
1 

Targeted Gene Therapy in the Treatment 
of X-linked Hyper-IgM Syndrome 

Caroline Kuo, MD 
Pediatric Allergy & Immunology 

Clinical Instructor 



Disclosures 

•None. 



Hyper-immunoglobulin M syndromes 
• Heterogeneous group of genetic disorders resulting in 

defects of immunoglobulin class switch recombination 
+/-  defects of somatic hypermutation 
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 Clinical Presentation 
o Bacterial sinopulmonary 

infections 
o Pneumonias 
o Gastrointestinal 

infections 
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Presentation Notes
Results in combined immunodeficiency or purely humoral immunodeficiency due to intrinsic defects in B cells
Uptake of Ig-bound Ag
Proteolytic processing
Presentation in class II = Antigen presenting MHC II B cell

AID (Activation induced cytidine deaminase) deficiency: AR. Responsible for deaminating cytidine into uracil residues in early phase of CSR and SHM.
UNG (Uracil N glycosylase) deficiency: Similar picture to AID deficiency, but only CSR and not SHM is affected.

HIGM as combined immunodeficiency: CD40 also expressed on macrophages/monocytes and dendritic cells. Lack of signalling to such cells results in impaired production of TH1 type cytokines including IL-12 and INF-gamma which affect handling of opportunistic pathogens particularly Pneumocystic jiroveci (presenting sign in 40% of patients) and Cryptosporidium species.

Clinical Manifestations:  recurrent bacterial sinupulmonary infections
Pneumonias with pneumocystis jirovecii
Susceptibility to gastrointestinal infections with Cryptosporidium parvum leading to sclerosing cholangitis, cirrhosis, and cholangiocarcinoma. Can affect 20% of patients with associated cryptosporidial infection in more than 50% of those patients.



Prognosis & Treatment 

• Concerns with HSCT 
• Reactivation of occult 

cryptosporidial infection 
• Preexisting lung damage 
• Graft-versus-host disease 
• Unstandardized 

conditioning regimen 
• Timing 

Levy et al., 1997. 
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Presentation Notes
Long term prognosis remains poor despite supportive treatment with Ig replacement and antibiotic prophylaxis
Approximately 20% at 25 years.  Although this figure is from 1997, more recent papers have reflected similar outcomes.
To date, allogeneic hematopoietic stem cell transplant offers the only chance of cure. European experience between 1993-2002 including 38 XHIM patients who underwent HSCT, nearly 60% were cured of immunodeficiency. Indications for HSCT are not clearly defined.

Timing:  Rates of successful HSCT (72%) comparable to those achieved with young, relatively well children with other T cell immunodeficiencies (WAS) when performed in patients without preexisting hepatic disease.
Understandable reluctance to risk 20% or greater chance of death following HSCT when it is not certain which patients will ultimately develop fatal hepatic disease



CD40L Defects as a Candidate for Gene Therapy 

Notarangelo L & Hayward A, 2000. 
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Presentation Notes
Single gene defect
All known disease causing mutations traced to CD40LG




Gene Therapy For XHIM 

Presenter
Presentation Notes
Although both studies demonstrated successful transfer of a retroviral vector containing normal mCD40L cDNA leading to partial/full correction of both celular and humoral immune defects, abnormal lymphoproliferation was an issu. 
 
These studies reaffirm that gene transfer for defects in tightly regulated genes could be dangerous and need to be done in a more controlled fashion.

Brown (US): transduced murine BM or thymic cells w/ a retroviral vector containing murine CD40L cDNA.
-Mice could mount normal antigen-specific cell-mediated and humoral responses:  attenuated influenza virus A ????ASK MARIA???
-12/19 (two-thirds) developed T-lymphoproliferative disorders (0 of 7 vector treated controls)

Sacco: 
1.CD40L cDNA put under control of phosphoglycerokinase promoter to direct CD40L expression ubiquitously. (lethal)
2.CD40L placed under control of LTR of HTLVI
Mice healthy initially healthy but 35 of 105 (1/3) developed inguinal masses at 6-12 months of age.
11/35 with masses underwent histologic examination with atypical lymphoid proliferation. 2 had Burkitt’s like lymphoma



Rationale 

•CD40L gene is tightly regulated and requires 
expression in its normal chromosomal context 

 
•Hypothesis 

• Site-specific gene modification of the CD40L gene in 
human hematopoietic stem/progenitor cells will correct 
XHIM 
 

•Site-specific endonucleases  
• Target specific DNA sequences for gene modification 
• Allow physiologic expression of the corrected 

endogenous CD40L gene 
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Presentation Notes
Cd40lg needs to be expressed from it’s endogenous location
Because expression of CD40L is normally closely synchronized with T cell activation, fewer than 1% of circulating mononuclear cells are estimated to be CD40L+ at any given time.
, rather than constitutive expression from ectopically inserted CD40L transgenes.



TALENs 
• TALENs (transcription 

activator-like effector 
nucleases) 

• Tandem near-identical 34 AA 
repeats which recognize one 
base pair via two adjacent 
AAs (12 and 13) termed 
repeat-variable diresidues 
(RVDs) 

• Fused to catalytic domain of 
the FokI nuclease to create 
targeted DSBs Cermak et al., 2011. 

FokI 

FokI 
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Presentation Notes
The TAL effector code was deciphered in 2009 and offers an alternative that utilizes the endogenous promoter to avoid uncontrolled viral-mediated gene addition.

Their targeting specificity is determined by a central domain of tandem 33-35 AA repeats and it was found that a pair of adjacent residues at positions 12 and 13 in each repeat correlated with the nucleotide target.  The four most common pairs, called repeat-variable di-residues (RVDs), are associated with the four DNA base pairs, and a series of RVDs represent the target nucleotide sequence  

There have been several established methods for creating TALENs, but we used the non PCR method detailed by Cermak et al in 2011.

Cytosine, adenine, thymine, guanine



Targeted CD40L Gene Insertion  
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Error prone NHEJ
Run on the endogenous promoter and will Overriding downstream defects




Targeted CD40L Gene Insertion  
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TALENs Introduce Site-specific DSBs at 
the CD40L Locus in K562 Cells 

CD40LG 
Promoter 

TSS 

5’ UTR Exon1 

Po
s.

 

N
eg

.  
[TALEN] 

 

G
FP

  

31
%

 

22
%

 

Presenter
Presentation Notes
Well established assay based on gel electrophoresis that demonstrates cut bands when there is DNA disruption.

After electroporation of K562 cells with our TALEN expression plasmids, 
quantifying NHEJ using Surveyor Endonuclease assays, in which PCR is used to amplify the genomic target
region and heteroduplexes resulting from NHEJ‐mediated deletions or additions are cleaved using the
endonuclease CEL‐1 that has a high specificity for mismatches, insertions, and deletions in double-stranded DNA




GFP Donor as a Model of Targeted 
Gene Addition in Jurkat Cells 
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GFP 720
pA 278



PHA-L Stimulation of Electroporated 
Jurkat Cells Increases GFP Expression 

CD
40
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No PHA 0.1 ug/mL PHA 0.3 ug/mL PHA 1 ug/mL PHA 3 ug/mL PHA 

1.5% 2.2% 6.4% 11.5% 15.8% 

6.8% 7.2% 7.7% 7.5% 6.2% 

7.8% 11.6% 38.1% 56.4% 63.3% 
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Targeted CD40L cDNA Addition in K562 Cells 

GFP pA 

CD40L cDNA Donor 
Exon 1 Exon 2 Exon 3 Exon 4 Exon 5 



Targeted CD40L cDNA Addition in K562 Cells 
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Targeted Addition of CD40L cDNA in 
XHIM Primary T cells 
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cDNA IDLV Only TALEN + cDNA IDLV 
0.2% 
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Intron 3 

Patient Specific Gene Correction 

Double-stranded break (DSB) 

Homology Directed Repair (HDR) 

CRISPR binding site X Patient mutation G → T 
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Presentation Notes
We would take an identical approach in creating TALENs that target this mutation and creating a donor template that contains the correct base pair.  However a benefit to patient specific gene correction is that instead of targeted integration of a relatively large cDNA, we would only need a much short homologous template and potentially achieve higher levels of gene integration. 
Protein guided cleavage

Protein guided endonuclease that binds along the DNA major groove and can be particularly sensitive to methylated cytosines that result in steric clashes between the RVDs and the methyl groups as well as chromatin looping.  It is likely to one of these factors is contributing to the inability of TALENs to produce DSBs at this locus




Patient Specific Gene Correction in 
K562 Cells 
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We would take an identical approach in creating TALENs that target this mutation and creating a donor template that contains the correct base pair.  However a benefit to patient specific gene correction is that instead of targeted integration of a relatively large cDNA, we would only need a much short homologous template and potentially achieve higher levels of gene integration. 
Protein guided cleavage

Protein guided endonuclease that binds along the DNA major groove and can be particularly sensitive to methylated cytosines that result in steric clashes between the RVDs and the methyl groups as well as chromatin looping.  It is likely to one of these factors is contributing to the inability of TALENs to produce DSBs at this locus




Summary 

• Targeted gene modification at the CD40L locus in cell lines 

• Targeted gene addition of normal codon-optimized CD40L 
cDNA in cell lines and primary T cells 

• Targeted gene correction of a patient-specific splice site 
mutation in intron 3 of the CD40L gene in cell lines 



Future Directions 

• Optimize gene addition & correction in patient primary T 
cells 

• Achieve gene modification at the CD40L in CD34+ HSCT 

• Transplant corrected CD34+ HSCT into NSG mice 
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