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Background: Stevens-Johnson syndrome (SJS), toxic epidermal
necrolysis (TEN), and graft-versus-host disease (GVHD) are
distinct immune reactions elicited by drugs or allogeneic
antigens; however, they share a pathomechanism with the
activation of cytotoxic T lymphocytes (CTLs). CTLs produce
cytotoxic proteins, cytokines, chemokines, or immune alarmins,
such as granulysin (GNLY), leading to the extensive tissue
damage and systemic inflammation seen in patients with SJS/
TEN or GVHD. Currently, there is no effective therapeutic
agent specific for CTL-mediated immune disorders.
Objectives: By targeting GNLY1 CTLs, we aimed to develop a
nucleic acid–based agent consisting of an anti-CD8 aptamer
with GNLY small interfering RNA (siRNA).
Methods: We performed systematic evolution of ligands using
exponential enrichment to select and identify effective anti-CD8
aptamers. We developed an aptamer-siRNA chimera using a
‘‘sticky bridge’’ method by conjugating the aptamer with
siRNA. We analyzed the inhibitory effects of the aptamer-siRNA
chimera on CTL responses in patients with SJS/TEN or GVHD.
Results: We identified a novel DNA aptamer (CD8AP17s)
targeting CTLs. This aptamer could be specifically internalized
into human CTLs. We generated the CD8AP17s aptamer–
GNLY siRNA chimera, which showed a greater than 79%
inhibitory effect on the production of GNLY by drug/
alloantigen-activated T cells. The CD8AP17s aptamer–GNLY
siRNA chimera decreased cytotoxicity in in vitro models of both
SJS/TEN (elicited by drug-specific antigen) and GVHD (elicited
by allogeneic antigens).
Conclusions: Our results identified a new nucleic acid–based
agent (CD8 aptamer–GNLY siRNA chimera) that can
significantly inhibit CTL-mediated drug hypersensitivity, such
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as that seen in patients with SJS/TEN, as well as the
alloreactivity seen in patients with GVHD. This study provides a
novel therapeutic strategy for CTL-mediated immune
disorders. (J Allergy Clin Immunol 2013;nnn:nnn-nnn.)
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Stevens-Johnson syndrome (SJS) and its related disease, toxic
epidermal necrolysis (TEN), are life-threatening adverse reac-
tions most often induced by drugs.1 Histopathologic studies of
SJS and TEN identified predominantly cytotoxic T lymphocytes
(CTLs), natural killer (NK)/NKT cells in the skin lesions, and
marked keratinocyte apoptosis in the epidermis separation, result-
ing in bullae and extensive mucocutaneous shedding.2 Recent
studies on the genetic susceptibility and immune mediators of
SJS/TEN proposed that the pathomechanism involves the activa-
tion of CTLs, which recognize culprit drugs/metabolites pre-
sented by HLA class I molecules on the keratinocytes.3-8 This
hypothesis is not only supported by genetic studies (eg, the strong
genetic association between HLA-B*1502 and carbamazepine-
SJS/TEN3 and HLA-B*5801 and allopurinol-induced SJS/TEN4)
but also functional analyses.6,7 On activation, CTLs release cyto-
toxic proteins, cytokines, chemokines, or immune alarmins, such
as granulysin (GNLY).9,10 We have identified that GNLY is a
key mediator responsible for the disseminated keratinocyte and
extensive tissue damage seen in patients with SJS/TEN.5

Activation of CTLs and NK/NKT cells is also predominant in
patients with graft-versus-host disease (GVHD), although the
cause of GVHD is quite different from that of SJS/TEN, with
SJS/TEN elicited by drug antigens and GVHD by allogeneic
antigens.2,11,12 Even with prophylaxis, GVHD develops in as
many as 60% to 80% of recipients of stem cells from single-
antigen HLA-mismatched unrelated donors, and with full
HLA-matched siblings, the risk is still high (approximately
35% to 45%).13 The CTL-mediated immune reactions of patients
with GVHD are often found in the skin, gastrointestinal tract, and
liver.13-15 Upregulation of GNLY levels in sera and tissues (eg, the
gut, liver, and skin) has been found in patients with GVHD.5,16-18

GNLY might also be involved in the pathogenesis of GVHD.
Targeting the GNLY-mediated cytotoxic pathway can give rise
to a novel therapeutic strategy for the treatment of SJS/TEN
and GVHD.

An optimal treatment standard for patients with SJS/TEN
remains unavailable. Controversial results have been reported
with intravenous immunoglobulin therapy19,20 and corticoste-
roids.21 Despite treatment with glucocorticoids or other immuno-
suppressants, SJS/TEN and GVHD still carry high morbidity and
10% to 50% mortality.14,22,23 Currently, there is no effective
1
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mall interfering RNA
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ingle-stranded DNA
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therapeutic agent specific for CTL-mediated immune disorders.
One of the new therapeutic strategies is the use of mAbs.
However, using mAbs in the clinic can induce unexpected
immune reactions in patients. For example, anti-CD3 (muromo-
nab) and anti-CD28 (TGN1412) antibodies have been reported to
cause a life-threatening ‘‘cytokine release syndrome,’’ resulting in
multiorgan damage.24,25 Safer and more effective therapeutics
need to be developed.

Small interfering RNAs (siRNAs) have been exploited as new
therapeutics for a variety of diseases.26 The major issue in siRNA
therapy is the delivery of siRNA into the target cells. Nucleic
acid–based aptamers offer some important features for targeted
siRNA delivery. Aptamers are artificial oligonucleotides (sin-
gle-stranded DNA [ssDNA] or RNA) that can fold into a
3-dimensional structure to bind to a variety of targets, including
proteins, peptides, carbohydrates, and low-molecular-weight bio-
molecules.27 Aptamers with high affinity to target molecules can
be screened by using the systematic evolution of ligands by expo-
nential enrichment (SELEX) process.28 Compared with anti-
bodies, aptamers have shown little or no immunogenicity.28

Here, we aimed to develop a novel anti-CD8 aptamer to deliver
siRNA to CD81 CTLs.

CD8 receptor is characterized as a CTL marker and is also
expressed on NKT cells. Human CD8 protein consists of 2
isoforms, termed CD8a and CD8b, expressed on the cell surface
as a mixture of disulfide-linked CD8aa homodimers and CD8ab
heterodimers. CD8ab heterodimers are predominantly found on
the surfaces of T-cell receptor (TCR) ab T cells, and CD8ab
heterodimers enhance CTL activation better than CD8aa homo-
dimers.29 Herein, we conjugated an anti-CD8 aptamer with
GNLY siRNA to inhibit immune responses. The proposed mech-
anism is shown in Fig E1 in this article’s Online Repository at
www.jacionline.org.
METHODS

Patients and samples
This study followed the Declaration of Helsinki protocols, and approval

for the use of human subjects for the study was obtained from the

institutional review board. Informed consent was obtained from each

participant. PBMCs were obtained from healthy donors or patients with

allopurinol-induced SJS (Chang Gung Memorial Hospital Health System in

Taiwan) and cultured in medium containing RPMI 1640, 1 mmol/L sodium

pyruvate, 2 mmol/L L-glutamine, 0.1 mmol/L nonessential amino acids
(all from Invitrogen, Carlsbad, Calif), and 10% human AB serum (BioWhit-

taker, Walkersville, Md). For some experiments, CD81 T cells were isolated

by using the magnetic cell sorting negative selection system with the CD81

T-cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). The pu-

rity of CD81 T cells was greater than 95%, as determined by using flow

cytometry with fluorescein isothiocyanate–labeled antibodies to CD8

(R&D Systems, Toronto, Ontario, Canada). GNLY was detected when

CTLs were stimulated with 100 U/mL IL-2 and 50 ng/mL IL-15 (R&D Sys-

tems) for 48 hours. To obtain drug-specific T cells, PBMCs (2.0 3 106

cells) from patients with allopurinol-induced SJS were cultured with oxypu-

rinol (10 mg/mL, an active metabolite of allopurinol) in culture medium for

7 to 14 days. Then the expression of GNLY in culture medium was analyzed

by means of ELISA, and the expression of cell markers was analyzed by

means of flow cytometry. The T cells were then subjected to a coculture

containing irradiated (50 Gy), EBV-transformed, autologous, B-lymphoblas-

toid cell lines or autologous PBMCs and oxypurinol. After 14 days of cul-

ture, proliferated T cells were recovered and subjected to repeat culture

cycles. After approximately 4 to 5 culture cycles, CTLs expressing GNLY

were predominantly in vitro enriched. For some experiments, we used

carbamazepine-specific TCR transfectants (TF-10) or C1R (human B-lym-

phoblastoid cells) cells expressing the full-length HLA-B*1502 or

HLA-B*5801 cDNAs in this study.6,7
ssDNA library and SELEX procedure
The DNA oligonucleotide library composed of 40-nucleotide central

random sequences flanked by 20-nucletoide PCR priming sequences

at both the 59 and 39 ends (ACGCTCGGATGCCACTACAG-N40-

CTCATGGACGTGCTGGTGAC) was synthesized by Integrated DNA

Technologies (Coralville, Iowa). The cell-based SELEX was performed in

the first round of selection. The ssDNA library pool of 1015 molecules was

incubated with intact CD81 T cells (isolated from human PBMCs) in

SELEX buffer (150 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl2,

1 mmol/L CaCl2, and 40 mmol/L HEPES [pH 7.5]) containing 5% FBS

on ice for 30 minutes. The cells were washed 3 times with SELEX buffer,

and the bound ssDNA pool was eluted by heating at 958C for 5 minutes. Af-

ter that, we carried out immunoprecipitation SELEX, as previously de-

scribed,30 in the second to ninth rounds. The eluted ssDNA pool was

directly incubated with CD8ab–Fc protein complexes, which were captured

by protein G beads at 378C for 30 minutes in SELEX buffer. The beads were

then washed with SELEX lysis buffer, and the CD8/aptamer complexes

were eluted from the beads with citric acid. The aptamers were amplified

by means of PCR with forward primers and biotin-labeled reverse primers

(approximately 10-20 cycles of 30 seconds at 948C, 30 seconds at 608C,
and 20 seconds at 728C, followed by 3 minutes at 728C; the PCR buffer con-

tained 10 mmol/L Tris-HCl [pH 8.9], 1 mmol/L MgCl2, 200 mmol/L each

dNTP, 20 mmol/L betaine, 1% dimethyl sulfoxide, 200 nmol/L of each

primer, and 2 U of Taq DNA polymerase). The selected sense ssDNA

pool was separated from biotin-labeled antisense reverse primer by using

streptavidin-coated magnetic beads (Chemogen, Portland, Me). For each

round of SELEX, the ssDNA pool was denatured at 958C for 5 minutes

and then allowed to refold to 378C before binding. Negative selection

against protein G beads alone was carried out by incubating with the ssDNA

pool in the third and eighth rounds to remove the ssDNA pool bound to pro-

tein G beads. After the ninth round of SELEX, the selected ssDNA pool was

PCR amplified by using unmodified primers and cloned into the TA cloning

vector pGEM-T (Promega, Madison, Wis). Individual clones were deter-

mined by using DNA sequencing.
siRNAs and aptamer-stick-siRNA chimera
siRNAs and sticky sense strand RNAs were chemically synthesized by

Integrated DNATechnologies. The siRNA sequences targeting GNLY mRNA

were designed in the regions of the 9-kDa GNLY form. All sequences used for

siRNA or the aptamer-siRNA chimera were shown in Table E1 in this article’s

Online Repository at www.jacionline.org. 29-OMe (29-O-Methyl group) mod-

ified bases were used at the siRNA portion of the chimera.

http://www.jacionline.org
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FIG 1. Specificity of the CD8AP17 aptamer.A and B, The binding capacity of

selected pools (Fig 1, A) and CD8AP17 (Fig 1, B) for CD8 transfectants and

nontransfectants was observed by using flow cytometry. An unselected

initial DNA library pool (Random pool) served as a negative control.
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Statistical analysis
Data are presented as means 6 SDs. Analysis was performed with the 2-

tailed Student t test, and P values of less than .05 were considered significant.

Methods for other experiments can be found in the Methods section in this

article’s Online Repository at www.jacionline.org.
RESULTS

Characterization of DNA aptamers against human

CD8
We selected and identified CD8-binding aptamers by using the

cell-based SELEX procedure with an ssDNA library composed of
1015 molecules in the first-round section, and then the aptamer
pool was incubated with purified CD8 protein in the second to
ninth rounds, as described in the Methods section (see Fig E2 in
this article’s Online Repository at www.jacionline.org). When
repeating the selection round, the binding affinity of the aptamer
pool to the CD8ab-expressing transfectants increased (Fig 1, A).
We cloned and sequenced 30 aptamers selected from round 9
(see Table E2 in this article’s Online Repository at www.
jacionline.org) and selected 10 aptamers that were repeatedly
observed and had high GC content. All 10 aptamers recognized
CD8 pure protein (data not shown). We determined the binding
specificities of the aptamers and found CD8AP17 had the best
binding affinity, with a dissociation constant (Kd) of 10.59
nmol/L for CD8 transfectants (Fig 1, B and C). To further confirm
that CD8AP17 could specifically recognize the CD8 surface re-
ceptor on T cells, another 2 cell lines, Sup-T1 (CD81) and C1R
(B cells, CD82), were used. We found that CD8AP17 could
bind to Sup-T1 cells but not C1R cells (Fig 1, D). We further
used RNA interference (RNAi) to knock down CD8 expression
in Sup-T1 cells (CD8KD cells, see Fig E3 in this article’s Online
Repository at www.jacionline.org). The CD8AP17 aptamer spe-
cifically binds to the CD8 molecule on T cells, as evidenced by
the blocking effects of CD8a siRNA (Fig 1, D, orange curve).
The binding affinity of CD8AP17 to Sup-T1 cells (Kd 5 11.23
nmol/L) was similar to that of CD8 transfectants (data not shown).
These results indicated that the CD8AP17 aptamer specifically
recognized the CD8 surface receptor.
Engineering and shortening the CD8AP17 aptamer
Because the actual binding region of an aptamer typically

varies in length from 20 to 40 nucleotides,28 we search the best
binding region of CD8AP17 (originally containing 80 nucleo-
tides) by using a Sequence Split Tool software program30 to create
1-base-shift tiling probes with lengths ranging from 20 to 40 nu-
cleotides (Fig 2, A). A total of 1071 subsequences of CD8AP17
were generated and spotted on a microarray. We identified the
best CD8-binding region of the subsequences of CD8AP17 by hy-
bridizing Cy3-labeled CD8 protein to the microarray and using
Alexa Fluor 647–labeled human serum as the control. We discov-
ered 15 subsequences of CD8AP17 with the highest fluorescence
intensity to CD8 protein and the lowest cross-reactivity to human
serum (Fig 2, B). The subsequences were ranked by CD8/serum
fluorescence intensity ratio, as determined by the binding
C, Percentage of DNA bound and Kd of CD8AP17. D, Binding of the

CD8AP17 aptamer to Sup-T1 cells, Sup-T1 cells with CD8a siRNA

(CD8KD), and C1R cells.

http://www.jacionline.org
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FIG 2. Shortening and identifying the CD8-binding region of the CD8AP17 aptamer by using a microarray.

A, The aptamer sequence was permuted by using the 1-base-shift method. B, Fluorescence intensity of the

15 highest C/S ratios of CD8 binding. C and D, Predicted secondary structures of CD8AP17

and CD8AP17.29.15 (as CD8AP17s), respectively. E and F, Binding capacity and Kd of CD8AP17s and its

2 shortened stem-loop subsequences.
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FIG 3. The CD8AP17s aptamer was internalized into live CD81 cells but not into CD82 cells. The nuclei of

Sup-T1 and C1R cells were stained with Hoechst 33258 (blue). Alexa Fluor 647–labeled CD8AP17s aptamer

(red; 100 nmol/L) was incubated with cells at 378C for 20 minutes. Images of Z plane scanning for CD8AP17s

on Sup-T1 cells are also shown.
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response to the CD8 pure protein (Fig 2, B, column C) and human
serum (Fig 2, B, column S). The ratiowas pseudocolor encoded in
the C/S column of Fig 2, B. Three subsequences of CD8AP17, in-
cluding 29.15, 31.12, and 34.15, showed the highest C/S ratios
(Fig 2, B). These 3 subsequences had similar binding affinity
and specificity to CD8 as those of the full-length CD8AP17
(data not shown). On the basis of the microarray clustering and
binding assay, the CD8AP17 aptamer could shorten its length to
CD8AP17.29.15 (termed CD8AP17s).

To verify the protein-binding region of CD8AP17s, we
predicted the secondary structures of CD8AP17 and its subse-
quence CD8AP17s by usingQuickFold software (Fig 2,C andD).
We designed and synthesized the CD8AP17s–stem-loop 1 and
CD8AP17s–stem-loop 2 (Fig 2, D) and then determined its bind-
ing affinity (Fig 2, E and F). Both stem-loop subsequences of
CD8AP17s bound to CD8; however, both subsequences had
weaker binding affinities compared with their parental sequence
(Fig 2, E). The Kd values of CD8AP17s, CD8AP17s–stem-loop
1, and CD8AP17s–stem-loop 2 were 12.86, 217.0, and 53.04
nmol/L, respectively (Fig 2, F). These stem-loop subsequences
retained their binding capacity, but the parental aptamer
CD8AP17s had the best binding affinity.
Internalization of the CD8AP17s aptamer
It is known that the CD8 surface receptor could be internalized

by clathrin-mediated endocytosis.31 To determine whether the
CD8AP17s aptamer was internalized in the CD8-expressing cells,
we performed real-time, live-cell, z-axis confocal microscopy.
The results showed that CD8AP17s was selectively bound and in-
ternalized within the Sup-T1 cells but not within the C1R control
cells (Fig 3). The aptamer aggregated within the cytoplasm, sug-
gesting that the CD8AP17s aptamers might enter cells through
receptor-mediated endocytosis.
Design of the anti-CD8 aptamer–siRNA chimera

delivery system
We developed the aptamer-siRNA chimera by conjugating the

aptamer with GNLY siRNA. To select the best knockdown effects
of GNLY siRNA, we used the dicer-substrate siRNA oligos and
transfected a series of GNLY siRNAs (20 nmol/L) into GNLY-
overexpressing HEK293T cells. The relative knockdown of
GNLY mRNA expression was assessed by means of quantitative
RT-PCR (primers shown in Table E3 in this article’s Online Re-
pository at www.jacionline.org), revealing GNLY siRNA-3 had
the best potency and suppressed gene expression by greater
than 80% (Fig 4, A). We then used a sticky bridge method to non-
covalently conjugate the DNA aptamer with siRNAs (Fig 4, B). In
this design GC-rich DNA sequences consisting of 13 nucleotides
were chemically attached to the 59 end of the aptamer. The com-
plementary sequences to 13 nucleotides of RNA sequences were
attached to the sense strands of the siRNAportion so that the DNA
aptamer and the siRNA were joined by a sticky bridge duplex

http://www.jacionline.org


FIG 4. Design of the aptamer-siRNA chimera.A, Best knockdown efficacy of GNLY siRNA. B, Structure of the

aptamer (CD8AP17s)-stick-siRNA chimera. C, Aptamer with the sticky sequence and the siRNAs formed sta-

ble base pairs (lane 5).D, Binding capacity of the aptamer-siRNA chimera on Sup-T1 and C1R cells. E, Silenc-

ing of GNLY mRNA expression in CD81 cells. Elec., Electroporation transfected. F, Median effective

concentration (EC50) of the aptamer-siRNA chimera. Shown aremeans6SDs (n5 3). **P < .01, 2-tailed t test.
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FIG 5. The aptamer-siRNA chimera inhibits drug-induced SJS T-cell re-

sponses in vitro. A, Release of GNLY was measured in the coculture model

of carbamazepine (CBZ)–induced SJS. B, Release of GNLYwasmeasured in

=
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based onWatson-Crick base pairing. In addition, we added poly T
bases (poly T spacer) and a 6-carbon atom hinge (C6 spacer) be-
tween the sticky sequence with the aptamer and siRNA (Fig 4, B).
Within a simple incubation, a stable base-paired aptamer-siRNA
chimera was formed (Fig 4, C). To test the binding affinity of the
chimera toward CD81 cells, we incubated the CD8AP17s ap-
tamer, the CD8AP17s sticky, or the CD8AP17s-GNLY chimera
with Sup-T1 and C1R cells, respectively. The CD8AP17s-
GNLY chimera showed similar binding ability with CD8AP17s
or the CD8AP17s sticky in Sup-T1 cells (Fig 4, D). The results
indicated that the CD8AP17s-GNLY chimera had the same bind-
ing affinity as that of the aptamer alone.

The aptamer-siRNA chimera selectively silences

GNLY gene expression
To evaluate whether CD8AP17s-GNLY chimeras silence

GNLY mRNA expression, we treated the CD81 cells of human
PBMCs with aptamer or the aptamer-siRNA chimera (Fig 4, E).
CD81 T cells were prestimulated with IL-2 and IL-15, as previ-
ously described, to activate GNLY expression.32 The incubation
of the CD8AP17s-GNLY chimera caused a significant reduction
in GNLY mRNA levels, and its silencing potency was in a
concentration-dependent manner (Fig 4, E and F, and see Fig
E4 in this article’s Online Repository at www.jacionline.org).
Themedian effective concentration of the CD8AP17s-GNLY chi-
mera was 14.65 nmol/L (Fig 4, F). By comparison, CD8AP17s–
nonsilencing control (CON) siRNA and CD8AP17s had no effect
onGNLY gene expression. Electroporation transfected with CON
siRNAs or siRNAs to GNLY served as a control for knockdown
efficiency. The CD8AP17s-GNLY chimera had no effects on B
cells (see Fig E5 in this article’s Online Repository at www.
jacionline.org).

The aptamer-siRNA chimera does not trigger

interferon responses
Some oligonucleotides or siRNAs might activate Toll-like

receptor–mediated, nonspecific inflammatory responses, leading
to cellular toxicity.33,34We evaluated the amount of IFN-a and IL-6
produced by PBMCs after incubation with GNLY siRNAs, the
CD8AP17s aptamer, or the CD8AP17s-GNLY chimera (see Fig
E6, A and B, in this article’s Online Repository at www.
jacionline.org). Cell viability was also determined in Fig E6, C.
We found that treatment with GNLY siRNA, CD8AP17s, or the
CD8AP17s-GNLY chimera had no effect on the induction of
IFN-a or IL-6 production or cell viability under these experimental
conditions, suggesting that delivery of our aptamer-siRNA chimera
might not trigger type I interferon responses or cause cell toxicity.

The aptamer-siRNA chimera inhibits drug-specific

T-cell responses in vitro
To examine whether the CD8AP17s-GNLY chimera attenuates

CTL-mediated GNLY release in the SJS model, we incubated the
oligonucleotides (including the CD8AP17s-GNLY chimera,
the coculture model of allopurinol-induced SJS. C, Cytolytic activity of

allopurinol-specific T cells. N.D., Not detectable. Shown are means 6 SDs

(n 5 3). *P < .05 and **P < .01, 2-tailed t test.

http://www.jacionline.org
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FIG 6. The aptamer-siRNA chimera inhibits alloreactive responses in vitro. A, Human CD81 T cells were

alone or cocultured with allologous B cells (Allo-Ag). GNLY release was measured. B, Best knockdown

efficacy of NF-kB p65 siRNA in THP-1XBlue cells. C and D, NF-kB protein expression was measured in

Sup-T1 or C1R cells, respectively. Elec., Electroporation transfected. E, Cytolytic activity of CD81 T cells.

Shown are means 6 SDs (n 5 3). *P < .05, **P < .01, and ***P < .001, 2-tailed t test.
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CD8AP17s-CON, and the CD8AP17s aptamer) with the effector
cells (carbamazepine-specific TF-10 TCR transfectants)7 and
antigen-presenting cells (C1R cells and HLA-B*1502 C1R trans-
fectants [1502]) in the presence of carbamazepine (25mg/mL; Fig
5, A). Incubation of the CD8AP17s-GNLY chimera significantly
reduced GNLY levels from 73.13 6 4.63 to 13.13 6 5.9 pg/mL
(an approximately 82.04% decrease; P 5 .002, t test; Fig 5, A).
By comparison, GNLY levels had no change when treating with
CD8AP17s-CON and CD8AP17s (Fig 5, A).

In the cell-culture model of patients with allopurinol-induced
SJS, we found that treatment with the CD8AP17s-GNLY chimera
also effectively reduced the release of GNLY levels from 3.976
0.61 to 0.83 6 0.19 ng/mL (an approximately 79.10% decrease,
P 5 .0015) but not through incubation of CD8AP17s-CON or
CD8AP17s (Fig 5, B). The cytotoxic response of allopurinol-
specific T cells against target cells expressing HLA-B*5801 de-
creased through incubation of the CD8AP17s-GNLY chimera
but not through incubation of CD8AP17s-CON or CD8AP17s
(Fig 5, C). These results showed that the CD8AP17s-GNLY chi-
mera could significantly inhibit the release of GNLY by CTLs in
patients with SJS.
The aptamer-siRNA chimera inhibits alloreactive

CTL responses in vitro
We examined whether the CD8AP17s-GNLY chimera inhibits

alloreactive CTL responses in vitro. CD81 CTLs isolated from
healthy donors were incubated with allologous B-lymphoblastoid
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cells. The CD8AP17s-GNLY chimera significantly reduced
GNLY levels from 12.56 6 2.64 to 2.02 6 1.01 ng/mL (an ap-
proximately 83.92% decrease, P 5 .0007), yet CD8AP17s-
CON or CD8AP17s had no effect (Fig 6, A). Because inhibition
of nuclear factor kB (NF-kB) has been suggested to be a therapeu-
tic strategy for patients with GVHD,35,36 we examined the inhib-
itory effects of CD8AP17s conjugated with NF-kB (p65) siRNA
(Fig 6,B-E). NF-kB p65 siRNA-3 showed the best knockdown ef-
fect (Fig 6, B), and the CD8AP17s–NF-kB p65-3 chimera had a
significant effect on the reduction of NF-kB protein expression
in Sup-T1 cells (Fig 6, C) but not in C1R cells (Fig 6,D). Further-
more, the inhibitory effect was improved by the combination of
CD8AP17s-GNLY and the CD8AP17s–NF-kB chimera (Fig 6,
E). The results indicated that the CD8AP17s-GNLY and
CD8AP17s–NF-kB chimeras were capable of inhibiting
CTL-mediated alloreactivity.
DISCUSSION
In this study we developed a novel DNA aptamer targeting the

CD8 surface receptor and conjugated the aptamer with GNLY
siRNA for attenuating the immune reactions mediated by CTLs,
predominantly immune disorders, such as SJS/TEN and GVHD.
The CD8AP17s aptamer–GNLY siRNA chimera can significantly
inhibit GNLY-mediated drug hypersensitivity and alloreactivity
in models of SJS and GVHD. Furthermore, our nucleic acid–
based agent did not trigger type I interferon responses. These
results indicate that targeted inhibition of GNLY might have a
superior therapeutic effect for patients with SJS or GVHD.

NF-kB signaling appears to be one of the most important
pathways for control of CTL-mediated cytotoxicity, and inhibi-
tion of NF-kB might be a therapeutic strategy for the prevention
of GVHD.35,36 NF-kB is responsible for Fas ligand and granzyme
B upregulation after IL-2 stimulation.37,38 However, NF-kB
might not participate in the regulation of inducible GNLYexpres-
sion.39 Herein our results showed that using NF-kB p65 siRNA
conjugated with the anti-CD8 aptamer effectively decreased
CTL-mediated cytotoxicity, and combined treatment with
aptamer-GNLY and aptamer–NF-kB chimeras could improve
the silencing effects (Fig 6, E). These data suggest that the com-
bination inhibited not only GNLY but also NF-kB–mediated Fas
and granzyme B expression; thus the CD8AP17s-GNLY and
CD8AP17s–NF-kB chimeras might be useful for treating patients
with GVHD and SJS.

siRNA is a promising new therapeutic approach for clinical
application. Recently, researchers using siRNA to treat age-
related macular degeneration (bevasiranib; Opko Health, Miami,
Fla; phase III) and respiratory syncytial virus infection (ALN-
RSV01; Alnylam, Cambridge, Mass; phase II) have manifested
the therapeutic potential of RNAi.40 However, the efficient deliv-
ery of siRNAs in vivo remains a challenge.26,41 For safety con-
cerns, using a viral vector for siRNA delivery can have limited
clinical application. Nonviral delivery of siRNA with liposome
or polyethyleneimine has been developed for several applica-
tions.40 However, this delivery is not specific to particular cells
or tissues. Nucleic acid aptamers that specifically recognize their
targets with high binding affinities have been used for therapeutic
applications.27 Moreover, aptamers that target specific cell-
surface proteins are exploited as carriers for siRNA delivery to
achieve selective uptake into target cells, thereby reducing off-
target effects or other unwanted side effects.42,43 The specificity
and affinity of aptamers rival those of mAbs in molecular recog-
nition. In comparison with antibodies, aptamers are cheaper and
have shown little or no immunogenicity.27 Recently, several
groups have applied cell-internalizing aptamers for the RNAi tar-
geted delivery, such as anti–prostate-specific membrane antigen,
anti-CD4, and anti-HIV gp120 aptamers.44-46 Aptamer-mediated
RNAi therapeutics provide a versatile technology platform for the
treatment of various diseases.

Several methods for conjugation of the RNA aptamer to the
siRNA portion have been exploited.42,43 However, none of the
DNA aptamers that were conjugated with siRNA was applied.
In this study we designed a new anti-CD8 DNA aptamer-stick-
siRNA delivery system, and the 29-OMe-modified bases are
used at the sense strands of siRNA to improve the stability and re-
duce the off-target effects of siRNA. Because the chemical syn-
thesis of DNA linking with RNAs is limited by the backbone
modifications and length of the RNAs, the sticky method pre-
sented in this study can be used for annealing aptamers with dif-
ferent siRNAs.

In summary, we have developed an anti-CD8 aptamer and
conjugated it with the siRNAs, which enable cell-specific delivery
and knockdown of the target genes responsible for the devastating
adverse immune responses in patients with SJS or GVHD. This
study uses cutting edge technologies to develop new therapeutics
targeting GNLY- and CD8-expressing cells for treating
CTL/NKT-mediated immune disorders.

This article is dedicated to ProfessorKonan Peck, a memorablementor to C.

W. Wang, for his guidance and support on this project. We thank Dr Tai-Ming

Ko and Po-Sheng Huang for their valuable suggestions and technical support.

Clinical implications: This study identified a new nucleic acid–
based agent (an CD8 aptamer–GNLY siRNA chimera) that can
significantly inhibit CTL-mediated drug hypersensitivity, such
as that seen in patients with SJS/TEN, as well as the alloreactiv-
ity seen in patients with GVHD.
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METHODS

CD81 T cells and human samples
PBMCs were isolated from healthy donors or patients by using standard

Ficoll-Hypaque density gradient centrifugation. We collected CD81 T cells

from the PBMCs of the healthy donors or in vitro–expanded CTLs by cocul-

ture with the culprit drug or allogeneic B cells. For isolating aptamers binding

CD8, we incubated the ssDNA library with CD81 T cells from the PBMCs of

healthy donors in the first-round SELEX experiment. Because the CD81 T

cells from healthy blood cannot be cultured for long without antigen stimula-

tion, we took advantage of CD8 pure protein to select the aptamer pools in the

second to ninth SELEX rounds. After the SELEX procedure, we used CD8

transfectants and Sup-T1 cells (CD81 human T-cell lymphoma cells) to ana-

lyze the binding capacity of aptamer. In our experience the surface CD8 recep-

tors expressed higher levels on the CTLs isolated from blood than that of CD8

transfectants and Sup-T1 cells.

For the allopurinol-induced SJS model, we isolated the in vitro–expanded

CD81 T cells from patients’ PBMCs. We cultured 2 3 104 drug-specific T

cells (effector cells) with 2 3 105 lethally irradiated (50 Gy) C1R cells or

HLA-B*5801 (5801)–expressing cells for 7 days in the presence of oxypurinol

(10mg/mL). These cells showed drug-specific cytotoxic responses against tar-

get cells expressing HLA-B*5801 but not C1R cells (HLA-B–deficient cells;

Fig 5, C). The cells were treated with 100 nmol/L aptamer or chimera on days

1 and day 4 after culture initiation. GNLY release was measured on day 7.

For the carbamazepine-induced SJS model, we used carbamazepine-

specific TCR transfectants (TF-10) or C1R (human B-lymphoblastoid cells)

cells expressing the full-length HLA-B*1502 or HLA-B*5801 cDNAs.E1,E2

We cultured 13 105 TF-10 cells (effector cells) with 1 3 104 lethally irradi-

ated (50 Gy) C1R cells or C1R HLA-B*1502 (1502)–expressing cells for

7 days in the presence of carbamazepine (25 mg/mL). Cells were then

treated with 100 nmol/L aptamer or chimera on days 1 and 4 after culture in-

itiation. Medium supernatants were collected and tested for GNLYexpression

on day 7.

Plasmid construction and generation of CD8

transfectants
Human CD8 protein consists of 2 isoforms termed CD8a and CD8b and

expressed on the cell surface as a mixture of disulfide-linked CD8aa

homodimers and CD8ab heterodimers. It is known that CD8ab heterodimers

enhance CTL activation better than that of CD8aa homodimers. E3,E4 The

plasmid expressing human CD8a and CD8b was obtained from OriGene

(Rockville, Md). The CD8b amplicon was restriction digested with HindIII

and BamHI (NEB, Ipswich, Mass) and cloned into pFLAG-Fc2. CD8a and

CD8b-Fc plasmids were cotransfected into HEK293T cells by using the Lip-

ofectamine 2000 transfection reagent (Invitrogen, Carlsbad, Calif). After 48

hours of transfection, cells were solubilized in SELEX-lysis buffer (1% Non-

idet P-40, 150 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl2, 1 mmol/L

CaCl2, and 40 mmol/L HEPES [pH 7.5]) that was freshly supplemented

with protease inhibitor mixtures (Roche Molecular Diagnostics, Pleasanton,

Calif). The cell lysates were mixed with protein G beads (Invitrogen) for 30

minutes, beads were then washed with SELEX-lysis buffer, and the CD8

pure protein (CD8a/CD8b-Fc fusion protein) was eluted from the beads by

using citric acid (pH 3). The pH of the elute was adjusted by adding

1 mol/L Tris (pH 7.5).

Flow cytometric analysis
To monitor the binding capacity of the selected ssDNA pool, we used flow

cytometric analysis on the CD8 transfectants and parental cells (HEK293T).

The ssDNA pool was labeled with biotin-16-ddUTP (Roche Molecular

Diagnostics) at the 39 end by using terminal transferase (Promega). The

biotin-labeled ssDNA pool was incubated with cells in SELEX buffer (150

mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl2, 1 mmol/L CaCl2, and 40

mmol/L HEPES [pH 7.5]) containing 5% FBS on ice for 30 minutes. Cells

were first washed with SELEX buffer and then stained with streptavidin-

phycoerythrin (Invitrogen) on ice for 15minutes. After that, cells werewashed

3 times and suspended in 0.5 mL of PBS buffer. The intensity of fluorescence
was measured by using flow cytometry (FACSCalibur; BD Biosciences, San

Jose, Calif). The biotin-labeled aptamers were directly synthesized from Pu-

rigo Biotech (Taipei, Taiwan). The binding affinity of biotin-labeled aptamers

toward CD8 was determined by incubating CD8 transfectants or Sup-T1 cells

with various concentrations of aptamers. Considering the oligonucleotides

might have nonspecific binding or nonspecific internalization to live cells,

we used the response of the initial unselected ssDNA pool as the nonspecific

background. The initial unselected ssDNA library labeled with biotin-16-

ddUTP was incubated with the cells, and the response signal was regarded

as the negative control. All the experiments for the binding assay were re-

peated 2 times. The mean fluorescence intensity of target cells bound by

aptamers was obtained for specific binding by subtracting the mean fluores-

cence intensity of target cells bound by the initial unselected ssDNA pool,

as described previously.E5,E6 Kd values were calculated by using nonlinear

curve regressionwithGraphPad Prism software (GraphPad Software, La Jolla,

Calif).

CD8 knockdown by siRNA
Human CD8s are cell-surface glycoproteins that exist as the ab form.

However, the surface expression of CD8b is dependent on CD8a expres-

sion.E7 CD8a can covalently link to CD8b in the endoplasmic reticulum, and

the ‘‘intact’’ CD8s were transferred on the cell surface.E7 To generate CD8

knockdown (CD8KD) cells, 600 nmol/L CD8a siRNA mixture (sc-29247,

Santa Cruz Biotechnology) was prepared and transfected into Sup-T1 cells

by using electroporation. The electroporation condition for Sup-T1 cells

was referenced to previous studies.E8 After 72 hours of transfection, the

knockdown expression of CD8 on the cell surface was measured by using

flow cytometry. CD8 protein expression was detected through a fluorescein

isothiocyanate–conjugated antibody (RPA-T8; BioLegend, San Diego, Calif).

Aptamer microarray for identifying the binding

region of the anti-CD8 aptamer
Microarrays obtained from Agilent Technologies (Santa Clara, Calif) were

prehybridized by incubating with hybridization buffer (1% Nonidet P-40, 150

mmol/L NaCl, 50 mmol/L Tris [pH 7.5], 1 mmol/L CaC12, and 1 mmol/L

MgCl2) at 608C for 1 hour. After prehybridization, 2 mg of Cy3-labeled

CD8 pure protein and 10 mg of Alexa Fluor 647–labeled human serum solu-

tions were hybridized to the microarray at 378C for 2 hours. After washing the

microarray 5 times with hybridization buffer (10 minutes each), the microar-

ray was scanned with a GenePix 4000B microarray scanner (Molecular De-

vices, Sunnyvale, Calif), and the images were analyzed with GenePix Pro

software.

Live-cell confocal microscopy
Cell nuclei were stained by treating with Hoechst 33258 (5 mg/mL,

Invitrogen) for 1 hour at 378C. Subsequently, Alexa Fluor 647–labeled

aptamers at a 100 nmol/L final concentration were added and incubated at

378C for 20 minutes. The cells were washed 3 times with ice-cold PBS.

Confocal fluorescence imaging was performed with an UltraView RS

Confocal Live Cell Imager (PerkinElmer, Wellesley, Mass).

Aptamer-stick-siRNA chimera
The sticky-sense strand siRNA and its antisense strand siRNA were first

denatured at 708C for 5 minutes and annealed with each other at 378C for 20

minutes to anneal the aptamer and siRNA. Then the sticky DNA aptamer was

refolded in SELEXbuffer, heated to 958C for 5minutes, and cooled to 378C for

10 minutes. Finally, the same amount of refolded sticky DNA aptamer was

added into the sticky siRNA and incubated at 378C for 20 minutes in SELEX

buffer to form stable base pairs. All sequences used for siRNA or the aptamer-

siRNA chimera were shown in Table E1.

RNA quantification
Total RNA was extracted with TRIzol reagent (Invitrogen) and reverse

transcribed by using the SuperScript III Reverse Transcription Kit
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(Invitrogen). A SYBR Green qPCR SuperMix (Invitrogen) and an ABI

7900HT instrument were used for the quantitative real-time RT-PCR assay.

The primers used forGNLYanalysis are shown in Table E3. All data were nor-

malized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression

in each sample.

ELISA
For determining GNLY levels, the RB1 and biotin-labeled RC8 mAbs

(MBL, Woburn, Mass) were used in ELISA, as described previously.E9 The

assay sensitivity for GNLY was 20 pg/mL. The secreted IFN-a and IL-6 in

the culture supernatants was detected by using a human IFN-a and IL-6

ELISA kit (Invitrogen). siRNA alone (500 nmol/L) was delivered into cells

by means of electroporation transfection. The electroporation condition was

referenced to previous studies.E10 Cells were treated with 500 nmol/L

CD8AP17s aptamer and CD8AP17s aptamer–GNLY siRNA chimeras. In ad-

dition, cells with added IL-2 (100U/mL) were used as a positive control. After

48 hours of the various treatments, 100 mL of supernatant was collected

and provided in the ELISA kit. The assay sensitivity for IFN-a or IL-6 was

100 pg/mL.

Cell viability assay
The cell viability assay was determined by using the MTT assay (R&D

Systems). Human PBMCs (2 3 106) were first treated with 500 nmol/L

CD8AP17s, GNLY siRNA (using electroporation transfection), or

CD8AP17s-GNLY chimera in a 24-well plate. After incubation overnight,

5 3 105 PBMCs in 200 mL of medium per well were then transferred into

a 96-well plate. After 48 hours of incubation, the medium was removed by

means of centrifugation, and the cells were washed with PBS 3 times.

MTT (20 mL of 5 mg/mL) was then added to each well. After incubation

at 378C for 4 hours, formazan crystals were dissolved in 150 mL of dimethyl

sulfoxide, and absorbance was measured at 590 nm by using an ELISA

reader.

Determination of cytotoxicity in vitro
We evaluated the cytotoxic specificity of drug-specific CTLs with the

calcein-AM release assay.E11 Briefly, the target cells were suspended in

complete medium at a final concentration of 106/mL and incubated with

15 mmol/L calcein-AM for 30 minutes at 378C with shaking. The cells

were washed 2 times in complete medium to remove free Calcein-AM,

and then 1 3 103 cells were incubated with T cells in 0.2 mL of culture

medium. The effector/target ratios were as follows: 1:1, 10:1, or 25:1 in

triplicate and with triplicate wells for spontaneous (only target cells in

complete medium) and maximum release (only target cells in medium

plus 2% Triton X-100). After incubation at 378C for 4 hours, the superna-

tant was harvested and transferred into new plates. Samples were mea-

sured by using a Spectramax Gemini dual-scanning microplate

spectrofluorimeter (Molecular Devices; excitation filter: 485 6 10 nm;
band-pass filter: 530 6 10 nm). Specific lysis (as a percentage) was cal-

culated as follows:

100% 3 ðExperimental release2 Spontaneous releaseÞ=
ðMaximal release2Spontaneous releaseÞ:

NF-kB activity assay
THP-1XBlue cells (InvivoGen, SanDiego, Calif) contain a reporter plasmid

expressing a secreted embryonic alkaline phosphatase (SEAP) with the NF-kB

promoter region.The transcription activity ofNF-kBactivity canbe determined

by measuring SEAP activity. THP-1XBlue cells (2 3 105) were seeded and

stimulated with 50 ng/mL PMA for 2 days to identify the best knockdown effi-

cacy ofNF-kBp65 siRNA.Afterward, stimulated cellswerewashed twicewith

13 PBS and recultured in complete RPMI medium for 7 days. THP-1XBlue

cells were transfected with 25 nmol/L p65-specific siRNA oligos or nonsilenc-

ing siRNA (CON) for 48 hours (on day 5) and then added to 100mLof aQuanti-

Blue (InvivoGen) solution for color development at 378C for 15minutes. SEAP

activity was measured by reading the OD at 650 nm with spectrophotometer.

http://refhub.elsevier.com/S0091-6749(13)00683-0/sref47
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref47
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref47
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref48
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref48
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref48
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref49
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref49
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref50
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref50
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref50
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref51
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref51
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref51
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref52
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref52
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref53
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref53
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref54
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref54
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref54
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref54
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref55
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref55
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref55
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref56
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref56
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref56
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref57
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref57
http://refhub.elsevier.com/S0091-6749(13)00683-0/sref57


FIG E1. Proposedmechanism of the aptamer-siRNA chimera. The aptamer-siRNA chimera is capable of cell

type–specific binding and delivery of functional siRNA into cells. The aptamer-siRNA chimera binds to the

CD8 receptor, internalizes through endocytosis, and subsequently is released by dicer enzyme from the

endosome to start the RNAi process.
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FIG E2. Flowchart of the SELEX process. Starting the SELEX process was a synthetic random ssDNA

oligonucleotide library consisting of 1015 different sequences. The ssDNA library pool was boundwith intact

CD81 T cells in the first round of selection, followed by heat elution. The selected ssDNA pool was directly

incubated with CD8 pure protein, which was immunoprecipitated by protein G beads from cell lysate. The

SELEX procedures, such as elution of bound ssDNA and PCR amplification, were similar to those used in the

conventional SELEX process. Negative selection was performed in the third and eighth rounds to remove

the ssDNA that was bound to protein G beads. The last SELEX round was finished on the amplification step.

The enriched ssDNA pool was cloned, and individual aptamers were characterized.
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FIG E3. Knockdown of CD8 expression in Sup-T1 cells. For examination of

the binding specificity of aptamers, Sup-T1 cells were transfected with CD8

siRNA to yield CD8 knockdown (CD8KD) cells. The flow cytometric assay

was used to measure the knockdown efficiency of CD8 expression on the

cell surface. The cells treated with nonsilencing siRNA (CON siRNA) were

also shown.
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FIG E4. The median effective concentration (EC50) of the aptamer-siRNA

chimera. The CD8AP17s-GNLY chimera inhibited the GNLY gene expres-

sion of CD81 cells in a concentration-dependent manner. The figure shows

the chimera concentrations of 1, 2.5, 5, 10, and 20 nmol/L. Knockdown effi-

ciency ofGNLYmRNA expression was assessed by using quantitative PCR.

The EC50 of the CD8AP17s-GNLY chimera was 14.65 nmol/L.
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FIG E5. The aptamer-siRNA chimera did not silence gene expression in

CD82 cells. C1R B cells (CD82) were used to determine the specific effect of

the CD8AP17s-GNLY chimera. GNLY mRNA levels were very low in B cells,

and B cells stimulated with IL-2 and IL-15 did not enhance GNLY mRNA ex-

pression. Therefore we first transfected the GNLY gene into B cells for 24

hours and then treated it with aptamer or the aptamer-siRNA chimera for

48 hours. GNLY mRNA amounts were assessed by using quantitative

PCR. The level of GNLY mRNA expression in B-cell transfectants was set

at 100%. All data were normalized to glyceraldehyde-3-phosphate dehydro-

genase (GAPDH) expression. Shown are means 6 SDs (n 5 3).
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FIG E6. The aptamer-siRNA chimera did not trigger nonspecific immune responses. A and B, Human

PBMCs (2 3 106) treated with 500 nmol/L CD8AP17s, GNLY siRNA (by using electroporation transfection),

or the CD8AP17s-GNLY chimera were assessed for production of IFN-a (Fig E6, A) and IL-6 (Fig E6, B) by
means of ELISA at 48 hours after treatment. C, Cell viability was also determined by using the MTT assay.

Cells treated with IL-2 (100 U/mL) were used as a positive control. Shown are means 6 SDs (n 5 3).
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TABLE E1. Sequences for the sticky CD8AP17s aptamer and sticky siRNAs

Name Sequences (59 to 39)

Sticky CDAP17s aptamer GAGCTCCTAGGAGTTTTTTTTCTACAGCTTGCTATGCTCCCCTTGGGGTA

Sticky GNLY siRNA sense CUCCUAGGAGCUC (C6 spacer) GGUAUCAGUCUAG

AGUUACCCAGG

GNLY siRNA antisense CCUGGGUAACUCUAGACUGAUACCUCC

Sticky NF-kB(p65) siRNA sense CUCCUAGGAGCUC (C6 spacer) GAGCACCAUCAACU

AUGAUGAGUTT

NF-kB(p65) siRNA antisense AAACUCAUCAUAGUUGAUGGUGCUCAG

The boldface nucleotides indicate 29-OMe modified sugars. The stick portion is underlined.
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TABLE E2. Sequences of selected aptamers binding to CD8

Clone Sequence Repeats

CD8AP05 ACGCTCGGATGCCACTACAGCACTACACTTGCTTTTATAGCCGTGTCCCTTCGGGTGTCCCTCATGGACGTGCTGGTGAC 3

CD8AP07 ACGCTCGGATGCCACTACAGCACGTTACGGAGATCATCTCACTTTGCTGGCCTCTTGCTTCTCATGGACGTGCTGGTGAC 3

CD8AP17 ACGCTCGGATGCCACTACAGCTTGCTATGCTCCCCTTGGGGTACGTAACGATGTCGACGACTCATGGACGTGCTGGTGAC 3

CD8AP02 ACGCTCGGATGCCACTACAGGTGTGAAGAGTGGAGGGTGGGGTGGGTGGATTGATGTACGCTCATGGACGTGCTGGTGAC 2

CD8AP03 ACGCTCGGATGCCACTACAGTACGAACACTGGCCCCCAACTCAAACGCTCCGATTGACATCTCATGGACGTGCTGGTGAC 2

CD8AP06 ACGCTCGGATGCCACTACAGCTACGCGCACTTTGTGTTCGCGTGAACCGTGGTTCTACGGCTCATGGACGTGCTGGTGAC 2

CD8AP09 ACGCTCGGATGCCACTACAGTCTGCTAATTTCTGTGTACCTTTTTTCCCAATCCTTCGACCTCATGGACGTGCTGGTGAC 2

CD8AP01 ACGCTCGGATGCCACTACAGGGAGGGATCGCTTTTGTATTTGGGAGGGGGAGGTGGTGGGCTCATGGACGTGCTGGTGAC 1

CD8AP04 ACGCTCGGATGCCACTACAGGAATCGTGAGGGGGGGGTGGTGGGACATATGTCTAAGCTTCTCATGGACGTGCTGGTGAC 1

CD8AP11 ACGCTCGGATGCCACTACAGGACCTGTGACGCGTATCCTCCGTACCAGGTGGGATTTGACCTCATGGACGTGCTGGTGAC 1

CD8AP12 ACGCTCGGATGCCACTACAGGCTCTCTGACCCGAGGGGGTGGCGGGGGCGCCTATATCTACTCATGGACGTGCTGGTGAC 1

CD8AP13 ACGCTCGGATGCCACTACAGGCTGGACCGCTGTGTCATTTCTGTAATCGGGTTGCTATTCCTCATGGACGTGCTGGTGAC 1

CD8AP14 ACGCTCGGATGCCACTACAGTGCAAATAAGGATGGGATAGGATGGTGCTAGTGTTCATATCCTCATGGACGTGCTGGTGAC 1

CD8AP15 ACGCTCGGATGCCACTACAGGAACGCGAGGAGTTTATTGTTAGGTTCGGTGGTATGGGGTCTCATGGACGTGCTGGTGAC 1

CD8AP16 ACGCTCGGATGCCACTACAGGCGGGTATGGTGTCTTTCGGGGTCGGGGTGGCCTTCTCAACTCATGGACGTGCTGGTGAC 1

CD8AP20 ACGCTCGGATGCCACTACAGCACGAACGCTGGCCCCTGACTATACGCGAAGCGAATACATCTCATGGACGTGCTGGTGAC 1

CD8AP22 ACGCTCGGATGCCACTACAGGGCAAGGGGTGGTCTCACAGATACTGGGGTTCGTTATTGGCTCATGGACGTGCTGGTGAC 1

CD8AP23 ACGCTCGGATGCCACTACAGGGACGGGACAGGTTGCGATGGATTACCTCAGTCTTGTCAACTCATGGACGTGCTGGTGAC 1

CD8AP25 ACGCTCGGATGCCACTACAGTTGATCTTTATCTTCCTTCTCGACCGCCTTTGCCTGTTTTCTCATGGACGTGCTGGTGAC 1

CD8AP29 ACGCTCGGATGCCACTACAGGCAGCGTTGGGGATGCAGGGGGTTGCTTATCTGCTTTGGCCTCATGGACGTGCTGGTGAC 1

Sequences of 30 clones isolated from the ninth SELEX round. Underlined nucleotide sequences were PCR primer adaptor sequences. The number of repeats of each sequence is

shown to the right.
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TABLE E3. Primers for qPCR assay

Primer Sequences (59 to 39)

GNLY forward AGGGTGACCTGTTGACCAAA

GNLY reverse GCAGCATTGGAAACACTTCTCTG
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