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Summary A number of cell surface molecules with specificity to tumour cells have been identified and monoclonal antibodies (mAb) to some
of these antigens have been used for targeting tumour cells in vivo. We have sought to link the powerful effector mechanisms of cytotoxic T-
cells with the specificity of mAb, by targeting recombinant HLA class | molecules to tumour cells using an antibody delivery system. Soluble
recombinant MHC class I/peptide complexes including HLA-A2.1 refolded around an immunodominant peptide from the HIV gag protein
(HLA-A2/gag) were synthesized, and the stability of these complexes at 37°C was confirmed by enzyme-linked immunosorbent assay using
a conformation-specific antibody. MHC class I-negative lymphoma cells (Daudi) were labelled with a biotinylated mAb specific for a cell
surface protein (anti-CD20) then linked to soluble biotinylated HLA-A2/gag complexes using an avidin bridge. Flow cytometry revealed strong
labelling of lymphoma cells with HLA-A2/gag complexes (80-fold increase in mean channel fluorescence). CTL specific for HLA-A2/gag
efficiently lysed complex-targeted cells, while control CTL (specific for an HLA-A2.1-restricted epitope of melan-A) did not. Similarly, SK-mel-
29 melanoma cells were also efficiently lysed by HLA-A2/gag-specific CTL when HLA-A2/gag complexes were linked to their surface via the
HMW-MAA specific anti-melanoma antibody 225.28s. With further consideration to the in vivo stability of the MHC class I/peptide complexes,
this system could prove a new strategy for the immunological therapy of cancer. © 2000 Cancer Research Campaign

Keywords: cancer; immunotherapy; monoclonal antibody; HLA class |

Considerable evidence points to the efficacy of CTL in clearinget al, 1985), natural killer (NK) cells (Weiner et al, 1996),
viral infections, via the specific recognition of immunogenic viral macrophages and neutrophils (Valone et al, 1995), and the anti-
peptides in the binding groove of the MHC class | moleculesody superantigen conjugates (Dohlsten et al, 1991) and fusion
(Townsend et al, 1989). However, the efficacy of CTL responseproteins (Dohlsten et al, 1993) that link TAAs to T-cell receptors
against tumours may be limited by a number of tumour escapall aim to redirect effector cells of non-tumour specificity to
mechanisms (Bodmer et al, 1993). Many cancer cells expresamour cells.
tumour-associated antigens (TAAs) that can be bound on their Here we describe a novel targeting system to deliver MHC class
surface by monoclonal antibodies (mAbs) (Riethmuller and/peptide complexes to tumour cells via tumour-specific mAb,
Johnson 1992). The clinical use of mAbs as native proteins or tihereby rendering the tumour cells susceptible to lysis by CTLs
direct radioactivity or toxic drugs to tumour cells has been investiwhich have specificity for the peptide incorporated into the recom-
gated extensively over the past 20 years and now antibodies binant MHC class |/peptide complex. The result of this will be to
treat lymphoma (Maloney et al, 1994), colorectal cancemllow efficient lysis of tumour cells of low immunogenicity by
(Riethmuller et al, 1998) and ovarian cancer (Hird et al, 1993) ar€TLs of a non-tumour specificity such as anti-viral CTLs (Figure
entering clinical practice. 1).
Whilst the natural antibody effector mechanisms such as
comple_ment-medlated lysis and antibody-dependent cgll-medlatqglATEmALs AND METHODS
cytotoxicity (ADCC) may produce target cell damage in vivo, an
alternative of using antibodies to redirect the cellular immune .
. . Cell lines

system to tumours may produce a more effective action. A number
of immunotherapeutic strategies have been described that combifibe Daudi B-cell line (Klein et al, 1968) (MHC class |-negative)
the tumour specificity of anti-tumour mAbs with these powerfulmelanoma line SK-mel-29 (Knuth et al, 1989) (HLA-A2.1-posi-
effector mechanisms of the cellular immune system. Bispecifigive), and 221/A2, an HLA-A2.1-positive T-cell clone, were main-
antibodies which cross-link tumours to receptors on T-cells (Peretained in RPMI media with 10% fetal calf serum and antibiotics in

a 37C incubator with 5% carbon dioxide. Human cytotoxic T-cell

clones 010 (specific for HLA-A2/gag 77-85 = SLYNTVATL)

Received 4 August 1999 (Parker et al, 1992) and 1F9 (specific for HLA-A2/melan-A 26—
Revised 9 October 1999 35 = EAAGIGILTV) (Romero et al, 1997) were maintained in
Accepted 12 October 1999 media supplemented with 5% human serum and IL-2 100 t& m|
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washed 3 times in PBS between stages and then fixed in PBS plu:
Biotinylated HLA-A2/gag 2% formaldehyde and analysed by flow cytometry.

Avidin
Biotinylated mAb

Cytotoxicity assays

—D)—OOO—%

Daudi or SK-mel-29 cells were incubated wiGrO, at 2uCi pl™
for 1 h at 37C and then sequentially incubated with the biotinyl-
ated mAbs 2H7 or 225.28s (anti-HMW-MAA) (Buraggi et al,
1985) respectively, avidin and biotinylated HLA-A2/gag
complexes as detailed above for FACS analysis. Peptide pulsec
targets cells were incubated with gag 77-85 or melan-A 26-35
peptides 0.Jum for 1 h at 37C. After washing, labelled target
cells were plated into 96-well round bottom plates at 2500 cells per
) ) . . well, followed by human CTL at various effector:target ratios.
dehvering HLAAZ pepice complexes 1 ellsbearing a tumouy acsooiared  FOlOWIng incubation at 3T, 204l of supernatant was collected
antigen. Step 1 is the delivery of a biotinylated mAb with specificity for the and the amount of'Cr released determined. The percentage of
tumour associated antigen. Step 2 is the delivery of avidin. Step 3 is the cytotoxicity obtained at each effector:target ratio was calculated
binding of recombinant biotinylated HLA-A2 containing the immunogenic _ . _
peptide of viral origin as 100x (E-M)/(T—M), where E = experimental release, M =
release in media and T = release in 5% Triton X-100 detergent.
Results shown are the mean of experiments performed in dupli-
Production of MHC class I/peptide complexes cate.

CD20/Tumour antigen

Biotinylated complexes of recombinant MHC class | and peptide

were produced as described previously (Altman et al, 1996; Ogg RESULTS

al, 1998). Briefly, prokaryotic expression of\8and MHC class |

heavy chain, modified by the C terminal addition of a targetBiotinylated recombinant MHC class I/peptide
sequence for the biotin ligase enzyme BirA, was followed bycomplexes are stable at 37 °C

inclusion body purification. Following refolding of heavy chain
and BM around specific peptide, complexes of 45kDa were
isolated by gel filtration, biotinylated overnight to an efficiency of
70-100% at a single lysine residue within the target sequen
peptide using BirA in the presence of ATP, gnd biotin, and
then purified by gel filtration and anion exchange.

The effect on the stability of the recombinant MHC class I/peptide
complexes by preincubation at°®was demonstrated by ELISA.
CThe optical density obtained with samples preincubated for 0, 1, 4,
f6 and 20 h is shown in Figure 2. The results demonstrate that
the HLA-A2/gag complexes have appreciable stability in culture
media at 37C, with an estimated half-life in excess of 24 h.
Similar results are shown for a number of other MHC class |
Stability of MHC class I/peptide complexes peptide complexes including HLA-A2/Gag3F(SLFNTVATL),
Complexes at 10ig mtin tissue culture media were preincubated HLA-A2/Lmp2, HLA-B35/Env and HLA-B35/nef. In storage at
for 0-20 h at 37C, before analysis by enzyme-linked immunosor-0.5-1 mg mf* at #C HLA-A2/gag complexes appear to be stable
bent assay (ELISA). ELISA plates had been coated with the mAFor at least 12 months (data not shown).

W6/32 (5pg mitin carbonate buffer pH 9.6 overnight 4C3 that

recognizes conformationally-correct MHC _class I m°|ecu_|e~°_‘Targeting of biotinylated HLA-A2/gag complexes to

(Parham et al, 1979), then blocked (1% bovine serum albumin ip 5 qi cells demonstrated by FACS

phosphate-buffered saline (PBS) for 2 h at@7 MHC class

| Comp|exes were incubated for 30 min at room temperature(‘:eus incubated with all three Iayers of the Iabelllng SyStem had
and binding detected with rabbit anti-hum@M followed by high levels of detectable MHC class I|/peptide on their surface
alkaline phosphatase-conjugated goat anti-rabbit immunoglobulitompared to untreated Daudi cells (Figure 3). Cells treated with
Detection of the bound enzyme was by incubation with pNPP witienly any two components of the three-step system gave fluores-
the absorbance at 405 nm measured in a Titertek Multiscan ELISBENce levels comparable to untreated cells (data not shown).
reader. The plots show the mean of assays performed in triplicate.

All incubations were separated by extensive washes in PBS. Tumour cells targeted by HLA-A2/gag complexes are

lysed by HLA-A2/gag-specific CTL

FACS analysis CTL clone 010 efficiently lysed HLA-A2-positive targets
Daudi cells deficient in MHC class | expression were sequentially221/A2) only when these were preincubated with the HLA-
incubated at #C with biotinylated anti-CD20 (Ancell, A2/gag peptide (Figure 4A). MHC class I-negative Daudi cells,
Nottingham, UK; mAb 2H7 (Berenson et al, 1986)dlmi*, 30  targeted with HLA-A2/gag complexes, were recoghized and lysed
min), hen egg avidin (S.P.A., Milan, Italy; 4@ mi?, 10 min), by this CTL clone to an equivalent degree (Figure 4A). Untargeted
biotinylated HLA-A2/gag (1Qug mi*, 10 min) and fluorescein Daudi cells and cells targeted with only two of the three incuba-
isothiocyanate (FITC)-labelled anti-MHC class | (Ancell, tions were not recognized (maximal lysis < 4% at E:T ratios of up
Nottingham, UK; mAB 3F10 (Eisenbarth et al, 1980)ut0OmIY).  to 80:1). Control CTL, showing a different HLA-A2-restricted
Parallel controls omitted one or other incubation. Cells werepecificity (HLA-A2/melan-A), did not lyse Daudi cells targeted
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Figure 2 ELISA result examining the in vitro stability of HLA-A2/peptides
complexes following preincubation at 37°C. The HLA is bound by
immobilized mAb W6/32 which only recognizes conformationally correct HLA
class | and is detected by rabbit anti-human B2-microglobulin
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Figure 3 FACS analysis of MHC class I-deficient Daudi cells targeted with
HLA-A2 via biotinylated anti-CD20 mAb. The presence of bound HLA class |
molecules was demonstrated with an anti-HLA class | FITC-conjugated mAb.
Trace 1 native untreated Daudi cells. Trace 2 Daudi cells targeted

sequentially with mAb/avidin/HLA-A2/gag/ followed by FITC-conjugated anti-
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Figure 4 A Four-hour 5:Cr release assay using the HLA-A2/gag-specific CTL clone 010 and HLA-class I-deficient Daudi cell targets targeted with the three-
step delivery system. Column 1 is native Daudi cells; column 2 is Daudi cells targeted with steps 1 and 2 only; column 3 is Daudi cells targeted with steps 2 and
3 only; column 4 is Daudi cells targeted with all 3 steps of the system; column 5 is HLA-A2-positive target cells unpulsed; column 6 is HLA-A2-positive target
cells pulsed with the gag peptide. The results of duplicate experiments at effector to target ratios of 1:1, 10:1 and 80:1 are displayed. B Four-hour 5:Cr release
assay using HLA-A2/gag and HLA-A2/Melan A specific CTLs against Daudi cells targeted with HLA-A2/gag complexes using the three-step system

with the HLA-A2/gag complexes (Figure 4B), demonstrating the
fine specificity of the targeting approach. Untreated Daudi cells

ig: pulsed with gag peptide alone were not lysed by clone 010 (data
16- not shown), in keeping with their lack of endogenous MHC class I.
14+ The ability of antibody-directed HLA-A2/gag complexes to
o 124 5 Mel + -/AVIHLA-A2Igag sensitize the melanoma cell line SK-mel-29 to lysis by HLA-
g 13: 3 Mel + mAb/Av/- A2/gag-specific CTL line in shown in Figure 5. At all E:T ratios,
2 6]  Mel + mAB/AVHLA-A2/gag melanoma cells targ_eted by complexes linked to surface proteins
44 were lysed substantially more than controls exposed to only two
g' components of the three-step targeting system.
4:1 ‘ 8:1 I 16:1
E:T ratio

DISCUSSION

Cancer immunotherapy aimed at stimulating tumour-specific CTL
has met only limited success to date. A number of alternative
approaches using the specificity of antibody—TAA interactions to
redirect cytotoxic T-cells of non-tumour specificity to cancer cells
are currently in clinical trials. In this project we have investigated
the possibility of targeting cancer cells for lysis by virus-specific

Figure 5 Twenty-hour 5Cr release assay using the HLA-A2/gag-specific
CTL line and HLA-A2-positive SK-mel-29 cells targeted with two or all three
steps of the three-step targeting system. Column 1 is melanoma cells
targeted with steps 2 and 3 only; column 2 is melanoma cells targeted with
steps 1 and 2 only; column 3 is melanoma cells targeted with all 3 steps. The
results of duplicate experiments at effector to target ratios of 4:1, 8:1 and
16:1 are displayed
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CTL using soluble MHC class I/peptide complexes. The availimethods for synthesizing MHC class |/peptide complexes are
ability of recombinant HLA class | molecules containing peptidesalready being assessed in this regard (unpublished data). Whilst
of predetermined specificity (Garboczi et al, 1992) and that cathere is no experience to date on the administration of recombinant
incorporate a biotin binding domain (Altman et al, 1996) has facil-HLA molecules in humans, it seems likely that they may circulate
itated the investigation of this new therapeutic strategy. freely after administration, since endogenous soluble MHC class |
The hypothesis that T-cells will interact effectively with HLA molecules are readily detectable in healthy serum (Davies et al,
class | molecules attached to cells by an antibody bridge i8989). Further, since monomeric MHC class |/peptide complexes
supported by previously published work. CTL can degranulate andave a low affinity for the T-cell receptor (Schneck et al, 1989;
release cytokines on binding immobilized MHC class I/peptideAltman et al, 1996), binding to specific CTL during circulation,
complexes (Kane et al, 1989) and streptavidin-conjugated HLAwhich might cause sequestration of complexes in lymphoid areas,
A2 attached to murine plasmacytoma cells via biotinylated celis likely to be minimal. Administration of MHC class I/peptide
surface proteins can induce effective lysis of these cells by HLAeomplexes in animal experiments has not proven toxic (Terness et
A2-restricted CTL (Elliot and Eisen, 1988). al, 1996). Work is currently in progress to examine the pharmaco-
The viability of attaching recombinant MHC class |/peptide kinetics of the current system in preclinical models.
complexes to tumour cell surface proteins was confirmed by The experiments presented here used complexes containing ¢
FACS analysis (Figure 3). The ability of CTL to recognize thesepeptide from the gag protein of the HIV virus, which would not
complexes and specifically lyse the targeted tumour cells wasecessarily be ideal for in vivo application. For clinical work,
confirmed by chromium release assay (Figures 4 and 5). Lysis &IHC class | molecules refolded around peptides from the
targeted (MHC class I-negative) Daudi cells was extremely effiEpstein—Barr virus (EBV) may be a more effective choice. In EBV
cient, comparable to MHC class I-positive targets (Figure 4A)infection, CTL specific for the RAKFFQLL epitope of the lytic
Hence recombinant soluble MHC classl/peptide complexeprotein BZLF1 can account for up to 44% of peripheral blood
remain fully functional when bound to tumour cells in this way. CD8+ cells in the acute phase. Data suggest the anti-EBV CTL
The results from the lysis of the HLA-A2 expressing melanomaesponse persists at significant levels for years after primary infec-
cell line SK-mel-29 indicate that there can still be effectivetion, and may be repeatedly re-activated during life (Callan et al,
targeting and interaction with T-cells in the presence of endoget998), providing natural boosts in the frequency and activation of
nous class | on the surface of the target cell. The degree of c&lTL which might be re-targeted at tumours.
killing seen in this experiment is lower than in the Daudi cell line Alternatively, novel immunogenic peptides or alloreactive HLA
(Figure 5 cf Figure 4). This may reflect the use of a CTL linemolecules may induce strong effector function. In vivo cytokine
rather than a clone in this experiment, the higher resistance stipport with interleukin-2, which up-regulates T-cell activity, or
melanoma cells to CTL lysis, or the lower antigen density ofthe infusion of antigen-specific CTL expanded ex vivo are other
HMW-MAA compared to CD20. However, this experiment still modifications which may also aid clinical utility.
demonstrates that a tumour-specific cell surface marker (unlike Finally it must be noted that whilst many tumour types express
CD20) can be used to sensitize tumour cells to lysis by virusTAAs, heterogeneity in the level of expression does occur, so
specific CTL by targeting with soluble MHC class |/peptide some tumour cells may not be targeted by antibody and lysed
complexes. directly. However, in vitro data from the analogous antibody-
The feasibility of employing such a targeting system in vivosuperantigen system shows that the high local levels of cytokines
remains to be assessed. A multi-step targeting system may not tedeased by activated T-cells can lead to the death of untargeted
necessary, since tumour-specific antibodies could potentially beystander tumour (Dohlsten et al, 1995), it is likely that similar
conjugated to MHC class I/peptide complexes prior to administraeffects will occur in a targeting system using MHC class |/peptide
tion. Nevertheless, it is apparent that multi-layer antibody—avidircomplexes. Similarly, it is possible that the presence of activated
delivery systems are viable in clinical research (Magnani et alCTL releasing cytokines in the tumour may lead to enhancement
1995), with the high affinity (1&°m) non-covalent bond formed of a specific anti-tumour immune response.
between biotin and avidin being exploited in antibody targeting
systems to deliver effector mechanisms including radioactiv&kEFERENCES
isotopes (Paganelli et al, 1991) and tumour necrosis factor (Morﬂtman JD, Moss PAH, Goulder PJR, Barouch DH, McHeyzer-Williams MG, Bell
et al, 1997). The immunogenicity of avidin or other components  jL, McMichael AJ and Davis MM (1996) Phenotypic analysis of antigen-
of the targeting system may limit repeated use; however, such specific T lymphocytesScience274 94-96
responses might be minimized by transient immunosuppressicﬁ?renson RJ, Bensinger WI, Kalamasz D and Martin P (1986) Elimination of Daudi

: . . lymphoblasts from human bone marrow using avidin—biotin
(Ledermann et al, 1991). Alternative less immunogenic two-step immunoadsorptiorBlood67: 509-515

delivery systems, such as the recently described calmodulingygmer wr, Browning MJ, Krausa P, Rowan A, Bicknell DC and Bodmer JG
calmodulin binding peptide system (Neri et al, 1996), may also  (1993) Tumour escape from immune response by variation in HLA expression
become available clinically. and other mechanism&nn NY Acad S@E90: 42-49
R rdl f th hemistr however. th ili f th uraggi GL, Callegaro L, Mariani G, Turrin A, Cascinelli N, Attili A, Bombardieri
MHCegell d eT/S 0 Fde che ISt y ustfg:% 'cl)l e ed'ft ehSta.b ty O t % E, Terno G, Plassio G, Dovis M, Mazzuca N, Natali PG, Scassellati GA, Rosa
] class l/peptide comp exes_ a will need further investi- . Uand Ferrone S (1985) Imaging wit-labeled monoclonal antibodies to a
gation, as the rate of degradation observed may preclude use in high molecular weight melanoma-associated antigen in patients with
vivo. Although our data show good stability over 20 h, this is  melanoma: efficacy of whole immunoglobulin and its FAbagments.
unlikely to be sufficient for clinical purposes. Fortunately, it isC | C{T\;Illig ?egi 3A378—|33S7O S Wison JoK. O Callaghan CA. Steven N
. - . L . allan , Tan L, Annels N, Ogg GS, Wilson , O'Callaghan CA, Steven N,
I|I_<ely that 90mple_x sta_lblllty will be S|gn|_f|ca_ntly |mprov§d by McMichael AJ and Rickinson AB (1998) Direct visualisation of antigen-
either protein engineering methods (Toshitani et al, 1996; Lone et  gpecific cD8+ T cells during the primary immune response to Epstein—Barr

al, 1998) or chemical modification (Wilson et al, 1995), and new virus in vivo.J Exp Medl87 1395-1402
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