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Advances in siRNA delivery to T-cells: potential clinical applications for
inflammatory disease, cancer and infection
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The specificity of RNAi and its ability to silence ‘undruggable’
targets has made inhibition of gene expression in T-cells with
siRNAs an attractive potential therapeutic strategy for the
treatment of inflammatory disease, cancer and infection. However,
delivery of siRNAs into primary T-cells represents a major hurdle
to their use as potential therapeutic agents. Recent advances in
siRNA delivery through the use of electroporation/nucleofection,
viral vectors, peptides/proteins, nanoparticles, aptamers and other
agents have now enabled efficient gene silencing in primary T-
cells both in vitro and in vivo. Overcoming such barriers in siRNA
delivery offers exciting new prospects for directly targeting T-cells
systemically with siRNAs, or adoptively transferring T-cells back

into patients following ex vivo manipulation with siRNAs. In the
present review, we outline the challenges in delivering siRNAs
into primary T-cells and discuss the mechanism and therapeutic
opportunities of each delivery method. We emphasize studies that
have exploited RNAi-mediated gene silencing in T-cells for the
treatment of inflammatory disease, cancer and infection using
mouse models. We also discuss the potential therapeutic benefits
of manipulating T-cells using siRNAs for the treatment of human
diseases.

Key words: gene silencing, knockdown, RNAi, siRNA, T-cell,
therapeutic.

INTRODUCTION

The discovery of RNAi- and siRNA-mediated silencing of gene
expression has revolutionized basic biomedical science and
translational medicine, ranging from loss-of-function studies in
the laboratory setting to the exciting prospect of therapeutically
silencing disease-causing or disease-associated genes in the clinic
[1]. RNAi-mediated gene silencing also holds great promise
for the manipulation of T-cells to address basic immunological
questions and for potential therapeutic applications. T-cells are an
essential component of the adaptive immune response and mediate
continual surveillance against pathogens, micro-organisms and
tumours [2]. At the same time, research over the last few
decades has clearly implicated T-cells in the pathogenesis of many
autoinflammatory/autoimmune diseases, allergies, graft-versus-
host disease and organ transplant rejection [3–6]. Hence designing
strategies that block pro-inflammatory T-cells and/or activate
Tregs (regulatory T-cells) in the context of inflammatory disease
is an active area of basic and clinical research. Indeed, many of
the therapies that are currently used in the clinic for the treatment
of immunological disorders directly inhibit T-cell activation or
trafficking [7,8]. In contrast with inflammatory diseases and organ
transplantation where suppression of pro-inflammatory T-cells
is desired, harnessing of the pro-inflammatory T-cell immune
response has been shown to be efficacious for the treatment of
many types of cancer, including metastatic melanoma and chronic
lymphocytic leukaemia [9–11]. Furthermore, directly targeting
pro-survival pathways in malignant T-cells will have therapeutic
benefits for the treatment of T-cell leukaemias and lymphomas

[12,13]. T-cells are also susceptible to viral infections such as
HIV, and blocking viral entry and replication are current targets
of anti-HIV therapy in the clinic [14].

Although manipulating T-cell function has been shown to
be efficacious for inflammatory disorders, cancers and viral
infections, many of these therapies have significant side effects
and toxicities. It is well known, for example, that susceptibility
to opportunistic infections is common in patients receiving
immunosuppressive therapies, including those that target T-cells
[7,8,15]. With regard to T-cell-based cancer immunotherapies, the
number of patients that respond to such treatments needs to be
improved greatly [10], yet clinical trials have reported that some
patients who do respond to therapy experience autoimmunity or
severe inflammatory reactions [9,10,15,16]. Furthermore, while
anti-retroviral drugs effectively control HIV progression, such
treatments require strict adherence to life-long medications that
have significant side effects. Most importantly, a cure is still not
available [14,17]. It is clear, therefore, that new and more refined
therapies that modulate T-cell function are urgently needed.

Silencing of gene expression in T-cells using siRNAs is
considered an attractive therapeutic strategy for the treatment of
inflammatory disease, cancer and infection, because in principle it
is now possible to silence any gene product implicated in such con-
ditions. For example, silencing the expression of a key component
in a signalling pathway that blocks the activation and/or trafficking
of pro-inflammatory T-cells could be exploited as a treatment
for inflammatory diseases. In contrast, silencing of an inhibitory
signal could be used to augment the activity of inflammatory T-
cells for the treatment of cancer. Finally, inhibiting viral entry or

Abbreviations used: CAR, chimaeric antigen receptor; EAE, experimental autoimmune encephalomyelitis; HJV-E, haemagglutinating virus of Japan
envelope protein; IL, interleukin; I-tsNP, integrin-targeted stabilized nanoparticle; JAK, Janus kinase; LFA-1, lymphocyte function-associated antigen 1;
PAMAM, poly(amidoamine); PBMC, peripheral blood mononuclear cell; PKC, protein kinase C; PKR, protein kinase R; PTD–DRBD, peptide transduction
domain–dsRNA-binding domain; RIG-1, retinoic acid-inducible gene-1; SOCS, suppressor of cytokine signalling; SWNT, single-walled carbon nanotube;
T-ALL, T-cell lymphoblastic leukaemia; TAR, TAT-activated RNA; TAT, transactivator of transcription; TCR, T-cell receptor; TLR, Toll-like receptor; Treg,
regulatory T-cell; VSV-G, vesicular stomatitis virus glycoprotein; ZAP-70, ζ-chain (TCR)-associated protein kinase of 70 kDa.
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Table 1 The challenges of delivering siRNAs into T-cells using in vivo or in vitro/ex vivo targeting methods

In vivo siRNA delivery In vitro/ex vivo siRNA delivery

Requirement for a T-cell-targeting moiety –
Degradation of siRNAs in the blood by nucleases –
Filtration by the kidneys –
Delivery of siRNA across the cell membrane (size/charge of siRNA) Delivery of siRNA across the plasma membrane (size/charge of siRNA): T-cells are ‘hard to transfect’ in vitro
siRNA stability inside the cell and duration of gene silencing siRNA stability inside the cell and duration of gene silencing
Off-target effects of siRNAs Off-target effects of siRNAs
Stimulation of the innate immune system and T-cells Stimulation of the innate immune system and T-cells
– Methods used to deliver siRNAs into T-cells in vitro may lead to excessive cell death, may require pre-activation of

T-cells and may result in low transfection efficiency

replication in T-cells using siRNAs could also be used as a possible
treatment for HIV infection. A potential advantage of siRNAs is
that the specificity of RNAi-mediated gene silencing may avoid
many of the side effects and toxicities that have been reported
with conventional therapies. RNAi also offers the prospect of
silencing so-called ‘undruggable’ targets, i.e. those that do not
have a ligand-binding domain or enzymatic function. Despite
these exciting prospects, the exploitation of RNAi for therapeutic
purposes has been hampered by the fact that: (i) siRNAs are not
readily taken up into cells because of their large size (∼14 kDa)
and negative charge; (iii) siRNAs have poor bioavailability and
are generally unstable in vivo; (iii) localized or targeted delivery
requires that siRNAs are complexed with moieties that permit
selective uptake into certain cells or tissues; and (iv) siRNAs may
have off-target effects and/or stimulate the innate immune system
[18–20]. Off-target effects are defined as silencing of genes other
than the intended target and usually occur because of homology
between nucleotides located in the ‘seed region’ of the siRNAs
with 3′ UTRs of mRNA [20]. Recognition of siRNAs by cells of
the innate immune system through TLRs (Toll-like receptors) 3, 7
and 8 [and possible recognition by RIG-1 (retinoic acid-inducible
gene-1) and PKR (protein kinase R; or dsRNA-dependent protein
kinase)], can result in production of type 1 interferons and
cytokines, leading to systemic inflammation and/or non-specific
down-regulation of gene expression [21,22]. Very recent studies
have also shown that entrapment of siRNAs within endosomes is
a limiting factor for efficient gene silencing [23,24], which also
emphasizes the challenges of exploiting cell-surface receptors and
receptor-mediated endocytosis for siRNA delivery.

THE CHALLENGES OF DELIVERING siRNAS INTO T-CELLS

An obvious route for targeting T-cells with siRNAs is via injection
into the bloodstream. This route of systemic administration has a
number of challenges (Table 1), many of which have already been
outlined above. These include the need to conjugate the siRNAs
with a T-cell-targeting moiety that selectively delivers them to this
cell type in vivo and transports them across the plasma membrane.
Whereas the majority of T-cell immunotherapies currently on the
market are monoclonal antibodies that bind cell-surface receptors
and therefore do not need to be cell-permeant to exert their
therapeutic effects [7,8], siRNAs must be delivered into the
cytoplasm of the cell for gene silencing to occur (or to the nucleus
in the case of shRNAs) [19]. As mentioned already, siRNAs do not
readily cross the plasma membrane of cells because of their size
and negative charge. The requirement to protect siRNAs from
degradation in the bloodstream by nucleases and to minimize
filtration by the kidneys is also a significant challenge for targeting
T-cells with siRNAs in vivo [25]. It is important to note that T-cells,

like their innate immune cell counterparts, express TLRs 3, 7 and
8 (and other RNA-sensing machinery such as RIG-1 and PKR)
[26,27] and therefore have the potential to trigger inflammatory
responses following siRNA delivery.

An alternative method that could potentially be used for siRNA
delivery into T-cells for therapeutic purposes is an ex vivo route,
whereby T-cells could be isolated from a patient, manipulated
with siRNAs and infused back into the same patient. Re-infusion
of autologous human T-cells that have been genetically modified
ex vivo to redirect them towards tumour antigens [by expression
of tumour-specific TCRs (T-cell receptors) or CARs (chimaeric
antigen receptors)] has shown very promising results in clinical
trials for the treatment of cancer [10]. In addition, the isolation
of tumour-infiltrating T-cells, followed by their expansion ex vivo
and re-infusion back into patients is clinically approved for the
treatment of metastatic melanoma and is known as adoptive T-
cell therapy [9]. Hence manipulation of T-cells ex vivo and their
infusion back into patients is well characterized and may provide a
potential therapeutic strategy for the treatment of immunological
disorders, cancer and infectious disease with siRNAs.

Delivering siRNAs into purified T-cell populations using an
ex vivo route mitigates the need for conjugation with a T-
cell-targeting moiety. In addition, degradation of siRNAs by
nucleases in the bloodstream and filtration by the kidneys is
not a concern. Nonetheless, silencing of gene expression in T-
cells with siRNAs in the laboratory has also presented a number
of significant challenges, therefore making ex vivo delivery
challenging (Table 1). It has long been known that primary T-
cells isolated from blood are ‘hard to transfect’ in vitro [28–
31]; conventional lipid/polymer-based transfection methods that
effectively deliver nucleic acids into adherent cells are generally
ineffective for primary T-cells [32–34]. Alternative methods
of siRNA delivery for in vitro and ex vivo applications, such
as electroporation or viral vectors, may also have drawbacks,
including low transfection efficiency, loss of cell viability, the
requirement for T-cell activation, transient gene silencing and
safety concerns. Complicating this issue further is that the RNAi
machinery in T-cells appears to be inefficient in comparison with
other cell types [35].

New and exciting research over the last 10 years, however,
has resulted in a number of highly innovative strategies for
the delivery of siRNAs into primary T-cells using in vivo or
in vitro targeting strategies. In the present paper we review these
technological advances in siRNA delivery to T-cells and outline
the mechanism and therapeutic opportunities of each method.
We emphasize studies that have exploited RNAi-mediated gene
silencing in T-cells for the treatment of inflammatory disease,
cancer and infection using mouse models. We also highlight a pilot
clinical trial where autologous human T-cells were manipulated
ex vivo with siRNAs in combination with other RNA-based
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inhibitory strategies and infused back into HIV-infected patients
as a potential therapeutic strategy. Finally, we discuss the possible
benefits of manipulating human T-cells with siRNAs for the
treatment of human disease.

METHODS FOR siRNA DELIVERY INTO T-CELLS

Electroporation and nucleofection

Mechanism

Electroporation is a process whereby high voltages applied to
cells induce transient permeabilization of the plasma membrane,
allowing delivery of small molecules such as plasmids, siRNAs
or antibodies into the cells [36]. A common problem with
electroporation, however, is loss of cell viability, as the high
voltages required for transfection and the longer resealing time of
the pores can result in cell stress and/or cell death [36]. The first
report of siRNA-mediated gene silencing in primary T-cells using
electroporation in 2002 demonstrated effective gene silencing of
CD4 or CD8, albeit that silencing was observed in stimulated T-
cells only, and significant losses in cell viability were observed
after 72 h [37]. Since that time, electroporation conditions have
now been optimized for delivery of siRNAs into primary T-
cells (including non-stimulated cells) that result in efficient gene
silencing [38–40]. Nucleofection® is an electroporation-based
procedure that was launched by the company Amaxa (now Lonza)
in 2002. Nucleofection consists of a proprietary device, cell-type-
specific solutions and pre-set programmes for the delivery of
siRNAs and plasmids into cells, including hard-to-transfect cell
types [41]. Nucleofection is now one of the most commonly used
methods for delivery of siRNAs into primary T-cells and has led
the way in basic research in helping to elucidate the signalling
pathways that regulate T-cell function.

Electroporation and nucleofection are most commonly used
to deliver ∼ 21-mer synthetic siRNAs into primary T-cells
for gene silencing studies. Because synthetic siRNAs do not
integrate into the host genome, gene silencing is transient and
will be lost upon cell division due to dilution of the siRNAs
between daughter cells or because of degradation in the cell.
The transient nature of gene silencing with synthetic siRNAs
may be overcome by expressing siRNAs/shRNAs in T-cells using
plasmids or siRNA expression cassettes, which are assumed to
lead to constitutive expression of these nucleotides when delivered
by electroporation/nucleofection [42–48]. To the best of our
knowledge, however, there have been no studies that have directly
compared the longevity of gene silencing in T-cells using synthetic
siRNAs with those that are expressed from plasmids/expression
cassettes. Expression of siRNAs/shRNAs from plasmids and
expression cassettes have the added advantage of permitting
enrichment of the transfected cell population by incorporation
of selectable markers on the plasmids [44] or via co-expression
of cell-surface markers that can be purified with antibody-coated
beads [43].

Conditions for effective gene silencing in primary T-cells
using electroporation and nucleofection have been investigated
by a number of groups using synthetic siRNAs. Gene silencing
appears to be more efficient if T-cells are activated through
the TCR either alone or in combination with CD28 before
electroporation/nucleofection [37,42,49,50], which correlates
with studies that have reported higher levels of gene expression
in activated primary T-cells using plasmids compared with non-
activated T-cells [28,30,32]. The reason why RNAi-mediated
gene silencing is more efficient in activated T-cells is not fully
understood and may not be simply explained by increased siRNA

uptake into these cells. In this regard, Gust et al. [49] reported
that nucleofection of non-activated and activated primary murine
T-cells with siRNAs targeting the tyrosine kinase ZAP-70 [ζ -
chain (TCR)-associated protein kinase of 70 kDa] resulted in
mRNA silencing in both T-cell populations, whereas depletion
of ZAP-70 protein was only observed in the activated T-cell
population. This suggests that gene silencing may be more
efficient in activated T-cells because of increased protein turnover
in these cells, although this will need to be investigated further.
Elsewhere, Mantei et al. [50] reported that nucleofection was
highly effective for delivery of siRNAs into primary T-cells,
but that gene silencing was short-lived, particularly when the
cells were stimulated post-nucleofection. Interestingly, the loss
of siRNA-mediated gene silencing was not due to dilution of the
siRNA upon stimulation and cell division, but was attributed to
the altered metabolic state of the activated T-cells. The authors
also reported that chemical modification of the siRNAs, including
2′-deoxy or 2′-methoxy modifications, enhanced their stability
and resulted in prolonged gene silencing in comparison with
conventional siRNAs following nucleofection into T-cells [50].

Therapeutic opportunities

The use of nucleofection for gene silencing in T-cells now extends
beyond basic experimental research, as very recent studies have
shown that silencing of signalling components in murine T-
cells, followed by adoptive transfer of the T-cells into recipient
mice attenuates inflammatory disease and allergy. For example,
knockdown of the tyrosine kinase ZAP-70 in murine T-cells via
nucleofection with siRNAs, followed by adoptive transfer of these
cells into recipient mice suppresses delayed type hypersensitivity
(a Th1-mediated inflammatory response) [49]. ZAP-70 is a key
component of TCR-induced signalling cascades and thus its
silencing is expected to perturb T-cell activation. In other studies,
Moriwaki et al. [51] demonstrated that silencing of SOCS3
(suppressor of cytokine signalling 3) expression in murine T-cells
via nucleofection attenuated allergic airway responses when these
cells were adoptively transferred into recipient mice. Increasing
the potency of T-cells via silencing of inhibitory pathways using
nucleofection may also hold promise for cancer immunotherapies.
Nucleofection of siRNAs targeting the adenosine receptors A2AR
and A2BR into anti-tumour murine CD8+ T-cells reduced lung
metastasis and improved overall survival when these modified
T-cells were adoptively transferred into tumour-bearing mice
[52]. In another study, silencing of Cbl-b expression in primary
murine CD8+ T-cells with siRNAs via nucleofection, followed
by adoptive transfer of the cells into recipient mice, was shown to
potentiate the effects of an anti-cancer vaccine [53]. These studies
in mice suggest that silencing of gene expression in autologous
primary human T-cells via electroporation/nucleofection and their
adoptive transfer back into patients may have therapeutic potential
for the treatment of inflammatory disease or cancer. Furthermore,
because chemically modified siRNAs have been shown to prolong
gene silencing in murine T-cells when adoptively transferred
into recipient mice [50], such siRNAs may be more suitable
than conventional siRNAs for adoptive T-cell therapy regimes
in humans where prolonged gene silencing is desired.

Challenges

Challenges of electroporation and nucleofection include the
aforementioned loss of cell viability as a result of the voltages
required to transport the siRNAs into the cell. In relation to
this point, Ward and colleagues reported that nucleofection
of naı̈ve primary human T-cells with siRNAs followed by
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cellular stimulation resulted in high levels of cell death [54].
Furthermore, we and others have found that the recommended
nucleofection programmes for activated primary human T-cells
resulted in significant losses in cell viability and therefore
required re-optimization of new programmes and protocols
for nucleic acid delivery into these cells [54a,55]. In terms
of the nucleofection system, both the nucleofection solutions
and pre-set delivery programmes are proprietary knowledge,
which limits the users’ ability to develop alternative delivery
conditions. Nucleofection and electroporation of primary T-cells
also generally require >10-fold higher concentrations of siRNA
for effective gene silencing compared with lipid-based silencing
protocols for adherent cells [37,41,49,51,53,54], which in addition
to the nucleofection reagents makes this delivery method quite
expensive when performed on a routine basis or when performing
siRNA screens [56]. The high concentrations of siRNA required
for gene silencing in primary T-cells are probably due to the
fact that: (i) the RNAi machinery works inefficiently in T-
cells in comparison with other cell types [35]; (ii) the transient
nature of gene silencing using synthetic siRNAs in combination
with nucleofection/electroporation; and (iii) limitations of the
nucleofection/electroporation process itself.

Accell siRNAs

Mechanism

Accell siRNAs are sold by Thermo Scientific Dharmacon as
chemically modified synthetic siRNAs that enter cells without
the need for a transfection or delivery agent. The chemical
modification that promotes the uptake of these siRNAs is
proprietary knowledge. Accell siRNAs are marketed for gene
silencing studies in ‘hard-to-transfect’ cells, including primary T-
cells and neurons. Several research groups have now used Accell
siRNAs for silencing of gene expression in primary T-cells in vitro
and demonstrated satisfactory levels of gene knockdown [57–61].

Therapeutic opportunities

An interesting study by Mascaro and colleagues [62] recently
demonstrated the efficiency and duration of gene silencing in
primary human T-cells using Accell siRNAs and their potential
clinical applications for the manipulation of T-cell function. In this
study, the authors reported that a fluorescently labelled Accell
siRNA was efficiently delivered into 90 % of primary human
CD3+ T-cell blasts, while Accell siRNAs targeting JAK (Janus
kinase) 1 or JAK3 resulted in efficient gene silencing for up to
10 days in vitro and inhibited T-cell activation. Silencing JAK3
expression in antigen-specific murine T-cells using Accell siRNAs
followed by adoptive transfer of the cells into recipient mice also
suppressed Th1-mediated inflammatory responses [62].

Challenges

The use of Accell siRNAs for gene silencing in T-cells does have a
number of limitations, such as the relatively small numbers of cells
[e.g. (0.2–0.4)×106 T-cells] and the high concentration of siRNAs
(e.g. 1 μM) required for gene silencing. Since Accell siRNAs
are synthetic in nature, their use will also result in transient
gene silencing. Gene silencing with Accell siRNAs requires that
cells must be incubated with these agents under serum-free or
low-serum conditions for at least 48 h, as serum inhibits their
delivery. In addition, because Accell siRNAs do not have a cell-
targeting moiety, this precludes their use for directly targeting
T-cells in vivo.

Viral vectors

Mechanism

The ability of viruses to infect (transduce) and replicate in
mammalian cell types has been exploited for the manipulation
of T-cell function and immune responses. These include clinical
trials where autologous T-cells have been infused back into cancer
patients following transduction with genes encoding tumour-
specific TCRs/CARs ex vivo [9–11,63]. Viral vectors have also
been used to deliver siRNAs into T-cells in the form of expression
cassettes that produce shRNAs and induce silencing of gene
expression. Advantages of using virus-based delivery methods,
particularly those derived from retroviruses and lentiviruses, are
that these vectors integrate into the host genome and thus the
gene/shRNA is stably expressed for the lifetime of the cell [64–
66]. Continual advances have been made in viral packaging and
viral vector design to ensure that infectious viral particles are
not produced after the virus enters the cell and integrates into
the host genome. Improvements have also been made to alter
the natural cell tropism of the viruses by substituting the viral
envelope protein with envelope protein from a different virus (a
process known as pseudotyping), thereby expanding the range
of cell types that can be transduced [64–66]. Viral vectors often
encode a reporter gene such as GFP or a selectable marker so that
the transduced cell population can be tracked or enriched.

Retroviral vectors

Therapeutic opportunities. Retroviruses have been widely used
for expression of shRNAs in primary T-cells to address basic
immunological questions and, more recently, for potential clinical
applications. In terms of the latter, silencing of signalling
components in murine T-cells using retroviral shRNAs, followed
by adoptive cell transfer into recipient mice, suppresses
inflammatory disease [67,68] and allergy [69,70]. For infectious
disease, Epstein–Barr virus-specific murine T-cells expressing
an shRNA that renders the cells resistant to the actions of an
immunosuppressive drug maintain their cellular functionality
and provide effective immunity when adoptively transferred
into recipient mice [71]. This strategy may have therapeutic
potential for patients who have undergone organ transplantation,
where suppression of the patient’s immune system is required
to prevent graft rejection yet specific anti-viral immunity is
desired. For potential cancer immunotherapies, depletion of the
tyrosine phosphatase SHP-1 (Src homology 2 domain-containing
protein tyrosine phosphatase 1), a negative regulator of T-cell
signalling, in tumour antigen-specific murine T-cells and their
adoptive transfer into tumour-bearing mice results in increased
T-cell expansion in vivo [72]. In other studies, a retroviral
vector encoding an shRNA targeting the endogenous TCR
in combination with a codon-optimized shRNA-resistant TCR
specific for tumour antigens may also have potential for cancer
immunotherapy [73–76]. Transduction of primary T-cells with
these retroviral vectors resulted in expression of the tumour-
specific TCR, reduced expression of the endogenous TCR, and
enhanced antigen-specific lysis of target/tumour cells both in vitro
and when adoptively transferred into tumour-bearing mice [73–
76]. Silencing endogenous TCR expression may be important for
cancer immunotherapies where T-cells have been redirected to
express tumour-specific TCRs, because of the possibility that the
introduced tumour-specific TCR α/β chains may mis-pair with the
endogenous TCR α/β chains, resulting in new TCRs and possible
autoimmunity. In this regard, a previous study reported lethal
autoimmunity in mice as a result of mis-pairing of the endogenous
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and introduced TCR chains following adoptive transfer of the
transduced T-cells into recipient mice [77]. It should be noted,
however, that there have been no reports of TCR mis-pairing in
human clinical trials where patients received autologous T-cells
transduced with tumour-specific TCRs [78], so whether silencing
endogenous TCRs with retroviral vectors will be beneficial for
cancer immunotherapy awaits future studies.

Challenges. A limitation of using retroviral vectors for delivery
of siRNAs or other genetic material into primary T-cells is
that integration of the virus into the host genome is dependent
on T-cell activation and proliferation, as retroviral entry into
the nucleus requires breakdown of the nuclear envelope during
mitosis [31,63]. Because in vitro T-cell activation results in a host
of phenotypic and genomic alterations, this may limit their use
for certain therapeutic applications [79]. Immune responses to
retroviral vector epitopes have also been reported in some human
patients receiving autologous T-cells transduced with CARs
for cancer immunotherapy [80]. The use of retroviral vectors
for therapeutic purposes also has serious safety concerns, as
demonstrated by the incidences of haematological malignancies,
including T-ALL (T-cell lymphoblastic leukaemia), after patients
enrolled in clinical trials received autologous haemopoietic
progenitor cells transduced with retroviral vectors to restore
expression of a defective gene (reviewed in [64]). Analysis of
patients who developed T-ALL in two of these clinical trials
revealed that the retroviral vector integrated near proto-oncogenes
(enhancing its transcription), in addition to chromosomal
translocations, copy number changes and deletion of tumour
suppressor genes being found [81–83]. Hence, the normal
process of T-cell development was perturbed as a consequence
of retroviral integration into the genome of the haemopoietic
progenitor cells and was a major setback to the gene therapy
field. Transduction of mature T-cells with retroviral vectors,
however, appears to be safer in comparison with haemopoietic
progenitor cells, as studies in mice [84–86] and in human subjects
(including a very recent report of three decade-long clinical trials
incorporating >500 years of patient follow-up) [87–89] found no
evidence that retroviral vector-mediated gene transfer into mature
T-cells resulted in integration-induced immortalization and
malignant transformation. A mechanistic basis for why retroviral
vector-mediated gene transfer into T-cells appears to be safer in
comparison with haemopoietic progenitor cells was proposed by
Biasco et al. [90], who reported that the integration profile of the
vector is distinct in these two cell types and is influenced by
the genetic/chromatin state of the cell. These studies
demonstrating safety of retroviral vectors may help allay fears
over the use of these vectors for therapeutic purposes in T-cells,
including gene-silencing approaches.

Lentiviral vectors

Lentiviral vectors have also been exploited for delivery of shRNAs
and genes into T-cells. Lentiviruses are a subclass of the retrovirus
family, with the most widely used vectors derived from HIV [65].
Historically, lentiviral vectors have been pseudotyped with VSV-
G (vesicular stomatitis virus glycoprotein), due to the restricted
tropism of the HIV envelope protein for the CD4 molecule (which
is only expressed on helper T-cells, monocytes/macrophages
and some cells of the central nervous system [91]) and
because of greater stability [65]. Until recently, primary T-cells
required cellular activation for efficient transduction with VSV-
G-pseudotyped lentiviral vectors [79], but it is now known that
cytokines such as IL (interleukin)-7, IL-15 or IL-21 (or specific
combinations thereof) promote VSV-G-pseudotyped lentiviral

uptake into resting T-cells without the need for T-cell stimulation,
thus preserving the functionality of naı̈ve T-cells [79,92,93]. IL-7
has therefore been used for transduction of primary T-cells with
lentiviral vectors for expression of shRNAs [93,94].

Therapeutic opportunities. The clinical potential of exploiting
lentivirus-mediated gene silencing in T-cells for the treatment
of inflammatory diseases or cancer has been demonstrated by
adoptive transfer studies in mice. Knockdown of the CD28
receptor, a key co-stimulatory molecule for T-cell activation,
in murine splenocytes suppressed graft-versus-host disease
following adoptive transfer into recipient mice [95]. In contrast,
silencing the expression of an inhibitory receptor on Tregs
using a lentiviral vector, to increase their immunosuppressive
function, has been demonstrated to delay the onset of Type 1
diabetes when adoptively transferred into non-obese diabetic mice
[96]. In cancer immunotherapy studies performed in tumour-
bearing mice, knockdown of SOCS1 in anti-tumour CD8+ T-
cells [97] or STAT3 in CD4+ T-cells [98], using lentiviral
vectors promotes tumour regression following adoptive transfer.
Another area where lentiviral vectors have been widely used
for silencing of gene expression in T-cells is in the context of
HIV infection. HIV encodes nine viral genes, infects T-cells and
is the causative factor of AIDS [91]. HIV entry is mediated
via the viral envelope protein which binds the CD4 molecule
expressed on host cells, while host chemokine receptors such
as CXCR4 and CCR5 also serve as co-receptors for viral entry
at later stages. Once inside the cell, replication and integration
of HIV into the host genome is dependent on both viral and
host cellular factors. Silencing of these viral and host cell factors
in T-cells using siRNAs or shRNAs has been shown to inhibit
HIV infection and replication in vitro [91]. Because HIV is
prone to viral escape when a single siRNA/shRNA is used
to target the virus, lentiviral vectors have been developed that
multiplex shRNAs in various formats in a single cassette [99,100].
Lentiviral vectors that express an shRNA in combination with
other RNA-based inhibitors such as a ribozyme and a decoy for
TAR [TAT (transactivator of transcription)-activated RNA] on
the same vector have also been developed as a potential therapy
for HIV [99,101]. The use of a single shRNA in combination
with other RNA-based inhibitors may avoid toxicity associated
with oversaturation of the RNAi machinery [102]. The clinical
potential of exploiting siRNA-mediated gene silencing in T-cells
for therapeutic purposes was recently assessed in a Phase 0 human
clinical trial (http://ClinicalTrials.gov Identifier NCT01153646).
This study was carried out to assess the safety and study feasibility
of infusing autologous CD4+ T-cells transduced with a lentiviral
vector encoding three RNA-based inhibitors (including an shRNA
targeting the viral tat/rev genes in combination with a TAR decoy
and ribozyme) back into HIV-infected patients who had failed
highly active anti-retroviral therapy. The study was initiated in
June 2010 but was terminated recently for reasons that have yet
to be disclosed.

Advances in lentiviral vector design have led to significant
improvements for expression of shRNAs in T-cells, including the
choice of promoter employed to drive the expression of the shRNA
[103,104]. In addition, lentiviral vectors that inducibly express an
shRNA in response to a drug or following infection with HIV
have also been used in T-cells [105–107]. Other improvements
include conditions that enhance lentiviral transduction of T-
cells, including resting T-cells. For example, inhibition of the
proteasome with the small-molecule inhibitor MG132 increases
lentiviral transduction of T-cells when stimulated with anti-CD3
and IL-2 [108], whereas a lentiviral vector pseudotyped with
a modified RD114 envelope glycoprotein results in enhanced
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transduction of primary human T-cells in comparison with
VSV-G-pseudotyped lentiviral vectors [109]. Finally, pseudotyp-
ing lentiviral vectors with measles virus glycoproteins [110] or
the wild-type HIV envelope protein [111] efficiently transduces
primary T-cells without the requirement for any exogenous stim-
ulation such as cytokines. It should be noted though that these ad-
vances described above have only been used for lentiviral gene de-
livery to primary T-cells and have not yet been exploited for deliv-
ery of shRNAs. Such new methods may permit more efficient gene
silencing in T-cells and/or maintain the cells in their native state.

In vivo delivery of lentiviral vectors encoding shRNAs
may also have clinical applications for the manipulation of
T-cell immune responses. For example, Lee et al. [112]
demonstrated that the intra-tracheal application of a lentiviral
vector encoding an shRNA targeting GATA-3, a key transcription
factor for Th2 differentiation, blocked ovalbumin-induced airway
hyperresponsiveness, inflammation and Th2 cytokine release in
a mouse model of asthma. Exploitation of this in vivo shRNA
delivery strategy for therapeutic purposes, however, would have
major safety concerns, because of the absence of a cell-targeting
moiety on the virus. Lentiviral vectors that display antibodies on
their surface have shown efficacy for targeting specific cell types
in vivo (including an OKT-3 antibody that targets the TCR) and
may therefore have potential for in vivo delivery of shRNAs to
T-cells [113,114].

Challenges. Like retroviral vectors, a key issue is whether
the use of lentiviral vectors for therapeutic purposes in T-cells
will lead to malignant transformation. Although no safety data
were disclosed for the Phase 0 clinical trial using autologous
CD4+ T-cells transduced with lentiviral vectors discussed above,
a long-term follow-up study of another clinical trial was very
recently published and reported no evidence of clonal selection or
integration near oncogenes when autologous CD4+ T-cells were
re-infused back into HIV patients following transduction with a
lentiviral vector encoding a long antisense molecule to the HIV
envelope protein [115]. This study, in addition to the fact that
HIV infection has not been associated with T-cell leukaemias in
patients [63], suggests that the use of lentiviral vectors for the
manipulation of T-cell immune responses is safe. However, as
discussed elsewhere [63], the safety profile of every viral vector
that encodes a gene or shRNA will need to be assessed on a
case-by-case basis.

Peptides, proteins and protein transduction domains

Mechanism

Peptides and proteins that penetrate the plasma membrane of cells
have been exploited for effective siRNA delivery into primary
T-cells. These include the TAT peptide derived from HIV, and
cell-penetrating peptides such as poly-arginine which efficiently
crosses the plasma membrane despite its large size [116].

Therapeutic opportunities

Dowdy and colleagues took advantage of the cell-penetrating
properties of the TAT peptide to generate a PTD–DRBD (peptide
transduction domain–dsRNA-binding domain) fusion protein that
binds siRNAs with high affinity, masks the negative charge
of the siRNA, and efficiently transports these siRNAs into a
variety of cell types, including primary T-cells [33]. Incubation of
activated primary murine T-cells with PTD–DRBDs and siRNAs
targeting CD4 or CD8 in vitro resulted in gene silencing of these
receptors [33]. Other studies have reported gene silencing in

the Jurkat leukaemic T-cell line and PBMCs (peripheral blood
mononuclear cells) in vitro using mimics of PTDs based on oligo-
9-arginine and Pep cell-permeant peptides [117] or the TP10
cell-penetrating peptide [118]. Because PTD–DRBDs and cell-
penetrating peptides lack a cell-targeting moiety, their use will be
restricted for ex vivo delivery of siRNAs to T-cells. To the best of
our knowledge, these peptide transporters have not yet been used
for adoptive transfer of T-cells into recipient mice.

Other nucleic-acid-binding proteins and peptides have been
conjugated with antibodies specific for cell-surface molecules,
enabling targeted siRNA delivery to leucocytes and T-cells both
in vitro and in vivo. Song et al. [119] exploited the nucleic-
acid-binding properties of protamine in combination with a cell-
targeting antibody fragment for delivery of siRNAs specific for the
HIV gag gene into infected cells. Because the antibody recognizes
the HIV envelope protein on the surface of infected cells, siRNA
delivery was restricted to infected cells only. This antibody–
protamine complex inhibited HIV replication in primary human
CD4+ T-cells in vitro and efficiently targeted cells that expressed
the HIV envelope protein in vivo when injected into mice [119].
Kumar et al. [120] utilized a similar strategy for in vivo delivery
of siRNAs into T-cells for the treatment of HIV infection in
mice. In their study, a CD7-specific single-chain antibody that
selectively targets T-cells was conjugated to the cell-permeable
oligo-9-arginine peptide and used to deliver siRNAs specific
for the CCR5 chemokine receptor (required for HIV entry) in
a humanized mouse model. Systemic delivery of this complex via
intravenous injection resulted in silencing of CCR5 in the T-cell
population and blocking of HIV infection. Interestingly, it was
also demonstrated that a cocktail of siRNAs targeting both the
CCR5 receptor and HIV genes was more potent as an anti-viral
therapy compared with the single siRNA targeting CCR5 alone
[120]. Similar antibody-conjugated peptide delivery systems have
been employed to deliver siRNAs into tumour T-cells used to
inoculate mice, albeit that the percentage of tumour T-cells that
were targeted in vivo was low [121].

Antibody-conjugated proteins may also have therapeutic
potential for targeted delivery of siRNAs to activated T-cells
and leucocytes in vivo for the treatment of inflammatory
disease. Peer et al. [122] used this system to selectively
deliver siRNAs into activated leucocytes, including T-cells,
by conjugating protamine with a single-chain antibody that
recognizes the high-affinity conformation of the leucocyte-
specific LFA-1 (lymphocyte function-associated antigen 1)
integrin. In T-cells, LFA-1 is converted into the high-affinity
conformation following TCR or chemokine stimulation, and
regulates interaction with antigen-presenting cells and cellular
migration [123,124]. Intravenous injection of the antibody–
protamine complex into mice resulted in siRNA delivery to cells
expressing high-affinity LFA-1, whereas non-activated leucocytes
expressing the low-affinity form of LFA-1 were not targeted
[122]. Specifically targeting activated leucocyte populations may
be beneficial in the context of chronic inflammatory diseases
and could avoid global immunosuppression that is commonly
observed with other therapies. These studies demonstrate that
conjugation of peptide and protein transporters with cell-targeting
antibodies as vehicles for siRNA delivery may have therapeutic
applications for combating HIV infection [119,120], cancer [121]
and inflammatory disease [122].

Certain cell-surface receptors are differentially expressed on
distinct T-cell populations, which may facilitate delivery of
siRNAs into particular subsets of T-cells using antibodies.
For example, gene microarrays have demonstrated that surface
receptors, such as CD103 and CD81, are more highly expressed
on Tregs compared with pro-inflammatory T-cells [125,126],
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whereas the expression of CCR1 and CXCR4 chemokine
receptors are higher on Th2 cells compared with Th1 cells
[127]. Gene silencing may therefore be feasible in a particular
subset of Tregs or pro-inflammatory T-cells. Peptide and
protein transporters could also be coated with a pan-T-cell-
targeting antibody (e.g. CD7) for silencing of a gene target
that is differentially required for effector T-cells and Tregs.
For example, PKC (protein kinase C) θ is a serine/threonine
kinase that positively regulates the production of cytokines in
pro-inflammatory T-cells, whereas it negatively regulates the
suppressive activity of Tregs [128]. Silencing of PKCθ is therefore
considered an attractive therapeutic target for the treatment
of inflammatory disorders and autoimmune disease, because
inhibiting this kinase should block the pro-inflammatory actions
of T-cells and at the same time enhance the suppressive activity of
Tregs. Peptide and protein transporters conjugated with a CD7-
specific antibody may be an ideal delivery system for silencing of
PKCθ expression in this context.

Challenges

A drawback of the peptide and protein delivery systems described
above, however, is that, on a per molar ratio, the siRNA-binding
capacity of these agents is relatively low and thus the ‘payload’
of siRNA delivered to cells is limited [129]. PTD–DRBDs
bind siRNAs at a 4:1 ratio only [33], whereas the protamine–
antibody fusion molecule binds five or six siRNA molecules
[119,122]. Furthermore, it was reported that oligo-9-arginine
peptides conjugated with an antibody against CD7 bound siRNA
at a ratio of 1:2 [120], while optimum siRNA delivery into tumour
T-cells using antibody-conjugated oligo-9-arginine peptides was
observed at an 8:1 ratio of antibody/peptide relative to siRNA
[121]. A potential concern of using antibody-conjugated systems
for siRNA delivery to T-cells is that antibody engagement of the
surface receptor may lead to cellular activation, which would
not be beneficial in the context of an inflammatory disease.
There have been no reports to date, however, that antibody–
siRNA complexes cause T-cell activation [34,122]. The use
of single-chain antibodies for siRNA delivery will probably
be advantageous in this context, as these antibodies are not
expected to cross-link (and thus activate) surface receptors [122].
Antibody-coated delivery systems that target integrins on T-
cells and leucocytes will also have to be carefully considered
in light of the well-documented cases of progressive multifocal
leukoencephalopathy in patients receiving monoclonal antibody
immunotherapies that block LFA-1 and other integrins [130]. The
judicious use of single-chain antibodies and/or antibodies that
recognize only the high-affinity conformation of integrins may be
advantageous in this setting. Furthermore, although these peptide
and protein transporters have demonstrated therapeutic potential
in murine studies, the applicability of these delivery systems
for the treatment of human diseases will require ‘humanization’
of the mouse antibodies on the surface of the particles to avoid
recognition by the host and the generation of an immune response.

Nanoparticles

Mechanism

Nanoparticles are typically defined as having a dimension of
100 nm or less, although larger molecules are often referred to
as nanoparticles. Nanoparticles are effective vehicles for siRNA
delivery, as their small size enables them to pass through the
plasma membrane without the use of carrier agents [131].

Therapeutic opportunities

Liu et al. [132] investigated SWNTs (single-walled carbon
nanotubes) for delivery of siRNAs into human T-cell lines and
PBMCs in vitro. These SWNTs were 1–3 nm in diameter and
200 nm in length, functionalized to make them water-soluble and
modified with cleavable disulfide bonds for binding to siRNAs
[132]. Silencing of the CXCR4 chemokine receptor and CD4 was
reported when functionalized SWNTs were mixed with siRNAs
specific to these gene targets and incubated with the cells [132].
Elsewhere, Yosef et al. [133] very recently used vertical silicon
nanowires for delivery of siRNAs into primary naı̈ve T-cells and
demonstrated effective gene silencing of 34 gene targets at the
mRNA level. In this system, silicon nanowires are first complexed
with siRNAs, and impaling the cells on the nanowires results in
siRNA delivery into the cytosol [134]. Chitosan nanoparticles
that have a diameter of 320 nm have also been evaluated for
siRNA delivery to T-cells [135]. Chitosan is a derivative of the
natural polysaccharide chitin and was chemically conjugated to
a T-cell-targeting CD7-specific single-chain antibody. Silencing
of CD4 expression was observed when the Jurkat leukaemic T-
cell line was incubated with these particles in vitro, although no
results were reported with primary T-cells [135]. SWNTs, vertical
silicon nanowires and chitosan nanoparticles have only been used
to address basic biological questions in the laboratory setting to
date and so their potential therapeutic applications in T-cells have
not yet been evaluated.

Dendrimers are highly branched synthetic polymers that bind
siRNAs via positively charged functional groups and are cell-
permeant [131]. Carbosilane dendrimers (300–370 nm diameter)
or PAMAM [poly(amidoamine)] dendrimers (100 nm diameter)
have been complexed with siRNAs targeting HIV genes and
shown to inhibit viral replication in T-cell lines and PBMCs
in vitro [136,137]. Interestingly, intravenous injection of PAMAM
dendrimer–siRNA complexes into a humanized mouse model
of HIV also suppressed viral loads and protected against
HIV-mediated T-cell depletion [137]. Although the PAMAM
dendrimer–siRNA complexes in this study did not have a cell-
targeting moiety on their surface, they primarily accumulated in
PBMCs and the livers of mice following intravenous injection,
with little or no accumulation in the spleen, lung or kidney.
Incorporation of a T-cell and/or macrophage-targeting moiety
(e.g. with an antibody or antibody fragment) may refine
the delivery of siRNAs specifically to these cell types and
avoid accumulation in the liver. Antibody-conjugated PAMAM
dendrimers have recently been exploited for targeted siRNA
delivery and shown to result in enhanced uptake and more potent
gene silencing in a prostate cancer cell line [138], which suggests
that antibody-conjugated dendrimers should be explored for T-
cell-specific siRNA delivery.

The most innovative and effective siRNA delivery system
described to date for targeting leucocytes and T-cells in vivo
are I-tsNPs (integrin-targeted stabilized nanoparticles) [34,139].
In this system, siRNAs are condensed with the nucleic-acid-
binding protein protamine and subsequently encapsulated within
100 nm diameter neutral liposome nanoparticles, resulting in
a ∼4000:1 ratio of siRNAs to nanoparticles. Attached to the
surface of the liposome nanoparticle is the glycosaminoglycan
hyaluronan, which stabilizes the particle, protects the siRNAs
from degradation and serves as a scaffold on to which cell-
targeting antibodies can be attached. Shimaoka and colleagues
coated I-tsNPs with an antibody specific for the β7 integrin
for delivery of siRNAs targeting cyclin D1 into gut-infiltrating
leucocytes in a mouse model of colitis [139]. The expression
of the β7 integrin is up-regulated on activated leucocytes and is
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required for the trafficking of these cells into the gastrointestinal
tract [140]. Remarkably, intravenous injection of a single dose of
β7-targeted I-tsNPs into mice resulted in silencing of cyclin D1
expression in leucocytes from the gut and spleen, while leucocyte
proliferation and inflammatory Th1 cytokines were also inhibited.
Furthermore, these I-tsNPs suppressed leucocyte infiltration into
the colon and led to a drastic reduction in intestinal damage
[139]. I-tsNPs conjugated with an antibody targeting the LFA-
1 integrin were also previously used to deliver siRNAs specific
for CCR5 into leucocytes in vivo, resulting in silencing of CCR5
expression and prevention of HIV infection in mice [34]. I-tsNPs
may have great potential for the manipulation of human T-cell
function in vivo due to their capacity to encapsulate large amounts
of siRNAs and thereby increase the payload of siRNAs into
cells.

Challenges

The use of nanoparticles for delivery of siRNAs into T-cells
for therapeutic purposes will need to be evaluated for toxicity
and effects on cellular function, particularly nanoparticles that
accumulate inside cells such as SWCTs. The safety profile of
dendrimers will also need to be assessed in terms of their
potential toxicity and the possibility of generating an immune
response if used for systemic delivery of siRNAs into T-cells.
As we have already highlighted above, delivery agents that are
conjugated to integrin-targeting antibodies such as I-tsNPs will
also need to be carefully assessed for progressive multifocal
leukoencephalopathy. Issues of whether I-tsNPs can be ‘scaled-
up’ for therapeutic purposes in humans have been discussed
elsewhere [141].

Aptamers

Mechanism

Aptamers are single-stranded RNA or DNA oligonucleotides
selected from random sequence pools that demonstrate high
affinity and specificity towards target molecules, including
surface receptors [142]. Some receptor-targeting aptamers are
internalized into cells, which has resulted in these molecules
being exploited for siRNA delivery by producing aptamer–siRNA
chimaeras via in vitro transcription. In 2006 it was first reported
that an aptamer–siRNA chimaera (in which the aptamer portion of
the chimaera recognizes a cell-surface receptor) was internalized
into prostate cancer cells and resulted in gene silencing [143,144].
Since that time, aptamer–siRNA chimaeras have also been
exploited for siRNA delivery into T-cells, primarily in the context
of HIV infection and replication.

Therapeutic opportunities

Zhou et al. [145] demonstrated that aptamers specific for the
HIV envelope protein (expressed on the surface of infected T-
cells) delivered siRNAs targeting viral and/or host genes into a
T-cell line and PBMCs in vitro and blocked viral replication. The
same group demonstrated in a separate study that intravenous
injection of these aptamer–siRNA chimaeras into a humanized
mouse model of HIV infection silenced viral gene expression in
the PBMC population, protected against HIV-mediated CD4+ T-
cell depletion and suppressed viral loads [146]. Interestingly, the
aptamer portion of the chimaera that targets the HIV envelope
protein also demonstrated anti-viral activity, albeit that it was not
as potent as that of the aptamer–siRNA chimaera [145,146]. This

aptamer therefore serves a dual role: delivery of siRNA into cells
by binding a cell-surface molecule and acting as a neutralizing
agent against the virus by blocking the interaction of the envelope
protein with CD4 or chemokine receptors. Aptamers targeting
the CD4 receptor were also recently used to deliver siRNAs
into T-cells and prevent HIV infection in human cervicovaginal
explants and humanized mice [147]. Delivery of a triple cocktail
of siRNAs specific for vav/gag viral genes and the host chemokine
receptor CCR5 inhibited HIV infection more potently compared
with siRNAs targeting CCR5 alone. Again, the aptamer specific
for CD4 exhibited some anti-viral activity on its own, but was
less effective in comparison with the aptamer–siRNA chimaeras
[147].

Developments in aptamer technology have refined their
function. For example, aptamers have been synthesized with
a bridge sequence that facilitates the non-covalent binding
and interchange of various siRNAs with the same aptamer,
permitting delivery of siRNA cocktails into T-cells [148]. Rossi
and colleagues also investigated the use of chimaeric RNA
molecules consisting of pRNA (packaging RNA) derived from
the bacteriophage φ29 DNA-packaging motor in tandem with
aptamers for delivery of siRNAs targeting HIV into PBMCs [149].
These chimaeric molecules provided cell-type-specific delivery
in combination with HIV inhibitory activity and were modified
to prolong RNA stability in serum [149]. Other developments
in aptamer function include the use of DNA aptamers that
specifically target CD4+ or CD8+ T-cells for siRNA delivery,
albeit these have only been evaluated in vitro to date [150,151].
DNA aptamers that target T-cells appear to be more stable in
serum than their RNA counterparts and result in enhanced uptake
into T-cell lines in vitro [150].

Aptamers appear to have many advantages for siRNA delivery
into T-cells, including their small size and applications for
targeted delivery in vivo. In addition, whereas aptamer–siRNA
chimaeras are mainly produced by transcription, they can now
also be chemically synthesized. Aptamer–siRNA chimaeras are
less likely to be immunogenic and are cheaper to produce than
other cell-targeting delivery agents such as proteins or antibodies
[147]. Wheeler et al. [147] also reported that an aptamer targeting
the CD4 molecule on T-cells did not affect the surface levels of
CD4, suggesting that uptake of the aptamer–siRNA chimaera into
T-cells could be mediated as part of the continuous endocytosis
of the CD4 receptor. Furthermore, the chimaera did not affect the
expression of other cell-surface markers that are indicative of T-
cell activation, which demonstrates that this particular aptamer
is not stimulatory [147]. There have been no reports to date
of aptamers being used for siRNA delivery into T-cells for the
treatment of inflammatory diseases or cancer in animal models so
it will be interesting to see whether this delivery system can also
be exploited for these diseases. In principle, because aptamers can
be generated against any molecule, this opens up the possibility
of delivering siRNAs into specific T-cell subsets by targeting cell-
surface receptors, including integrins.

Challenges

The selection and characterization of aptamers that target a
specific molecule or cell-surface receptor requires time and effort.
As the majority of aptamers that are currently used for delivery of
siRNAs are composed of RNA, their stability in vivo remains a key
issue, although steps to increase their stability have been addressed
[142]. The use of aptamers for gene-silencing approaches is still
in its infancy and their toxicity, immunogenicity and safety profile
needs to be further evaluated.

c© The Authors Journal compilation c© 2013 Biochemical Society



Exploiting siRNA delivery for therapeutic applications in T-cells 141

Other delivery agents

A variety of other delivery agents have been used for RNAi-
mediated gene silencing in T-cells, with some of these demon-
strating potent functional effects following adoptive transfer of
the T-cells into recipient mice, or when administered systemically.
Yamamura and colleagues [152] utilized the commercially
available HJV-E (haemagglutinating virus of Japan envelope
protein) for delivery of siRNAs targeting the NR4A2 nuclear
orphan receptor into primary T-cells in vitro. NR4A2 expression
is up-regulated in peripheral blood T-cells of multiple sclerosis
patients and in T-cells infiltrating the central nervous system
of mice with active disease, thereby making it an attractive
therapeutic target for silencing. Adoptive transfer of T-cells that
were treated with siRNAs targeting NR4A2 into recipient mice
inhibited EAE (experimental autoimmune encephalomyelitis;
a mouse model of multiple sclerosis), whereas active disease
occurred following adoptive transfer of T-cells treated with
control siRNAs [152]. The same group recently reported that
incorporation of NR4A2-specific siRNAs into a commercially
available AteloGeneTM collagen complex that protects siRNAs
from degradation in vivo reduced Th17-mediated inflammatory
responses and delayed the onset of EAE in mice when
administered systemically [153].

Biragyn et al. [154] recently generated a novel siRNA delivery
system for silencing of gene expression in Tregs both in vitro and
when administered systemically to mice in vivo. Here, the authors
created a chimaeric molecule composed of the CCL17 chemokine
linked to the 15-amino-acid capsid antigen fragment of hepatitis B
virus that binds siRNAs and delivers the complex into cells via the
CCR4 receptor (the cognate receptor of CCL17). Silencing of IL-
10 or FoxP3 (forkhead box P3) expression in CCR4-expressing
Tregs was observed in vitro and also in vivo when administered
systemically to mice [154]. Furthermore, silencing Tregs in this
context inhibited metastasis of breast cancer cells to the lung and
was associated with increased IFN (interferon)-γ production by
CD8+ cytotoxic T-cells in the mice. This therapeutic strategy of
augmenting the pro-inflammatory response for the treatment of
cancer by silencing Treg activity complements alternative siRNA-
based strategies of silencing inhibitory signalling pathways in
pro-inflammatory T-cells [53,72,98]. Other agents that have been
used to deliver siRNAs into primary T-cells in vitro include
chemically synthesized polymers [155,156], whereas antibody-
coated cyclodextran polymers have been used for in vivo delivery
of siRNAs into primary T-cells and B-cells in mice [157].
Elsewhere, exosomes are 40–100 nm vesicles derived from cells
that can be loaded with siRNAs and used for delivery into cells,
including primary T- and B-cells in vitro [158].

Although T-cells are well known as being ‘hard to transfect’,
a search of the literature reveals that many commercially
available lipid-based transfection reagents have been successfully
used for siRNA delivery and gene silencing in primary T-
cells. For example, LipofectamineTM [159], HiPerFectTM [160],
DharmaFECTTM [161], TransIT-TKO [162], siPORTTM [163],
siTranTM [164], MetafecteneTM [165] and lipid siRNA transfection
reagent from Santa Cruz Biotechnology [166] have all been shown
to result in gene silencing in primary T-cells. Furthermore, trans-
fection of T-cells with siRNAs using lipid-based reagents followed
by adoptive transfer of the cells into recipient mice inhibits inflam-
matory/autoimmune disease [167–169], graft rejection [170,171]
and infectious disease [172]. Perhaps this ‘hard-to-transfect’
reputation has been misappropriated to primary T-cells because of
the difficulty in delivering plasmids/DNA into the nucleus of these
cells. In addition, although it is generally accepted that siRNAs
are unstable in vivo due to degradation by nucleases, intravenous

delivery of ‘naked’ siRNAs targeting T-bet (a Th1-specific tran-
scription factor) via tail vein injection of mice results in silencing
of T-bet expression and suppresses EAE [167,173]. A similar
strategy of intraperitoneal injection of naked siRNAs targeting
GATA-3 (a Th2 transcription factor) in mice has been reported to
inhibit the proliferation of cancer cells in vivo [174]. These studies
highlight novel methods for siRNA delivery into T-cells and also
challenge the long-held belief that T-cells are hard to transfect.

MANIPULATION OF T-CELL FUNCTION WITH siRNAs: TRANSLATION
TO THE CLINIC?

Silencing of gene expression using siRNAs is now one of the
most commonly used approaches for characterization of genes
in T-cells to address basic biological questions. Such approaches
have also permitted analysis of gene function in mature T-cells
where generation of gene-deficient mice results in embryonic
lethality [175] or where T-cells from gene-deficient mice
have failed to reveal a clear phenotype, possibly because of
compensatory mechanisms [176]. RNAi-mediated gene silencing
has also permitted ‘knockdown’ mice to be generated that are
depleted of proteins exclusively expressed in T-cells such as
CTLA-4 (cytotoxic T-lymphocyte antigen 4) [177,178]. A major
question in the RNAi and immunology fields, however, is whether
siRNA technology can be exploited for therapeutic purposes
in T-cells for the treatment of human diseases. Without doubt,
the major obstacle that has faced immunologists, clinicians and
the RNAi field alike has been the delivery of siRNAs to T-
cells both in vitro and in vivo. As we have outlined in the
present review, great progress has now been made in enabling
siRNA delivery into primary T-cells both in vitro and in vivo.
Advances in siRNA delivery to T-cells using a variety of methods,
including electroporation/nucleofection, Accell siRNAs, viral
vectors, peptides/proteins, nanoparticles, aptamers and others,
has equipped researchers with a valuable array of agents
to modulate gene expression (summarized in Figure 1). The
specificity of RNAi-mediated gene silencing, in addition to the
realistic possibility of targeting particular subsets of T-cells (i.e.
with ligands that target T-cells such as antibodies, aptamers or
chemokines), holds great promise for the development of more
refined therapies for modulating T-cell function in the context
of disease. The applicability of RNAi-mediated gene silencing
for the manipulation of T-cells has also taken a step nearer to
the clinic by studies which have shown that targeting murine T-
cells with siRNAs in vivo, or adoptive transfer of RNAi-modified
murine T-cells into recipient mice, is efficacious in models of
inflammation, cancer and infectious disease. Although a human
clinical trial using an RNAi-based strategy for blocking HIV
infection in CD4+ T-cells was recently terminated for reasons that
have not been disclosed, the applicability of RNAi-mediated gene
silencing is perhaps finally realizing its therapeutic potential for
the manipulation of T-cell and other immune cell-related diseases.
A similar clinical trial has been completed where five patients with
HIV were infused with autologous haemopoietic progenitor cells
transduced with a lentiviral vector encoding three RNA-based
inhibitors, including an shRNA targeting the tat/rev viral genes
[179]. Successful engraftment of the transduced haemopoietic
cell population was observed in four out of five patients and
two of these patients demonstrated detectable expression of the
shRNA and the ribozyme for up to 24 months post-infusion [179].
Now that the barrier of siRNA delivery to T-cells appears to be
surmounted, it is anticipated that more clinical trials involving
the use of siRNAs for the manipulation of T-cell function will
be evaluated in the future. Although there are numerous clinical
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Figure 1 Summary of the methods used for delivering siRNAs into T-cells

The applicability of these agents for targeting T-cells in vivo or ex vivo with siRNAs is indicated. The diagram also indicates whether these delivery agents have been used in mouse models and
the relevant references are indicated in square brackets. Not depicted in the diagram are other delivery agents including HJV-E, AteloGene collagen complexes, chimaeric molecules of chemokines
linked to the capsid antigen fragment of hepatitis B virus, chemically synthesized polymers, antibody-coated cyclodextran polymers, exosomes, conventional lipid-based transfection methods and
‘naked’ siRNA delivery into mice.

trials currently evaluating the use of siRNAs for therapeutic
purposes, progress in this area has been mixed and some of
these trials have been terminated due to lack of a therapeutic
benefit [180]. Furthermore, an siRNA has yet to be clinically
approved for the treatment of any human disease. Although RNAi
holds great potential for the manipulation of T-cell function,
many questions remain to be addressed. For example, targeting
T-cells systemically or ex vivo with siRNAs will dictate the
type of delivery agent that is used for gene silencing. Unless viral
vectors are used, these delivery agents will result in transient
gene silencing, and this poses the question of how often the
siRNAs will need to be administered to achieve therapeutic gene
silencing. As discussed above, increasing the stability of siRNAs
may be beneficial for achieving prolonged gene silencing in
this regard. The biological safety of the delivery agent used to
transport the siRNA into T-cells, particularly viral vectors, will
carry an inherent risk because of their ability to integrate into
the host genome, as will antibody-conjugated delivery systems
that target integrins and other receptors on the surface of T-
cells. Other questions that need to be addressed are whether
targeting T-cells with siRNAs for the treatment of inflammatory
or autoimmune disease will place patients at increased risk of
opportunistic infections like many of the current therapies. On
the other hand, whether targeting T-cells with siRNAs to sile-
nce inhibitory signals for cancer immunotherapy will lead to
inflammatory or autoimmune-like diseases is unknown at present.
Although adoptive transfer of murine T-cells treated with siRNAs

into recipient mice has been shown to be efficacious for many
inflammatory and autoimmune diseases, the vast majority of these
studies have adoptively transferred the modified T-cells before the
induction or onset of inflammatory disease. Whether adoptively
transferring the T-cells in the context of an active inflammatory
disease will need to be investigated and will be more reflective of
the human clinical situation.

Other questions that will need to be evaluated will be whether
the siRNAs cause silencing of non-intended targets (off-target
silencing) and/or whether siRNAs and their delivery agents non-
specifically stimulate the immune system. To date, there is limited
information regarding both of these fundamental issues. Off-target
effects may have unpredictable and potentially delirious effects
on T-cell function, whereas recognition of siRNAs by TLRs (and
possibly by RIG-1 and PKR) in innate immune cells and in T-
cells themselves may trigger an inflammatory response in the
host [21,22,26,27]. Off-target effects of siRNAs have rarely been
addressed by any of the delivery methods that we have highlighted
in the present review, and this will be a crucial factor that must be
investigated further if this technology is to move nearer towards
the clinic. It is important to note, however, that many of these
studies have investigated whether the various siRNA delivery
systems for targeting T-cells are immunostimulatory in nature.
To date, no adverse inflammatory events have been reported
when siRNAs complexed with PTD–DRBDs [33], antibody-
conjugated peptide/proteins [120,122], nanoparticles [34,137] or
aptamers [145–148] were incubated with PBMCs in vitro or when
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delivered systemically into mice for the manipulation of T-cell
function. Determining the potential immunostimulatory potential
of siRNAs and their delivery agent is critical, as it is known that the
method of delivery influences whether siRNAs are detected by
the RNA-sensing machinery [181]. For example, delivery of
siRNAs into PBMCs using lipid-based transfection methods (a
pathway that exploits endosome-mediated uptake of siRNAs)
resulted in TLR activation and inflammatory cytokine production,
whereas siRNA delivery to the cytosol using electroporation
did not trigger the same inflammatory reaction [181]. This is
consistent with the localization of the RNA-sensing TLRs to
endosomal structures of cells.

An area that will also have important applications for thera-
peutic gene silencing in T-cells (and for the clinical applications of
siRNAs in all cells in general) is chemical modification of siRNAs
to increase their stability and potency and at the same time reduce
their off-target effects and their immunostimulatory potential
[182]. A plethora of such modifications have now been made
to the backbone, ribose sugar and base of the nucleotides in one
or both siRNA strands to improve their function [182]. Chemical
modifications of siRNA to improve their function have only been
investigated in limited detail in T-cells, as demonstrated by Mantei
et al. [50] who showed a clear benefit for chemically modifying
siRNAs to increase their stability and prolong gene silencing in
primary T-cells. Whether similar modifications help to reduce off-
target effects or the immunostimulatory potential of the siRNAs in
primary T-cells should be investigated. Nonetheless, it is of note
that the vast majority of studies have employed commercially
available single siRNAs or siRNA pools for silencing of gene
expression in primary T-cells, and such siRNAs are now generally
modified with proprietary modifications that reportedly minimize
undesirable side effects, including off-targeting.

While manipulation of T-cell function with siRNAs alone
may have clinical benefits for the treatment of human disease
and infection, another outstanding issue is whether an enhanced
therapeutic benefit will be seen with combination therapies
of siRNAs with other immunomodulatory agents, e.g. siRNA-
mediated gene silencing in T-cells in combination with a
vaccine for cancer immunotherapy [53] or silencing of inhibitory
signalling pathways in inflammatory T-cells in combination with
tumour-specific TCRs/CARs to increase the potency of the
cells. While combination therapies have already been evaluated
in a human clinical trial for HIV infection using genetically
modified T-cells, other possible combination therapies could
include siRNA-modified T-cells with anti-retroviral drugs [183].
The application of siRNA screening in T-cells will also help
define additional gene products that could potentially be targeted
with siRNAs for therapeutic purposes. In summary, overcoming
the hurdles of siRNA delivery to T-cells now offers the exciting
prospect of silencing gene expression in these cells for a variety
of potential clinical applications.
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