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Targeted deletion of T-cell clones using alpha-emitting suicide MHC tetramers

Rui Rong Yuan, Phillip Wong, Michael R. McDevitt, Ekaterina Doubrovina, Ingrid Leiner, William Bornmann,
Richard O’Reilly, Eric G. Pamer, and David A. Scheinberg

Immunosuppressive agentsin current use
are nonspecific. The capacity to delete
specific CD8 T-cell clones of unique speci-
ficity could prove to be a powerful tool for
dissecting the precise role of CD8* T
cells in human disease and could form
the basis for a safe, highly selective
therapy of autoimmune disorders. Major
histocompatibility complex (MHC) tetra-
mers (multimeric complexes capable of

binding to specific CD8 T-cell clones)
were conjugated to ??5Ac (an alpha-emit-
ting atomic nanogenerator, capable of
single-hit killing from the cell surface) to
create an agent for CD8 T-cell clonal
deletion. The “suicide” tetramers specifi-
cally bound to, killed, and reduced the
function of their cognate CD8 T cells
(either human anti-Epstein-Barr virus
(EBV) or mouse anti-Listeria in 2 model

systems) while leaving the nonspecific
control CD8 T-cell populations unharmed.
Such an approach may allow a pathway
to selective ablation of pathogenic T-cell
clones ex vivo or in vivo without disturb-
ing general immune function. (Blood.
2004;104:2397-2402)
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Introduction

Immune recognition by CD8T cells is determined by binding of leaving the nonspecific control CD8T-cell populations un-
af T-cell receptors (TCRs) to target cell antigen-derived peptidésrmed. This is the first description of a method to kill specific
displayed in the target’'s major histocompatibility complex (MHCCD8* T-cell clones.

class | moleculé:* These antigenic peptides can be nonnative

peptide fragments derived from foreign viral or bacterial proteins,
or derived from normal or mutated self proteffs® Soluble Materials and methods
tetrameric forms of peptide—-MHC class | complexes can bind

stably to the TCRs on a given specific CD8 T-cell cléfieSuch Human and mouse CD8* T-cell lines

Sp?c'f'c_ tetra_mers' Whlc_h are quo.r(.ascentIy tagged, have been uﬁ%ﬂ\an Epstein-Barr virus (EBV) or influenza virus peptide-specific CD8

to identify or isolate antigen-specific T cells from peripheral bloogt g/ jines, and the mouseisteria monocytogenes—specific CD8 T-cell

and other tissue¥:!! lines chosen for this study were established as described previéusly.
High linear energy transfer (LET) alpha-particle emitters are afhe cell lines specific for the human EBV latency membrane protein 1

unigue interest as cytotoxic agents because they need notpeetide (LMR; YLLEMLWRL) and the influenza peptide (Figes

internalized to kill cells and are potent enough to selectively kiffILGFVFTL) were generated from the HLA-A2 healthy donors. In

individual cells within a short range with a single decay. Bi-213 anfi€f. for the purpose of conducting the assays, T cells were isolated

o : : from peripheral blood by using Ficoll-Hypaque gradient separation of
At-211 alpha-emitting antibody constructs are in human cancef™ Per'P Yy using ypaque g p
P g y mononuclear cells followed by depletion of CD2® cells, CD14

trlals.lectlngm-ZZS t#Ac)is an alpha—eml.ttln.g atomic nanogen_monocytes, and CDS56 natural killer (NK) cells with monoclonal
era.tor that yields 4 rjet alpha particle em'SS'%'MOUOCIOnaI antibody (mAb)—coated immunomagnetic beads (Miltenyl Biotec, Au-
antibodies were conjugated t#&Ac for cancer therapy in animal pyrn, cA). The aliquots of lymphocyte population were stimulated in
models and have shown that small doses (nCA?#c-antibody vitro by exposure to either irradiated autologous LM Flusg.es
are capable of eradicating tumors without significant toxity. peptide-loaded, EBV-transformed B cells and cultured in special
The characteristics of the alpha generators suggest that they d¥stphocyte medium (AIM-V medium; Gibco, Carlsbad, CA) containing

would be useful in arming tetramers to selectively kill their cognate00 IU/mL interleukin 2 (IL-2; BD Biosciences, San Jose, CA). Cells
T-cell clones. were stimulated weekly and the enriched T-cell cultures were subse-

In this report, we describe new techniques for making and usirﬁgem'y tested by antl-CD8 mAb and LMRetramer or Flds gs tetramer

. . o f indi ificity. CD8 T-cell li itive f
armed alpha-emitting tetramers capable of targeting specific p%)yv cytometry for binding specificity. CD8 T-cell lines positive for

. ; tramer binding were further stimulated and aliquots of the enriched
t'de_MHc_ class l_reStr'Cte_d CD8T-cell clones. W? Useo_' ‘_Ne”' human peptide—specific CD8 cells (90% pure) were used in this study.
characterized CD8 T-cell lines of human or murine origin to

| I Murine LLOg;.9g Or p6G;7.225specific CD8 T-cell lines were estab-
demonstrate that small doses &PAc-radiolabeled “suicide” Jished from BALB/c splenocytes 1 week after second immunization with a

tetramers were capable of killing targeted CD®8 cells while sublethal dose ofisteria.’922The LLOg;.99 (GYKDGNEYI) or p6Qb17.225
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(KYGVSVQDI) peptide-specific CD8" T cells were maintained in RPMI
medium containing 0.16 pw.g/mL IL-7 (BD Biosciences) and 0.5 ng/mL [L-2
at 37°C in 5% CO,. Tetramer binding specificity of the CD8* T cells was
reconfirmed by flow cytometry before each experiment. Tetramer binding to
CD8" cell lines was stable over several weeks when cells were maintained
in culture with periodic exposure to peptide-pulsed antigen-presenting cells
and fresh cytokines. This allowed us to utilize the same mouse cell line
repeatedly for study.

Peptide-MHC class | tetramer constructs

Tetramers were prepared as previously described®23 and provided by the
Memorial Sloan-Kettering Cancer Center (M SKCC) Tetramer Core Facil-
ity. Briefly, recombinant HLA-A2 or H-2K¢ and human B, microglobulin
produced in Escherichia coli were solubilized in urea and reacted with
synthetic peptide antigens in a guanidine refolding buffer. The peptides
used in this study were synthesized by ResGen (Huntsville, AL) and were
more than 90% pure. Refolded peptide-MHC | complexes were purified
and then biotinylated. Tetrameric peptide-MHC | complexes were subse-
quently produced by the stepwise addition of streptavidin-conjugated
phycoerythrin (PE) to achieve a 1:4 molar ratio.

Flow cytometry

The binding specificity of tetramers was analyzed by flow cytometry using
the human and mouse antigen-specific CD8 T-cell lines. Human LMP;- or
Flusg gs-specific CD8 T cells (1 X 10° in 100 pL) were stained with
fluorescein isothiocyanate (FITC)—anti-CD8 antibody (BD Biosciences)
and PE-labeled cognate peptide/HLA A, tetramers at different concentra-
tions at 4°C for 60 minutes. In addition, binding of Flusges tetramers to
LMP1CD8T cellsand LMP; tetramersto Flusg.gs-specific CD8 T cellswas
employed to confirm the specificity of the tetramer staining. Flow
cytometry using LLOgy.g9/H-2K9 or p60,17.005/H-2K9 tetramers on mouse
CD8 T-cell lines was aso conducted using identical conditions. To
determine the stability of tetramer binding to TCRs, CD8 T-cell lines were
incubated with tetramers at 37°C for 1, 2, 3, 8, and 24 hours in
phosphate-buffered saline (PBS) or in 100% serum, and tetramer binding
was subsequently quantified by flow cytometry. Fractions of multimeric
constructs were collected separately by size exclusion chromatography and
binding of dimers, trimers, and tetrameric MHC constructs to their cognate
CD8 T cellswas determined by flow cytometry.

Preparation of 22°Ac-DOTA-biotin and *In-DTPA-biotin

Radionuclide ™In was purchased from PerkinElmer Life Sciences (Bil-
lerica, MA) and ?®°Ac was obtained from the Oak Ridge Nationa
Laboratory (Oak Ridge, TN). The 25Ac nitrate residue was dissolved in 0.2
M Optima grade HCI (Fisher Scientific, Pittsburgh, PA) and biotinylated
1,4,7,10-tetraazacyclodododecane-1,4,7,19-tetraacetic acid (biotin-DOTA)
was prepared by the Organic Core Facility at MSKCC (W.B., June 2003,
unpublished). Biotin-DOTA or biotinylated diethyenetriaminepentaacetic
acid a, w-bis (DTPA; Sigma, St Louis, MO) was dissolved in metal-free
water to yield a 10 to 20 mg/mL solution. The same procedure was used to
label either biotin-DOTA (1 mg) with 1 mCi (37 MBq) of 2%°Ac or
biotin-DTPA (1 mg) with 2 mCi (74 MBq) *In. In brief, 5 uL to 20 uL
25Ac dissolved in 0.2 M HCI was added to a NUNC 1.8-mL reaction tube
(Fisher Scientific). One milligram of biotin-DOTA solution (100 pL) was
added along with 100 L of 0.2 M HCI, 50 pL of 2 M tetramethylammo-
nium acetate, and 15 pL of 150 g/L I-ascorbic acid (Aldrich Chemical,
Milwaukee, WI). The mixture (pH = 4.5-5.0) was then heated to 60°C for
30 minutes and the reaction was terminated by adding 20 pL of 0.10 M
EDTA (ethylenediaminetetraacetic acid; Aldrich Chemical). The ™In-DTPA-
biotin mixture was prepared without the heating step before termination.
To quantify incorporation of 22°Ac or In radionuclide, 1 mL Sepadex
C-25 resin (Aldrich Chemical) in 0.9% NaCl was packed into a column. A
2-pL aliquot of the radioactive reaction mixture was applied and the
column was eluted with 3 mL of 0.9% NaCl. The column was eluted a
second time to determineif al radioactivity had been removed. The column
and washes were either counted immediately using a Squibb CRC-17
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Radioisotope Calibrator (ER Squibb and Sons, Princeton, NJ) to measure
N activity or counted 20 hours later to determine 25Ac activity levels.
The activity contained in the el uate was considered to be the percent *In or
percent 225Ac that was complexed to the chelant moiety.

Biotin reactivity in the radiolabeled component was assayed after
application of the radioactive reaction mixture to an immobilized avidin
column (Pierce, Rockford, IL). The column was washed twicewith 5 mL of
0.9% NaCl to remove unbound material and the column and washes were
counted to determine the n or 225Ac activity using the same method
previously described in the previous paragraph. The percent activity bound
to the column was considered to be the percent 1n or percent 2°Ac that
contained biotin-avidin binding reactivity.

Radiolabeled tetramer constructs

n has arelatively short half-life (~ 3 days), and it was selected for usein
our early experiments to establish the optimal conditions for tetramer
labeling. The freshly prepared 1In-DTPA-biotin products were mixed with
freshly prepared biotinylated monomers in the presence of streptavidin at a
ratio of 1:3:1 in order to construct radiolabeled tetramers. The product was
further purified by size exclusion chromatography using a 10-mL Econo-
Pac 10DG column (BioRad, Hercules, CA) with a PBS mobile phase. Both
radiolabeled-specific and non-specific tetramers were prepared in this
fashion for our in vitro studies. In addition, non-radiolabel ed tetramers used
for controls or blocking experiments were similarly prepared.

Specific binding and internalization of radiolabeled tetramers

Different dilutions of radiolabeled tetramersin 5to 8 uL PBS were added to
1 X 107 CD8" T cells on ice. To determine the influence of incubation
temperature on radiolabeled tetramer binding or tetramer internaization,
cellswere incubated with either radiol abeled tetramersonice or at 37°C for
1 hour and 4 hours and overnight. The cells were then centrifuged, washed
twice with 1 mL ice-cold PBS, and subjected to counting to determine the
amount of specific In tetramer binding. To quantify internalization of
radiolabeled tetramers, the cell-surface-bound radiolabeled tetramers were
stripped from the cell pellet by exposureto 1 mL of 50 mM glycine/150 mM
NaCl (pH 2.8) for 10 to 15 minutes at room temperature.?* The quantity of
surface-bound and internalized radioactivity was determined by counting
the samples separately. Both radiolabeled nonspecific tetramers and CD8
T-cell lines bearing TCRs of different peptide specificities served as
controlsfor this assay. All assays were performed in duplicate.

Specific cell killing by 225Ac-labeled tetramers

The killing efficacy of suicide tetramers was quantified using 1 X 106
LMP;- or LLOg;.ge-specific CD8™ T cellsin 96-well plates. Flusg gs-specific
or p60,;7.205-specific CD8" T cells served as negative controls. Seria
dilutions of 22°Ac-tetramers were added to the CD8* T cells and nonspecific
cell killing was determined by adding only 22°Ac-DOTA or only nonradiola-
beled tetramers. To confirm specificity of cell killing, some cells were first
incubated with a50-fold excess of nonradiolabel ed specific tetramersfor 30
minutes before addition of suicide tetramers. The cells were incubated at
37°C in 5% CO, for 72 hours and cell viability was subsequently
determined by [3H]thymidine incorporation and trypan blue staining. Each
assay was performed in triplicate.

In order to further demonstrate that 2?°Ac-suicide tetramer killing was
T-cell specific, the 25Ac-LLOg;. g9 tetramers were added to a mixed cell
culture of LLOg;.ge-specific CD8* T cells and LLO tetramer—negative,
P60,17.205-specific CD8™ T cells. Serial dilutions of suicide 25Ac-LLOg; gg
tetramers were added to the cell mixture (50:50) containing LL Og;.g9 CD8*
cells and p60y17.225-specific CD8* cells. Cell viability was subsequently
determined by both trypan blue staining and [3H]thymidine incorporation
after incubation at 37°C in 5% CO, for 72 hours. The remaining viable
CD8" T cellswerewashed and then restudied by tetramer flow cytometry to
define their specificities. Each assay was performed in triplicate.

IFN-y ELISPOT assay

The interferon vy (IFN-y) enzyme-linked immunospot (ELISPOT) assay
was performed in nitrocellulose-lined 96-well microplates (Millipore
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Figure 1. Tetramer staining of human and mouse CD8* T-cell lines. CD8 T-cell lines were incubated with anti-CD8 mAb and peptide—MHC class |-specific tetramers. The
percentage of tetramers and CD8 double-positive T cells is shown in the upper right quadrant of each plot. (A) The panel shows that 0.02% of EBV-negative human peripheral
blood mononuclear cells (PBMCs) tested positive for LMP;/HLA-A2 tetramers. (B) The panel shows that 92% of LMP; peptide—specific CD8 T cells bound to LMP; tetramers.
(C) The panel shows that 87% of Flu-specific CD8 T cells bound to Flusg.ss/HLA-A2 tetramers. (D) Less than 1% of the human Flu-specific CD8" T cells tested positive for the
LMP;/HLA-A2 tetramers. (E) The panel shows that 0% normal mouse spleen CD8 T cells bound the LLOg;.go/H-2K4 tetramers. (F) More than 80% of the mouse splenic CD8
T-cell line bound LLOg;.go/H-2K? tetramers. (G) The panel shows that 90% of the p60,;7-225-specific T-cell line tested positive for p60217.225 tetramer staining. (H) Only mildly
decreased binding to their cognate CD8 T cells by dimeric/trimeric compared with trimeric/tetrameric MHC constructs was observed.

MAHA $45) using an IFN-y ELISPOT kit.?> Plates were coated overnight
with antibody to murine IFN-y and washed 6 times. The LLOg;.g9 CD8 T
cells (1 X 10%mL) or control p60y17.225 CD8 T cells (1 X 10%/mL) were
incubated at 37°C for 72 hours with 25Ac-LL Og;.99 tetramers at 5 nCi/mL
(1 pg/mL). T cellswere then washed and cultured (10%well) with irradiated
antigen-presenting cells (APCs; P815 cells), cognate peptides (50 pg/mL),
and incubated for 20 hours at 37°C. Wells containing CD8" T cells, APC
cells, and nonspecific control peptide served as negative controls. The spots
were counted using a stereomicroscope at a 40-fold magnification and an
automated Elispot reader system (Carl Zeiss Vision, Jena Goettingen,
Germany) with KS Elispot 4.0 software. Thefinal number of specific IFN-y
spots was obtained after subtracting the number of nonspecific IFN-y spots
produced in the control wells. All assays were performed in duplicate.?6:2

Statistics

Statistical analyses were performed using one-way analysis of variance
(ANOVA) on GraphPad Instat 3.0 (GraphPad Software, San Diego, CA).

Results

Peptide-specific tetramers bind CD8 T-cell lines
with high specificity

Human and mouse peptide-specific CD8 T-cdll lineswere established in
order to assess spexific cdl-killing efficacy of our radiolabeled tetra-
mers. The binding specificity of individua nonradiolabeled tetramers
wasfirst analyzed by flow cytometry. Only 0.02% of the EBV-negative
healthy human peripherad mononuclear cdlls reacted with the LMP;
tetramers (Figure 1A). More than 90% of enriched human LMP;-
specific T cells were postive for both anti-CD8 mAb and LMPy/
HLA-A2 tetramer gtaining (Figure 1B). Similarly, 87% of Flusges
specific T cdlls pogtively reected with their cognate Flusg.e/HLA-A2
tetramers and none of these CD8 cdlls reacted with LMP,/HLA-A2
tetramers (Figure 1C-D). Consistent to previous report, none of the
spleen CD8 T cdlls from norma BALB/c mouse reacted with LL Og;.g9
tetramers?2 (Figure 1E). Experiments performed using mouse CD8*
T-cdl lines (Figure 1FH) specific for L monocytogenes peptides
showed that more than 80% of the enriched mouse spleen LLOgy.09 T
cells bound to both anti-CD8 mAb and LLOgy o9 tetramers. Similarly,
more than 90% of mouse p60,; T cells were double-positive for

anti-CD8 mAb and p60,;,/H2-K4 tetramer staining. Taken together, the
tetramer constructs assembled from peptide-MHC class | monomers
were highly specific for their cognate antigen-specific CD8* T cdlls.

The tetramer-specific binding to cognate CD8 T cells incubated
in PBS was stable for 24 hours at 37°C, whereas in the presence of
100% mouse or human serum tetramer binding stability was
maintained up to 8 hours and then rapidly declined with longer
incubation (Table 1). A comparison of dimeric/trimeric and tet-
rameric MHC constructs binding to their cognate CD8 T cells
(Figure 1H) showed that trimeric MHC constructs were closely
reactive as tetrameric constructs. Therefore, we hypothesized that
the trimeric forms could be rendered potently cytotoxic by
conjugation to alpha-emitting isotopes through the free biotin
binding site on the tetrameric avidin core.

Binding of specific radiolabeled tetramers to CD8 T-cell lines

In order to establish reliable conditions for our radiometal labeling
procedure, we first used In, a pure gamma-emitting isotope with
a 3-day haf-life. We assembled radiolabeled tetramers by adding
one Mn-DTPA-biotin molecule and 3 biotinylated monomers for
each streptavidin molecule, since each molecule of streptavidin has
4 biotin binding sites. Highly purified In-biotinylated DTPA
(99%) was prepared for tetramer labeling. To separate the
radiolabeled multimers from nonlabeled small size products, the
mixture was passed through a BioRad Econo-Pac10G column.
Fluorescent tetramers were tested for specific binding and
served as an additional quality control for use when assembling
radiolabeled tetramers.

Table 1. Stability of tetramer binding to CD8 T-cell receptors at 37°C

cps T Incubation time
cells/tetramers
(medium) 1h,% 2h, % 3h, % 8h, % 24h, %
LMP4/LMP; (PBS) 92 94 95 86 86
Flusg/LMP; (PBS) 0.9 1.2 11 1.0 1.0
LLOg;/LLOg; (PBS) 68 78 82 — 69
LMP4/LMP; (serum) 98 94 86.4 71 28.8
LLOgy/LLOg; (serum) 88 66 62 — 10.6

— indicates not determined.

20z AeN 61 uo ysanb Aq ypd°26€200¥00208YZ/ELY20L L/L6ET/B/F0 L /Pd-BJoIE/POO|qARU SUOKEDIgNdYSE//:d)Y WOl papeojumoq



2400 YUANetal

The Win-radiolabeled multimers were incubated with cognate
and control CD8* T-cell lines to determine if they displayed
specific binding and to determine their binding kinetics and
internalization. In-labeled LMP; tetramers exhibited dose-
dependent specific binding to the LMP; CD8* clone (Figure 2A).
In contrast, there was little binding of ®1In-LMP; tetramers to the
Flu-specific control CD8* T cells. As another control, In-Flu
tetramers showed little binding to LMP; CD8" T cellseven at very
high concentrations. These results strongly indicated that the
peptide-specific tetramers could be successfully radiolabeled with
maintenance of their binding specificity for their cognate CD8* T
cells. These observations were confirmed in the mouse model by a
similar experiment testing In-labeled LLOg; tetramer binding
against murine LL Og;.go-specific CD8™ T cells (Figure 2B).

While efficacy of killing by the alpha-emitting elements should
be increased if the armed tetramers are internalized, it is not a
prerequisite for killing. Time-dependent tetramer internalization of
the tetramers was seen, but only small amounts (6%-8%) of
Wn-LMP; tetramers were internalized after a 1-hour incubation at
37°C when tested on LMP; CD8" T cells. Maximum internaliza-
tion (~ 22%) was achieved with a 24-hour incubation (Figure 2C).

Specific killing of CD8* T cells by armed
225Ac-labeled tetramers

25Ac, a radiometal atomic generator that decays to yield 4 net
alpha particles, can be stably conjugated to proteins by use of
bifunctional DOTA chelates.’®> Therefore, using the MHC multimer
radiolabeling method that was developed for 1n tracing (see the
previous section), we next constructed radiolabeled suicide tetra-
mers armed with 22°Ac generators. Biotinylated DOTA was |abeled
with 25Ac at high yields (> 96%). The armed 2®Ac-LMP;
tetramers effectively killed the targeted LMP, CD8" T-cell clones
at small doses (EDsy = 5-8 nCi/mL or 1-1.6 pwg/mL; Figure 3A). In
contrast, the armed 225Ac-L MP; tetramers at 5 nCi/mL to 8 nCi/mL
exhibited much less toxicity to control Flu-specific CD8" T cells.
Nonspecific cytotoxicity was induced at 15- to 40-fold-higher
doses (EDs, = 110-200 nCi) when using 25Ac DOTA alone. Much
higher levels of unlabeled specific LMP; tetramers (100-140
nag/mL) were required to induce mild cytotoxicity in targeted
CD8* T cells. In the murine system, similar high-potency specific
cell killing by suicide LLOg;.99 tetramers was also demonstrated.
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LLOg;.g9 peptide—specific CD8™ T cells were effectively killed
after incubation with 2Ac-LLOg;. o9 tetramers (Figure 3B); as
another specificity control, the T-cell killing by suicide LLOg;.g9
tetramers was partially blocked by the addition of a 50-fold excess
of unlabeled LL Og;_go-specific tetramers.

To validate that the cell selectivity of killing by 25Ac-LLOg;.gq
tetramers of LLOg.99 peptide—specific CD8" T cells within a
mixture of possible target cells (as might occur in most applica-
tions), 2°Ac-LL Og; g9 tetramers at concentrations of 1 nCi/mL to
30 nCi/mL (0.2-6 pg/mL) were added to mixed cultures of
LLOg;.g9-specific CD8™ and p60,17.o05-specific CD8™ T cells. After
a72-hour incubation with 25Ac-L L Og,_gq tetramers, significant cell
killing was demonstrated in the whole population as judged by
[®H]thymidine incorporation and confirmed by reductionsin viable
cells determined with trypan blue staining. When the remaining
viable cells in the population were analyzed by tetramer flow
cytometry to define their specificities, there was a significant
reduction in LLOg;.g9-Specific CD8* T cells (P < .001; Figure 3C).
In contrast, the nontargeted p60,;7.205-specific CD8™ T-cell popula-
tion in the mixed cell culture showed only modest reductions even
when exposed to higher quantities of 22°Ac-LLOg;.g9 tetramer (10
nCi/mL or 2 wg/mL).

Functional assays confirmed a significant reduction in the level
of IFN-y secretion in suicide tetramer—treated LLOg;.g9 CD8" T
cells when compared with the nontreated control T cells (Figure
3D). In the control p60,7..5-specific CD8 T-cell population,
modest nonspecific reduction in IFN-y secretion was observed.
These results demonstrate that armed tetramers can selectively
delete both numbers and function of specific cytotoxic T lympho-
cytes (CTLs) with high specificity and induce little cytotoxicity
within the other CD8" T-cell populations, mimicking most applica-
tions envisioned.

Discussion

The choice of agentsto arm MHC tetramers for specific cytotoxicity is
limited. The sdlected agent must be capable of extraordinary potency,
killing with alimited number of bound tetramers, most or al of which
remain outside the targeted T cdll. In addition, the cytotoxic effect must
be of short rangeto allow sdectivekilling of only theindividud targeted
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400
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Figure 2. Specific binding and internalization of 1*!In-radiolabeled tetramers. (A) LMP;-specific or Flusg.ss-specific CD8 cell lines were incubated with 11In-LMP; tetramers
or MIn-Flusg g tetramers at different concentrations on ice. Binding of *1In-LMP; tetramers to LMP;-specific CD8 T cells (®) was dose dependent. Little binding to ***In-LMP;
tetramers was observed when tested against the Flu-specific CD8 T cells (O). There was also little binding of the 1In-Flu tetramers to LMP; CD8 T cells (A).
(B) Dose-dependent binding of 1In-labeled LLOg;.g9 tetramers to mouse LLOg; g9-specific CD8 T cells (@) and little binding to the control p60,17.225-specific CD8 T cells (O)
were observed. (C) In- LLOg;.99 tetramers were added to LLOg;.g9-specific CD8 (left bars) or control p60,17.205-specific CD8 (right bars) T-cell lines. Cells were incubated at
37°C. Surface binding (M) and internalization (CJ) of In-LLOg;.g9 tetramers were measured at different time points. Both cell-surface binding and internalization of
1n-LLOg;.gg tetramers to LLOg;.99 CD8 T cells progressively increase with prolonged incubation. There was little binding or tetramer internalization with the control CD8 T-cell
line (P < .0001). Data represent the mean of 2 tests from a single representive experiment that was done 3 times. Error bars indicate SEM.
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Figure 3. Antigen-specific CD8 T-cell killing by armed 225Ac-tetramers.
(A) 2?5Ac-tetramers (LMP;) were added to LMP;-CD8 (@) or Flusg.ss-CD8 T cells (O)
and then incubated at 37°C for 72 hours. The 225Ac-LMP; tetramers (5 nCi/p.g)
efficiently killed the targeted LMP;-specific CD8 T cells with great potency (@,
EDso = 5-8 nCi/mL or 1-1.6 p.g/mL). About 15- to 40-fold—higher doses (EDsp = 110-
200 nCi) of 225Ac-LMP; tetramers (O) or equivalent 22°Ac DOTA alone (H) were
required for nonspecific killing (P < .001). Much higher levels (100-140 wg/mL) of
unlabeled specific LMP; tetramer alone (A) were required to induce mild cytotoxicity
in targeted LMP; CD8" T cells. (B) 22°Ac- LLOg;.g9 tetramers (@) specifically killed
mouse LLOg;.g9-specific CD8* T cells (EDsp = 5-7 nCi/mL or 1-1.4 pg/mL). More
than 15-fold-larger amounts of 225Ac (A) were required to kill control p60217-p25-
specific CD8" T cells. Addition of excess (50-fold) unlabeled LLOg; tetramers (O)
partially blocked cell killing of 225Ac-LLOg;.g9 tetramers. (C) 225Ac-LLOg;.g9 tetramers
at 1 to 30 nCi/mL (0.2-6 pg/mL) were added to mixed cell (50:50) cultures of target
LLOg;.go-specific CD8 T cells and p602;7.205-specific CD8 T cells. 225Ac-LLOg;
tetramers (A) selectively killed LLOg;-CD8 T cells in a mixed cell culture, and were as
effective as killing in cultures of purified LLOg;-CD8 T cells alone (O). 225Ac-LLOg;
tetramers produced minimal cytotoxicity in control p60217-225-specific CD8 T cells in a
mixed cell culture (M; P <.0001). Data represent the mean plus or minus the
standard error (SE) of 3 tests in a single representive experiment done 2 times.
(D) 235Ac-LLOg; g9 tetramers (5 nCi/mL or 1 wg/mL) reduce IFN-y—secreting clones
in targeted LLOg;.go-specific CD8* T cells. The level of IFN-y—secreting cells in
suicide tetramer—treated LLOg;.go-specific CD8* T cells (M) decreased signifi-
cantly (83 = 14 colonies) when compared with the nontreated control T cells
(CJ; 219 = 21 colonies). The control p60,;7-specific CD8 T cells showed only
modest nonspecific reduction in IFN-y—secreting cells (133 = 7 vs 105 * 5).
Negative control stimulations with irrelevant peptides produce few spots ([J). Bars
represent normalized percent of spots from each CD8 cell line either treated with
2257¢-LLOg, tetramers or controls.
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cognate T cell while sparing bystander cells. As a consequence, nearly
all drugs and toxins will be weekly effective. Among the radioisotopes,
only dpha-emitting nuclides offer a solution. The 22Ac isotope (an
atomic nanogenerator) has a 10-day hdf-life, emitsonedpha, and isthe
parent molecule in a decay cascade that produces a net of 6 new
elements and 4 alpha particles. 2°Ac-radiolabeled monoclona antibod-
ies have been proposed for use in cancer therapy, as these targeted
nanogenerators are capable of specificaly killing individual cancer cdlls
at extremely low doses without significant toxicity.!> Because it takes
severd hours to prepare purified radiolabeled tetramers, the much
shorter half-life of other apha particle emitters of possibleclinical utility
(At-211, B1-213) may limit their potentid gpplication for these pur-
poses. These initid experiments now can be extended to study clona
deletion of antigen-specific CD8" T cdls in vivo. Alternatively, this
strategy may hold potentia for ex vivo purging of specific CTLsprior to
bone marrow and stem cell transplantation to prevent graft-versus-host
disease. Such an gpproach would require identification of key immuno-
dominant targets in the human system, which are currently unknown.
Previous studies showed that soluble MHC tetramersinjected into mice
could modulate antigen-specific T-cell response in vivo,?8 suggesting
stahility in vivo. Moreover, our previous work with the dpha-emitting
Bi-213-abeled antibodies has demonstrated the ahility to target hemato-
poietic cdls in patients in the bone marrow, liver, spleen, and blood
within 10 minutes, suggesting that significant depletions within these
compartments in a short time-frame is possible.> However, the induc-
tion of clona deetion of T cdls digtant from the well-vascularized
organs in vivo by suicide tetramers may be limited by sructurd
instability of the molecul es; techniquesto stabilize the constructs may be
necessary. Predictions as to the consequences of the rapid expected
clearance of these molecules from plasma are difficult without in vivo
study. These methods for selective T-cell clond deletion may alow
advances in our understanding of the role of antigen-specific CD8" T
cdls in diverse disease processes including infection, autoimmune
diseese, and other CD8" cell-mediated disorders and may provide a
pathway to possible T-cell-sd ective thergpies of autoimmune or neoplas-
ticorigin.
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