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Specificity  of  Glycopeptide-Specific T Cells' 

Brian Deck,* Mikael Elofsson,+ Jan Kihlberg,+ and Emil R. Unanue2* 

*Center  for  Immunology  and  Department  of  Pathology,  Washington  University  School of Medicine, St. Louis, MO 631 10; 

and  'Organic  Chemistry 2, Chemical Center, University  of  Lund,  Lund,  Sweden 

We examined  the  specificity of glycopeptide-specific CD4 T cells following procedures similar to those previously 
reported by us. The disaccharide galabiose (Galal-4Gal) was attached to the middle  of the 52-61  peptide of hen 
egg lysozyme. This peptide is  well  known  to  bind to LAk molecules. CBNJ mice were immunized and T cell 
hybridomas  were  derived from the popliteal  lymph node T cells. For this study, we selected hybridomas that 
recognized galabiose conjugated to 52-61 at residue Ser 56. We demonstrate here that these hybridomas showed 
specificity for galabiose and not cellobiose (Glcpl-4Glc). Peptides containing galabiose at residue 53 did  not 
stimulate  the  T cell hybridomas and neither did galabiose conjugated to the 34-45 peptide of HEL. Acetylation 
of the hydroxyl groups of the disaccharide resulted in loss of T cell reactivity. These  results need to be contrasted 
with those in  which the T cells were  directed to galabiose, attached to the amino terminus of 52-61 or to Ser  at 
residue 53.  With these  results, the fine  specificity of recognition of the disaccharide was not apparent. Our results 
indicate two sets of glycopeptide-specific T cells. One is probably  induced  by a conformational change induced 
by the  disaccharide on the peptide bound  to class II MHC molecules. The second set contains elements of 
specificity for both the disaccharide and the peptide. 

P olysaccharides bind  poorly to  MHC  molecules (1- 
3), which may explain  their  poor  capacity to in- 
duce T cell  responses.  However, glycopeptides 

that bind to MHC  molecules can elicit  a T cell response, 
which is in part directed  to  the  carbohydrate moiety (2-5). 
To understand the reaction to glycopeptides, it is important 
to establish  the  fine  anti-carbohydrate  specificity of such T 
cells,  their requirements  for recognition of the  carrier pep- 
tide,  and  their MHC restrictions.  Conceivably,  these T 
cells could be a component of the  response to microbial 
glycoproteins processed by APC. If properly  induced, 
such T cells  could also  be of importance by reacting 
against repeating carbohydrate epitopes displayed on the sur- 
faces of microbes and neoplastic cells, which could be stim- 
ulatory in the absence of MHC molecules. There  are prece- 
dents for such a case with T cells directed to haptens (6, 7). 

In a  recent study,  we established that the disaccharide 
galabiose (Galal-4Gal) attached to the amino  terminus of 
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the I-Ak  binding peptide from hen egg white lysozyme 
(HEL)' encompassing residues  52-61 (DYGILQINSR), 
elicited  carbohydrate-specific T cells (2). Fine analysis 
disclosed that these T cells were most  likely  elicited by 
conformational  epitopes of the (52-61)-I-Ak complex  in- 
duced by  the  disaccharide  moiety.  Here, we report a de- 
tailed  analysis  with T cells now  directed to galabiose  at- 
tached to the  middle of the 52-61 peptide.  Importantly, 
these  have  a  completely  different  set of specificities, being 
highly  specific to the disaccharide moiety  itself. These T 
cells recognize elements of both the carbohydrate and the 
peptide, in an MHC-restricted way. The possible role of such 
T cells in an antimicrobial response should be considered. 

Materials and Methods 
Peptides and glycopeptides 

The main peptide selected for this study was that encompassing residues 
52-61 of HEL. Table I shows its amino acid composition  as well as that 
of a  second peptide from residues 34-45. In the table, the arrows indicate 
the TCR contact residues. 

The  glycopeptides  were  synthesized  as follows: peptides glycosylated 
on serine  were prepared from N"-(9-fluorenylrnethoxycarbonyl)-3-0- 
[2,3,6-tri-0-acetyl-4-0-(2,3,4,6-tetra-0-acety~-~-~-~a~actopyranosy~)-~- 
~-galactopyranosyl]-~~-serine (8) and N"-(9-fluorenylmethoxycarbonyl) 
3-0-[2,3,6-tri-0-acetyl-4-0-(2,3,4,6-tetra-O-acetyl-~-~-glucopyranosyI)- 
P-~-glucopyranosyl]-~-scrine pentafluorophenyl ester by 9-fluorenylme- 
thoxycarbonyl (Fmoc) solid-phase synthesis essentially as described 

Abbreviation used in this  paper: HEL, hen egg white  lysozyme. 
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Table I. HEL glycopeptides and peptides  tested 

t t t  
(52-61) D Y G I L Q I N S R  

S53-(52-61) - s  

S56-(52-61) S 

* 

* *  

t T  t 
* * *  

S40-(3445)  F E S N F N S Q A T N R  
0 

Substitutions  at *, **, I**, 0: 
4-O-a-u-galactopyranosyl-~-1~-~alactopyranosyl residue 

** GaI2-S53-(52-61) 
* * *  Cal,-S56-(52-61) 
0 Gal,-S40-(34-45) 

* Gal,-(52-61) 

4-Op-u-glucopyranosyl-~-~-glucopyranosyl residue 

*** Clc,-S56-(52-61) 
* Clc,-(52-61) 

u-galactopyranosyl residue 
2,3,6-tri-O-acety~-4-0-(2,3,4,6-tetra-0-acetyl-a-u-galactopyranosyl)-~- 

* Gai,-Ac-(52-611 
'* Gal,-Ac-S53-(52-61) 

* * *  Cal,-Ac-S56-(52-61) 

previously (X). After  completion  of the synthesis, the 0-acetylated  gly- 
copeptides  were  cleaved from the  resin  and purified by reversed-phase 
HPLC.  The  0-acetyl  groups  were then removed in saturated  methanolic 
ammonia and fully  deprotected  glycopeptides  were  obtained  after  HPLC 
purification. Chemical  structures  were  confirmed  with  amino  acid  anal- 
ysis, 500  MHz  'H NMR  spectroscopy, and fast-atom  bombardment  mass 
spectroscopy. In our previous  study  (2), the carbohydrate  moieties  were 
linked to the  peptide  amino  terminus  and used mercaptopropionic  acid as 
a  spacer (8, 2). 

All of the glycopeptides  were  found to bind to  LAk  molecules.  This 
was tested by competition  assay,  either in T cell bioassays or by direct 
chemical  binding. In the T  cell  assay, the glycopeptides  were  added  to an 
assay with the  hybridoma  3A9  specific  for  residues  48-62 of HEL.  The 
amount of HEL  peptides  added ranged from 0.1 to 3.0 pM. All glyco- 
peptides  competed as efficiently as the lysozyme  peptide 52-61. In the 
biochemical  assay, the unlabeled  peptides  were  added to the binding 
reactions  using a standard I-A' binding  peptide of lysozyme  residues 
52-61 but with Tyr  and  glutamic acid added at their  amino  terminus 
(YEDYGILQINSR).  This  peptide  was labeled with All of the gly- 
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copeptides tested competed but required a 10- to 20-fold excess of the 
unlabeled lysozyme  peptide.  Peptide at residues 34-4.5 of HEL or 52-61 
also required a  10- to 20-fold excess.  These  I-Ak  binding  peptides  were 
used effectively for  immunization and to produce  T  cell  hybridomas.  The 
results with these LAk binding  peptides  are  presented in Results und 
Discussion. The  glycopeptide with Gal,-S57-(.52-61) did not bind in 
both assays  and did not elicit a T cell response. 

immunization and cellular assays 

CBA  female mice, 12 to 16 wk of agc  (The  Jackson Laboratory, Bar 
Harbor,  ME)  were  immunized with 50 nmol of the conjugates in CFA. 
After  7  days, the popliteal lymph  nodes  were  harvested and cultured with 
the conjugates  (2).  T cell hybridomas  were produced by fusing  using 
standard  protocols  to  BW5147  cells  (TCR-negative)  (9).  Chosen  for ex- 
amination  were  representative  hybridomas  showing the different patterns 
of responses. All hybridomas  chosen for examination reacted with the 
glycopeptides  presented by I-Ak  molecules of APC. Ag presentation was 
inhibited by the anti-I-Ak  mAb 10.3.62. Ag prescntation  was  done by 
standard  assays  using the B cell lymphoma line M12 C3.F6 cells (10). A 
typical  experiment  involved  culturing 5 X lo4 C3.F6 with 10' T cell 
hybridomas and the indicated  concentration of peptides  for 24 h in Y6- 
well trays in a total volume of 200 pI DMEM  containing  10% FCS. 
Production of IL-2 was  estimated by a bioassay using the CTLL-2 cell 
line (1 1). All clones  were tested with the different peptides at least three 
times.  The  criteria  for a poor response  was usually a difference of 100- 
fold in peptide  concentration. 

Results and Discussion 

The disaccharide galabiose  was conjugated to the  peptide 
encompassing residues 52-61 of the HEL molecule  (Table 
I). The peptide  52-61 is part of the  immunodominant  pep- 
tide from HEL recognized by the MHC class I1 molecule 
I-Ak of H-2k mice (11-13). Galabiose was conjugated to 
three  residues  known  from  previous studies to be TCR 
contact  residues  (12). Tyr at residue 53, Leu at 56,  or Gln 
at 57 were changed to Ser, to which the disaccharide was 
covalently  conjugated (8). CBA mice  were immunized 
with  each of the  conjugates,  after  which  the draining 
lymph  node T cells were  harvested,  cultured,  and  hybri- 
domas were  derived  from  them (2). 

Table I I .  Summary of T cell  reactivifies to glycopeptides 

T Cell  Specificity 

Gal,-S56-(52-61) Glc2-S56-(52-61) Gal,-S53-(52-61) Gal,-(52-6 1 I 

Clones 56.15.2 
Peptide and 556.1 5.16 Clone SIC.4 Clone S53.4.7 Clone 53.2.4 Reference 2 

(52-61) ~ ~ + 
(46-6 1 ) 
CalL-S56-(52-61) + 
Cal,-S40-(3445) 
Cal,-Ac-S56-(52-61) 
Ga12-S53-(52-61) 
CaI,-Ac-S53-(52-61) 
Cal,-(52-61) 
CaI2- (3445)  
Glc,-(52-61) 
Ga12-Ac-(52-61) 

Interpretation: Gal, and 52-61 Clc, and 52-61 

- - 
~ ~ ~ 

- - 
- - ~ 

Clc,-S56-(52-61) - + 
- 
- 

- + + 
+ + 

- - - + 
- 

+ 
+ 

specific; MHC- specific, MHC- 
restricted epitope restricted epitope. on 52-61. 

MHC-restricted conformational 
change induced by adding Gal, 
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Gal, -S58-(52-61) 

30 

50 

40 

30 
5 

20 

10 

n " 
.o 1 0. I 1 10 

Peptide (pM) 

120 

loo[ c. 

.01 0.1 1 10 100 
Peptide (pM) 

0- 100 

60 I 

20 
-0- GaI2.S53-(52-61) 

10 

0 
.o 1 0.1 1 10 

Peptide (p M) 

160 

1401 

120 

100 

60 

- 80 

- 

- 
40 - -+0812-AC-S56-(52-61) 

20 - 

+Glc2-S56-(52.61) 

- tGalZ-S40- (34-45)  

0 
.01 0.1 1 10  100 

* ' 1 1 1  

Peptide (pM) 

loo[ F. 

S56-(52-61) 

.01 0.1 1 10 100 

Peptide (pM) 

.01 0.1 1 10 100 

Peptide (pM) 

FIGURE 1. Response of T cell hybridomas  directed to Ga12-S56-(52-61) or Gk,-S56-(52-61). The panels indicate repre- 
sentative experiments showing the different responses of T cell hybridomas  induced by  immunization  with either of the 
conjugates. A and Care the results of one hybridoma directed to Gal,-S56-(52-61) (clone S56.15.21, and B, D, and Fare the 
results of a second one (S56.15.6). €shows the  reaction of a hybridoma directed to Glc2-S56-(52-61) (clone SJC.4). The two 
hybridomas  directed to Gal,-S56-(52-61) respond to it, but  not  to Gal,-(52-61),  Gal,-S53-(52-61), 52-61, or 46-61 (A and 
B), or  to Gal,-Ac-S56-(52-61), Clc,-S56-(52-61), or to Gal,-S40-(34-45) (Cand D). A clone reactive to Glc,-S56-(52-61) 
recognizes the  conjugate but not Gal,-S56-(52-61) ( E ) .  This clone  did  not react with 52-61 or  with  46-61  (not shown).  A 
hybridoma directed to Gal,-S56-(52-61) (used in A and C) does not recognize S56-(52-61) ( F ) .  

Selected  for these studies were T cell hybridomas that 
preferentially recognized the disaccharide-peptide com- 
plexes. Hybridomas were obtained against Gal,-S53-(52- 
61) (i.e., galabiose conjugated to 52-61 at Ser  53;  Table I) 
and Gal,-S56-(52-61) but not against Gal,-S57-(52-61). 
The latter peptide was found to bind weakly to purified 
I-Ak. The major results of representative T cell hybrido- 
mas are summarized in Table I1 and are shown in Figures 
1 and 2. 

The majority of our  studies examined hybridomas that 
are reactive with Gal,-S56-(52-61). Two representative 
clones  are shown in detail in Figure 1. These reacted with 
Gal,-S56-(52-61), presented by the APC line C3.F6. 
C3.F6 is a  cell  from the M12.C3 line  expressing  I-Ak (10); 
as expected, these clones did not react when APC bearing 
I-Ad were used because I-Ad does not bind to Gal,-S56- 
(52-61). These  two  clones are likely to be specific for the 
sugar moiety as well as for the carrier 52-61 peptide and 
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e -  
- 50 

- 

8 4 0 -  

3 0 -  

20 - 

” 

0 

l o  0 L 
0.0 1 0.1 1 10 

40 

30 

25 20 

10 

0 - 
0.01 

Peptide (pM) 

C. 
Gal, -S53-(52-61) 

0.1 1 
Peptide (pM) 

10 

+ Qd~S56-(52-61) 
“c Gal,-52-81 
-o- 46-61 

10 + 5261 

0 
0.01 0.1 1 10 

40 

30 

20 

10 

0 

- 

- 
0.01 

Peptide (pM) 

D. 

U” 

0.1 1 
Peptide (pM) 

10 

FIGURE 2. Response of T cell hybridomas  directed to Gal,-S53-(52-61). The panels show the response of the two  hybri- 
domas induced  by  immunization  with Gal,-S53-(52-61). A and C are clone 53.4.7, which responds equally well to Gal,- 
S53-(52-61)  and  (52-61 ), but does not respond to Gal,-S56-(52-61) or to Gal,-(52-61) or 46-61. The other clone (53.2.4); 
B and D, only responds to Gal,-S53-(52-61) and does not respond to the other peptides or to HEL 52-61. Cand D show that 
both clones respond to the acetylated Gal, peptide. 

I-Ak. Thus, both did not react with unconjugated short  or 
long peptide (52-61, 46-61,  or  52-61  containing a Ser at 
56)  or to the Gal, moiety  placed  either on S53-(52-61) or 
on the amino  terminus of 52-61  (Fig. 1, A and B), or with 
Gal,-S40-(34-45) (Fig. 1, C and D).  The latter is a  pep- 
tide that also  binds to I-Ak (14). These  two  clones  also did 
not recognize Gal,-S56-(52-61), which had an acetylated 
disaccharide  moiety,  or 52-61, to which cellobiose (Glc 
PI-4Glc)  was conjugated at S56(Glc2-S56-(52-61)>  (Fig. 
1, C and D) .  To validate these  latter  results, clones  were 
then generated  to Glc,-S56-(52-61). These  clones reacted 
with it, but not with Gal,-S56-(52-61) or 52-61  (Fig. 1E). 

These results  need to be  contrasted  with  those  reported 
before,  when galabiose  was placed on the amino  terminus 
of 52-61 (2)  (Table 11). The  set of clones directed to Gal,- 
S53-(52-61)  behaved  very  similarly to the  previous  re- 
sults (Fig. 2). For example, note that clone  53.4.7  was not 
stimulated by Gal, linked to the amino terminus of 52-61, 
nor by 46-61 (while  reacting to 52-61)  (Fig. 2). Clone 
53.2.4 appears  to  be specific for the carbohydrate molecule 
(Fig.  2B),  yet,  as shown in Figure  2, C and D, neither it nor 
53.4.7  was affected by acetylation of the OH  groups, a 
most likely indication that they are not reacting to the 
saccharide moiety  itself. In the more detailed  study using 

hybridomas  directed to Gal,-(52-61), there was  equal rec- 
ognition of Glc,-(52-61) (2). 

Two additional  issues were examined that are relevant 
for  interpreting  the  results  presented in the  figures. First, 
all of the  glycopeptides,  except Gal,-S57-52-61, bound to 
I-Ak (Table I). Second, repeated  attempts  failed to dem- 
onstrate  directly  interaction of the  T cells solely  with the 
disaccharide  moiety. We attempted to inhibit Ag presen- 
tation with free galabiose (i.e., by the standard assays 
shown in Figure 1, pulsing  with 0.1 to 1.0 p M  peptide in 
the presence of up to 5 mM  galabiose or other  disaccha- 
rides:  there was a  variable  inhibition  at  2 mM which was 
entirely  nonspecific in that the  response to the  52-61  pep- 
tide by the hybridoma 3A9  was likewise  inhibited). We 
also attempted,  unsuccessfully, to Stimulate the T cell hy- 
bridomas to galabiose bound to culture plates. (Different 
amounts,  16  mM to 0.01 mM, of galabiose  with  a  mer- 
captopropionic acid spacer were  attached to Covalink 
plates from Nunc; these  contained  reactive amino  groups 
attached to their  surface.  We  followed  exactly  the proce- 
dure detailed  in  Elofsson  et  al.  (15). Hybridomas were 
incubated on the  plates  and  the  release of IL-2  was mea- 
sured after  24 h.) Finally,  prolonged  incubation (up to 3 
days)  of the Ga12-S56-(52-61)-reactive hybridomas  with 
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galabiose in soluble  form or bound to plates never inhib- 
ited their subsequent reaction to the glycopeptide pre- 
sented by APC. We interpret these results to mean that the 
binding energy of the TCR interaction with the Gal, moi- 
ety is  low. 

In summary,  the  evidence from this and our  other  stud- 
ies (2), as well as from the work of others (3-9, does 
indicate the presence of carbohydrate-specific T cells. Our 
own studies  show two strikingly different sets of specific- 
ity. In one, the  direct recognition of the disaccharide moi- 
ety is in question in that other disaccharides were recog- 
nized (2) and acetylation of saccharidic hydroxyl groups 
did not impair recognition. This took place when the dis- 
accharide  was placed on the  amino terminus of the peptide 
or on the second amino acid from the amino terminus (i.e., 
the T  cells directed to  Gal,-(52-61) or, like clone S53.2.4, 
to Gal,-S53-(52-61); see Table 11). Conceivably,  the 
bulky sugar moiety may distort the MHC  class I1 combin- 
ing site,  favoring  its  opening in ways that now produce a 
modified display of the  52-61 peptide. For the other set, 
the evidence indicates that there is fine discrimination of 
the disaccharide by T  cells  when the sugar moiety is  dis- 
played on residues in the middle of the peptide at known 
TCR contact residues (summarized in Table 11). This is 
analogous to the hapten-specific T cells studied by others, 
in which there is indeed a fine recognition of the haptenic 
group  (6, 7, 16-18). Ongoing  studies are in progress to 
define further the specificity of the glycopeptide-specific T 
cells, i.e., vs Gal,-S56-(52-61). Recently,  class I MHC- 
restricted T cells  were elicited against glycopeptides, and 
here the positioning of the carbohydrate  was likewise of 
importance  (4). 

Carbohydrate-specific T  cells could be involved in the 
immune response to glycoproteins that form part of the 
structure of relevant foreign  Ags,  such as bacteria, viruses, 
or tumor cells. Knowing that the carbohydrate moiety can 
indeed be part of the  epitope recognized by CD4 T cells 
and CD8 T  cells (4) necessitates the search  for glycopep- 
tides in class I or I1 MHC  molecules  following processing 
of foreign or autologous  Ags. 
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