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Background: X linked hyper-igM (XHIM) is a primary immunodeficiency caused by mutations in the
tumour necrosis factor superfamily 5 gene, TNFSF5, also known as the CD40 ligand (CD40L) gene.
Patients often present with recurrent infections, and confirmation of a diagnosis of XHIM enables
appropriate therapeutic interventions, including replacement immunoglobulin, antibiotics, and bone
marrow transplantation.

Aim: To review and optimise the institution’s diagnostic strategy for XHIM.

Method: Samples from 65 boys were referred to this centre for further investigation of suspected XHIM.
The results, which included a flow cytometric whole blood assay for CD40L expression followed by
mutation analysis in selected patients, were reviewed.

Results: Twenty one patients failed to express CD40L and TNFSF5 mutations were found in 20 of these
patients. In contrast, no TNFSF5 mutations were found in 16 patients with weak expression of CD40L.
Interestingly, one quarter of patients with confirmed XHIM who had TNFSF5 mutations had low
concentrations of IgG, IgA, and IgM. Most of the remaining patients with XHIM had the classic pattern
of normal or raised IgM with low concentrations of IgA and IgG.

Conclusions: This study demonstrates the usefulness of the whole blood staining method as a rapid
screen to select patients for subsequent TNFSF5 mutation analysis, and shows the benefits of a unified

....................... protein/genetic diagnostic strategy.

immunodeficiency caused by mutations in the tumour

necrosis factor superfamily 5 gene, TNFSF5. Patients
with XHIM syndrome usually present in the first years of life
with recurrent infections, including respiratory tract infec-
tions and Pneumocystis carinii pneumonia (PCP). Typically,
laboratory investigations reveal hypogammaglobulinaemia of
the A and G isotypes, with a normal or raised IgM value. Pro-
portions of T, B, and natural killer cells are normal. Over time,
patients may be neutropenic, may contract cryptosporidium
causing diarrhoea and/or liver disease, and may develop
malignancy. Currently, the only curative treatment is bone
marrow transplantation, although some patients remain rea-
sonably well on replacement immunoglobulin and prophylac-
tic antibiotics (reviewed by Notorangelo and Hayward').

The TNFSF5 gene responsible for the XHIM syndrome
encodes the CD40 ligand (CD40L; also known as CD154), a type
II membrane glycoprotein expressed predominately on
activated CD4+ T cells.’’ CD40, the receptor for CD40L, is
expressed on antigen presenting cells including B cells,
dendritic cells, and macrophages. CD40-CD40L interactions
provide a costimulatory signal for T cells and lead to T cell acti-
vation (reviewed by van Kooten and Banchereau'). The engage-
ment of CD40 by CD40L on B cells leads to B cell proliferation
and immunoglobulin class switching (reviewed by Durie and
colleagues’). The defects observed in affected patients may
result from a lack of B and T cell activation and communication.

“The TNFSF5 gene responsible for the X linked
hyper-IlgM syndrome encodes the CD40 ligand, a type Il
membrane glycoprotein expressed predominately on
activated CD4+ T cells”

X linked hyper-IgM (XHIM) syndrome is a primary

Several laboratories have developed immunostaining tech-
niques using CD40L monoclonal antibodies or a CD40-Ig
fusion protein,’” and the failure of expression of CD40L on
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activated CD4 cells has been included in the diagnostic criteria
for the XHIM syndrome.*’ Previous studies have primarily
been performed by immunostaining of separated peripheral
blood mononuclear cells.®” Several different staining patterns
have been described, with partial CD40L expression being
documented in patients with a milder form of XHIM.” In
addition, patients may express a non-functional form of CD40L
and thus, although normal by protein expression analysis, have
XHIM syndrome." Like most primary immunodeficiencies, no
genotype—phenotype correlation has been described." "

We have reviewed results obtained using a whole blood
CD40L expression assay and describe the correlation between
protein expression and mutation detection. Furthermore, we
suggest a stratified protein/genetic diagnostic approach for
XHIM.

MATERIALS AND METHODS

Study population

Consultant immunologists referred 65 patients for XHIM
testing based on clinical suspicion. All patients were screened
by immunostaining for CD40L expression. Patients whose
cells failed to express CD40L were screened for mutations in
their TNFSF5 gene. Patients whose cells showed weak expres-
sion of CD40L had their TNFSF5 gene analysed if there was a
strong clinical suspicion of XHIM syndrome. Table 1 summa-
rises the patients’ data. Informed consent was given for CD40L
and TNFSF5 analysis and blood was collected under institu-
tional guidelines.

Abbreviations: CD40L, CD40 ligand; CVID, common variable
immunodeficiency; f, forward; FITC, fluorescein isothiocyanate; PCP,
Pneumocystis carinii pneumonia; r, reverse; SSCP, single strand
conformation polymorphism; WAS, Wiskott-Aldrich syndrome; XHIM, X
linked hyper-IlgM; XLP, X linked lymphoproliferative disease
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Table 1 Details of patients whose CD40 ligand (CD40L) expression was analysed by immunostaining
CD40L
Patient  expression Age IgM IgA 1gG Mutation Evidence of mutation being disease causing
1 Weak 11 years H H H Not done
2 Weak 11 years L L No sample
3 Weak 2 months N N N Not done
4 Weak 3 months N N N Not done
5 Weak 3 years N H Not done
6 Weak 15 years L L None found
7 Weak 11 years L L L None found
8 Weak 13 years L L L Not done
9 Weak 18 years N N N Not done
10 Weak 45 years N H R Not done
11 Weak 5 months N N M None found
12 Weak 1 years None found
13 Weak 1 years L Not done
14 Weak 32 years N L H No sample
15 Weak 1 month None found
16 Weak 3 months None found
17 Absent 9 years L L L W140G (c.418t-g) Exon 5 Mutation previously described'®
AC: 4M00023' C0070' Disrupts conserved a.a. in TNF homology domain
18 Absent 18 years H L L c.444-448gagca-c Exon 5 Patient previously described'®
AC: 4M00036'® C0029' Disrupts reading frame
19 Absent 13 years L L R G38R(c.112g-c) Exon 1 Patient previously described'®
AC: 4M00018 & 4M00019'"* Disrupts transmembrane domain
C€0028'™
20 Absent 3 months H H N No sample
21 Absent 1 years N L L ¢.302-303insA Exon 3 Reading frame shift
22 Absent 4 months H L L IVS3+1g -t May affect splicing
23 Absent 15 years N L R IVS3-915a -t May affect splicing
24 Absent 3 years L L L c.158-161delTAGA Exon 2 Mutation previously described'
25 Absent 20 years H L R c.158-161 delTAGA Exon 2 Mutation previously described'
26 Absent 29 years c.539delA Exon 5 Reading frame shift
27 Absent 29 years H L L ¢.508-516delTATATCTAT Exon 5 3 a.a. deletion from TNF homology domain
28 Absent 3 years N L L None found
29 Absent 1 years ¢.521-522delAA Exon 5 Reading frame shift
30 Absent 2 months N L M QI174R (c.521a-g) Exon 5 Relative previously described.'® Arisen de novo
AC: 4M00025'™ C0038'* Great grandmother did not carry the mutation
31 Absent 11 years H L T254M (c.761c—1) Exon 5 Mutation previously described'®
AC: 4M00021 & 4M00022'* Not seen in 100 normal chromosomes
32 Absent 2 months c.242-243insT Exon 2 Relative previously described'®
AC: 4M00047'* C0008'*
33 Absent 10 years H L del ex 5 Exon 5 Mutation previously described'®
AC: 4M00035'?
34 Absent 16 years L L R G257S (c. 769g—a) Exon 5 Patient previously described' '
AC: 4M00020'* C0030' Disrupts conserved a.a. in TNF homology domain
35 Absent 29 years T254M (c.761c—1) Exon 5 Mutation previously described'*
Not found in 100 normal X chromosomes
36 Absent 4 months N L L ¢.511-512delAT Exon 5 Reading frame shift
37 Absent 13 years H L L155P (c.464t-c) Exon 5 Mutation previously described'
Not found in 100 normal X chromosomes
3 Present 4 months N N M
38 Present 7 years L L L
39 Present 8 years L L N
40 Present 6 years L L L
41 Present 5 years L L L
42 Present 11 years N N N
43 Present 49 years H N N
44 Present 20 years L L L
45 Present 4 years N N N
46 Present 4 years N N N
47 Present 9 months N L N
48 Present 10 years N L L
49 Present 4 months H H N
50 Present 19 years N N L
51 Present 1 years
52 Present 4 years N N N
53 Present 23 years
54 Present 14 years N L N
55 Present 7 years
56 Present 7 years N N N
57 Present 11 months N N L
58 Present 23 years N N L
59 Present 12 years L L L
60 Present 23 years N H L
61 Present 45 years L L L
62 Present 23 years N N N
63 Present 41 years H N N
64 Present 2 months H N H
65 Present 8 years N N L
CDA4O0L expression is described as present, absent, or weak. The age listed is the age of the patient when immunostaining was performed. Immunoglobulin
concentrations are listed as high (I—ﬁ, normal (N), low/absent (L), maternal (M), or replacement (R) using age appropriate normal ranges. Mutation data are
only presented for TNFSF5 gene analysis—the exon/intron in which the mutation resides is given, together with the reference if previously reported, an
CD40Lbase accession number (AC). Mutation nomenclature is according fo the nomenclature working group.'” *Accession number for a relative. a.a., amino acid.
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Figure T CD40 ligand (CD40L) expression as detected by immunostaining. All figures show fluorescence activated cell sorter histograms with
fluorescein isothiocyanate (FITC) staining in a log scale along the x axis and counts (number of events) along the y axis. (A) An example of
normal CD40L expression. The left hand panel shows the isotype controls in stimulated and unstimulated cells. The right hand panel shows
CD40L expression in unstimulated cells (CD154 unstimulated) and CD40L expression in stimulated cells (CD154 stimulated) overlayed on
CD25 and CDé9 expression. (B) An example of absent CD40L expression. Panels and lines are the same as in (A). (C) An example of weak

CD40L expression. Panels and lines are the same as in (A).

Cell preparation and culture

A 1 ml aliquot of blood was collected in lithium heparin from
the patient. Patient samples were analysed in parallel with a
normal control. The blood was mixed with an equal volume of
RPMI (Invitrogen, Paisley, UK) containing 10% fetal calf
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serum (Labtech, Ringmer, UK). Half was incubated as an
unstimulated sample at 37°C overnight. To the remainder, 3 ng
of phytohaemagglutinin (Murex Diagnostics, Dartford, UK)
and 2 pg of phorbol myristate acetate (Sigma, Poole, Dorset,
UK) were added and the cells incubated at 37°C overnight.

WBuAdos Aqg padsloid 1sanb Ag 020z ‘62 Jaquialdas uo /wod lwg duwy/:dny woly papeojumod €00z Joquisidas 9z uo 952'5'95 dw/9eTT 0T Se paysiiand 1s1y :yred [ON


http://mp.bmj.com/

Analysis for XHIM

50 —

_ [ Absent = XHIM
45 - [ Weak expression
40 [] Present

35

30
25 -

Per cent

20~
15 -

10

il AREER

High IgM  Low IgG, IgA, Low Normal Other
normal IgM

L

Figure 2 Patients with X linked hyper-lgM (XHIM) syndrome have
abnormal immunoglobulin concentrations. IgM, IgA, and IgG
concentrations were measured by nephelometry and are presented
graphically here. Patients were grouped by CD40 ligand expression
(absent, weak, or normal expression) and by their pattern of
immunoglobulin production. The “high IgM” group denotes the
immunoglobulin pattern seen in patients with raised concentrations of
IgM and normal or low concentrations of IgG and IgA. “Low IgG,
IgA, normal IgM” represents those patients with low concentrations
of IgG and IgA and normal concentrations of IgM. “Low” represents
those patients with low concentrations of IgG, IgA, and IgM. “Other”
includes those patients with raised concentrations of IgG or IgA and
patients with low IgG, IgA, or IgM, but with the other two classes of
immunoglobulin present at normal concentrations.

Immunostaining

A 100 pl aliquot of the cell suspension was stained with anti-
CD45 PerCP antibody (Becton Dickinson, Oxford, UK) along
with a fluorescein isothiocyanate (FITC) isotype control (Bec-
ton Dickinson), anti-CD25 FITC (Becton Dickinson), anti-CD4
PE (Becton Dickinson), anti-CD69 FITC (Becton Dickinson),
or anti-CD154 FITC (Alexis, Nottingham, UK). Cells were
lysed, washed, and fixed according to Becton Dickinson proto-
cols. Two thousand and five hundred CD45+ lymphocyte
events were acquired on a FacsCalibur (Becton Dickinson).
Events were analysed using CellQuest (Becton Dickinson).
CD45+ lymphocytes were gated based upon side scatter and
CD45 expression. Stimulated and wunstimulated isotype
controls were analysed by histogram overlays. CD154 staining
in unstimulated cells was analysed by overlaid histograms
with CD69 staining, CD25 staining, and CD154 staining in
stimulated cells. The control samples were compared with the
patient samples. Samples with suboptimal expression of CD69
and CD25 were reported as poorly activated and the test was
repeated on another sample.

Genetic analysis

Polymerase chain reaction primers for exons 1-5 of the CD40L
gene were: exon 1 forward (f): 5'-CTC ATG CTG CCT CTG CCA
C and reverse (r): 5'-CCT ATG AAT TAG TAA GGA CCC; exon 2
f: 5'-CAT TAG CTG TAT TCT CCT TCC and r: 5'-GAC ACT TTT
ACC AGT AAT TAA GC; exon 3 f: 5'-CAA CAG AGT AAT GAC
AGA TGC and 1: 5'-TTC ATA GAA ATT AGC AAA TAG CAA;
exon 4 f: 5"-TGT AGA ACT GGA CCA GAT AG and r: 5'-GGT
AAC ATG ACT TCG GCA TC; exon 5 f: 5'-CTC TGC TTC ACC
TCA CCA C and reverse.'

Amplification conditions for the exons were 94°C for three
minutes, then 29 cycles of 94°C for 30 seconds, 55°C for one
minute, and 72°C for 30 seconds, followed by a final extension
of 72°C for 10 minutes. Mutation analysis was either by fluo-
rescent cycle sequencing using dRhodamine/BigDye™ kits (PE
Applied Biosystems, Foster City, California, USA) or by single
strand conformation polymorphism (SSCP) analysis, as
described previously," followed by sequencing of shifted frag-
ments. Before SSCP gel electrophoresis, the products (20 pl) of
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exons 1 and 5 were digested with 10 units of restriction
enzymes Haelll and AlwNI/Mbol, respectively, according to
the manufacturer’s instructions (New England Biolabs,
Hitchin, UK). Mutations were named according to the
nomenclature guidelines of the nomenclature working
group.” Mutations identified have been submitted to
CD40Lbase" and accession numbers are given in table 1.

Immunoglobulin quantification

Immunoglobulins were measured using a Dade Behring (Mil-
ton Keynes, UK) nephelometer (BNII), according to the
manufacturer’s guidelines. Immunoglobulin concentrations
were compared with age related normal ranges.

RESULTS

CDA40L expression patterns in whole blood

Figure 1A shows the staining pattern seen in most of the
referred patients (45%) who had normal CD40L expression.
The 21 patients who failed to express CD40L were easily
distinguished (fig 1B). It is important to note that the isotype
control shifts upon stimulation (1A and B, left hand panels),
and this shift must not be misinterpreted as weak expression.
In addition, CD40L expression was examined in 11 healthy
children (6 months to 14 vyears); all expressed normal
amounts of CD40L (data not shown).

We identified a group of patients (16) with weak expression
of CD40L (fig 1C). These patients have normally activated CD4
positive T cells, as measured by their CD25 and CD69 expres-
sion (fig 1C, right panel), but they fail to express normal
amounts of CD40L. Some of these patients were seriously ill
(for example, they had sepsis or lymphoproliferative disease),
whereas others were under 6 months of age. Based on the
CD40L staining pattern and clinical details, TNFSF5 mutation
analysis was performed in a subset of these patients and the
results are shown in table 1.

Correlation between CD40L expression and TNFSF5
mutation analysis

Lack of CD40L expression

Mutation analysis was undertaken in 20 of 21 patients lacking
CD40L expression (a DNA sample was not available from the
remaining patient). By a combination of SSCP screening and
sequencing, mutations were found in 19 of these 20 patients
(table 1), confirming the diagnosis of XHIM. Of the mutations
identified, seven have not been reported previously in the lit-
erature.

As with previous reports, the mutations identified included
insertions, deletions, splice site mutations, and missense
mutations.” ** Most of the deletion, insertion, and splice site
mutations are predicted to cause a reading frame shift, and are
probably pathogenic. The one in frame deletion (c.508—
516delTATATCTAT) is predicted to remove three amino acids
from a highly conserved part of the tumour necrosis factor
homology domain, and is also likely to be pathogenic. One of
the deletions (c.158-161delTAGA) was found in two appar-
ently unrelated individuals. This mutation has also been
reported in two other individuals on the CD40L database."

Weak CD40L expression

TNFSF5 mutation analysis was also carried out on eight of the
16 patients who had weak expression of CD40L and no muta-
tions were identified, indicating that these patients are
unlikely to have XHIM and that the weak CD40L expression
seen was the result of other causes.

The remaining nine patients with weak CD40L expression
did not have mutation analysis undertaken for the following
reasons: no DNA available (n = 2), clinician declined (n = 2),
another diagnosis made (n = 4), and normal CD40L on repeat
(n=1).
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Figure 3 CDA40 ligand (CD40L) expression in infants increases with age. The left hand panels show CD40L expression at 2 months in a
representative patient. The right hand panels shows the same patient's CD40L expression at 4 months. The top panel in each set shows the
isofype controls in stimulated and unstimulated cells. The bottom panel in each set shows CD40L expression in unstimulated cells (CD154

unstimulated) and CD40L expression in stimulated cells (CD154 stimulated), alongside CD25 and CD69 expression.

Normal CD40L expression

None of the 29 patients with normal CD40L expression was
screened for mutations.®” Many had originally been referred
because they appeared to have either common variable
immunodeficiency (CVID) or an undefined combined
immunodeficiency (a cellular immunodeficiency with or
without a humoral component) and a diagnosis of XHIM was
being excluded. This group of patients serves as an important
control group for the assay because some of them were
ultimately diagnosed with other disorders, including X linked
lymphoproliferative disease (XLP; n = 2), lymphoma (n = 2),
and Wiskott-Aldrich syndrome (WAS; n = 1), whereas 17 of
them fit the European Society for Inmunodeficiency diagnos-
tic criteria for CVID.’

Immunoglobulin production and CD40L

Immunoglobulin measurements were available on 56 patients
(fig 2). Eight of the 17 patients with confirmed XHIM had
raised serum concentrations of IgM, whereas only one of the
13 patients in the weak expression group had raised serum
IgM concentrations. Five of the 17 patients with confirmed
XHIM presented with normal concentrations of IgM and low
IgG and IgA, whereas none of the patients with weak expres-
sion and only two of the 26 patients with normal staining had
this pattern of immunoglobulin production. In all three
groups, up to a third of patients had low concentrations of IgG,
IgA, and IgM. None of the patients with genetically defined
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XHIM had normal immunoglobulin concentrations at the
time that their CD40L was analysed.

Infants under 6 months of age may fail to express
normal amounts of CD40L

CD40L expression was analysed on peripheral blood cells from
13 patients less than 6 months of age. Three of these patients
expressed normal amounts of CD40L, whereas five showed
weak expression and five had absent expression (table 1).
Genetic analysis identified mutations in four patients with
absent CD40L expression (no DNA sample was available from
the fifth). Of the five patients with weak expression, no muta-
tion was found in the three children screened. In addition, one
of the patients with abnormal expression had their CD40L
immunostaining repeated two months later, and CD40L
expression had normalised (fig 3).

DISCUSSION

Using a whole blood method to assay CD40L expression, we
describe the immunostaining analysis of 65 patients sus-
pected of having XHIM syndrome and the results of TNFSF5
mutation analysis and immunoglobulin measurements in a
subset of these patients. Our data indicate that immunostain-
ing of whole blood using an anti-CD40L monoclonal antibody
is a rapid, efficient, and sensitive method of screening for
XHIM syndrome in children older than 6 months. A high
mutation detection rate (20 of 21) was found for patients
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Diagnosis of XHIM

Clinical suspicion of XHIM

CD4O0L protein expression by FACS

— T

Absent CD40L Normal CD40L*
Weak CD40L
Exclude other causes
(age, clinical status)
Consider repeat protein analysis
Genetic analysis Stop

* If very strong clinical history, genetic analysis may be appropriate
because protein may be expressed but non-functional

Figure 4 Flow diagram for the diagnosis of X linked hyper-lgM
(XHIM) syndrome. FACS, fluorescence activated cell sorter; CD40L,
CD40 ligand.

lacking CD40L expression, whereas no mutations were identi-
fied in those with weak expression of CD40L. This is in
contrast to previously reported studies,” and may be attribut-
able to different antibodies and methodological differences. In
addition, in our study, one quarter of the patients with geneti-
cally confirmed XHIM had panhypogammaglobulinaemia
(low IgG, IgA, and IgM) at the time of testing.

The whole blood CD40L assay used in our study is a rapid
technique and uses only a small blood volume. Accurate
interpretation of the assay results requires: (1) inclusion of a
normal sample in every assay run to validate the technique;
(2) isotype controls for the stimulated and unstimulated sam-
ples must be run and the shift in the isotype control after
stimulation must be accounted for when examining the
expression of CD40L; (3) consideration of the clinical status of
the patient because extremely ill patients may express CD40L
suboptimally; and (4) knowledge of the patient’s age because
infants under 6 months of age may fail to express normal
amounts of CD40L (results of our study).”

Our data suggest that weak expression of CD40L is less
likely to be the result of mutations in the TNFSF5 gene, but
more likely to be a result of other factors, such as patient age
and clinical condition.

“The absence of a high IgM should not preclude festing
for CD40 ligand expression”

CD40L screening should be performed in the context of
appropriate clinical history and baseline immunological
investigations. Patients most likely to have XHIM syndrome
are those with normal or raised serum IgM and low or absent
serum IgG, opportunistic infections such as PCP and
cryptosporidium, and an X linked family history.'*” "> ** The
high IgM concentrations have been assumed to reflect chronic
antigenic stimulation because values may normalise on
appropriate treatment."” As shown in fig 2, patients with nor-
mal immunoglobulin concentrations are extremely unlikely to
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TNFSF5 mutations were found in 20 of the 21 patients who
failed to express CD40 ligand (CD40L), whereas no
TNFSF5 mutations were found in 16 patients with weak
expression of CD40L

A subset (one quarter) of patients with confirmed X linked
hyper-lgM had low concentrations of IgG, IgA, and IgM,
whereas most of the remainder had the classic pattern of
normal or raised IgM with low concentrations of IgA and
IgG

The whole blood staining method is a useful rapid screen to
select patients for subsequent TNFSF5 mutation analysis to
confirm the diagnosis

A unified protein/genetic diagnostic strategy is a useful
approach  to  identify  patients  with  various
immunodeficiencies

have XHIM syndrome. We have shown that a large proportion
of patients (one quarter) with low IgM also have low/absent
IgA and IgG. Thus, the absence of a high IgM should not pre-
clude testing for CD40L expression.

Consistent with previous reports,"” mutation analysis of
those patients with no CD40L expression demonstrates that
SSCP is a sensitive method for detecting mutations in the
TNFSF5 gene, with mutations detected in 20 of the 21
patients. Most (11 of 16) mutations identified involved exon 5.
This exon contains approximately half of the coding sequence
of the gene, and starting mutation screening with exon 5 may
be a time and cost effective strategy. We have shown that lack
of CD40L expression is an excellent predictor for the presence
of an XHIM mutation. It is possible that a non-functional pro-
tein may be expressed, so, if clinical suspicion is high, genetic
analysis should be undertaken. We propose that the flow dia-
gram in fig 4 is a time and cost efficient pathway for the
exclusion or diagnosis of XHIM syndrome.

In conclusion, the use of the fluorescence activated cell
sorter based assay described in our study enables the rapid
identification of patients who are likely to have XHIM
syndrome. The diagnosis of XHIM syndrome can then be con-
firmed by TNFSF5 mutation analysis, enabling accurate
carrier testing and prenatal diagnosis. This approach, of
screening by protein expression followed by mutation analysis
is being routinely used in our centre to identify patients with
several different immunodeficient conditions including X
linked severe combined immunodeficiency, WAS, and
XLB" **** and has the advantage of being rapid and cost effec-
tive, with the potential to be applied to other genetic
conditions.
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