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Abstract

Cell type specific delivery of RNAi to T cells has remained to be a challenge. Here we describe an 

aptamer mediated delivery of shRNA to CD4+ T cells targeting RORγt to suppress Th17 cells. A 

cDNA encoding CD4 aptamer and RORγt shRNA was constructed and the chimeric CD4 

aptamer-RORγt shRNA (CD4-AshR-RORγt) was generated using in vitro T7 RNA transcription. 

2′-F-dCTP and 2′-F-dUTP were incorporated into CD4-AshR-RORγt for RNase resistance. CD4-

AshR-RORγt was specifically uptaken by CD4+ Karpas 299 cells and primary human CD4+ T 

cells. The RORγt shRNA moiety of CD4-AshR-RORγt chimera was cleaved and released by 

Dicer. Furthermore, CD4-AshR-RORγt suppressed RORγt gene expression in Karpas 299 cells 

and CD4+ T cells and consequently inhibited Th17 cell differentiation and IL-17 production. 

These results demonstrate that aptamer-facilitated cell specific delivery of shRNA represents a 

novel approach for efficient RNAi delivery and is potentially to be developed for therapeutics 

targeting specific T cells subtypes.

Introduction

RNA interfering (RNAi)-mediated gene silencing holds great promise for manipulating T 

cells to study basic T cell biology and for developing potential T cell targeted therapeutics. 

However, efficient delivery of small interfering RNA (siRNA) into primary T cells 

represents a major hurdle to the widely use of RNAi technology [1]. T cells are known to be 

“hard to transfect”. Several methods of transfection have been applied to T cells with 

satisfactory efficiency in primary T cells but with several caveats [1]. Electroporation and 
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nucleofection suffer excessive cell loss and may require pre-activation of T cells [2,3]. It 

was reported that chemically modified synthetic siRNA with Acell agents can also be used 

to transfect siRNA into primary T cells but these require prolonged pre-incubation with T 

cells and works in only a small number of cells [4]. The most notable disadvantage of these 

methods is that they are not suitable for in vivo use. Retroviral vectors are effective methods 

to transfect siRNA into T cells [5,6] since the viral vectors integrate into the host genome 

and thus the siRNA is stably expressed for the lifetime of the cell. The same reason limits 

the viral vector transfection for potential therapeutics due to the concern about malignant 

transformation [1]. Nanoparticles are effective vehicles for siRNA delivery to T cells and an 

in vivo system has been reported, but the delivery is not T cell specific [7]. Peptides, 

including polyarginine with cell-penetrating properties, have been studied to deliver siRNA 

to cells [8]. Using an anti-CD7 single chain antibody conjugated to a 9-arginine peptide we 

have attempted to deliver siRNA to T cells but achieved inefficiency due to precipitation of 

anti-CD7 single chain antibody-arginine-siRNA complex.

Aptamers are single stranded oligonucleotides selected from random sequence libraries with 

high affinity and specificity to the target molecules [9,10]. Besides being effective 

therapeutic agents, aptamers have been actively exploited for targeted delivery of drugs 

including siRNA [11]. In theory, due to their high specificity and affinity, aptamers can 

deliver siRNA into any cell type provided the cells express the ligand for aptamer to bind. 

The aptamer-siRNA chimera, first described in 2006 by McNamara et al [12] has been 

exploited to deliver siRNA into prostate cancer cells. Zhou et al [13] modified the aptamer-

siRNA chimera with aptamer specific to HIV envelope protein expressed by viral infected T 

cells and siRNA to viral genes and successfully suppressed HIV replication in HIV infected 

human CD4+ T cells. Wheeler et al [14,15] developed a CD4 aptamer-siRNA chimera that 

targeted CCR5, gag and vif and delivered to infected human CD4+ T cells and suppressed 

the targeted gene expression and killed HIV.

Here we describe a CD4 aptamer-shRNA chimera specific to RORγt to suppress T helper 17 

(Th17) cells with potential to develop for a Th17 specific therapeutic agent in Th17 

mediated inflammatory diseases. Increasing evidence indicates that Th17 cells and their 

released cytokines play a critical role in the pathogenesis of autoimmune and inflammatory 

diseases [16]. Th17 cells preferentially express and produce its signature cytokine IL-17A, 

and IL-17F, IL-21 and IL-22 as well. Th17 cells and their secreted cytokines are considered 

to account for initiation and maintenance of several autoimmune and inflammatory disorders 

[16,17,18,19]. Blocking IL-17A activity has been proven to be highly effective to treat 

immune mediated inflammatory disease models and clinical trials with blocking IL-17 are 

ongoing with promising results to treat inflammatory diseases [20,21,22]. However, IL-17A 

and IL-17F are also produced by many other innate immune cells and are important 

cytokines in host defense [23]. Moreover, it is Th17 cells that are detrimental and are to be 

blocked for therapeutic purpose. Therefore, it is highly desirable to narrow the target to 

Th17 cells and spare IL-17 cytokines produced by innate immune cells from being blocked.
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Materials and Methods

Synthesis of CD4 aptamer-RORγt shRNA chimera

Chimera synthesis was modified from previously described methods [14,24,25,26]. DNA 

oligos used for PCR (supplementory Table 1) were commercially synthesized (Integrated 

DNA Technologies). cDNA Template containing T7 promoter used for synthesis of chimera 

was synthesized with Pfu DNA polymerase (Thermo Fisher Scientific) and purified with 

QIAquick Gel purification kit (Qiagen). The sequence of cDNA was verified by sequencing. 

The RNA CD4 aptamer-shRNA chimera was transcribed using T7 polymerase in vitro using 

DuraScribe kit (Illumina). 2′-F-dCTP and 2′-F-dUTP were incorporated to enhance RNase 

resistance andCy3-CTP (GE) was incorporated (Cy3-CTP/2′-F-dCTP ratio = 1/9) for 

visualization and resolved on 6% dPAGE gel for Cy3 scanning and then ethidium bromide 

staining prior to purification with G25 column (GE) following phenol extraction and sodium 

acetate/ethanol precipitation. The sequences of the chimeras of CD4 or mock CD4 aptamer-

shRNAs against retinoic related orphan receptor (ROR)γt and CCR5 or scrambled shRNA 

are shown in supplementary Table 2. Additionally, in order to investigate if the CD4 

aptamer shRNA chimera transcribed in vitro is the substrate for the endoribonuclease Dicer 

that processes longer endogenous RNA precursors into short RNA as an intracellular step of 

the RNAi pathway, Dicer cleavage of the chimera was assayed in vitro with recombinant 

human Dicer kit (Genlantis) in accordance to the manufactory’s instruction.

T lymphocyte cell lines and T-enriched PBMCs

Karpas 299 cell line was obtained from Dr. Zu (Houston Methodist Hospital Research 

Institute) [27] and maintained in RPMI1640 containing 10% FBS. For evaluation of Cy3-

labeled chimera internalization, Karpas 299 cells were incubated with 200 nM chimera 

overnight. For analysis of the function of chimeras in silencing RORγt and IL-17 

production, Karpas 299 cells were incubated with the chimera for 72h. Fresh PMBCs from 

healthy donors were isolated by Ficoll (GE) density centrifugation and cultured in RPMI 

1640 medium containing 10% human AB serum. T enriched PBMCs were prepared by 

adding anti-CD11c, CD11b, CD19, CD56 and immnunomagnetic beads to PBMCs (BD 

Bioscience) and purified CD4+ primary T cells are derived by removing CD8+ T cell from T 

enriched PBMCs with anti-CD8 and immnunomagnetic beads.

Fluorescent microscopy and flow cytometry

Internalization of the synthesized chimera was determined by incubating 200 nM or 1 μM 

Cy3-labeled chimera with Karpas 299 cells or T-cell enriched PBMC overnight. The cells 

were stained with FITC-anti-CD4 (BioLegend) and analyzed by confocal microscopy. T-cell 

enriched PBMCs were stimulated with anti-CD3/CD28 conjugated to MACS beads for 5 

days. For Th1 cells, IL-12 (10 ng/ml) was added; for Th2 cells, IL-4 (10 ng/ml) and anti-

human IFN-γ (10 μg/ml) were added; for Th17 cells, LPS (100 ng/ml) was added in the 

culture. PMA (50 ng/ml) and Ionomycin (500 ng/ml) were added 5 h prior to harvest for 

intracellular staining. Intracellular staining for RORγt and IL-17A was performed with PE-

anti-mouse/human RORγt and PE-anti human IL-17A (eBioscience); staining for IFN-γ and 

IL-4 was performed with PE-anti-human IFN-γ and PE-anti-human IL-4 (BioLegend) and 

analyzed by flow cytometry.
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Real-time PCR

Real-time PCR was performed as previously described [28]. The probe and primers mixes 

for RORC2 (Hs01076112), TBX21 (Hs00203436), GATA3 (Hs00231122) and GUSB 

(Hs9999908) were purchased from Thermo Fisher Scientific. mRNA levels for RORC, 

TBX21 and GATA3 were normalized by GUSB.

Quantification of cytokines

IL-17A levels in the supernatant were quantified by ELISA (eBiosciences) as previously 

described [29]. Karpas 299 cells were incubated with 50 ng/ml PMA and additional 40 mM 

sodium chloride for 48 h prior to harvesting the supernatant. T-cell enriched PBMCs were 

activated with biotinylated antibodies against human CD3 and CD28, conjugated to anti-

biotin MACS beads (Miltenyi Biotec Inc.) and 100 ng/ml lipopolysaccharide (LPS) 48h 

prior to collecting the supernatant.

Statistics

Data are presented as mean ± SD. Data of real-time PCR, ELISA and flow cytometry were 

analyzed by one-way ANOVA followed by Dunnett comparison test. P value < 0.05 was 

considered significant.

Results and Discussion

CD4 aptamer-RORγt shRNA chimera was specifically internalized into human CD4+ T cells

RNA aptamer that is identified by SELEX can specifically bind cellular membrane proteins 

with high-affinity due to its complex and functional secondary and probably tertiary 

structures determined by its unique nucleotide sequences [30]. Furthermore, it is 

demonstrated that CD4 RNA aptamer can conjugate and deliver siRNAs/shRNAs targeting 

CCR5 and HIV gp120 gene into the T cells that express CD4 [14,15]. We constructed a 

cDNA template by PCR to encode a CD4 aptamer, RORγt shRNA sense chain, loop and 

RORγt shRNA antisense chain. The cDNA sequence was verified by sequencing. The RNA 

of CD4 aptamer-RORγt shRNA chimera (CD4-AshR-RORγt) was transcribed as a single 

molecule in vitro by T7 polymerase transcription. A mock CD4 aptamer was created using 

scrambled sequence. Both CD4-AshR-RORγt and mock-CD4-AshR-RORγt chimeras 

consist of 133 nucleotides in length (Figure 1A). The predicted secondary structures of 

CD4-AshR-RORγt and mock CD4-AshRRORγt chimeras that were generated by the 

computational method (Rochester University) were shown in Figure 1B and C. Similarly, 

we generated CD4 aptamer-CCR5 shRNA (CD4-AshR-CCR5) and CD4 aptamer-scrambled 

shRNA (CD4-AshR-scrambled) chimeras as negative controls for RORγt shRNA. All of the 

chimeras incorporated 2′-F-CTP and 2′-F-UTP for enhanced resistance to RNase. In order to 

track internalization of the chimeras, two Cy3-CTPs were incorporated into each chimera as 

determined by spectophotometric analysis. A strong fluorochrome signal was readily 

detected by fluorescent gel scanning (Figure 2A). Consistent with the characteristic of 

specifically and effectively delivering, the Cy3-labeled CD4-AshR-RORγt entered human 

CD4+ T cell line, Karpas 299 cells and CD4+ T cells in PBMC, as assessed with fluorescent 

confocal microscope and flow cytometric analysis (Figure 2B, 2C and 2D). In contrast, Cy3-

labeled mock CD4-AshR-RORγt, in which the sequence of CD4 aptamer was scrambled, 
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was unable to be internalized into Karpas 299, nor in CD4+ T cells (Figure 2D). Consistent 

with the findings in previous studies, our results showed that only negligible amount of CD4 

aptamers or CD4 aptamer conjugated to siRNAs is up-taken by CD8+ T cells (Figure 2D) 

[14]. These suggest that the synthesized CD4 aptamer-shRNA chimera can be uniquely and 

sufficiently transferred into the CD4+ human T cells.

Several strategies have been exploited to link an siRNA to an aptamer [31]. Aptamer-siRNA 

chimera linking an aptamer with an siRNA directly without using a linker sequence provides 

effective and specific delivery of siRNA into target cells [12]. To make an aptamer-siRNA 

chimera, an apteamer-siRNA-sense strand is transcribed then is annealed to the separately 

synthesized antisense of siRNA. We found that the annealing efficiency of antisense to 

sense strand linked to the aptamer is not consistent. Whereas, aptamer-shRNA chimera has a 

unique advantage being synthesized as a single RNA strand which does not require 

annealing with other RNAs. High yield production of aptamer-shRNA as a single molecule 

can be consistently achieved. This is particularly important for large scale of production of 

aptamer-shRNA for in vivo use. Moreover, the siRNA moiety of apatamer-shRNA chimera 

folds into a short hairpin structure (Figure 1B and C) which closely resembles endogenous 

microRNA. This has been demonstrated to be more readily processed by the RNAi 

machinery [31].

CD4-AshR-RORγt chimera significantly silenced RORγt expression in human CD4+ T cells

Intracellular small hairpin RNA should be cleaved into 21–25 nucleotide double strand RNA 

by Dicer and then the guide strand of the resulting duplexes are processed to the RNA-

induced silencing complex (RISC) to degrade the complementary mRNA [25]. Consistent 

with this, as shown in the Figure 1A and D, the size of CD4-AshR-RORγt chimera produced 

in vitro by T7 RNA polymerase transcription was originally 133 nucleotides in length. The 

shRNA moiety of CD4-AshR-RORγt chimera was released into short paired double 

stranded RNA after cleavage by Dicer (Figure 1D). To confirm the silencing effect on 

specific gene expression, the level of RORγt mRNA was reduced by CD4-AshR-RORγt in a 

concentration-dependent fashion in the CD4+ Karpas 299 cells and T cell-enriched PBMCs, 

but not by mock CD4-AshR-RORγt, CD4-AshR-scrambled control, or CD4-AshR-CCR5 

(Figure 3A–3C), as assayed by quantitative real-time PCR. This was further demonstrated 

by intracellular RORγt staining with flow cytometrey (Figure 3D–F). The suppressive effect 

of CD4-AshR-RORγt delivered specific shRNA on RORγt expression is consistent with 

specific siRNAs transfected by lipid transfection agents [32]. In contrast, expression of 

TBX21 and GATA3 was not altered by CD4-AshR-RORγt (Figure 3C). These data 

demonstrated that CD4-AshR-RORγtspecifically suppressed RORγt gene expression.

CD4-AshR-RORγt chimera significantly inhibited IL17 production by CD4+ human T cells

Down-regulation of RORγt function by its antagonists like digoxin derivatives could result 

in decrease of both Th17 cells and IL17 production [33,34]. As shown in Figure 4A–D, 

consistent with decreased RORγt, CD4-AshR-RORγt exerted a concentration-dependent 

suppression of IL-17A production in CD4+ Karpas 299 cells and T cell-enriched PBMC. In 

parallel with altered secretion of IL-17A, intracellular IL-17A staining is significantly 

impaired by CD4-AshR-RORγt, whereas mock CD4-AshR-RORγt, CD4-AshR-scrambled 
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control or CD4-AshR-CCR5 showed no effect. As shown in the Figure 4E–H, the 

intracellular staining for IFN-γ and IL-4 was not changed by CD4-AshR-RORγt, suggesting 

it did not affect the synthesis of Th1 or Th2 cytokines. This further confirmed that RORγt is 

a valid target for regulating Th17 cell differentiation and IL-17 production.

The present data in our study revealed that CD4 aptamer can serve as a delivery vehicle for 

shRNA that targets a specific gene in CD4+ human T cells. The internalized RORγt shRNA 

via CD4 aptamer can be cleaved and released by Dicer and then specifically silenced the 

targeted RORγt gene expression and finally led to marked decrease of Th17 differentiation 

and IL-17 production. This particular CD4 aptamer does not alter the cell surface levels of 

CD4 or other activation markers of the host CD4+ T cells [14]. By substituting the shRNA 

for targeted genes, this CD4 aptamer may be used as a universal vehicle to introduce RNAi 

into CD4+ T cells. Compared with other vehicles for siRNA delivery into T cells, aptamers 

have many advantages. First, the size of aptamers is relatively smaller and less likely to be 

immunogenic. This is particularly critical for in vivo use as therapeutics. Aptamers can be 

chemically synthesized and it is relatively less expensive to generate aptamer-shRNA/

siRNA. Thus, it is of great interest to evaluate the use of this CD4-AshR-RORγt chimera in 

treatment of Th17 mediated inflammatory disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• CD4 aptamer-RORγt shRNA chimera was generated using in vitro T7 RNA 

transcription.

• CD4 aptamer-RORγt shRNA chimera was specifically delivered into CD4+ T 

cells.

• The RORγt shRNA moiety of the chimera was cleaved and released by Dicer.

• CD4 aptamer-RORγt shRNA chimera suppressed RORγt gene expression.

• CD4 aptamer-RORγt shRNA specifically inhibited Th17 cell differentiation.
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Figure 1. CD4-AshR-RORγt chimera
(A) Chimera in vitro transcribed by T7 RNA polymerase was analyzed by denatured PAGE 

and ethidium bromide staining. Lane 1, ssRNA ladder; Lane 2, CD4-AshR-RORγt chimera; 

Lane 3, mock-CD4-AshR-RORγt chimera. (B and C) Predicted secondary structure of CD4-

AshR-RORγt chimera (B) and mock-CD4-AshR-RORγt chimera (C). The region of the 

CD4 aptamer (clone 9 [26]) responsible for binding to CD4 is outlined. The shRNA portion 

of the chimera consists of targeted RORγt siRNA with 2 overhang nucleotides at its 3′end 

and a 7 nucleotide loop. (D) Cleavage analysis of synthesized chimeras by Dicer. Lane 1, 

ssRNA ladder; Lane 2, antisense siRNA to RORγt; Lane 3, intact CD4-AshR-RORγt 

chimera; Lane 4–6, chimeras were digested with Dicer: Lane 4, Mock CD4-AshR-RORγt 

chimera; Lane 5, CD4-AshR-RORγt chimera; Lane 6, CD4-AshR-scrambled control 

chimera (representative of two experiments).
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Figure 2. CD4-AshR-RORγt chimera efficiently entered CD4+ human T cells
(A) CD4- and mock-CD4-AshR-RORγt chimeras were labeled by incorporating Cy3-CTP 

during in vitro transcription. Cy3 scanning (right panel) showed strong Cy3-signaling bands 

that were at an appropriate size of transcripts shown in ethidium bromide imaging (left 

panel). Lane 1, ssRNA ladder; Lane 2, CD4-AshR-RORγt chimera; Lane 3, mock-CD4-

AshR-RORγt chimera. (B and C) Uptake of Cy3-labeld CD4-AshR-RORγt chimera by 

CD4+ human T cell line Karpas 299 cells and CD4+ T cells in PBMCs. (D) Flow cytometric 

analysis showed that Cy3-labeled CD4-AshR-RORγt chimera was significantly internalized 

in CD4+ Karpas 299 cells and CD4+ T cells but not in CD8+ T cells. There is no uptake of 

Cy3-labeled mock-CD4-AshR-RORγt chimera by Karpas 299 cells or T-cell enriched 

PBMCs. Gray: PBS; Red line: Cy3-labeled CD4-AshR-RORγt chimera; Blue line: Cy3-

labeled mock-CD4-AshR-RORγt chimera (representative of 2–5 experiments).
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Figure 3. Specific silencing of RORγt in human CD4+ T cells by CD4-AshR-RORγt chimera
Karpas 299 cells and PBMCs were treated as described in methods. (A through C) 

Quantitative real-time PCR assay for RORγt gene expression. RORγt gene expression was 

significantly reduced by CD4-AshR-RORγt chimera in a concentration-dependent manner in 

Kapas 299 cells (A) and T-cell enriched PBMCs (B). Mock-CD4-AshR-RORγt chimera, 

CD4-AshR-scrambled control or CD4-AshR-CCR5 chimera had no effect on RORγt gene 

expression in T-cell enriched PBMCs (C). Additionally, all the chimeras lacked a significant 

inhibition on TBX21or GATA3 in T-cell enriched PBMCs (C). (Data are presented as mean 

± SD of three experiments). 1, PBS; 2, CD4-AshR-RORγt chimera; 3, mock-CD4-AshR-

RORγt chimera; 4, CD4-AshR-scrambled control chimera; 5, CD4-AshR-CCR5 chimera. (D 
and E) RORγt protein expression was analysed by flow cytometry. (D) Karpas 299 cells 

were stimulated with PMA 50 ng/ml for 24 h. Red line, CD4-AshR-RORγt chimera; Blue 

line, Mock-CD4-AshR-RORγt chimera (representative of three experiments). (E) PBMCs 

were stimulated with anti-CD3/CD28 and LPS for 48 h. RORγt expression was reduced by 

CD4-AshR-RORγt chimera (red line), but not by mock-CD4-AshR-RORγt chimeras (blue 

line) or CD4-AshR-scrambled control chimera (purple line). Black line, PBMCs without 

stimulation; green line, PBMCs with stimulation but without chimeras (representative of 

three experiments). (F) The percentage of RORγt+ cells in stimulated T-cell enriched 

PBMCs was reduced by CD4-AshR-RORγt chimeras, but not by mock-CD4-AshR-RORγt 
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chimera or CD4-AshR-scrambled control chimera. 1, PBMCs without stimulation; 2, 

PBMCs with stimulation but without chimeras; 3, Stimulated PBMCs were treated with 

CD4-AshR-RORγt chimeras; 4, Stimulated PBMCs were treated with mock-CD4-AshR-

RORγt chimera; 5, Stimulated PBMCs were treated with CD4-AshR-scrambled control 

chimera (Data are presented as mean ± SD of three experiments).
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Figure 4. Reduction of IL-17A synthesis in CD4+ T cells by CD4-AshR-RORγt chimera
Karpas 299 cells were stimulated with PMA and T-cell enriched PBMCs were stimulated 

with anti-CD3/CD28 and cytokines with anti-cytokine antibodies or LPS for Th1, Th2 or 

Th17 polarization respectively. (A and B) IL-17A in the supernatant was measured by 

ELISA. IL-17A production was significantly decreased by CD4-AshR-RORγt chimera in a 

concentration-dependent fashion (Data are presented as mean ± SD of three experiments). 

(C and D) Reduction of IL-17A-producing CD4+ T cells by CD4-AshR-RORγt chimera, but 

not by mock- CD4-AshR-RORγt or CD4-AshR-scrambled control chimeras. (E, F, G and 

H) CD4-AshR-RORγt chimera had no significant impacts on IFN-γ- and IL-4-producing 

CD4+ T cells. 1, PBS; 2; CD4-AshR-RORγt chimera; 3, mock-CD4-AshR-RORγt chimera; 

4, CD4-AshR-scrambled control chimera (Data are presented as mean ± SD of three 

experiments).
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