe combined irntnunodeficiency disease 
that were inoculated with P2M-deficient fe- 
tal liver cells did not  generate NK1- T cells 
(although they developed mainstream T 
cells), even though their thyinic dendritic 
cells were largely p2b1-positive (13).  In  ad- 
dition, N K l t  T cells induce cytolysis of 
cortical thyinocytes (14).  These findings 
suggest that immature thymocytes express 
the N K l t  T cell ligand, whereas thymic 
epithelial cells and professional antigen-pre- 
senting cells (APCs) do  not. This pattern 
fits that of the  TL and 0 1  gene families, 
which, in  contrast to classical M H C  class I 
molecules, are inainly expressed by imina- 
ture CD4-8+ thymocytes (15, 16). 

~, , 

this secretion of IL-4 1s rapld, NK'I- T cells 
Table 1. Recognition of an MHC class I ligand by DN32.D3, a NK1- T cell-derived hybr~doma. 

are lileely the differelltiation and Duplicate samples of DN32.D3 hybridoma cells (3 x lo4) were cultured with 5 X 1 O5 cells from the 
of ( T ~ 2 )  Over thymus, spleen, or bone marrow of the indicated mouse strains in 96-well flat-bottom mcroplates for 

TH1 cells in immune responses in which a perod of 20 to 24 hours. IL-2 released in the supernatant was measured in units per mlilter, where 
they are engaged (1C). Elucidating the  con- 1 U/ml corresponds to 3 pM recombinant human L-2 as  measured by CTLL indicator cells (1). Mean 
tribLltioll of these T cells thus values for duplicate samples are given. Standard errors were less than 20% of this value. Purified 

F23.2 mAb to V"8.2 was used at 1 wq/mI, versus the same concentration of 28.8.68, an isotype- 
matched mAb ~ ~ H - ~ K D D ~ .  These results were confrmed n two to fve separate experments 
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Stimulator cell strains and IL-2 production (U/m) 
T~ssue source 

B6 BlOA BALB/c 129 B6.p2M-* 

Expenment 1 
Thymus 2 7 2 0 44 32 <1 

Experiment 2 
Thymus - anti-H-2KDDD mAb 32 
Thymus + anti-Vp8 2 mAb < 2 

Expenment 3 
Thymus 29 
Spleen 0 5 
Bone marrow 0 2 

*BG.p,M mce  bear a iomozygous inaciivaton of their gene encoding p,M and were backcrossed eight tlmes to 
C57BL6. 
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Unlil<e TL, the CDI family of genes is 
conserved in various species, illcludillg hu- 
mans (1 7).  The mouse CDI family consists 
of two genes, CDI . I  and CD1.2, that are 
95% identical. CDI . I  and CD1.2 are ho- 
mologs of human CDld,  one of five mem- 
bers of the human CDI family, and se- 
quence analysis suggests that the CDld  and 
CDla ,  b, c, and e types arose from distinct 
ancestral genes that predated speciation 
(17). Although no function has yet been 
ascribed to the CD1 fainily members, there 
is evidence in humans that they can be 
recognized by some y6 T cells and by un- 
usual ap T cells that lack CD4 and CD8 
expression ( 1  8, 19). 

To  search for the NK1- T cell ligand, 
we derived T cell hybridomas from NK1+ T 
cells (1 1).  Thymocytes that express differ- 
ent M H C  and non-MHC genes, from vari- 
ous mouse strains [including the TL-ex- 
pressing strains B10.A, BALB/c, and 129 as 
well as the non-TL-expressing strain 
C57BL/6 (B6)], stimulated DN32.D3, a hy- 
bridoma bearing a canonical Va14-Ja281- 
Vp8.2 TCR (Table 1) .  Thymocytes that 
express neither classical M H C  class I nor 
CD1 molecules (13), from p2b1-j- mice, 
did not stimulate this hybridoma. Recogni- 
tion of the ligand depended on TCR ex- 
pression because soluble molloclollal anti- 
bodies (mAbs) directed at the TCRP chain 
completely blocl<ed IL-2 production, where- 
as an isotype-matched inAb to the B6 
H-2KbDb MHC class I molecules had no 
effect. In addition, the ligand had a restrict- 
ed tissue distribution; it was expressed on 
thymocytes but was expressed very poorly, 
or not at all, on spleen or bone marrow 
cells. These observations imply that the 
N K l t  T cell ligand is not a classical b1HC 
class I molecule, but rather a nonpolgmor- 
phic ligand with an expression pattern s in-  
ilar to that of CD1 (15). 

To  determine whether recognition of a 
ligand expressed by thymocytes \\.as a gen- 
eral feature of NK1- T cells, we tested two 
additional NK1+ T cell-derived hybrido- 
mas that were randomly chosen from a pan- 
el (1 1) derived from C57BL/6 thymic CD4 
or DN NK1+ T cells. In addition, to test 
directly whether CD1 was the ligand for the 
hybridomas, we repeated the stimulation in 
the presence of 3C11, a rat imm~~noglobulin 
M (Igbl) inAb to mouse CD1.l (15). All 
three hybridomas responded to thymocytes 
(Table 2,  experiment 1).  The  mAb to 
CD1.l specifically blocked the response of 
hybridomas DN32.D3 and 432.B9. Stimu- 
lation of the third hybridoma, 43 1 .A1 1, was 
not blocked by the mAb to CD1.l .  

To  further explore the recognitloll of 
CD1 by the NK1+ T cellderived hybrido- 
mas, we infected a mouse fibroblast cell line 
with a recombinant vaccinia virus (VV) 
that expressed the mouse CD1.l  gene un- 

der the control of an early-late viral pro- 
moter (VV-CD1 ) .  VV-CD1.l-infected 
cells stimulated each of the three hybrido- 
mas, including 43 1 .A1 1, whose recognition 
of thymocytes was not blocked by the mAb 
to CD1.l (Table 2,  experiments 2 and 3). 
In contrast, mock-infected fibroblasts did 
not stimulate the hybridomas, nor did fibro- 
blasts that were infected with wild-type VV 
(VV-wt) or with a recombinant VV that 
expressed H-2K"VV-Kb). Stimulatioll by 
VV-CD1.l-infected fibroblasts was consis- 
tently blocked by the mAb to CD1.l for all 
T cell hybridomas. Thus, all three hybrido- 
mas recognized CD1.1, which suggests a n  
explanation for the failure of the mAb to 
CD1.l to block thyinocyte stimulation of 
431 .A1 1: 43 1 . A l l  might cross-react to 
CD1.2, which is also expressed on  thymo- 
cytes [as indicated by mRNA expression 
(2C)] and may not be recognized by the 
CD1.l mAb. This interpretation is 
strengthened by the deinonstratioll that the 
thymocyte ligand of 431 .Al l  is also an 
MHC class I molecule, because it is not 
expressed on B 6 . P 2 b I p '  thymocytes (Ta- 
ble 2, experiment 3) .  

T o  determine whether the recognition 
pattern of the panel of hybridomas \\.as 
representative of the N K l t  T cell popu- 
lation, we investigated whether freshly 

isolated N K l t  T cells could also respond 
in vitro to CD1. Fresh NK1+ T cells pro- 
duce more IL-4 than IL-2 upon stiinula- 
tion through their ap TCRs ( 1 ,  5,  7); 
therefore, IL-4 was used to measure TCR- 
mediated stimulation. In preliminary ex- 
periments, freshly isolated N K l t  T cells 
were not significantly stimulated by syn- 
geneic thyinocytes. However, for optimal 
lymphokine secretion, fresh cells are more 
dependent on  costimulatory signals ex- 
pressed by professional APCs than are hy- 
bridomas (2  1 ),  and CD1 -expressing thy- 
mocytes-mainly cortical CD4-8+ thy- 
mocytes-may be poor costimulators. Be- 
cause IL-4 secretion by NK1- T cells is 
increased by IL-2 and CTLA-4 ligallds ( 9 ,  
13, 22) ,  we used a fibroblast cell line, 
P13.9, that had been transfected with 
genes encoding the ICAM-1 and B7.1 
inolecules and added low doses of IL-2. 
The  P13.9 cells infected with VV-CD1 . l ,  
but not those infected with VV-Kb, stiin- 
ulated freshly isolated N K l i  T cells to 
secrete IL-4 in ainoullts up to 600 times 
the background, and this stimulation \\.as 
blocked by the C D 1 . l  mAb (Table 3 ) .  
Although high, this amount of IL-4 pro- 
duction may nevertheless be a n  underes- 
timate because fresh cells need an incuba- 
tion time with their APCs that is substan- 

Table 2. Recognton of CD1 by N K I  + T cellderved hybridomas, Duplicate samples of 3 X lo4 T 
hybridoma cells were cultured with 5 x 10W57BU6 thymocytes or 5 X 1 O4 PI 3.9 fbroblasts for 20 
to 24 hours, and IL-2 producton was measured (1). Mean values for duplicate samples are given; 
standard errors were less than 20% of this value. PI 3.9 cells were preincubated for 1 .5 hours wlth 5 
x 1 O5 plaque-forming unts (PFU) of wild-type (WR strain), CDI . I ,  or Kb recombinant VV (VV-wt, 
VV-CD1 . I ,  and VV-Kb, respectively) or were mock-nfected (mock) (28). The cells were washed twce 
before additon of the hybrdomas. Expression of the Kb or CDI recombinant proteins was detected 
by flow cytometry on >80% of the PI 3.9 fbroblasts at the end of the assay. The mAb to CDI . I .  3C11, 
was used at a 1 : I00 dilution of a dialyzed ammonum sulfate precptate of hybrdoma culture 
supernatant. This concentrat~on was SIX times the concentration necessary to reach maxmum 
blockng. The control mAb (J1 1 d2, a rat IgM isotype-matched antbody to the heat-stable antgen) was 
prepared and used In the same way as the mAb to CDI . I ;  both mAbs are known to bind cort~cal 
thymocytes. Simlar results were obtaned in separate experiments that used VV-CDI . I  to infect a 
variety of cell lines. DN32.D3 hybridoma cells (Val 4-Ja281-Vp8,2-Jp2.4) were derived from DN N K I  - 
Tcels, whereas 432.89 cells (V,14-J,281-Vp8.2-Jp2.5) and 431 .A1 1 cells (V,3.2-J,8-Vp8.2-Jpl .6) 
were derived from CD4- N K I  - T cells (I I ) ,  

Hybridomas, mAbs, and IL-2 production (Ulm) 

Stmuator cells DN32.D3 432.B9 431 .A1 1 

Control Anti-CD1 . I  Control Anti-CDI . I  Control Anti-CDI . I  

Thymus (B6) 32 

Thymus (BE) 105 
P13.9 VV-CDI . I  109 
PI 3.9 mock < 2 
PI 3.9 VV-Kb <2 
PI 3.9 VV-wt < 2 

Thymus (BE) 3 
Thymus (BG.p,M-) 0.1 
PI 3.9 VV-CDI . I  8 
PI 3.9 VV-Kb 1 

Expenment I 
3 0.3 0.05 30 26 

Expenment 2 
18 
< 2 
< 2 
< 2 
< 2 

Experiment 3 
0.2 0.35 0.07 10 10 

<0.05 1 
1 0.4 0.06 9 1 

<0.05 1 
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tially longer than that recluired by hybri- 
domas (48 versus 24 hours) to achieve 
optimal cytokine secretion, and VV infec- 
tlon results in substantial cytolysis after 
the first 24 hours. 

These results establish that NK1+ T 
cells, 1i~h1ch use a restricted repertoire of 
structurally related TCRs, recognize CD1. 
We do not yet knolv whether the CD1 
molecules are recognized In isolation or 
whether they present a peptide or other 
antlgen to the NK1+ T cells. Indeed, hu- 
inan CDlb presents, to a huinan T cell 
clone, a lipid derived from iMycobacterium 
tuberculosis cell walls (23). 

Regardless of whether NKlt  T cells rec- 

Table 3. Response of freshly isolated mature 
NKl . I  + thymocytes to CDI. Mature N K I  . I +  
and N K I  . I  thymocytes were obtaned by treat- 
ng C57BU6 thymocytes with 3.155 mAb to 
CD8 and J11 d2 mAb to HSA In the presence of 
rabbit complement (1, 1 I ) ,  staining wlth mAbs to 
CD5-fluoresce~n isothocyanate and CD44-phy- 
coerythrin, and sorting for CD5-CD44 or 
CD5-CD44 cells (left and rght gates of the flow 
cytometry dot plot). The sorted subsets corre- 
spond to ap TCR N K I  . I  - malnstream T cells 
and cup TCR-- N K I  . I  -- T cells, respectively (2, 
1 I ) ,  and were 99 and 96% pure, respect~vely. 
Duplicate samples of 1.5 x 1 0%eIs were cu- 
tured for 48 hours, in the presence of low doses 
of recombinant human IL-2 (10 U/ml), wlth 5 x 
1 O4 PI 3.9 cells preincubated for 1.5 hours with 
VV-CDI . I  or VV-KJ.  Supernatants were as- 
sayed for L-4 production with the use of the 
CT4.S indicator line, as described (1). In this 
assay, supernatants were irradiated with ultrav- 
olet light to inactivate VV that accumulated dur- 
ing the longer iricubation time (48 hours) re- 
quired for st~mulation of fresh cells. Results are 
expressed in units per milliliter, where 1 U/ml is 
equivalent to 0.03 pM mouse recombinant L-4. 
Standard errors were less than 20% of the mean 
values. Similar results were obtained in a sepa- 
rate experment. 

Thymocytes, mAbs, 
and L-4 producton (U/m) 

Stimulator cells 
No Anti- No Anti- 

mAb CD1.l mAb CDI.l 

P13.9 VV-CDI . I  6 2 282 4 
P13.9 VV-Kb <0.5 <0.5 <0.5 <0.5 

ognize CD1 alone or in conjunction 1~1th 
associated self molecules, lt would be rather 
unexpected to flnd that the same ligand 
that induces positive selection of thymo- 
cvtes also induces full cellular activation of 
inature T cells, yet this appears to be the 
case for NK1- T cells. Althoueh T cell " 

hybridomas may pro\-ide a sensit11-e assa\- 
that IS, be able to respond to the putatlve 
selecting ligand (24)-fresh cells should be 
nonresDonslve, otherlvise thev would be 
self-reactive. It is possible that the very 
large amount of CD1 expression that is 
induced upon CD1-recombinant vaccinia 
infection (25) exceeds the tolerance thresh- 
old established in vivo. 

If NK1+ T cells can respond to their 
selecting self ligand in vivo, then they 
could be reactivated in the per~phery 
when this h a n d  is exoressed. h4ouse CD1 
is normally expressed very poorly on rest- 
ing peripheral cells, but little is yet known 
about the regulation of its expression in 
various inflainmatory conditions. Human 
CDlb is highly inducible by lymphokines 
such as IL-4 and granulocyte-inacrophage 
colony-stimulating factor (19). It is possi- 
ble that the induction of CD1 expression 
could recruit NKl t  T cells and activate 
them to release large amounts of lyinpho- 
kines. Because the NK1- T cells are a 
potent and rapid source of IL-4, a cytokine 
that plays a key role in the T,1-T,2 
differentiation of CD4 T cells, their acti- 
vation might promote the T,2 phenotype 
of immune responses in which they were 
recruited. The identification of CD1 as 
the ligand of NK1- T cells allolvs this 
hypothesis to be tested. 

The role of mouse CD1 in positively 
selecting NK1+ T cells in the thymus may 
also shed some light on the long-standing 
enigma of the constitutive expression in 
the thyinic cortex of nonpolymorphic 
IvIHC class I genes of the CD1 and TL 
families. It is likely that these genes par- 
ticipate in the positive selection of T cell 
subsets that are later capable of recogniz- 
ing them in the periphery, particularly in 
conditions where the inolecules are acute- 
ly induced (19, 26). Our results support 
the interpretation that the rare CD1-spe- 
cific T cell clones originally obtained in 
humans ( 18, 19) indeed represent a select- 
ed, specialized population rather than oc- 
casional cross-reactive crp T cells. Mouse 
V,14-J,281+ CD1-specific T cells and 
their human counterpart (V,24-J,Q- T 
cells, which are likely to be CDld-specif- 
ic) may specialize in recognizing lipid an- 
tieens: this   he no in en on has been ob- " 

served with a human crp T cell clone 
specific for the mycolic acid of M. tuber- 
culosis presented by human CDlb (25). 
Alternatively, these cells may be less con- 
cerned with the recognition and removal 

of foreign antigens than with the internal 
signals required to regulate inunune re- 
sponses (1 1 ,  27). 
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