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|dentification of alloreactive T-cell epitopes on the Rhesus D protein

Lisa-Marie Stott, Robert N. Barker, and Stanislaw J. Urbaniak

Although considerable effort has been
devoted to characterizing alloantibodies
specific for the Rhesus D (RhD) blood
group antigen, virtually nothing is known

about the helper response that drives
their production. Therefore, the aim of
this study was to map alloreactive T-cell
epitopes on the RhD protein. Peripheral
blood mononuclear cells (PBMCs) were
obtained from 22 RhD-negative volun-
teers in whom anti-D alloantibodies had
developed after deliberate immunization
or RhD-incompatible pregnancy. The
PBMCs were stimulated with a panel of
up to 68 overlapping synthetic 15-mer
peptides spanning the complete sequence

of the RhD protein. One or more peptides
elicited proliferative responses by PBMCs
from all 22 of the alloimmune volunteers
but from only 2 of 8 alloantibody-negative

control donors. Proliferation of PBMCs
from the alloimmune donors was medi-
ated by major histocompatibility complex

class ll-restricted T cells expressing the
CD45R0O marker of previous activation or
memory. The number of peptides that
induced proliferative responses was unre-
lated to either the frequency of, or time
since, exposure to RhD-positive red blood
cells, butit correlated strongly (R
P < .003) with the level of anti-D antibod-
ies in deliberately immunized donors. The

s = 0.75;

patterns of stimulatory peptides varied

among alloimmune volunteers, but par-
ticular sequences were commonly recog-
nized, with 4 peptides each eliciting a
response in more than 50% of these do-
nors. Identification of such peptides con-

taining dominant alloreactive helper
epitopes is the first step in the develop-
ment of improved or new approaches to
preventing hemolytic disease of the new-
born that are based on modulating the
T-cell response to the RhD protein. (Blood.
2000;96:4011-4019)

© 2000 by The American Society of Hematology

Introduction

1eoigndyse;/:dpy wouy papeojumoq

The mostimmunogenic and clinically important blood group borndemonstrated that anti-D antiserum or mAbs immunoprecipitat_% a
by the Rhesus complex is the Rhesus D (RhD) antigéot only is  nonglycosylated protein of approximately 30 kd that is exposed:xrm
this antigen routinely considered in transfusion medicine, but Rhibe surface of RhD-positive, but not RhD-negative, RBO$e g
incompatibility between mother and fetus is the classic cause ahino acid sequence of this RhD protein was deduced frgm
hemolytic disease of the newborn (HDN). Although infant mortalkkomplementary DNA (cDNA) analysfs and transfection experi &
ity due to HDN has been dramatically reduced by passive administratiments confirmed that it does indeed encode the RhD anﬁg%m
of human anti-D immunoglobulin to women at risk of alloimmunizaStudies using Southern analysis revealed the genetic basi& of
tion, this prophylactic program is threatened by growing ethic&hD-positive and RhD-negative polymorphism by demonstratiﬁg
concerns over the deliberate immunization of RhD-negative volunteénsit the correspondingRHD gene is deleted in RhD-negative:
to produce human blood produétsn particular, fears about the individuals and that no alternative allelic form exists at the sae
transmission of viral disease and the spongiform encephalopathies Haeeis in CaucasiarfsCharacterization of anti-D mAbs binding tcf;z
recently resulted in difficulties in recruiting volunteers for immunizatioRBCs bearing rare RhD subtypes revealed that the RhD antiéen
programs, or cessation of such programs, with potential for shortagesnafludes several distinct epitopgand testing of additional mAbsg
anti-D immunoglobulin. Furthermore, despite the use of anti-D immunstiggested that there may be up to 30 B-cell determirénts. 8
globulin, alloimmunization still occurs in 1% to 1.5% of women atrisk  In striking contrast to the emphasis on elucidating the molecujar
and cannot be reversed once an immune response has been initiateetture of the epitopes recognized by anti-D antibodies, virtualy
Although monoclonal antibodies (mAbs) specific for RhD have beeatothing is known about the specificity of RhD protein—reactive helpeg T
developed, it remains unclear whether these preparations will be safdls. However, it is clear that T-cell help must play a crucial role in tée
efficacious, or affordable replacements for polyclonal anti-D immungroduction of anti-D antibodies, since the generation of most IgG
globulin13 There is therefore an urgent need to more fully understamdtibodies depends on T cells and responses to RBC antigens appéar to
the immune response to RhD in order to design better strategiedéono exception. Thus, in mice, T-cell depletion blocks the antibc@ly
prevent HDN. response to injected rat RB€and anti-RBC autoantibody productior®
The major focus for research on the alloimmune response dan be abrogated by anti-CD4 mA33Helper T cells recognize short
RhD has been characterization of the red blood cell (RB@yocessed peptides bound to the products of major histocompatibility
membrane antigen that is recognized by anti-D alloantibodies. Witbmplex (MHC) class Il genes on antigen-presenting cells (APCs),
the development of modern immunochemical techniques, it wasd with the determination of the primary structure of the components of
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Table 1. Rhesus D peptides that stimulate peripheral blood mononuclear cells from deliberately alloimmunized RhD-negative plasma donors
to proliferate in vitro

Deliberate immunizations with RhD* RBCs

HLA-DR Serum anti-D antibody Date of most recent
Donor Sex type (IU/mL*) + other antibody No. times/type RBCs immunization RhD peptides stimulating proliferationt
1 M DRB1*15;11 699 + Cf + E 5/R; cells 7/1996 2,3,4,5,6,10, 13,18, 21, 26, 28, 40, 42,
43,44,47,52,54, 68
2 M DRB1*1;11 462 + C+ E 7INK 9/1994 5,8, 10,12, 17, 46, 63
3 M DRB1*15;7 37+C 5/NK 7/1996 13, 28, 63
4 M DRB1*3;11 1190 + C+ + E 6/R; cells 7/1997 3,5,6,7,9,12,13,17, 22, 25, 27, 29, 33,
40, 46, 47, 49, 51, 52, 53, 55, 59, 63, 65,
66, 67, 68
5 M DRB1*3;7 3+C+E 3/R1R; cells 6/1997 16
6 M DRB1*15 196 + Cf + E 6/R; cells 7/1997 1,25,6,7,8,9,610, 13, 14, 17, 19, 22, 24,
25, 26, 27, 28, 37, 44, 46, 47, 51, 53, 59,
61, 63, 64, 67, 68
7 M DRB1*7;13 304 + C 5/R; cells 7/1997 4,17,52
8 M DRB1*15;11 2724 + C+ + E 4/R; cells 8/1997 1,2,3,5,6,7,8,9, 10,11, 12, 13, 14, 15,
16, 17, 19, 20, 22, 23, 24, 26, 27, 28, 32,
37,39, 40, 44, 45, 46, 48, 49, 52, 54, 55,
56, 58, 59, 61, 62, 63, 66, 67
9 F DRB1*15;7 215+ Cf+ E 5/R; cells 7/1994 53
10 F DRB1*15 590 + C 9/R; cells 7/1997 5,6, 10, 11, 17, 27
11 F DRB1*7 128 + C 4/R; cells 7/1997 9,13, 16, 17, 26, 28, 46, 47, 63, 68
12 F DRB1*15;13 699 + Cf 3/R; cells 8/1993 2,3,6,7,9,10,11, 13, 14, 15, 16, 17, 19,

20, 21, 22, 24, 26, 27, 28, 29, 30, 32, 35,
36, 38, 40, 41, 45, 46, 47, 48, 49, 51, 53,
55, 56, 58, 59, 60, 61, 62, 63, 64

13 F DRB1*15 1528 + C 2/R; cells 7/1994 1,2,3,56,7,8,9,6 10,11, 12, 13, 14, 15,
16, 17, 20, 21, 22, 23, 26, 27, 28, 30, 33,
38, 39, 40, 41, 44, 45, 46, 48, 49, 54, 55,
56, 57, 58, 61, 62, 63, 67, 68

Peptides containing Rhesus D—specific polymorphisms are in boldface. The results are combined if more than one sample was tested.
RhD indicates Rhesus D; RBCs, red blood cells; NK, not known.

*Quantified against national reference standards; if tested more than once, highest level is shown.

TPeptides 34, 35, and 36 containing Met218 were not tested in donors 1-5, 7, 9, or 13.

$The presence of anti-C when given only R; cells indicates anti-G.
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the polymorphic Rh comple3é1516it should now be possible to these volunteers were plasma donors from the program to produce arﬁi-D
identify alloreactive helper epitopes on the RhD protein. Indeed, a paifenunoglobulin for the Scottish National Blood Transfusion Service, agd
of synthetic peptides spanning the sequence of the RhD protein f3of them had received boosters of deliberate immunizations with 1 gL

already been used to map the epitopes that elicit in vitro proliferatifgcked RhD-positive RBCs. The remaining 6 plasma donors from Fe

. el
responses by autoreactive T cells from patients with autoimmufie"am and an additional 3 ‘.the'blo.()d donors had produced antxD
. . B antibodies as a result of RhD-incompatible pregnancy and had not Kgen
hemolytic anemia (AIHAY.

” . . deliberately alloimmunized. Information about the deliberately and nafu-
Mapping the helperT—ceII epitopes on the_ RhD protein would e_naqj:_ﬁly immunized donors is given in Table 1 and Table 2, respectiveg?/.
at least 2 novel strategies for HDN prevention to be explored. Firstdbncentrations of anti-D antibodies in serum samples were determine@by
may be possible to produce safe, synthetic peptide immunogens to b@astcottish National Blood Transfusion Service, and where more than §ne
the helper response and replace the RBCs given to volunteers inrtieasurement was obtained during the study, the highest level was reco&ied.
current program of prophylactic anti-D antibody production. Secontihe presence or absence of anti-C and anti-E in addition to anti-DXin
the ability to induce immunologic tolerance in animals by administréesponse to boosting was also noted. Negative-control blood samples were
tion of peptides corresponding to T-cell epitopes or substituted epitdjsdected from healthy, RhD-negative volunteers (cde phenotype) with no
analogue§2° has raised the possibility that alloimmunization in RhD_sergIogu: evidence of anti-D _aIIoantlbodles. AII_ bloqd was obtained py
negative women could be controlled in a similar way. However, neithf?mpuncmre af?d was drawn into tubes containing citrate or preservative-
. . . f e ree heparin anticoagulant.
of these novel approaches will be possible until the fine specificity of the
T-helper response that drives anti-D alloantibody production has been. i
determined. Therefore, the purpose of this project was to map fmt'gens and mitogens
epitopes on the RhD protein that are recognized by helper T cells fromA aomplete panel of 68 15-mer peptides with 5 to 10 amino acid overlaps
series of RhD-alloimmunized donors. was synthesized (Department of Biochemistry, University of Bristol,
United Kingdom), spanning the sequence of the 30-kd Rh protein associ-
ated with expression of the D antigen (Table 3). The amino acid sequence
for the RhD protein was previously deduced independently by 2 laborato-
ries on the basis of cDNA analy$ésthe findings differ only at residue 218.
The variant 1le218 (GenBank accession number M34015) was initially
chosen for the peptide panel, since it is widely clietiowever, after our
Blood samples were obtained from 22 healthy, RhD-negative volunteatsidy was completed, it became known that this sequence is probably the
(cde phenotype) whose serum contained anti-D alloantibodies. Nineteenasult of a sequencing erfoand that the alternative, Met2ZgGenBank

Materials and methods

Donors
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Table 2. Rhesus D peptides that stimulate peripheral blood mononuclear cells from naturally alloimmunized RhD-negative women to proliferate in vit ro
No. of pregnancies/most
Serum anti-D antibody (IU/mL*) + recent pregnancy (y)
Donor HLA-DR type other antibody with RhD* infant RhD peptides stimulating proliferationt
14 DRB1*1;4 86 + C 2/1993 6
15 DRB1*4 43 +C 2/1999 2,3,6,7,9,10,11, 13, 14, 15, 16, 17, 18,

20, 21, 22, 23, 25, 26, 27, 28, 40, 45, 46,
48, 56, 58, 60, 61, 62, 63, 65, 68

16 DRB1*3;11 6.1+C 2/1987 2,3,4,5,6,7,8,11,13,16, 17, 18, 19,
21, 22,23, 24, 28, 29, 32, 38, 40, 46, 47,
52, 53, 55, 56, 58, 59, 61, 64

17 DRB1*15;3 132+ C 3/1996 2,3,6,12,1619, 22, 26, 28, 32, 40, 53,
54, 56, 59, 60, 62

18 DRB1*1;15 7 1/1984 17

19 DRB1*3;4 5 NK/NK 6,7,9,10, 13, 14,16, 17, 21, 22, 28, 46,
53, 55, 60, 61, 62

20 NK 11 1/1994 6

21 DRB1*4;13 1/2560 1/1997 9,13, 16, 63, 68

22 DRB1*7,8 1/32 3/1971 2,17,28

Peptides containing Rhesus D—specific polymorphisms are in boldface. The results are combined if more than one sample was tested.

RhD indicates Rhesus D; NK, not known.

*Quantified against national reference standards; if tested more than once, highest level is shown. For donors 20, 21, and 22 (whole-blood donors), the value shown is the
antibody titer determined by indirect antiglobulin test.

TPeptides 34, 35, and 36 containing Met218 were not tested.
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accession number L08429), may be correct. For this report, therefore, ments, as indicated by trypan blue exclusion. Where required, T cells were

omitted the original results obtained with peptides 34, 35, and 36 containiisplated from PBMCs by passage through glass-bead affinity colurpwnns

1le218 and, where possible, replaced them with data from repeated assayated with human IgG and sheep antihuman IgG immune compléXes &

using the corresponding Met218 substituted peptides. Flow cytometry (FACScalibur; Becton Dickinson) demonstrated tl‘ét
To ensure purity, the peptide panel was synthesized with fluorenylmtgpical preparations contained more than 95% T cells.

thoxycarbonyl chemical techniques on resin using a base-labile linker

rather than with conventional pin technology, and randomly selectggteparation of PBMCs depleted of CD45RO  + and

peptides were screened by high-performance liquid chromatography afg4sra+ cells

amino acid analysis. For some experiments, a panel limited to 42 of the

peptides was selected to span the entire RhD protein with 5 amino aBBMCs depleted of CD45ROor CD45RA! T cells were prepared by =

overlaps. A similar peptide panel was used previously to map the epitopéging a modification of a previously described metfb#l.PBMCs were 3

on the RhD protein that are recognized by autoreactive T cells in MIHA.incubated with UCHL1 or SN130 cell-line supernatant, and cells that bolﬁld

All peptides were used to stimulate cultures at 2§/mL, although the MAb were removed with magnetic beads coated with antibody speuflc@r

responses of the cultures were previously shown to be similar in magnitu#euse 1gG (Biomag; PerSeptive Biosystems, Framingham, MA). Eggh

and kinetics at peptide concentrations between 5 and2aL. depleted population contained fewer than 10% cells expressing ghe
The control antigeMycobacterium tuberculosjaurified-protein deriva- respective CD45 isoform, as determined by flow cytometry (FACScalibgr;

L/L1LOY/ELI96/4Pd-Bl01IE/

tive (PPD; Statens Seruminstitut, Denmark) was dialyzed extensiveégcton Dickinson). g
against phosphate-buffered saline (PBS; pH 7.4) and filter sterilized before §
it was added to cultures (1@g/mL). PPD readily provokes recall T-cell Cell-proliferation assays ‘g
responses in VitR§24 because most citizens of the United Kingdom have 2
been immunized with bacille Calmette-Gire vaccine. The mitogen PBMCs were cultured in 100L volumes in microtiter plates at a?é

oo

&pncentration of 1.2% 1P cells/mL in the « modification of Eagle
medium (Gibco, Paisley, United Kingdom) supplemented with 5% autoE)-
gous serum, 4 mmol/L-glutamine (Sigma), 100 U/mL sodium benzylpemw
cillin G (Sigma), 100ug/mL streptomycin sulfate (Sigma), and 20 mmol/[¥
HEPES (pH 7.2; Sigma). All plates were incubated at 37°C in a humidified
Fluorescein isothiocyanate—conjugated or phycoerythrin-conjugated mAdisnosphere of 5% carbon dioxide and 95% air. The cell proliferation in
against human CD3, CD19, CD45, and CD14 were obtained from Dako UKiltures was estimated from the incorporation of tritiated thymidine in
Ltd. Blocking mAbs specific for HLA-DP, HLA-DQ, and HLA-DR (Becton triplicate wells 5 days after stimulation with antigen, as described previ-
Dickinson, Oxford, United Kingdom) were dialyzed thoroughly againseusly’ Purified T cells were cultured under similar conditi$i®

PBS before being added to cultures at the previously determined optim({i25 X 10F cells/mL), together with unfractionated PBMCs that had been
concentration of 2.5.g/mL.1724 Allotype-specific murine mAb against irradiated (20 Gy [2000 rad]) to prevent their proliferation and that were
DR15 molecules was a gift from Dr K. Gelsthorpe (Sheffield, Unite@dded to the wells at a final concentration of 8.&(° cells/mL to act as
Kingdom). Tissue-culture supernatants containing the murine mAbs UCHIAPCs. Proliferation results are presented as either the mean counts per
specific for human CD45R®&,or SN130, specific for human CD45RA, minute (= SE) of the triplicate samples or a stimulation index (SI)
were gifts from Professors P.C.L. Beverley and G. Janossy (London, Unitexpressing the ratio of mean counts per minute in stimulated compared with
Kingdom), respectively. unstimulated control cultures. An Sl greater than 3 with counts per minute
above 1000 was interpreted as representing a significant positive regponse.

concanavalin A (Con A) was obtained from Sigma (Poole, Dorset, Unit
Kingdom) and used to stimulate cultures (@@/mL).

Antibodies

Isolation of peripheral blood mononuclear cells and T cells

Statistical analysis
Peripheral blood mononuclear cells (PBMCs) were separated from fresh

blood samples by density gradient centrifugation (Lymphoprep; Nycome#l,nonparametric test, the Spearman rank correlation, was used for the
Denmark). The viability of PBMCs was greater than 90% in all experistatistical analysis, arédl < .05 was considered to represent significance.
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Table 3. Amino acid sequences of the peptide panel spanning Table 3. Amino acid sequences of the peptide panel spanning
the Rhesus D protein 56 the Rhesus D protein 56 (Cont'd)
Peptide Sequence Residues Peptide Sequence Residues
1 SSKYPRSVRRCLPLW 2-16 66 HEAKYFDDQVFWKFP 397-411
2 CLPLWALTLEAALIL 12-26 67 FDDQVFWKFPHLAVG 402-416
3 AALILLFYFFTHYDA 22-36 68 DDQVFWKFPHLAVGF 403-417
4 THYDASLEDQKGLVA 32-46 ah N e ool . o boldt
5 KGLVASYQVGQDLTV 42-56 *ijs L;I)Sublissr?:; Isl:e:qpu(:a}r/1r«?;srg‘S Ijirfrf]esraoril;natoposai(t:iiﬁ 218. The peptides originally
6 QDLTVMARGLGFLT 52-66 synthesized used the widely cited?! variant 11e218,5 which is now thought to have
7 MAA GLGFLTSFRR 57-71 resulted from a sequencing error.22 Therefore, only data obtained with the variant
8 LGFLTSSFRRHSWSS 62-76 Met218,5 as shown here, are included in this report.
9 SSFRRHSWSSVAFNL 67-81
10 HSWSSVAFNLFMLAL 72-86
11 FMLALGVQWAILLDG 82-96
12 ILLDGFLSQFPSGKV 92-106 Results
13 FLSQFFSGKVVITLF 97-111
14 PSGKVVITLFSIRLA 102-116 Proliferative responses of PBMCs to the panel of peptides o
15 VITLFSIRLATMSAL 107-121 spanning the RhD protein sequence %
16 SIRLATMSALSVLIS 112-126 o
17 TMSA SVLIS VDAVL 117-131  The full panel of up to 68 synthetic peptides corresponding to tiﬁe
18 SVLIS VDAVLGKVNL 122-136  sequence of the RhD protein was screened for the ability 5to
19 VDAVLGKVNLAQLWV 127141 stimulate the proliferation of PBMCs from each of the l%
20 GKVNLAQLVVMVLVE 132-146  D-negative donors who had generated anti-D alloantibodies a?er
21 MVLVEVTALGLRMV 142-156  deliberate immunization. The results are summarized in Table1,
22 VTALGNLRMVISNIF 17161 and representative data obtained from 3 of these donors are shpwn
3 NLRMVISNIFNTDYH 152186 in Figure 1. One or more peptides from the RhD protein elicitéid
2 ISNIFNTDYHMNNA ot ignificant proliferation by PBMCs from each of the deliberatefy
25 NTDYHMMNH YVFA 162-176 Slgm . . . .
% MNANHL YVEAAYEGL 167-181 aI!onmmunlzed d_ono_rs and, _typlcally, multiple peptides wega
27 | YVEAAYEGEVAWC 172186 Stimulatory. Longitudinal studies demonstrated that the patterrﬁ\of
28 AYFGISVAWCLPKPL 177101 response to the peptide panel was reproducible during a periof of
29 SVAWCLPKPLEGTE 182-196 E
30 LPKPLPEGTEIKDQT 187-201 ‘ 3
31 PEGTEIXDQTATIPS 192-206 . ) A %
32 DKDQIATIPSLSAML 197-211 E
33 ATIPSLSAMLGALFL 202-216 =
34* LSAMLGALFLWMFWP 207-221 4 2
35* GALFLWMFWPSSA 212-226 n €
36* WMFWHBISALLRSP 217-231 3
37 SFNSALLRSPIERKN 222-236 21 S
38 LLRSPIERKNA/FNT 227-241 o - -4 I» 7777777 — 3
39 | ERKNAENTYYA/A 232-246 3' o il 1ld: Tﬁi e 1 ] I, [y T T oot v | g 2
40 AVFNTYYA/AVSVVT 237-251 2T 2
41 YYAVAVSVVTAISGS 242-256 = B g
42 AISGSSLAHPEKIS 252-266 = e =
43 SLAHP@KIS KTYVH 257-271 %’ 2
44 QGKIS KTYVHSAVLA 262-276 5°1 1 7 3
45 KTYVHSAVLAGGVAV 267-281 § N b s | _ o <
46 SAVLAGGVAVGTSCH 272-286 z i
47 GTSCHLIPSPWLAMV 282-296 g l ] i ] l ] ] [ n’ i l 6 §
48 WLAMVLGLVAGLI$ 292-306 ; , i i ] ] ﬁ ] i
49 LGLVAGLISVGGARK 297-311 n; C
50 GLISVGGAKLPGCC 302-316 10 4 B
51 GGAKLPGCCNRVLG 307-321 T - T
52 LPGCCNRVLGPHSS 312-326 * T T _
53 NRVLGIPHSSI MGYN 317-331 6 T 1.
54 | PHSSI MGYNFSLLG 322-336 T I+ 1 +
55 | MGYNFSLLGLLGEI 327-341 “1 i T T
56 FSLLGLLGEII YIVL 332-346 24 = IH-H-— 1 | AR s & N R
57 LLGEII YIVLLVL DT 337-351 N i ] Il ﬂﬁl;ﬂ ﬂ In ﬁﬂ Al ﬂi 1
58 I YIVLLVL DTVGAGN 342-356 e T
59 LVLDTVGAGNGMIGF 347-361 RhD PEPTIDE ADDED TO CULTURE
60 VGAGNGMIGFQVLLS 352-366 Figure 1. PBMCs from all RhD-negative donors alloimmunized with RhD-
61 QVLLSIGELSLAIVI 362-376 positive RBCs proliferate in response to peptides from the sequence of the
62 LAIVIALTSGLLTGL 372-386 RhD protein. PBMCs were obtained from representative alloimmune donors 2 (A), 8
63 LLTGLLLNLKIWKAP 382-396 (B), aqd 13 (C) and teste_d for their ability to proliferate _against the panel of peptides
64 LLNLKIWKAPHEAKY 387-401 spanning the RhD protein. In each case, all the peptides were tested on a single

occasion, and the broken line indicates the level of proliferation assumed to represent
65 IWKAPHEAKYFDDQV 392-406 a positive response (the higher of SI = 3 or cpm = 1000).
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several months (Figure 2); although the profile of stimulatory
peptides showed some changes, this variation was minor compared

with that observed among different donors.

PBMC samples were also obtained from 6 plasma donors and 3
whole-blood donors who had anti-D antibodies as a result of
RhD-incompatible pregnancy. Table 2 shows that PBMCs from all
these donors proliferated in response to at least one peptide from
the full RhD protein panel. These peptide responses were observed
even though particular donors had no record of exposure to
D-positive RBCs for up to 29 years and are thus comparable with

the persistence of serum anti-D alloantibody.

Although the number of peptides that elicited responses by
PBMCs varied markedly among the alloimmune donors, Tables 1
and 2 show that this variation was not obviously related to either
the length of time since deliberate or natural immunization with 0
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RhD-positive RBCs, or the number of such exposures. However,

there was a strong positive correlationg(R0.75; P < .003)

ANTI-D ANTIBODY LEVEL (IlU/mL)

bEtW.een the number of StlmU|at0ry Peptldes m dellbgratgly fall()'m!'gure 3. Variation in the number of RhD peptides that stimulate PBMCs from
munized donors and the concentration of anti-D antibodies in thaibimmune donors to proliferate is strongly correlated with the level of anti-D
serum (Figure 3). No such relation was apparent in the naturaf#ibody in their serum.  Shown is the relation (Rs = 0.75; P < .003) between the

alloimmunized women, but this was a smaller group, with ﬁ

narrower range of relatively low anti-D antibody levels.

mber of RhD peptides that elicited proliferation of PBMCs from each of the

serum. If antibody concentrations were measured more than once during the period

In contrast to the responsiveness of PBMCs from alloimmutpwhich PBMC samples were obtained, the highest level was recorded.
nized donors, PBMCs from only 2 of the 8 negative-control
volunteers with no anti-D alloantibodies proliferated under similgk,,. . «terization of cells that proliferate in response to

conditions against any RhD peptide from the panel, and a

rﬂ}éptides from the RhD Protein

responses observed were weak. Figure 4 shows representative

results from nonresponsive (4A and 4B) and responsive (4@)is generally acceptéd?*27that PBMC proliferation in vitro in

control donors. It should be noted that the failure of control donorgésponse to peptides is mediated by T cells, and this
PBMCs to respond was specific to the RhD peptides, since in every

case, significant proliferation was elicited by both the T-cell
mitogen Con A and the recall foreign antigen PPD (results

not shown).
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Figure 2. The pattern of RhD peptides that stimulate PBMCs from alloimmune
donors to proliferate is reproducible. Proliferative responses of PBMCs from
alloimmune donor 12 against the panel of peptides spanning the RhD protein were
compared on 2 occasions (A and B) 2 months apart. The broken line indicates the
level of proliferation assumed to represent a positive response (the higher of SI = 3
or cpm = 1000).
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Figure 4. PBMCs from control RhD-negative donors, who have not been
alloimmunized, rarely proliferate when stimulated with peptides from the RhD
protein sequence. Shown here are the proliferative responses of PBMCs from 3
control unimmunized RhD-negative donors (A, B, and C) against the panel of
peptides spanning the RhD protein. The broken line indicates the level of proliferation
assumed to represent a positive response (the higher of SI = 3 or com = 1000).

liberately alloimmunized donors (1-13) and the level of anti-D antibody in their

n
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demonstrated for the RhD peptides by experiments to stimulate 12 -
purified T cells. The availability of 450-mL blood donations from
the naturally immunized donors allowed purification of sufficient
peripheral blood T cells to test their responsiveness to the smaller
panel of up to 42 peptides spanning the RhD protein. The strong
proliferation of the purified T cells responding to stimulatory RhD
peptides is illustrated in Figure 5.

To determine whether the T cells responding to RhD peptides
came from the helper subset, which is restricted by MHC class I
molecules, blocking antibodies specific for HLA-DP, HLA-DQ,
and HLA-DR were tested for their ability to inhibit the RhD
peptide—induced proliferation of PBMCs from alloimmunized
donors. At least one of the antibodies inhibited proliferation
markedly when a total of 17 responses to stimulatory peptides was
examined in 6 of the donors. Anti-DR was the most potent blocking
antibody for 13 of these responses, whereas anti-DP abrogated 3
responses and anti-DQ abolished only 1 response. Anti-DP and 0
anti-DQ also appeared to inhibit several responses weakly. Figure 6
illustrates the ability of anti-DR in cultures to block proliferative
responses to RhD peptides; in this example of a donor homozygous
for HLA-DRB1*15, an allele-specific mAb against DR-15 mol-
ecules caused identical inhibition. The effect of anti-DP in inhibit- ANTI-HLA ANTIBODY ADDED TO CULTURE

ing proliferation against particular peptides is also shown. Figure 6. The proliferation of T cells from alloimmune donors against RhD
. . . .. peptides depends on HLA class Il molecules. Cultures of PBMCs from a
If the helper T cells that prollferated In vitro were l’eSpons'bl?epresentative donor (6) were stimulated with RhD peptide, and class ll-restricted
for driving anti-D antibody production in the donors, they mustesponses were blocked by the addition of antibody specific for DP, DQ, DR, or DR15.
have been activated previously in vivo. Therefore, we assesd®§° antigen; L. RhD peptide 17.

PBMC proliferation relatively early (on day 5 after stimulation)

and cells were cultured in mlc_rotlter plates—conditions thaaIctivated T cells, rather than the CD45RA&action of previously
strongly favor recall, rather than primary, T-cell resporiéé2“To inactive T cells. Representative results are shown in Figure 7.
confirm that the T cells proliferating against RhD peptides in vitro
had been activated in vivo, depletion experiments determined the

isoform of the CD45 molecules they expressed, since primary aRtgtribution of stimulatory peptides in the RhD protein

I i T cell i D45RA . . . 2
recatl responses are r_1217ed|ated by cells bearing C . 5 aRCsi shown in Tables 1 and 2, the RhD peptides that stimulate T c&
CD45RO0, respectiveli2-2’Responses against at Ieast2$t|mulator%/ . o . L <

0 proliferate in vitro can vary among alloimmune individual&

peptides by PBMCs from each of 4 alloimmune donors werﬁ_‘

*H-THYMIDINE INCORPORATED
(CPM x 10 +/-SE)

NONE -

ANTI-DR -

ANTI-DQ -

ANTI-DP -
ANTI.DR15
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analyzed. Except for the response to one peptide in one donor, owever, an analysis of the proportion of alloimmune donors wigh

e . s
proliferating cells were from the CD45ROsubset containing cells that responded to each of the 68 RhD peptides (Flgure:;S)

revealed that particular peptides predominated. Thus, peptideS 6,
13, 17, and 28 stimulated T-cell proliferation in at least 50% of the
alloimmune donors. Notably, peptides 6 and 17 were recogniged
most often; they elicited proliferative responses by T cells frqj;n
- more than 65% of these donors. The sequences of the 4 domifant
peptides that commonly elicited proliferation are included in Tatﬁe
. . . .c
3, which shows that each of these peptides contains polymorphisms
. . . N
- that characterize the RhD protein. Similarly, most, but not all, 8f
the minor stimulatory peptides (those to which T cells from fewer
donors responded) carry RhD-specific residues.
si+¢d vy 1r - Abias toward recognition of polymorphic sites from the RhD
protein is clearly illustrated by Tables 1 and 2, which show that
one or more such sequences were stimulatory in each alloim-
| I i ﬂ T ﬂ"lil h“ Ihi H mune donor, even when their T cells responded to a single
« iz sk ; ; i
it it utansoononssanrsnnusnssuunsonaueson ne  PCPUdE. REsponsiveness to peptides 6, 7, 8, 9, 12, 13, or 14,
RhD PEPTIDE ADDED TO CULTURE which bear both RhD and RhC polymorphisms, could theoreti-
Figure 5. The proliferation of PBMCs from alloimmune donors against RhD caIIy be caused by expgsure of donors to Rh protein qf elthe_r
peptides is mediated by T cells.  Shown are the proliferative responses of purified  type; however, because it was frequently observed after immuni-
peripheral blood T cells from a representative alloimmune donor (22) against the  z5tjon with RhC-negative R:ells, it was most |ike|y due to the
smaller panel of peptides spanning the RhD protein. The apparent discrepancy with RhD tein. Fi 9 sh th dicted t hic feat
the sequences that stimulated PBMCs from this donor (Table 2) was due to pro el_n' lgure 95 0\_NS € predicted topographic reatures
differences in the peptide panels screened and the greater responsiveness of the ~ Of the dominant RhD peptides and demonstrates that sequences
purified T cells. Thus, the T cells were not tested against 2 (17 and 28) of the 3 recognized by alloreactive T cells are derived not 0n|y from
peptides (2, 17, and 28) that elicited proliferation of PBMCs from the same donor, t lul d int llul | f the Rh tei but al
and PBMCs did respond to 4 of the peptides (5, 8, 12, and 47) that stimulated the T extracellular and in rac_e ular oqps 0 € proteins but also
cells, but the response was not strong enough to represent a significant difference. from membrane-spanning domains.

(CPM X107 +/-SE)

*H-THYMIDINE INCORPORATED
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E 0 0- Figure 8. Particular peptides from the RhD protein stimulate T cells from most
é None RhD PEPTIDE 17 None RhD PEPTIDE 6 alloimmune donors to proliferate. Shown here is the proportion of alloimmune
(o) 5 1 C 3 7 donors (n = 22; for peptides 34, 35, and 36, n = 5, since original results obtained g
o D using sequence lle218 were omitted) with T cells that proliferated in response to each
% of the 68 peptides from the panel spanning the RhD protein. g
S 4 N :
o genotype found in Caucasians (homozygous deletion oRHBD S
g 3 27 gene), and similar studies will be necessary to map the relevant
= helper determinants in donors who are RhD negative because cif an
; allelic variation, such as that recently described in black Afrl(?ans.?'
2 Because the aim of the current work was to map the epltoges
& 14 recognized by T cells that had been activated by the RhD proteigin

. STaE |

Vvivo, it was necessary to minimize the primary responses to R@D
peptides that we previously observed in unimmunized do?‘?oré
This was achieved by performing the proliferation assays &n
microtiter plates during a short time course, conditions deS|gne@'to
favor recall proliferation by primed T cells rather than prlmarg/

None RhD PEPTIDE 6 None RhD PEPTIDE 3 A -
responses of riee T cells!”2324The success of this approach ig
detecting T cells in vitro that had been primed by the RhD protein

ANTIGEN ADDED TO CULTURE in vivo was verified in 2 ways. The first method dif'ferentiate§
Figure 7. T cells from alloimmune donors that proliferate against RhD peptides between the in vitro proliferative responses of previously stlrm;l—
in vitro were, with few exceptions, previously activated in vivo. Shown here are lated and unstimulated Thelper cells by |dent|fy|ng the CD%

the proliferative responses of CD45RO* (M, previously activated) and CD45RA " ((],
previously inactive) T cells from alloimmune donors 12 (A), 17 (B), and 4 (C,D)
against selected RhD peptides.

Discussion

00

isoform of the cells that respondé#?’ Primary and recall re z
sponses in vitro are mediated by T cells bearing CD45RA and
CD45RO0, respectivel£2” and we showed that the T cells fron§
alloimmunized donors that proliferated against the RhD pepti(fes
were almost invariably drawn from the CD45RQOpreviously 2
activated, memory subset. In contrast, previous studies found (Eiat
with few exceptions, any T cells from unimmunized donors trwt

This report describes the first mapping of alloreactive helper T-celisnongd to Rh peptides bear the CD45RA marker of prewou%ly
epitopes on the RhD protein. Characterization of the helpg{sctive or nare T cells4

response that drives anti-D antibody production by B cells, which

has previously been neglected, is the first step in the development e
of improved or alternative strategies to prevent alloimmunization
that are based on immunomodulation of T cells. Such approaches
are urgently required because of the growing problems associated
with the current prophylactic program for HDN.

Depletion experiments demonstrated that the cells responding
in vitro to the Rh peptides were T cells, and the ability of anti-MHC
class Il antibodies consistently to inhibit the proliferation indicated
that these lymphocytes were from the helper subset. The differ-
ences in the profile of peptide responses among alloimmune donors
may be related to the variations in the donors’ HLA type and reflect
both the ability of particular class Il molecules to bind and present
each peptidé* and the role of the MHC in shaping the T-cell " COCCCES coon 47
repertoire’® The relations among the identity of sequences from th&ure 9. RhD protein sequences that stimulate T cells from alloimmune donors
RhD protein that contain alloreactive and autoreactive T-cedl proliferate are not limited to extracellular loops. The predicted topographic

56
epltopes HLA restriction, and peptlde afflnlty for class Il molfeatures of the RhD protein®6 illustrate the location of the 4 dominant RhD peptides
that elicited proliferation by T cells from most of the alloimmune donors. Residues

ecules are Clearly c_omplex and are currently bemg InveStlgat_ hin dominant peptides, ® (peptide 6 aa52-66, peptide 13 aa97-111, peptide 17
The volunteers studied here carry the most common RhD-negatiée17-131, and peptide 28 aa177-191).
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The second demonstration that the cultures were biased towardduction of antibody of either specificity, the history of donor
supporting recall responses was provided by the observations timatnunization indicated that many such responses were the conse-
none of the peptides from the RhD protein stimulated T-cetjuence of exposure to RhD, not RhC.
proliferation in 6 of the 8 unimmunized donors tested, and that any Responses to some RhD peptides that are identical to the
responses observed were weak and against relatively few peptidesresponding sequence of the RhCc/Ee protein were also ob-
The weak proliferation occasionally observed when control doneerved. Responsiveness to such nonpolymorphic peptides is most
T cells were challenged with RhD peptides was likely to have bedikely to be the result of exposure to the RhD protein, since it is
the result of exposure of donors to environmental antigens thatatively rare in control RhD-negative donors who have not been
cross-react with the RhD protetf particularly given the limited alloimmunized. This raises the question of how T cells that have
sequence homology between different peptides necessary for T-belen primed by a foreign antigen (the RhD protein) can be specific
cross-reactivity* and the large number of peptides screened. THer sequences that are shared with a self-antigen, the RhCc/Ee
control donors in this study do not express the RhD protein, butpFotein. It is recognized that many peptide sequences in any
cells from a similar small proportion of healthy, RhD-positiveself-antigen are cryptic, or not presented to T cells after processing
volunteers were previously shown to mount recall responsrem the protein within APCs, and that the corresponding T cells
against some RhD peptid&presumably because thymic deletiorcan therefore escape the processes of self-tolerance and remain in
of T cells reactive with self-Rh proteins is incompléte. an unstimulated, but potentially responsive, state in repgr-

One striking result of the current study is that primed T cellgire 243436 Furthermore, previously cryptic epitopes can be- pr§
responsive to epitopes on the RhD protein were detected in #ented to T cells if the conditions under which the antigensgs
peripheral blood of donors many years after either deliberate grocessed chang&3® Thus, we propose that the sequence dif'fe‘rol
pregnancy-associated alloimmunization. This finding demonstratasces between the RhD and RhCc/Ee proteins cause them t& be
that T-cell memory is maintained virtually indefinitely in thedifferentially processed by APCs so that particular stimulat(f{y
absence of known re-exposure to the antigen. Furthermore, fieptides, although not containing RhD-specific polymorph|sngs
strength of the T-cell response, in terms of the number of Rh&re only generated from the RhD protein. The response to sach
peptides that elicit proliferation, does not decline as the length péptides would therefore be specific for the RhD protein and 8o
time since immunization increases. Such long-term maintenancebpéak tolerance to the RhCc/Ee protein. :
memory may be due to either persistence of antigemyrticularly Identification of T-helper epitopes on the RhD proteirg
on follicular dendritic cells, or repeated stimulation of memory Pparticularly those that are dominant in most of the population gis
cells, which have a lower threshold for activation thariveal the first step toward evaluation of peptide immunothet&py
cells3 by cross-reactive antigens in the environm@nt. for preventing HDN without the growing problems assouat@d

Another important finding is that the wide variation in thewith the current approach? Characterization of helper epltopeﬁ
total number of RhD peptides recognized by T cells froran the RhD protein will facilitate the design of a safe, syntheﬁi:
different deliberately alloimmunized donors, although not rémmunogen as an alternative to RBCs for boosting ant|§)
lated to the timing or frequency of boosting, was stronglgntiserum production by volunteers. In particular, rdation we 3
correlated with the level of anti-D antibodies. Our interpretatiofentified between the strength of the T-cell response to the RhD prc&ln
of these results is that the rate of alloantibody production gnd the level of anti-D alloantibody suggests that immunization vv@h
determined by the level of help available, which in turn depengseptidescorresponding to helper epitopes, even without the corﬁ‘e-
on how many epitopes from the RhD protein can stimulate thgonding B-cell determinants, could boost titers. More radl@l
T-cell repertoire. The factors that govern this variation amongrategies would include the specific control of alloimmunization
donors in the breadth of their T-cell response are undghD-negative women with peptide antigen tolerogens. Studiegin
investigation but are likely to include the relative affinity of peptidegnimal models have shown that once the dominant T-cell epitoﬁes
derived from RhD protein for diérent HLA class Il molecule¥! The  on an antigen have beétentified, it is possible to control the respon%
correlation we identified may form the basis for a method to predigf vivo by immunization with synthetic peptides corresponding @
the ability of individuals to produce high levels of anti-D antibodysubstituted analogues of the epitopes (including antagonists) oi®by
It also raises the possibility that an established anti-D antibogiyucosal administration of the wild-type sequerié@8Such astrategy:
response could be boosted or inhibited by manipulating the numk@suid not only be free from ethical concems relating todbtiection
of epitopes that elicit T-cell help. of human anti-D antibody for the current prophylactic program btit

Alignment of the peptides that elicited responses with th@ay also have further advantages, such as conferring long-term
sequence and predicted topographic features of the RhD prdteiprotection from primary alloimmunization or abrogating an estab-
reveals that stimulatory epitopes are located throughout the mofighed anti-RhD response. Thus, the use of peptide immunotherapy
cule, in extracellular, intracellular, and membrane-spanning dgy render RhD-specific helper T cells tolerant may not only replace
mains. This contrasts with the requirement for RhD B-cell epitopee current method of preventing HDN but may offer the possibili-
to be exposed on the outer surface of RBEsbut is not ties of conferring lifelong unresponsiveness to RhD on RhD-
unexpected given that antigen must be processed within APfsgative girls at puberty and treating women who have already
before recognition by T cellst It was also not surprising that mostpeen alloimmunized to prevent HDN in their infants from subse-
of the RhD peptides capable of eliciting proliferation by T cellguent pregnancies.
from alloimmune donors contain sequences not shared with the
closely related RhCc/Ee protelh®which was expressed by these
donors. Indeed, we observed that T cells from all alloimmune
donors responded to at least one peptide containing RhD-specAigknOW|edgments
polymorphisms, even when only one sequence was recognized.

Although T cells that responded to peptides bearing RhD polymdte thank the plasma and blood donors from Aberdeen and
phisms shared with RhC may have the potential to provide help fedinburgh who participated in this study and the donor-center staff
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for their help in collecting blood samples, particularly Dr M. A.(Edinburgh). HLA genotyping of donors was done by Mr D. W. L.
Greiss and Sister Helen Clark (Aberdeen) and Dr J. Gillowilson (Tissue Typing Laboratory, Aberdeen).
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