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Purpose of review

This review is to highlight the most current mutation-targeted therapeutic approaches

and provide insights into new developments for treating primary immunodeficiencies.

Recent findings

Significant progress in mutation-targeted treatment was achieved in the past year with

the identification and characterization of a translational read-through compound,

PTC124. PTC124 demonstrates a new class of nontoxic bioavailable small drugs.

Antisense oligonucleotide-mediated techniques such as splicing redirection, exon

skipping, and mismatch repair have been successfully used to correct splicing,

frameshift, and missense mutations, respectively. Delivery of antisense oligonucleotides

to mammalian cells, including primary leukocytes and neurons, saw great progress

during the past year. Recent advances for other approaches to correct frameshift and

missense mutations are also considered.

Summary

Primary immunodeficiencies are monogenic disorders. The characterization and

classification of disease-causing mutations facilitate the design and development of

new mutation-targeted treatments. To date, using ataxia–telangiectasia (A–T) as a

model primary immunodeficiency, the most promising advances have been with

chemicals that read through various premature stop codons as well as with antisense

oligonucleotides that mask aberrant splice sites. These principles can now be applied to

other primary immunodeficiencies.
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Introduction
Primary immunodeficiencies (PIDs) are genetically

inherited disorders characterized by deficiencies of dis-

tinct components of the innate or adaptive immune

systems, the clinical hallmark being an increased

susceptibility to infections. With great progress having

been made in delineating the innate and adaptive

immune systems, novel forms of PIDs have been recog-

nized and their molecular bases have been characterized

[1,2]. More than 120 distinct genes have been identified

to date, accounting for more than 150 different forms of

PIDs [3�]. The characterization of distinct genes and

their mutations for each PID further defines the word

‘primary’ and prompts both the design of more accurate

diagnostic tools and the new opportunities for therapy

aimed at correcting the genetic errors at the DNA or RNA

level, before their ramifications become systemic.

Current available treatments for PIDs include intrave-

nous immunoglobulins (IVIGs) [4], stem cell transplan-
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1528-4050 � 2008 Wolters Kluwer Health | Lippincott Williams & Wilkins
tation [5–7], and gene therapy [8,9]. However, each

treatment approach has drawbacks. Stem cell transplan-

tation may lead to life-threatening graft-versus-host

disease (GVHD) if poorly matched donors are used, which

is true more than 80% of the time [6]. Gene therapy is

currently limited by technical difficulties and the risks of

side effects of genomic manipulation, such as leukemia

[10,11]. Novel approaches to treatment of PIDs need to be

explored. Pharmacogenetic agents modify gene expres-

sion after the problem has become systemic. In this review,

we highlight mutation-targeted therapies with chemicals

that mitigate mutational pathology at the nuclear level.

Although the principles of mutation-targeted therapy have

developed primarily from non-PID genetic diseases, they

can now be applied here as well.
Types of mutations and mutation-targeted
therapy
Genetic mutations can be categorized into four major

groups: nonsense, splicing, frameshift, and missense.
rized reproduction of this article is prohibited.
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Figure 1 Distribution of mutations in primary immunodeficiencies
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The percentage of each type of mutation is presented for individual PIDs. The gene responsible for the primary immunodeficiency disease and the total
number of reported mutations are listed at the top and bottom of each pie-chart, respectively. ATM, ataxia–telangiectasia; WASP, Wiskott–Aldrich
syndrome; BTK (Burton’s tyrosine kinase), X-Linked agammaglobulinemia; ADA, adenosine deaminase – severe combined immunodeficiency (SCID);
CD40L, X-linked hyper-IgM; and CYBB, X-linked chronic granulomatous disease. PID, primary immunodeficiency.
These have been observed in almost all genes studied

(Fig. 1). Nonsense mutations create premature stop

codons (e.g. in a C>T mutation: CAG, which codes

for a glutamine, becomes TAG or UAG, which stops

translation at that point, resulting in a truncated unstable

protein). Splicing mutations come in many variations

(Fig. 2), the underlying common denomination being

that a critical sequence of nucleotides is disrupted by the

mutation so that its chemical entropy is no longer the

optimal site for splicing of pre-mRNA. This creates

aberrant or cryptic splice sites that translate to aberrant

proteins. Frameshift mutations most commonly result

from the insertion or deletion of one or two nucleotides,

which destroy the reading frame for any subsequent

downstream codons. Missense mutations are typically

single-nucleotide changes that either alter the amino

acid in translated proteins (nonsynonymous) or do not

alter the amino acids (synonymous or ‘silent’). The

potential disease-causing consequence of a missense

change is often difficult to evaluate [12��]. Thus, it

can be anticipated that many reported ‘missense
opyright © Lippincott Williams & Wilkins. Unauth
mutations’ will later be re-evaluated as nondeleterious

DNA variants or single-nucleotide polymorphisms

(SNPs), which occur as frequently as one in every

100–1000 nucleotides in the human genome [13]. It

should also be emphasized that mutation-based therapy

requires that only one allele carries the targeted

mutation. Thus, if 17% of ataxia–telangiectasia (A–T)

patients carry a nonsense mutation, approximately 34%

would be amenable to such read-through chemicals if all

patients carried two different mutations. One can even

envision patients receiving two different medicines, one

for each mutation.

Nonsense, splicing, and frameshift mutations usually

lead to loss of or unstable protein, whereas missense

mutations produce nonfunctional or partially functional

proteins. In-frame insertion or deletion mutations also

give rise to proteins; thus, we combined the in-frame

mutations with the missense subgroup in Fig. 1. Common

groups of mutations prompted the hypothesis of common

group-specific molecular pathogenesis. It also follows that
orized reproduction of this article is prohibited.
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Figure 2 Types of splicing mutations and correction with antisense morpholino oligonucleotides

(a) Type I  classical splicing mutation - entire exon deletion

(b) Type II splicing mutation - pseudoexon formation 
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(a) Type I refers to the classical splicing mutation that causes the deletion of an entire exon during pre-mRNA splicing. (b) Type II splicing mutations
occur in the mid-intron and result in the insertion of a pseudoexon at the cDNA level. Blocking antisense morpholino oligonucleotides have been used to
restore normal splicing. (c) Type III mutations lie within the coding region, resulting in the partial deletion of an exon. An antisense morpholino
oligonucleotide has been used to block the mutation-generated 5’ splicing site. (d) Type IV mutations lie within the intron and lead to partial deletion of
an exon. (e) Type V mutations disturb the lariat branch point and result in deletion of an exon.
therapeutic strategies developed against a common

mutation group will prove effective against similar

mutations, irrespective of the gene. This overreaching

concept of mutation-targeted therapy has been shown

effective by read-through compounds that correct non-

sense mutations in many disease models. A similar argu-

ment can be made for antisense oligonucleotides that

correct splicing mutations. With the availability of

mutation databases for most PIDs [14], we can summar-

ize here the distribution of mutation types for some of the

more common PIDs (Fig. 1). Herein lies the future of

mutation-based therapy for PIDs.
opyright © Lippincott Williams & Wilkins. Unautho
Correction of nonsense mutations by
read-through compounds
Approximately 1800 inherited human diseases are caused

by nonsense mutations [15]. Suppressing (i.e. reading

through) the resulting premature termination codons

with chemicals, thereby allowing translation to continue

to the true end of the transcript, is a promising approach

for correcting nonsense mutations.

Proof of concept for such a therapeutic approach in a

series of genetic diseases has already been demonstrated
rized reproduction of this article is prohibited.
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for aminoglycosides, the widely used bacterial antibiotics

[16�]. Aminoglycosides bind to the decoding site of the

16S ribosomal RNA, inducing a local conformational

change that allows translation through what would other-

wise be read as a premature termination codon. After the

aminoglycosides paromomycin and G418 were first

shown to partially restore the full-length protein of non-

sense mutation in mammalian cells [17], the aminoglyco-

side gentamicin was tested in clinical trials for cystic

fibrosis, Duchenne muscular dystrophy, and hemophilia

[18–20]. Aminoglycosides have also been employed

ex vivo to achieve read-through expression of full-length

ATM protein in A–T [21]. These studies demonstrated

that true stop codons were not affected by the read-

through compounds. Studies are now underway to correct

nonsense mutations in other forms of PIDs. However, the

high concentration of aminoglycosides required for effec-

tive read-through is often toxic to cells, restricting their

uses in clinical trials. Furthermore, most antibiotics do

not cross the blood–brain barrier efficiently and would be

of limited use for treating central nervous system dis-

eases. Some attempts have been made to redesign ami-

noglycosides so as to reduce the toxicity while retaining

the read-through activity. A newly designed compound

based on paromomycin seems to have this property [22].

PTC124 is another recently identified nonsense-suppres-

sion read-through compound [23��], that is not an amino-

glycoside antibiotic. PTC124 promotes suppression of

human and mouse nonsense alleles of the dystrophin

genes and restores ex vivo dystrophin expression. Systemic

(sometimes in combination with oral and intraperitoneal)

delivery of PTC124 into mouse models for Duchnne

muscular dystrophy and cystic fibrosis showed restoration

of protein and function in vivo without any obvious toxicity

[23��,24]. Of particular interest was the in vivo demon-

stration of specificity for PTC124 read-through activity to

the premature stop codons rather than to the true termin-

ation codons. The latter is apparently read in the context of

other factors besides simply the TAG, TGA, or TAA stop

codon sequences. PTC124 demonstrates a new, nontoxic,

small-molecule drug that promotes selective and specific

read-through of disease-causing premature stop codons.

However, it should be noted that more than 800 000

chemicals are needed to be screened, and then chemically

modified, in the selection of PTC124 for the clinic [23��].

In order to discover additional read-through chemicals, as

well as structure–activity relationship (SAR) groups, our

laboratory has developed a high throughput screen assay

based on the Protein Truncation Test (PTT) [25]. We

have identified more than 50 nonaminoglycoside chemi-

cals with read-through activity. Although many of these

have low EC50 (half-maximal effective concentration)

scores, others are more promising, and several potential

SAR groups are evident (Du et al., manuscript sub-
opyright © Lippincott Williams & Wilkins. Unauth
mitted). This will allow rapid expansion of the discovery

aspect of read-through chemicals and hopefully will lead

to a better understanding of the critical mechanisms

underlying suppression/read-through.

Nonsense mutations activate a RNA surveillance system,

known as nonsense mediated decay (NMD), to destroy

PTC-containing transcripts in order to prevent the syn-

thesis of truncated proteins that might produce dominant

negative effects and waste cellular resources. NMD has

been reported to be a major mechanism of nonsense

transcript elimination and governs the patient’s response

to read-through compounds [26��]. Because NMD also

degrades the physiologically occurring PTC-containing

mRNAs such as those resulted from alternative splicing,

disruption of NMD might result in undesired side effects

[27]. Interestingly, PTC124 and aminoglycosides have

minimal effects on NMD [23��]. In theory, developing a

method to specifically disrupt NMD of a disease-causing

mRNA without influencing normally degraded mRNA

might greatly improve the read-through efficiency of

targeted nonsense mutation by read-through compounds.
Correction of splicing mutations with
antisense oligonucleotides
A significant fraction (15–30%) of disease-causing

mutations in mammalian genes affect pre-mRNA spli-

cing, and antisense oligonucleotides have been success-

fully used to correct splicing mutations [28]. Basically,

antisense oligonucleotides target pre-mRNA in a

sequence-specific manner, sterically blocking the tar-

geted splice sites and redirecting the splicing machinery

to a more appropriate nearby splice site [28].

Splicing mutations can be grouped into at least five types

(Fig. 2, using ATM data as an example) [29]. Type I is the

classical splicing mutation resulting in deletion of an

entire exon. Type II, III, and IV are nonclassical splicing

mutations that result in pseudoexon inclusion or partial

exon deletion. Type V involves the branch point and

although such mutations exist ([30,31], unpublished),

they have not been targeted for therapy. Our laboratory

has used antisense morpholino oligonucelotides (AMOs)

to redirect and restore normal splicing in the ATM gene

for type II and type III mutations [32�]. AMOs have also

been used to successfully modulate RNA splicing for

many other genetic diseases including cystic fibrosis,

b-thalassemia, and Duchnne muscular dystrophy [28].

As splicing mutations are a prevalent and important class

of mutation in PIDs (Fig. 1), antisense oligonucleotides

should be applicable for most PIDs.

To be effective, antisense oligonucleotides also need to

be delivered into cell nuclei in relative high concen-

trations. The traditional delivery is with the aid of
orized reproduction of this article is prohibited.
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physical and chemical techniques, such as using the

proprietary Endo-porter and cationic lipids. Significant

improvements are being made in the delivery efficiency,

such as the recent use of Arginine-rich, cell-penetrating

peptides (CPP) or nine-arginine tags fused to rabies virus

glycoprotein peptides (RVG-9R) to deliver antisense

oligonucleotides directly to mammalian cells, including

primary leukocytes and neurons [33,34��]. In our exper-

iments, the correction of intranuclear ATM protein levels

with CPP-mediated AMOs sometimes exceeds 50% of

control levels (unpublished) – this would exceed the

ATM levels of A–T carriers [35] who remain largely

asymptomatic. Also encouraging, RVG-9R mediated oli-

gonucleotide delivery can cross the blood–brain barrier

[34��]. This has important implications for PIDs with

central nervous system involvement, as exemplified by

A–T, Nijmegen Breakage syndrome, SCID-Cernunnos,

and DNA ligase IV deficiency [36].
Potential approaches for correction of
frameshift mutations
Frameshifts resulting from nucleotide insertions or

deletions account for a large fraction of mutations in

commonly occurring PIDs such as A–T, Wiskott–Aldrich

syndrome, and X-linked agammaglobulinemia (Fig. 1). To

our knowledge, pharmacogenetic agents capable of cor-

recting frameshift mutations at the DNA or RNA (genomic

or transcriptional) level have not yet been identified.

Meanwhile some promising approaches can be considered.

Gene therapy can mitigate a frameshift mutation in the

interleukin 2 receptor common gamma chain (IL2Rg),

responsible for X-linked severe combined immunodefi-

ciency (SCID) [37]. In this approach, an engineered zinc-

finger nuclease fusion protein (ZFN) specifically binds

and cleaves the two DNA regions flanking the insertion

and enhances ex vivo homologous recombination to a

potentially therapeutic level (18%), without any selection

steps [37–39].

Antisense oligonucelotide-mediated exon skipping may

be another potential approach for correcting frameshift

mutations. The principle of this approach is to use anti-

sense oligonucleotides to skip a mutation-containing exon

and generate an in-frame deletion and a functional protein.

This has been achieved for Duchnne muscular dystrophy

using an antisense oligonucleotide PRO051 [40�]. Treated

patients improved from a severe phenotype to a much

milder phenotype. The antisense PRO051 produces a

shortened dystrophin with partial function [40�]. This

approach has two requisites: the exon skipping retains

in-frame codon reading and the resultant partially trun-

cated protein retains function. Most likely, this approach

will be applicable primarily to highly repetitive genes,

such as those coding for structure proteins.
opyright © Lippincott Williams & Wilkins. Unautho
Revertant mosaicism, a naturally occurring event, can

also correct a frameshift by reverse mutations (i.e. rever-

tants) or by second-site mutations that lead to the neutral-

ization of mutant phenotype. Revertant phenotypes have

been studied in several PIDs, such as X-linked SCID,

Wiskott–Aldrich syndrome, Fanconi anemias, and Bloom

syndrome [41–44]. The possible mechanisms responsible

for reversion include intragenic recombination, mitotic

gene conversion, second-site compensatory mutation,

DNA slippage, and site-specific reversion [45]. Under-

standing these mechanisms might provide insights for

developing new high throughput screening assays to dis-

cover chemicals that would encourage such events.
Potential approaches for correcting missense
and in-frame mutations
Missense and in-frame mutations produce proteins with

null, partial, or abnormal functions. These mutant

proteins exert their deleterious effects through multiple

mechanisms such as dominant negative or gain-of-

function. As discussed above, however, more work

remains to be done with regard to the proper diagnosis

of missense mutations, as opposed to nondeleterious

polymorphism [12��].

Depending on the functions of missense or in-frame

mutated proteins, different approaches can be developed

for treatment. For example, a phenylalanine 508 deletion

(DF508) in cystic fibrosis patients produces a cystic

fibrosis transmembrane conductance regulator (CFTR)

protein with defects in folding, stability, and channel

gating. Small-molecule compounds, identified by high-

throughput screening, correct the channel activity of

DF508–CFTR mutated protein [46]. Another example

of gain-of-function for a missense mutation is gain of

glycosylation, in which a glycan is added to the mutant

amino acid. Up to 4% of known disease-causing missense

mutations are predicted to give rise to gain of glycosyl-

ation [47]. The first gain-of-glycosylation mutation to be

thoroughly characterized was the T168N mutation in the

IFNGR2 gene, a gene causing primary immunodeficiency

[48]. The identification of the large fraction of gain-of-

glycosylation mutations also suggests a therapeutic

approach to target these mutations, using tunicamycin,

catanospermine, glycosylation inhibitors, or glycosidases

[47]. New chemicals targeting glycosylation need to be

further identified for specificity and nontoxicity based on

the mechanisms involved [49].

Chimeric RNA/DNA oligonucleotides (chimeraplasts)

may provide an alternative approach to missense

mutation treatment. A well designed chimeraplast pairs

perfectly and anneals to the mutated region except for a

base pair mismatch. This mismatch activates the mis-

match repair system, which reverses the missense
rized reproduction of this article is prohibited.
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mutation. The ability of chimeraplasts to correct

point mutations has been demonstrated in a mouse

Duchnne muscular dystrophy model for nonsense and

frameshift mutations [50].
Conclusion
PTC124 was an encouraging breakthrough development

for the discovery and design of read-through compounds

for mitigating nonsense mutations. We envision that

other promising chemicals with improved pharmacoki-

netics will be developed. These compounds will increase

the therapeutic options for patients with nonsense

mutations in PID genes. With the progress in delineating

the mechanisms of NMD, it may be possible to reduce

the destruction of disease-causing transcripts if, at the

same time, the efficiency of translational read-through of

these transcripts can be significantly improved.

Antisense oligonucleotide-mediated approaches that

redirect splicing can also be applied to exon skipping,

both to avoid unwanted exons and to control alternative

splicing. New advances in the delivery and stability of

antisense oligonucleotides can be expected [51], especi-

ally with regard to crossing the blood–brain barrier.

Some antisense oligonucleotides are already in clinical

trials and will soon be ready for testing in PIDs.
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