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Levels of Kappa-deleting recombination excision circles (KRECs), T-cell receptor excision circles (TRECs), and T-cell repertoire
diversity were evaluated in 1038 samples of 124 children with primary immunodeficiency, of whom 102 (54 with severe combined
immunodeficiency and 48 with other types of immunodeficiency) underwent hematopoietic stem cell transplantation. Twenty-
two not transplanted patients with primary immunodeficiency were used as controls. Only data of patients from whom at least five
samples were sent to the clinical laboratory for routinemonitoring of lymphocyte reconstitutions were included in the analysis.The
mean time of the follow-up was 8 years. The long-lasting posttransplantation kinetics of KREC and TREC production occurred
similarly in patients with severe combined immunodeficiency and with other types of immunodeficiency and, in both groups, the
T-cell reconstitution was more efficient than in nontransplanted children. Although thymic output decreased in older transplanted
patients, the degree of T-cell repertoire diversity, after an initial increase, remained stable during the observation period. However,
the presence of graft-versus-host disease and ablative conditioning seemed to play a role in the time-related shaping of T-cell
repertoire. Overall, our data suggest that long-term B- and T-cell reconstitution was equally achieved in children with severe
combined immunodeficiency and with other types of primary immunodeficiency.

1. Introduction

Although primary immunodeficiencies (PID) are considered
rare, the number of patients with these diseases has increased
in recent years, and about 150 different forms of PID have
been identified [1]. Despite the variability of PID etiology,
hematopoietic stem cell transplantation (HSCT) remains the
major curative treatment to correct the immunodeficiency
and reverse a poor prognosis, especially for severe combined
immunodeficiency (SCID) in which, however, also gene
therapy has successfully been used [2, 3]. Because SCID is

a genetic disease, less than 25% of these children will have a
healthy, HLA-matched sibling donor available [4].Therefore,
grafting of HLA-haploidentical parental cells is the treatment
of choice for these patients, and it is being employed with
increasing success [5]. A feasible alternative source of stem
cells is cord blood bank donors, as well as mismatched,
related blood donors; HSCT from these sources have similar
outcomes [4].

Assessment of the early lymphocyte reconstitution is
becoming a key issue because posttransplantation infections
may be directly related to incomplete recovery. Indeed,
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immune reconstitution, which refers to quantitative immune
cell repopulation, does not necessarily associatewith immune
recovery, which requires a qualitative restitution.

Several factors affect the immune recovery, including age,
sex, initial pathology, conditioning regimen, degree of genetic
differences between donor and recipient, source of stem cells,
and post-HSCT events, such as acute and chronic GvHD
and infectious complications [6]. The increase of naive T-cell
count and the enlargement of T-cell diversity occur in most
patients with SCIDduring the first year afterHSCT [7, 8].The
increase in T cells containing T-cell receptor (TCR) excision
circles (TRECs) early after HSCT appears to be the most
predictive marker for a long-lasting T-cell reconstitution [9],
while a restitution of T-cell function occurring in the first 6
months has been associated with improved survival [8].

Much less information is available regarding the level
of TRECs and the extent of TCR diversity, which is strictly
dependent on the contribution of newly produced T cells
[10], in subjects who underwent HSCT for SCID a long time
before. Analogously, no data are available on levels of K-
deleting recombination excision circles (KRECs), which are
considered a reliable marker of bone marrow output [11, 12].

Therefore, in this retrospective study we examined the
long-term lymphocyte reconstitution by analysing the levels
of KRECs, TRECs, and T-cell diversity in 54 SCID patients
who had undergone HSCT up to 22 years before, and we
compared the results with those of 48 patients with other
types of PID, who also received HSCT and with those
of 22 patients with PID that had not been subjected to
transplantation.

2. Patients and Methods

2.1. Patients. The retrospective analysis was performed in
1038 samples collected from April 1999 to March 2014.
Samples belonged to 124 children whose diagnosis was based
on clinical findings, family history, and laboratory evaluation
of immune function. Genetic confirmation of the disease was
obtained for the majority of patients. Of the 102 children that
received allogeneic HSCT at the Department of Pediatrics,
Spedali Civili of Brescia, Italy, 54 had a T−B+ or T−B− SCID
(“HSCT-SCID” group) and 48 were affected by other PID
(“HSCT-PID” group). The remaining 22 children were not
subjected to HSCT (“no-HSCT” group). Only patients of
whom at least five consecutive samples were available were
included in the study.

HSCT was performed from a HLA-matched sibling
donor or from an unrelated donor, identified by reg-
istry search via the National Marrow Donor Program
(http://ibmdr.galliera.it/), or frommismatched related family
donors. The method for T-cell depletion (monoclonal anti-
body depletion or CD34+ selection) depended on the year in
whichHSCTwas performed. Conditioning regimen followed
the guidelines of the European Bone Marrow Transplanta-
tion/European Society for Immune Deficiency in use at the
time of transplantation.

The study was reviewed and approved by the Hospital
Ethics Boards (protocol n. 1417 of June 26, 2013).

2.2. Laboratory Evaluations. Chimerism analysis was per-
formed by DNA analysis at highly polymorphic loci (D1S80,
HLA-DQa, and ApoB) and, since 2006, it had been assessed
on positively selected CD3+ and CD19+ lymphocytes [13].

The evaluation of TRECs in the samples analysed before
2010 was done as described by Zhang et al. [14], while in
those obtained later was performed by a duplex quantitative
real-time PCR (as described by Sottini et al. [11]), which was
also used for the quantification of KRECs. Copy numbers of
KRECs, of TRECs, and of a segment of TCR alpha constant
gene, which is used as the reference gene, were obtained
by interpolating the standard curve, which is obtained by
serial dilutions of a linearized plasmidDNA, containing three
inserts corresponding to fragments of KRECs, TRECs, and
reference gene.

Because KREC and TREC production is age-related [11]
and two different methods had been used for the quan-
tification of TRECs, six distinct cut-offs were calculated
that correspond to the 5th percentiles [11, 15] of the values
obtained in 236 healthy children, whowere divided into those
younger and older than 3 years (<3 or >3 years old). The
cut-offs for KRECs were 46535 KRECs/mL in children <3
years and 5841/mL in those >3 years; the cut-offs for TRECs
evaluated with the older method were 22350/106 cells for
children <3 years and 13284/106 cells for those >3 years; the
cut-offs for TRECs obtained with the newer method were
30128 TRECs/mL for those <3 years and 13369 for those >3
years.The above reported values are very similar also to those
obtained when KRECs and TRECs were measured in whole
blood spotted on Guthrie card [16].

TCR beta variable genes (TCRBV) were amplified, after
RNA isolation and cDNA synthesis, using TCRBV-specific
primers; then PCR products were subjected to heteroduplex
analysis [17]. In this assay, denatured and renatured amplified
products of TCRBVmigrate in polyacrylamide gels as smears
in the case of a polyclonal repertoire, whereas heteroduplex or
homoduplex bands indicate oligoclonal or clonal conditions.
The performance of this method was periodically verified
by simultaneous CDR3 spectratyping analysis [18]. T-cell
repertoire was considered unrestricted if polyclonal smears
were seen in all lanes of heteroduplex gel or if oligoclonal
bands were found in 1 to a maximum of 4 lanes.

2.3. Statistical Analysis. At any time point, a normal or
insufficient KREC and TREC release (calculated starting
from the time of HSCT in HSCT-SCID and HSCT-PID, and
since birth in no-HSCT)were defined by two binary variables
representing, respectively, samples being over or under the
cut-offs of KRECs and TRECs. For a convenient descriptive
analysis of data (and not for the statistical inference), time
variables were grouped into seven classes. When a patient
had more than one sample falling into the same time-class, a
proportion representing the average number of samples over
or under the cut-off within that time-class was calculated.
Then, the between-patient means of all these average propor-
tions were calculated and plotted as bar charts. Therefore, in
the plots each bar represents a mean “adjusted” frequency
of patients with KRECs and TRECs above the appropriate
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Table 1: Characteristics of the patients included in the study and of the transplants.

HSCT- No-
SCID PID HSCT

Number 54 48 22
Gender

Male/female 31/23 35/13 18/4
Type of immunodeficiency/molecular defects

IL-2G gene mutations 12
JAK-3 gene mutations 11
RAG1 and RAG2 mutations 7
Artemis gene mutations 5
IL-7R gene mutations 3
ADA deficiency 6 6
Reticular dysgenesis 3
Unknown molecular cause 7
Wiskott-Aldrich syndrome 15 2
Omenn’s syndrome for RAG1, RAG2, and RMRP mutations 12
CD40L gene mutations 3
IPEX for FOXP3 mutations 2
FHL syndrome for PRF1 gene mutations 2
LAD-1 for ITGB2 gene mutations 2
Osteopetrosis for TINF2 gene mutations 2
CHH for RMRP gene mutation 1 1
Kostmann disease for HAX1 gene mutation 1
PNP deficiency 1
Winget helix deficiency for FOXN1 gene mutation 1
CID 6 4
XLT 8
XLA 1

Age at the transplant
Mean 10 25 —

Donor type
MSD 12 10 —
MMRD 22 8 —
MUD 20 30 —

T-depletion 23 7 —
Dose of stem cells (106/Kg)

Mean 15.9 9.8 —
Standard deviation 14.8 7.1 —

Conditioning
None 11 3 —
Nonablative 5 1 —
Ablative 38 44 —

Use of ATG or other mAbs 19 29 —
Acute GvHD

I 17 16 —
II 5 14 —
III-IV 7 2 —

Chronic GvHD 4 4 —
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Table 1: Continued.

HSCT- No-
SCID PID HSCT

Follow-up duration∗

Total 95 97 104
Between samples 12 14 15

ADA: adenosine deaminase; Artemis: DNA cross-link repair 1C gene; ATG: rabbit thymoglobulin; CD40 L: CD40 ligand; CHH: cartilage hair hypoplasia; CID:
combined immunodeficiency; FHL: familial hemophagocytic lymphohistiocytosis; FOXN1: forkhead box N1 transcription factor; FOXP3: forkhead box P3;
GvHD: graft-versus-host disease; HSCT: hematopoietic stem cell transplantation; IL2RG: interleukin 2 receptor, gamma gene; IL7R: interleukin 7 receptor;
IPEX: immune dysregulation, polyendocrinopathy, and enteropathy; ITGB2: integrin beta 2; JAK3: Janus kinase 3; LAD-1: leukocyte adhesion deficiency
type 1; mAbs: monoclonal antibodies; MMRD: mismatched related family donor; MSD: HLA-matched sibling donor; MUD: unrelated donor; PID: primary
immunodeficiency; PRF: perforin 1 (pore forming protein); RAG: recombination activating genes; RMRP: RNA component of mitochondrial RNA processing
endoribonuclease; PNP: purine nucleoside phosphorylase; SCID: severe combined immunodeficiency; TINF2: TRF1-interacting nuclear factor 2; XLA: X-
linked agammaglobulinemia; XLT: X-linked thrombocytopenia. ∗Mean (months).

cut-off for that age, therefore having a “normal” bonemarrow
or thymic release of new lymphocytes. The same procedure
was employed to represent the mean “adjusted” frequency of
patients with an unrestricted repertoire. To assess the statisti-
cal significance of these frequency changes during the follow-
up, the longitudinal analysis of the probability of being over
or under the cut-offwas estimated by logistic regression using
mixed models with a random intercept. In this case, time
was considered as continuous, and therefore each individual
observation could be used without “averaging” over the
time-classes. To properly model the observed convex shape
of the probability variation of these immune parameters
during the follow-up, time was also inserted into every
model as a quadratic term. Model selection was performed
with a forward stepwise procedure, and a likelihood ratio
test was used for model comparisons. Linear contrasts were
performed to test a priori hypothesis. Statistical significance
was set at 𝑃 < 0.05.

3. Results

3.1. Patients. The type of immunodeficiency, classified
according to Al-Herz et al. [19], and the mutations causing
the diseases, if known, are summarized in Table 1, which
also reports the age at the time of HSCT, type of HSCT,
conditioning regimen, occurrence and type of GvHD,
serotherapy, and length of the follow-up.

The number of samples analysed for each patient, the
number of samples belonging to transplanted and non-
transplanted patients, age-classes at the time of sampling,
patients’ age at the first and last sampling, and the years
of post-HSCT follow-up were described in Supplemen-
tary Figure 1 (see Supplementary Material available online
at http://dx.doi.org/10.1155/2014/240453). The post-HSCT
follow-up period was fewer than 5 years for 8 children, but
most of them were followed up for 8–10 years.

3.2. Evaluation of KREC and TREC Levels. Samples of trans-
planted and nontransplanted patients were retrospectively
evaluated by using binary variables that classified children as

having KRECs and TRECs under or above the cut-off appro-
priate for the children’s age and, in the case of TRECs, also for
the method employed at the moment of blood sampling. In
children with SCID the mean adjusted frequency of patients
with KRECs above the cut-off was 23% in the first year after
HSCT, progressively increased to 77% at 4 years, and then
slightly decreased but remained 69% also at more than 10
years since transplantation (Figure 1(a)). A similar trend was
observed in transplanted children with other PID, even if
the percentages were always higher, with almost all children
having “normal” (above the cut-off) KRECs at 5 years since
HSCT. At 10 years or more, 80% of children still showed
normal values of KRECs (Figure 1(a)).

The mean adjusted percentage of SCID children with
levels of TRECs above the cut-off was 34% 1 year after HSCT,
steeply increased to 68% at the following time point, and
remained between 60% and 80% until 10 years after HSCT,
when it decreased to a mean of 49% (Figure 1(b)). In HSCT-
PID group, the mean adjusted frequency of TRECs above
the cut-off was 53% in the first year; then the pattern of
increase was similar to that of KRECs, with higher values
at 5 years, and a quick decrease to the level observed at the
first time-class at more than 10 years after transplantation
(Figure 1(b)). Repeated-measure logistic models estimating
factors affecting the probability of being above the cut-offs
confirmed the increasing-decreasing shape of these time-
trends (odds ratio <1 for the quadratic term of the regression)
and indicated that the average frequency of patients with
normal KREC and TREC values was not different in HSCT-
SCID and HSCT-PID children (Table 2 and Supplementary
Figure 2).

The levels of KRECs andTRECswere also evaluated in the
longitudinal samples of no-HSCTchildren in order to investi-
gate the kinetics of KREC andTREC release in an appropriate
control group. In this case, to employ a common time scale,
patients’ age at the time of sampling was used (Figures 1(c)
and 1(d)). The mean adjusted frequency of patients with
KRECs above the cut-off remained constantly high in older
patients (in the 5-year-old age-class the mean is 0% because
only one child fell into this class and he had KRECs under
the cut-off); on the contrary, the mean adjusted frequency
of patients with TRECs over the cut-off, which was about
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Figure 1: ((a) and (b)) Average frequency of children with SCID and PID receiving HSCT (HSCT-SCID and HSCT-PID, resp.) with values of
KRECs and TRECs over the respective cut-offs, calculated in age-matched healthy children. ((c) and (d)) Average frequency of children with
SCID and PID that were not subjects to HSCT (no-HSCT), with values of KRECs and TRECs over the cut-offs. The indicated time-classes
for HSCT children were calculated starting from the date of HSCT, whereas in no-HSCT children each time-class represents the age at the
time of sampling. Time-classes were indicated as follows: 1: <1 year, 2: <2 years, 3: <3 years, 4: <4 years, 5: <5 years, <10: <10 years, and >10:
>10 years. Bars represent the means and error bars represent the standard deviations.

80% when these children were 4 years old, decreased more
deeply than in the HSCT groups to become 21% in children
older than 10 years. Logistic regression confirmed that these
opposite patterns of KREC and TREC reconstitution in no-
HSCTgroupswere significantly different from those ofHSCT
groups (Table 3 and Supplementary Figure 3).

3.3. T-Cell Repertoire Analysis. Themean adjusted frequency
of patients having unrestricted T-cell repertoires was only
10% in HSCT-SCID patients at 1 year after transplantation,
increased to 40% in the following year, and remained between
40% and 55% in the remaining observation time. There-
fore, HSCT-SCID children, in spite of the decreasing mean
frequency of normal TREC levels observed at the last two
time points of the follow-up, maintained the acquired T-cell
heterogeneity. In HSCT-PID patients, the modulation of T-
cell repertoire was very similar to that of the previous group
(Figure 2(a)), and this was confirmed by a logistic regression

analysis showing that the pattern of change over time of
the probability of having an unrestricted repertoire did not
differ between the two groups (Table 2 and Supplementary
Figure 2). In no-HSCT patients the frequency of patients
with an unrestricted repertoire was below 40% in all time-
classes, except in 5-year-old patients, in whom it reached
57% (Figure 2(b)). This significantly lower frequency of
patients with an unrestricted repertoire among the no-HSCT
patientswas also demonstrated by logistic regression (Table 3,
Supplementary Figure 3).

3.4. Analysis of Factors That Potentially Influence KREC and
TREC Levels and T-Cell Repertoire. By multivariable logistic
regression we investigated whether factors, such as the source
of stem cells (fromHLA-matched sibling,mismatched related
family, or unrelated donors), the dose of stem cells, the pres-
ence and degree of T-cell depletion, the type of conditioning,
the presence of GvHD at any time during the follow-up,
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Table 2: Multivariable logistic models investigating differences in immune reconstitution between HSCT-SCID and -PID patients.

Outcome and contributing factors OR SE 𝑃

Probability of having KRECs over the cut-off
PID 1 — —
SCID 0.2300 0.2421 0.1630
Age at transplantation 1.0150 0.0178 0.3940
Timea 1.0738 0.0167 0.0000
Time × timeb 0.9998 0.0001 0.0000

Probability of having TRECs over the cut-off
PID 1 — —
SCID 0.4842 0.3562 0.3240
Age at transplantation 0.9942 0.0129 0.6550
Time 1.0420 0.0083 0.0000
Time × timeb 0.9997 0.0000 0.0000

Probability of having an unrestricted repertoire
PID 1 — —
SCID 0.5076 0.1982 0.0820
Age at transplantation 0.9940 0.0069 0.3870
Time 1.0313 0.0058 0.0000
Time × timeb 0.9999 0.0000 0.0000

OR: odds ratio; SE: standard error.
HSCT: hematopoietic stem cell transplantation; KRECs: K-deleting recombination excision circles; PID: primary immunodeficiency; SCID: severe combined
immunodeficiency; TRECs: T-cell receptor excision circles.
aTime in months since transplantation; it represents the slope of the regression line (see Supplementary Figure 2); bthis factor represents the quadratic term
needed to model the curved shape of time patterns, that is, the average monthly rate of change of the slope of the regression line.

Table 3: Multivariable logistic models investigating differences in immune reconstitution between HSCT and no-HSCT patients.

Outcome and contributing factors OR SE 𝑃

Probability of having KRECs over the cut-off
No-HSCT 1 — —
HSCT 0.0111 0.0251 0.0470
Timea 0.9879 0.0276 0.6640
Time × timeb 1.0001 0.0001 0.5150
HSCT × time 1.1002 0.0377 0.0050
HSCT × time × timec 0.9997 0.0001 0.0060

Probability of having TRECs over the cut-off
No-HSCT 1 — —
HSCT 0.2980 0.4389 0.4110
Time 0.9775 0.0209 0.2870
Time × timeb 0.9999 0.0001 0.5120
HSCT × time 1.0608 0.0246 0.0110
HSCT × time × timec 0.9998 0.0001 0.0770

Probability of having an unrestricted repertoire
No-HSCT 1 — —
HSCT 3.3335 1.6877 0.0170
Timea 1.0231 0.0056 0.0000
Time × timeb 0.9999 0.0000 0.0190
HSCT × time n/i — —
HSCT × time × timec n/i — —

OR: odds ratio; SE: standard error.
HSCT: hematopoietic stem cell transplantation; KRECs: K-deleting recombination excision circles; TRECs: T-cell receptor excision circles.
n/i: term not included in the model.
aAge inmonths at themoment of sampling; it represents the slope of the regression line (see Supplementary Figure 3); bthis interaction represents the quadratic
term needed to model the curved shape of time patterns, that is, the average monthly rate of change of the slope of the regression line. cThis interaction term
represents the effect of HSCT on the rate of change of the slope.
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Table 4: Multivariable logistic models investigating factors affecting the probability of having an unrestricted repertoire in HSCT patients.

Outcome and contributing factors OR SE 𝑃

Probability of having an unrestricted repertoire
Model 1

TRECs under the cut-off 1 — —
TRECs over the cut-off 3.2391 0.8649 0.0000
GvHD × timea 1.0403 0.0119 0.0010
GvHD × time × timeb 0.9998 0.0001 0.0030

Model 2
TRECs under the cut-off 1 — —
TRECs over the cut-off 2.8469 0.7616 0.0000
GvHD × timea 1.1050 0.0354 0.0020
GvHD × time × timeb 0.9994 0.0354 0.0050
Ablative conditioning × GvHD × timec 0.9305 0.0329 0.0420
Ablative conditioning × GvHD × time × timed 1.0005 0.0002 0.0260

OR: odds ratio; SE: standard error.
Two models were fitted; reported here are only the significant factors and interactions; predictions of model 2 are depicted in Supplementary Figure 4.
GvHD: graft-versus-host disease.
TRECs: T-cell receptor excision circles.
aTime expressed inmonths since transplantation; the interaction represents the effect of GvHDon the slope of the regression line (see Supplementary Figure 4);
bthis quadratic interaction represents the effect of GvHD on the rate of change of the slope, that is, the curvature of the regression line; c,dthese interactions
represent the change of the effect of GvHD on the slope due to the presence or absence of ablative conditioning.
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Figure 2: ((a) and (b)) Average frequency of children with SCID and PID receiving HSCT (HSCT-SCID and HSCT-PID, resp.) or that were
not subjects to HSCT (no-HSCT) that show unrestricted T-cell repertoires. The indicated time-classes for HSCT children were calculated
starting from the date of HSCT, whereas in no-HSCT children each time-class represents the age at the time of sampling. Time-classes were
indicated as follows: 1: <1 year, 2: <2 years, 3: <3 years, 4: <4 years, 5: <5 years, <10: <10 years, and >10: >10 years. Bars represent the means
and error bars represent the standard deviations.

the presence of a complete B- or T-cell engraftment, and
the age at the time of transplantation, had an influence on
the probability of having “normal” KRECs, TRECs, or T-cell
repertoire. Using these factors, we could not build models
fitting the data sufficiently well, excluding those reported in
Table 4 describing factors affecting the probability of devel-
oping an unrestricted T-cell repertoire over time, which were
as follows: T-cell reconstitution, time since transplantation,
GvHD, and ablative conditioning. According to the model,
the probability of having a recovered, unrestricted T-cell

diversity during the follow-up is strongly associated with a
normal production of TRECs (odds ratio: 3.239, 𝑃 < 0.001)
and is different between patients presenting with or without
GvHD, particularly those not having undergone an ablative
conditioning. Indeed, the models predict a peculiar pattern
during time (Supplementary Figure 4): patients with GvHD
have a slower recovery of T-cell diversity in the first year
after transplantation, followed by a faster diversification and
by a very late reduction of T-cell heterogeneity only in the
subgroup which had not undergone ablative conditioning; in
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contrast, those without GvHD showed a slower but constant
and longer-lasting diversification of the T-cell repertoire
throughout the follow-up.

4. Discussion

Here, we report a detailed analysis of the kinetics of new
B- and T-lymphocyte production in 102 long-term followed-
up children receiving HSCT as treatment for SCID and
PID, compared to 22 children with SCID or PID that did
not undergo transplantation, who were chosen as a control
group. In HSCT-SCID patient, the pattern of KREC and
TREC posttransplantation release was not different from
that found in HSCT-PID, although the observed mean
frequency ofHSCT-SCID patients having KRECs and TRECs
above the cut-off was lower, in particular one year after
transplantation. In both groups the frequency of patients
with KRECs above the cut-off remained high also at more
than 10 years after transplantation. This similar trend of
immune repopulation in SCID and PID transplanted patients
is likely due to the fact that few SCID patients received
unconditioned or nonmyeloablative transplants. Indeed, data
collected retrospectively from 240 infants with SCID, who
had received transplants from donors other than matched
siblings at 25 centers during a 10-year period, indicated that
reduced-intensity or myeloablative conditioning were both
associated with improved T-cell counts and more consistent
B-cell function [20].

In both groups of transplanted patients, the frequency of
patients with TRECs above the cut-off slightly decreased over
time. The time-related reduction of newly produced T cells
appears to be more marked in HSCT-PID, but, considering
that the frequency of patients with normal TRECs was higher
in the samples obtained in the previous years, this frequency
was still higher than in HSCT-SCID at the last point of the
follow-up. A clear reduction of newly produced T cells was
observed in the group of nontransplanted patients older than
10 years, and this is probably due to both age- and disease-
related thymic involution [14, 21].

An efficient thymic output is the most important require-
ment for the generation of a broad array of different T cells
able to respond to a large range of pathogens encountered
by the host [10, 22]. Accordingly, we found that a constantly
high frequency of patients (>50%) with a normal TREC
production was paralleled by a rather conserved diversity
of T-cell repertoire, which remained stable after the initial
increase occurring 1 year after transplantation. Therefore,
the slight decrease in the frequency of patients with TRECs
above the cut-off observed more than 10 years after HSCT
was likely due to a reduction in thymic output not sufficient,
per se, to affect the recovered repertoire diversity. In this
context, our statistical model predicts not only that a normal
TREC production increases the probability of having an
unrestricted repertoire, but also that a proportion of patients
who developed GvHD have a distinct pattern of recovery of
T-cell repertoire diversity, which is slower only in the first
year after transplantation.This is not surprising because acute
GVHD was shown to disrupt thymic epithelium reversibly

[22]; in this context, our results extend and complement
those by Clave et al. [22], who observed a delayed but fully
reversible thymic function and repertoire restriction in young
patients with acute GvHD in the first year following HSCT.
Another factor possibly contributing to a slow repertoire
diversification could be the immune suppressive therapy
administered to patients with high grade acute GvHD;
however, we could not include this element in the analysis
due to missing information in older medical records. More
importantly, we also found that, after the reprise of T-cell
repertoire diversification, there is another trend towards a
repertoire restriction in the very long term, which seems to
be accounted for only by those who had not undergone an
ablative conditioning.This peculiar kinetics is not completely
surprising, however, because it is known that an ablative
conditioning regimen is linked to a better T-cell reconstitu-
tion [20]. Finally, it is well known that also chronic GvHD
induces a significant restriction of T-cell heterogeneity [22,
23]; however, in our study the number of patients with this
condition was likely too small to have a significant impact on
repertoire restriction.

Therefore, the present study, which analyzes the twomost
reliable markers of T-cell reconstitution in more than 1000
samples, may provide an improved explanation regarding the
controversial issue of the duration of post-HSCTT-cell recov-
ery in SCID patients. Indeed, while in the first studies T-cell
recovery was evaluated through the development of normal
T-cell counts and proliferative responses to phytohemagglu-
tinin or recall antigen, more recently, researchers’ attention
has focused on the long-lasting thymic output resulting in a
continuous production and development of a diverse T-cell
repertoire. Accordingly, an initial report demonstrated that
long-term transplanted SCID patients showed normal total
T-cell counts and responses to mitogens [24] but, later, the
same group found that T-cell immunity can be impaired later
in life because of long-term graft failure or because of an
increased rate of thymus impairment, whichmay be unable to
sustain a sufficient T-cell output [7, 25]. Low TREC number
and the T-cell repertoire oligoclonality were considered to
derive from either loss of T-cell progenitors in the absence
of donor stem cell engraftment or from thymic dysfunc-
tion caused by damage from infections, chemotherapy, or
GvHD. However, another study found that in patients with
a decreased long-lasting T-cell reconstitution, T-cell recovery
appeared to be already poor early after HSCT, indicating
that long-term immune failure was not caused by accelerated
loss of thymic output or long-term graft failure, but resulted
from poor early grafting [9]. A later investigation did not
show a decline of CD3+ and CD4+ T cells 10 years and more
after HSCT, suggesting that there was no long-term decrease
of T-cell immunity [26]. This still unsettled issue can most
likely derive from the present lack of longitudinal studies
performed in a large number of long-term transplanted SCID
patients analyzed at several time points. For instance, Buckley
et al. [24] studied 89 SCID patients treated with HSCT up
to 17 years earlier (median follow-up of 5.6 years), but CD3+
cell count and proliferative response were measured at two
time points only, one before and one after transplantation.
Patel et al. [25] evaluated the T-cell function at various times
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after HSCT in 73 SCID infants, but using only a single point
from an individual patient in any given period, and Sarzotti
et al. [7] quantified the thymic output and T-cell diversity
in 16 children studied 10 years after HSCT. In a previous
work they investigated the long-term immune reconstitution
and clinical outcome in 40 patients with SCID that survived
for up to 11 years after HSCT, but they reported the level
of TRECs and the extent of T-cell heterogeneity only at the
last point of follow-up [27]. Borghans et al. [9] analysed T-
cell reconstitution in 35 children with SCID with a median
follow-up of 12 years at two time points (short- and long-term
follow-up), while Neven et al. [26] analysed CD3+ and CD4+
cells, and T-cell functions at four time points in 32 SCID
patients with a follow-up from 5 to 10 years and in 35 patients
with a follow-up >15 years. Furthermore, to our knowledge,
only a study [28] has compared a group of 25 HSCT-SCID
patients with 11 patients with other PID, but it was performed
in short-term followed up patients (34.5 months versus 24
months) and thymic output was assessed only on a small
subset of patients. Finally, no data are published reporting
the measurement of thymic output and T-cell repertoire in
a large number of samples. The present study was indeed
performed to overcome the above limitations. To this aim, we
chose a statistical method allowing us to utilize all available
samples, regardless of total follow-up duration or interval
between visits. In particular, our models could fit rather well
the increasing-decreasing shape of the observed immune
parameter change. However, one limitation is that, due to
sample size restrictions (in particular if considering the no-
HSCT group), a subgroup analysis could not be performed to
compare patients with different causes of immune deficiency
known to lead to a less likely immune recovery (e.g., KREC
recovery in X-SCID versus other SCID).

Post-HSCT recovery of B cells has been so far less
extensively investigated than T-cell reconstitution, but a
recent review indicated that in SCID patients the qualitative
restoration of B-cell function varies from 25% to 80% [29].
It is well known, indeed, that correction of B-cell function
has been more problematic than that of T cell, thus requiring
immunoglobulin infusions to prevent infections [24]. For
instance, pretransplant conditioning of infants with SCID
who do not have a matched sibling donor does not always
result in B-cell function recovery [29], but immunoglobulin
replacement tends to resolve B-cell dysfunction over time in
some patients [26]. Several other factors have been shown to
be associated with B-cell recovery, including myeloid donor
engraftment, which was identified as the main predictor of
recovery of B-cell function and T-cell reconstitution with
stable thymic output [26, 30]. The kinetic of newly produced
B-cells release from bone marrow was studied only in a
low number of transplanted patients or in samples obtained
early after HSCT [11, 12, 15, 31, 32]. This study found that,
in SCID patients, KRECs had been constantly high since 2
years after HSCT, and therefore a defective B lymphocyte
production should not be included among the causes of B-
cell dysfunction after transplantation. While increasing data
confirm that rise of KRECs is associated with enhanced B-
cell neogenesis [11, 12, 15, 16, 18, 31–33], much less is known
regarding KREC-associated humoral immune reconstitution

after HSCT. However, it has been shown that transplanted
children with low KRECs also have constantly low levels
of one or more immunoglobulin subclasses [11], that allo-
HSCT adult acute leukemic patients with late onset of KREC
repopulation [32] also have an impaired antibody-mediated
immune response, and that, on the contrary, the positivity
for KRECs onemonth after transplantation is associated with
decreased infectious episodes [34].Therefore, taken together,
these features hint a likely relationship between KREC recov-
ery and B-cell immune function restoration. Nevertheless,
we were not able to find a link between the probability
of KREC reconstitution and factors like the presence or
type of conditioning, which have been shown to affect the
recovery of B-cell function after transplantation [35]. One
explanation maybe, again, lack of statistical power, due to the
low proportion of patients not receiving any conditioning.
For this reason, we cannot exclude a true effect for these and
other factors that were not found associatedwith the outcome
of interests, even though they usually are in other studies,
such as, for example, donor type [20] or dose of stem cells. All
these limitations should be kept well in mind when dealing
with our multivariable analysis conclusions.

5. Conclusions

The present data may provide the experimental ground to
address the long-standing controversy regarding the duration
of T-cell immune reconstitution in HSCT-SCID patients and
demonstrate that posttransplantation long-termB- andT-cell
reconstitutionmay be equally achieved in childrenwith SCID
and other PID as well.
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Commonvariable immunodeficiency (CVID) and immunoglobulin (Ig)G subclass deficiency (IgGSD) are heterogeneous disorders
characterized by respiratory tract infections, selective Ig isotype deficiencies, and impaired antibody responses to polysaccharide
antigens. Using univariable analyses, we compared observations in 34 CVID and 398 IgGSD adult index patients (81.9% women)
referred to a hematology/oncology practice. Similarities included specialties of referring physicians, mean ages, proportions
of women, reactivity to Pneumovax, median serum IgG3 and IgG4 levels, median blood CD56+/CD16+ lymphocyte levels,
positivity for HLA-A and -B types, and frequencies of selected HLA-A, -B haplotypes. Dissimilarities included greater prevalence
of autoimmune conditions, lower median IgG, IgA, and IgM, and lower median CD19+, CD3+/CD4+, and CD3+/CD8+ blood
lymphocytes in CVID patients. Prevalence of Sjögren’s syndrome and hypothyroidism was significantly greater in CVID patients.
Combined subnormal IgG1/IgG3 occurred in 59% and 29% of CVID and IgGSD patients, respectively. Isolated subnormal
IgG3 occurred in 121 IgGSD patients (88% women). Logistic regression on CVID (versus IgGSD) revealed a significant positive
association with autoimmune conditions and significant negative associations with IgG1, IgG3, and IgA and CD56+/CD16+
lymphocyte levels, but the odds ratio was increased for autoimmune conditions alone (6.9 (95% CI 1.3, 35.5)).

1. Introduction

Common variable immunodeficiency (CVID) and immuno-
globulin (Ig) G subclass deficiency (IgGSD) are clinically and
genetically heterogeneous disorders characterized by recur-
rent or severe infections of the upper and lower respiratory
tract or other sites, selective deficiencies of Ig isotypes, and
impaired antibody responses to common bacterial polysac-
charide and protein antigens. Some adults with CVID also
have decreased numbers or function of blood lymphocyte
subsets, autoimmune conditions, or chronic inflammation

[1–3]. Some adults with IgGSD have decreased numbers
or function of blood lymphocyte subsets or autoimmune
conditions [4–6]. Some human leukocyte antigen (HLA)-A
and -B types and haplotypes (chromosome 6p) are associated
with increased risk for CVID and IgGSD in adults [7–11].
HLA-A and -B haplotypes A∗02, B∗44 and A∗03, B∗07
were associated with transmission of both CVID and IgGSD
immunophenotypes in some kinships [10].

Thus, we evaluated clinical and laboratory features of
432 consecutive white adult CVID and IgGSD index patients
(34 CVID, 398 IgGSD) referred to a single practice because
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they had frequent or severe respiratory tract infections. We
compared age at diagnosis, sex, specialties of referring physi-
cians, autoimmune conditions, levels of serum Ig isotypes,
blood lymphocyte subset levels, and HLA-A and -B types
and haplotypes of CVID and IgGSD patients. Our results are
discussed in the context of previous reports of clinical and
genetic features of CVID and IgGSD.

2. Methods

2.1. Patient Selection. The performance of this work was
approved by the Institutional Review Board of Brookwood
Medical Center. All patients reported herein were referred
to a hematology/medical oncology practice for further eval-
uation and management because they had (a) frequent or
severe infections uncontrolled by antibiotic therapy and other
management and (b) evidence of hypogammaglobulinemia.

We defined CVID in accordance with the criteria of
the Pan-American Group for Immunodeficiency and the
European Society for Immunodeficiency [12]. In adults, these
criteria include serum IgG and IgA levels at least 2 standard
deviations (SD) below respective means for age; absent iso-
hemagglutinins or poor response to vaccines; and exclusion
of other defined causes of hypogammaglobulinemia [12].

There is no generally accepted definition of IgGSD. One
authoritative source defined IgGSD as serum levels of one or
more IgG subclasses (IgG1-3) at least 2 SD below the mean(s)
for age in the presence of normal serum IgG, with or without
low serum IgA [13]. We accepted that case definition but also
included patients with low IgG and normal IgA as having
IgGSD. Thus, each of the present patients diagnosed herein
to have IgGSD had primary immunodeficiency with non-
protective serotype-specific serum IgG levels for or impaired
responses to Streptococcus pneumoniae polysaccharide anti-
gens.

We recommended that all patients accept vaccination
with Pneumovax (Pneumovax 23, polyvalent pneumococcal
vaccine; Merck, Sharpe & Dohme, Whitehouse Station, NJ)
at diagnosis of primary Ig deficiency. We measured pre- and
post-Pneumovax Streptococcus pneumoniae serotype-specific
IgG antibodies, as possible. Postvaccination antibody panels
were measured at least 4 weeks after the initial vaccination
and before IgG replacement therapy was initiated.

We performed a computerized and manual search of
charts of all white adults (≥18 years of age) in our practicewho
were referred as outpatients in the interval 1998–2013 because
they had frequent or severe infections, typically of the upper
and lower respiratory tract, and who were diagnosed to have
CVID or IgGSD [10, 12, 13]. We designated the first persons
in respective families diagnosed to have CVID or IgGSD as
index patients. All patients resided in central Alabama.

We included observations on all index patients whose
charts: (a) documented laboratory testing to establish their
diagnosis of CVID or IgGSD, including flow cytometric
analysis of blood lymphocyte subsets and HLA-A and -B
typing and haplotyping and (b) contained a physician’s
recommendation that they be treated with either intravenous
or subcutaneous IgG because they had frequent or severe

infections. Autoimmune conditions were typically identi-
fied and characterized by referring physicians, our queries
regarding autoimmune conditions, and medication reviews.
Autoimmune conditions reported herein were diagnosed
before diagnosis of CVID or IgGSD. We compiled histo-
ries of frequent or severe respiratory tract infections and
autoimmune conditions in first-degree family members of
each index patient.

2.2. Patient Exclusions. We excluded patients with (a) iso-
lated subnormal IgA or IgM; (b) normal Ig levels with non-
protective serotype-specific IgG levels for Streptococcus pneu-
moniae polysaccharide antigen(s); (c) hypogammaglobuline-
mia attributed to B-cell neoplasms, organ transplantation,
immunosuppressive therapy, anticancer chemotherapy, or
increased Ig loss; (d) polyclonal ormonoclonal gammopathy;
and (e) human immunodeficiency virus infection. We also
excluded persons of African American descent because (a)
certain HLA types and haplotypes differ significantly among
Caucasians and African Americans in central Alabama [14–
16]; (b) in adults, mean serum concentrations of Ig are often
greater in persons of sub-Saharan African Native descent
than in whites [17, 18]; (c) persons of sub-Saharan African
Native descent occur infrequently in series of CVIDor IgGSD
patients [1]; and (d) such patients are also uncommon in our
experience.

2.3. LaboratoryMethods. Testing was performed at diagnosis
of CVID or IgGSD before IgG replacement therapy was
initiated. Serum IgG, IgG subclasses, IgA, and IgM were
measured using standard automated methods. We defined
mean ± 2SD as the normal or reference range for all Ig
measurements, consistent with other investigators [10, 19–21].
Reference ranges are IgG 7.00–16.00 g/L; IgG1 4.22–12.92 g/L;
IgG2 1.17–7.47 g/L; IgG3 0.41–1.29 g/L; IgG4 0.01–2.91 g/L;
IgA 0.70–4.00 g/L; and IgM 0.40–2.30 g/L. Subnormal Ig
levels were defined as those below the corresponding lower
reference limit. Elevated serum Ig levels were defined as those
greater than the upper reference limit. Antinuclear antibody
titers of 1 : 80 or greater unexplained by other conditions were
defined as positive.

IgG antibody test panels included measurements of
antibodies specific for 6, 7, or 14 S. pneumoniae serotypes,
according to the year of diagnosis, physician choice, and
insurance requirements. Six-serotype panels included these
specificities: Types 1, 3, 14, 19, 23, and 51. Seven-serotype
panels included these specificities: Types 4, 14, 19, 23, 26, 56,
and 68. Fourteen-serotype panels included these specificities:
Types 1, 3, 4, 8, 9, 12, 14, 19, 23, 26, 51, 56, 57, and 68.
We defined serotype-specific IgG levels as either protective
(≥1.3mg/L) or nonprotective (<1.3mg/L) [22]. Responses to
vaccinations were defined as (1) increments in the number
of protective antibody levels after vaccination (dichotomous
variable) and (2) percentage increments of the numbers
of protective antibody levels in the postvaccination panel
compared to those in the prevaccination panel (continuous
variable).

Blood levels of lymphocyte subsets were measured
using flow cytometry. Reference ranges (mean ± 2SD) are



Journal of Immunology Research 3

CD19+ 12–645 cells/𝜇L; CD3+/CD4+ 359–1,519 cells/𝜇L;
CD3+/CD8+ 109–897 cells/𝜇L; and CD56+/CD16+ 24–
406 cells/𝜇L. Subnormal levels were defined as those below
the corresponding lower reference limit. Elevated subset
levels were defined as those greater than the upper reference
limit.

HLA-A and -B alleles were detected using low-resolution
DNA-based typing (polymerase chain reaction/sequence-
specific oligonucleotide probe) in index patients [10]. HLA
typing of family members of some index patients was per-
formed to permit assignment of chromosome 6p haplotypes.
In each index patient in whom a single A or B allele was
detected by DNA-based typing, we verified the allele(s) and
set phase to ascertain haplotypes of the index patient using
HLA analyses of appropriate family members. Haplotypes
were defined only by A and B alleles. We compiled all
HLA-A and -B types in CVID and IgGSD patients. We also
tabulated ten HLA-A and -B haplotypes that are associated
with increased risk of CVID and IgGSD in central Alabama
white index patients [7, 10].

2.4. Statistics. The final analytic data set consisted of obser-
vations on 432 index patients. Analyses were performed with
Excel 2000 (Microsoft Corp., Redmond,WA) and GB-Stat (v.
10.0, 2003, Dynamic Microsystems, Inc., Silver Spring, MD).
D’Agostino’s test was used as ameasure of normality. Descrip-
tive data are displayed as enumerations, percentages, mean
± 1 SD, median (range), or mean (95% confidence intervals
(CI)). Age at diagnosis data were normally distributed and
were compared using Student’s 𝑡-test (two-tailed). Because
measures of some serum Ig isotypes, some blood lymphocyte
subsets, and percentages of protective antibody levels were
not normally distributed, we compared these data using the
Mann-Whitney 𝑈 test. Proportions were compared using
Pearson’s 𝜒2 test or Fisher’s exact test, as appropriate. Linear
correlations were performed using Pearson’s technique. We
performed logistic regressions on CVID (CVID and IgGSD
as dichhltotomous variables) using all available independent
variables except IgG and HLA-A and -B types. We computed
the odds ratios of the significant variables and deviance of the
final regression model. A value of 𝑃 < 0.05 was defined as
significant.

3. Results

3.1. General Characteristics of 432 Index Patients. There were
34 CVID patients and 398 IgGSD patients. The mean age at
diagnosis of all patients was 49±13 y.Mean ages of CVID and
IgGSD patients did not differ significantly (data not shown).
Women comprised 81.9% of the entire cohort. The propor-
tions of women in CVID and IgGSD patients did not differ
significantly (data not shown). Primary care, rheumatology,
or otolaryngology specialists referred 79.4% of all patients.
Percentages of referring medical specialists did not differ
significantly between CVID and IgGSD patients (Table 1).
Frequent or severe respiratory tract infections in first-degree
family members were reported by 8 CVID patients (23.5%)
and 153 IgGSD patients (38.4%) (𝑃 = 0.0843). Autoimmune

Table 1: Medical specialists who referred 432 adult CVID/IgGSD
index patients1.

Referring physician CVID
(𝑛 = 34)

IgGSD
(𝑛 = 398) Value of 𝑃

Primary care, % (𝑛) 29.4 (10) 27.4 (109) 0.7998
Rheumatology, % (𝑛) 23.5 (8) 23.6 (94) 0.9907
Otolaryngology, % (𝑛) 20.6 (7) 28.9 (115) 0.3018
Endocrinology, % (𝑛) 8.8 (3) 3.0 (12) 0.1054
Gastroenterology, % (𝑛) 5.9 (2) 1.5 (6) 0.1248
Pulmonology, % (𝑛) 5.9 (2) 11.8 (47) 0.2309
Other2 5.9 (2) 3.8 (15) 0.3031
1CVID, common variable immunodeficiency; IgGSD, IgG subclass defi-
ciency. Comparisons were made with Pearson’s 𝜒2 test or Fischer’s exact test,
as appropriate.
2Other: cardiology (2), gynecology (4), infectious disease (4), neurology (4),
general surgery (2), and addictionology (1).

conditions in first-degree family members were reported by
4 CVID patients (17.8%) and 82 IgGSD patients (20.6%) (𝑃 =
0.2154).

3.2. Autoimmune Conditions. Theprevalence of autoimmune
conditionswas greater inCVIDpatients (55.9% versus 36.9%;
𝑃 = 0.0292). In CVID and IgGSD patients with autoim-
mune conditions, 63.0% and 85.7%were women, respectively
(𝑃 = 0.0045). Seven different autoimmune conditions were
reported in CVID patients whereas 23 different autoim-
mune conditions were reported in IgGSD patients (Table 2).
Sjögren’s syndrome, Hashimoto’s thyroiditis, and rheumatoid
arthritis comprised 78.9% of autoimmune conditions in
CVID patients and 39.4% of autoimmune conditions in
IgGSD patients (𝑃 < 0.0001) (Table 2). The prevalence of
Sjögren’s syndrome and Hashimoto’s thyroiditis was signifi-
cantly greater in CVID patients (Table 2). Hypothyroidism
due to Hashimoto’s thyroiditis or unreported cause occurred
in 44.1% of CVID patients and 15.8% of IgGSD patients (𝑃 <
0.0001) (Table 2).

3.3. Streptococcus pneumoniae Serotype-Specific IgG Anti-
bodies. Panels of pre- and post-Pneumovax S. pneumoniae
serotype-specific IgG antibodies were available in 28 CVID
patients (82.5%) and in 315 IgGSD patients (79.1%) (𝑃 =
0.6572). No CVID patient had pre- and post-Pneumovax
antibody test panels in which 100% of serotype antibodies
were “protective.” In 26 IgGSD patients (8.3%), pre-and post-
Pneumovax antibody panels included 100% protective levels
of serotype antibodies (0 versus 8.3%, 𝑃 = 0.1000). There
was no increment in the number of protective IgG levels after
Pneumovax in 7 CVID patients (25.0%) and in 114 IgGSD
patients (36.2%) (𝑃 = 0.2350).

We also evaluated the post-Pneumovax percentage incre-
ments of the numbers of protective antibody levels in patients
whose protective pre-Pneumovax antibodies were less than
100%. The median increment was 14.3% in 28 CVID patients
and 14.3% in 289 IgGSDpatients (𝑃 = 0.5382;Mann-Whitney
𝑈 test).
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Table 2: Autoimmune conditions in 432 adult CVID/IgGSD index patients1.

Condition(s) CVID (𝑛 = 34) IgGSD (𝑛 = 398) Value of 𝑃
Sjögren’s syndrome, % (𝑛) 20.6 (7) 6.5 (26) 0.0031
Hashimoto’s thyroiditis, % (𝑛)2 11.8 (4) 2.8 (11) 0.0059
Rheumatoid arthritis, % (𝑛) 11.8 (4) 5.3 (21) 0.1199
Gastrointestinal tract, % (𝑛)3 2.9 (1) 2.3 (9) 0.5634
Multiple sclerosis, % (𝑛) 2.9 (1) 0.3 (1) 0.1514
Positive ANA, % (𝑛)4 2.9 (1) 3.5 (14) 0.6664
Psoriatic arthritis, % (𝑛) 2.9 (1) 1.3 (5) 0.3903
Autoimmune hearing loss, % (𝑛) 0 0.3 (1) 0.9213
Autoimmune hemolytic anemia, % (𝑛)5 0 1.0 (4) 0.7196
Diabetes mellitus, type 1, % (𝑛) 0 1.3 (5) 0.6624
Graves’ disease, % (𝑛) 0 0.5 (2) 0.7820
Inflammatory arthritis, % (𝑛)6 0 0.8 (3) 0.7815
Interstitial cystitis, % (𝑛) 0 3.0 (12) 0.3690
Mixed connective tissue disorder, % (𝑛) 0 1.3 (5) 0.6624
Myasthenia gravis, % (𝑛) 0 1.0 (4) 0.7196
Polymyalgia rheumatica, % (𝑛) 0 0.3 (1) 0.9213
Raynaud’s phenomenon, % (𝑛) 0 1.8 (7) 0.5610
Reiter’s uveitis, % (𝑛) 0 0.3 (1) 0.9213
Sarcoidosis, % (𝑛) 0 0.3 (1) 0.9213
Skin and mucous membranes, % (𝑛)7 0 2.3 (9) 0.4747
Systemic lupus erythematosus, % (𝑛) 0 3.8 (15) 0.2863
Temporal arteritis, % (𝑛) 0 0.5 (2) 0.7820
Thrombotic disorders, % (𝑛)8 0 1.3 (5) 0.6624
1CVID, common variable immunodeficiency; IgGSD, IgG subclass deficiency. These autoimmune conditions were diagnosed before referral for CVID/IgGSD
evaluation. Comparisons were made with Pearson’s 𝜒2 test or Fischer’s exact test, as appropriate. Some patients had two or more autoimmune conditions.
2Hypothyroidism of unreported cause was reported in 11 CVID patients (32.4%) and 52 IgGSD patients (13.1%) (𝑃 = 0.0022).
3Crohn’s disease (3), ulcerative colitis (3), and pernicious anemia (3).
4ANA, antinuclear antibody. Titers of 1 : 80 or greater unexplained by other conditions were defined as positive.
5Warm-reacting IgG autoantibody.
6Arthritis interpreted as autoimmune but not otherwise specified.
7Cutaneous psoriasis (3), erythema nodosum (2), vitiligo (2), alopecia areata (1), and Behcet’s syndrome (1).
8Antiphospholipid syndrome (2), anticardiolipin antibody (1), and lupus anticoagulant (2).

We compared positivity for HLA-A∗01, B∗08 in CVID
and IgGSD patients who had autoimmune conditions. This
haplotype is part of a common, highly conserved, multi-
gene and major histocompatibility complex (MHC)-linked
ancestral haplotype associated with increased risk of CVID,
subnormal IgA, and diverse autoimmune conditions [23].
Positivity rates for HLA-A∗01, B∗08 in CVID and IgGSD
patients did not differ significantly (26.3% versus 18.4%,
respectively; 𝑃 = 0.4085).

3.4. Serum IgG, IgG Subclasses, IgA, and IgM. In CVID
patients, distributions of IgG, IgG1, and IgG3 levels were nor-
mal. Other Ig levels were not normally distributed. In IgGSD
patients, levels of all Ig isotypes were normally distributed.
We determined correlations of IgG with the sum of IgG1–4
levels. In CVID patients, the Pearson correlation coefficient
was 0.4766 (𝑃 < 0.0001). In IgGSD patients, the correlation
coefficient was 0.7688 (𝑃 < 0.0001). In both CVID and
IgGSD patients, the median IgG was slightly greater than the
corresponding median of the sum of IgG1–4 (5.51 g/L versus
5.26 g/L, CVID; 7.58 g/L versus 7.49 g/L, IgGSD).

Median levels of all Ig isotypes were significantly lower
in CVID patients except IgG3 and IgG4 which did not differ
significantly between CVID and IgGSD patients (Table 3).
By definition, IgG was subnormal in all CVID patients.
IgG was also subnormal in 135 IgGSD patients (33.9%). The
respective prevalence of subnormal IgG3 and subnormal
IgG4 in CVID and IgGSD patients did not differ significantly.
The combination of subnormal IgG1/IgG3 occurred in 58.8%
of CVID patients and 28.9% of IgGSD patients (𝑃 = 0.0002).

Isolated subnormal IgG3was detected in 121 of 398 IgGSD
patients (30.4%) among whom the proportion of women
(107/121; 88.4%) was higher than the proportion of women
in IgGSD patients without isolated subnormal IgG3 (221/277;
79.8%) (𝑃 = 0.0371). No CVID patients and few IgGSD
patients had elevated IgG. No patient had elevated IgG4
(Table 3).

By definition, all CVID patients had subnormal IgA and
thus the median IgA level was lower in CVID patients than
IgGSD patients. IgA levels were also subnormal in 5.2% of
IgGSD patients.Themedian IgM level was significantly lower
in CVID patients. The proportion of CVID patients who had



Journal of Immunology Research 5

Table 3: Serum immunoglobulins in 432 adult CVID/IgGSD index patients1.

Ig isotype CVID (𝑛 = 34) IgGSD (𝑛 = 398) Value of 𝑃
Median IgG, g/L 5.51 (3.75, 6.92) 7.58 (3.43, 21.56) <0.0001
Subnormal IgG, % (𝑛) 100.0 (34) 33.9 (135) <0.0001
Elevated IgG, % (𝑛) 0 1.3 (5) 0.5109
Median IgG1, g/L 3.24 (2.42, 4.37) 4.10 (0.95, 14.60) <0.0001
Subnormal IgG1, % (𝑛) 97.1 (38) 56.3 (228) <0.0001
Elevated IgG1, % (𝑛) 0 0.3 (1) 0.7698
Median IgG2, g/L 1.34 (0.17, 3.50) 2.51 (0.31, 16.50) <0.0001
Subnormal IgG2, % (𝑛) 35.3 (12) 8.8 (35) <0.0001
Elevated IgG2, % (𝑛) 0 0.3 (1) 0.7698
Median IgG3, g/L 0.39 (0.07, 1.06) 0.33 (0.06, 1.76) 0.5821
Subnormal IgG3, % (𝑛) 58.8 (20) 70.9 (282) 0.3336
Elevated IgG3, % (𝑛) 0 1.5 (6) 0.4709
Median IgG4, g/L 0.08 (0, 0.29) 0.13 (0, 2.37) 0.0008
Subnormal IgG4, % (𝑛) 5.9 (2) 3.3 (13) 0.4239
Elevated IgG4, % (𝑛) 0 0 —
Median IgA, g/L 0.56 (0.04, 0.69) 1.55 (0.04, 5.55) <0.0001
Subnormal IgA, % (𝑛) 100.0 (34) 5.3 (21) <0.0001
Elevated IgA, % (𝑛) 0 2.5 (10) 0.3497
Median IgM, g/L 0.55 (0.10, 1.88) 1.00 (0.04, 5.16) <0.0001
Subnormal IgM, % (𝑛) 26.5 (9) 13.6 (54) 0.0407
Elevated IgM, % (𝑛) 0 7.3 (29) 0.1032
1CVID, common variable immunodeficiency; IgGSD, IgG subclass deficiency; Ig, immunoglobulin; SD, standard deviation. Reference ranges (mean ± 2 SD)
are IgG 7.00–16.00 g/L; IgG1 4.22–12.92 g/L; IgG2 1.17–7.47 g/L; IgG3 0.41–1.29 g/L; IgG4 0.01–2.91 g/L; IgA 0.70–4.00 g/L; and IgM 0.40–2.30 g/L. Subnormal Ig
levels were defined as those below the corresponding lower reference limit. Elevated serum Ig levels were defined as those greater than the upper reference limit.
Serum Ig levels are expressed as median (range). Comparisons were made with Mann-Whitney 𝑈 test, Pearson’s 𝜒2 test, or Fisher’s exact test, as appropriate.

subnormal IgM was also greater than that of IgGSD patients
(Table 3).

3.5. Blood Lymphocytes. Levels of CD19+, CD3+/CD4+,
CD3+/CD8+, and CD56+/CD16+ lymphocytes in both
CVID and IgGSD patients were normally distributed, except
CD3+/CD4+ lymphocytes in CVID patients. Median levels
of CD19+, CD3+/CD4+, and CD3+/CD8+ lymphocytes were
significantly lower in patients with CVID (Table 4). The
proportions of CVID and IgGSD patients who had either
subnormal or elevated CD19+ lymphocyte levels were low
(Table 4).

Median levels of CD3+/CD4+ lymphocytes were sig-
nificantly lower in CVID patients. Elevated CD3+/CD4+
lymphocyte levels occurred in 8.8% and 10.8% of CVID and
IgGSD patients, respectively (Table 4). Median CD3+/CD8+
lymphocyte levels were significantly lower in CVID patients.
Subnormal or elevated CD3+/CD8+ lymphocytes were
uncommon in both CVID and IgGSD patients (Table 4).
Median levels of CD56+/CD16+ lymphocytes did not differ
significantly between CVID and IgGSD patients. Subnormal
or elevated CD56+/CD16+ lymphocyte levels were uncom-
mon in both CVID and IgGSD patients (Table 4).

3.6. HLA Types and Haplotypes. In CVID and IgGSD
patients, positivity for HLA-A and -B types did not dif-
fer significantly (Tables 5 and 6). We also compared the

frequencies of tenHLA-A and -B haplotypes selected because
their respective frequencies were greater among Alabama
CVID and IgGSD patients than in the general Alabama
adult population [10]. In the present study, these haplotypes
accounted for 47.1% of 68 chromosomes 6p in CVID patients
and 37.6% of 796 chromosomes 6p in IgGSD patients (𝑃 =
0.1221). The respective haplotype frequencies in CVID and
IgGSD patients did not differ significantly (Table 7).

3.7. Logistic Regressions on CVID. With initial regressions on
CVID (versus IgGSD), we excluded many of the available
independent variables because they were not significant.
Among these exclusions was reactivity to Pneumovax as
either a dichotomous or continuous variable. A final regres-
sion model on CVID revealed significant positive association
with autoimmunity (𝑃 = 0.0247) and significant negative
associations with serum IgG1, IgG3, and IgA (𝑃 < 0.0001,
0.0113, and<0.0001, resp.) andCD56+/CD16+ blood lympho-
cyte levels (𝑃 = 0.0141). The odds ratio of these significant
associations was increased only for autoimmunity (6.9 (95%
CI 1.3, 35.5)). This model accounted for 79% of the deviance
in CVID occurrence.

4. Discussion

Similarities of 34 CVID and 398 IgGSD patients referred to a
hematology/oncology practice determined using univariable
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Table 4: Blood lymphocytes in 432 adult CVID/IgGSD index patients1.

Lymphocyte subset CVID (𝑛 = 34) IgGSD (𝑛 = 398) Value of 𝑃
Median CD19+ cells/𝜇L 172 (0, 631) 228 (5, 2340) 0.0051
Subnormal CD19+ cells, % (𝑛) 5.9 (2) 0.5 (2) 0.0337
Elevated CD19+ cells, % (𝑛) 0 2.8 (11) 0.4014
Median CD3+/CD4+ cells/𝜇L 783 (57, 1987) 937 (108, 2984) 0.0335
Subnormal CD3+/CD4+ cells, % (𝑛) 14.7 (5) 3.8 (15) 0.0147
Elevated CD3+/CD4+ cells, % (𝑛) 8.8 (3) 10.8 (43) 0.4988
Median CD3+/CD8+ cells/𝜇L 322 (110, 1304) 431 (48, 2106) 0.0453
Subnormal CD3+/CD8+ cells, % (𝑛) 0 2.0 (8) 0.5170
Elevated CD3+/CD8+ cells, % (𝑛) 0 7.8 (31) 0.0715
CD56+/CD16+ cells/𝜇L 118 (39, 295) 146 (4, 626) 0.1988
Subnormal CD56+/CD16+ cells, % (𝑛) 0 3.5 (14) 0.3116
Elevated CD56+/CD16+ cells, % (𝑛) 0 1.8 (7) 0.5618
1CVID, common variable immunodeficiency; IgGSD, IgG subclass deficiency; SD, standard deviation. Blood levels of lymphocyte subsets were measured
using flow cytometry. Reference ranges (mean ± 2 SD) are CD19+ 12–645 cells/𝜇L; CD3+/CD4+ 359–1,519 cells/𝜇L; CD3+/CD8+ 109–897 cells/𝜇L; and
CD56+/CD16+ 24–406 cells/𝜇L. Subnormal levels were defined as those below the corresponding lower reference limit. Elevated subset levels were defined as
those greater than the upper reference limit. Blood lymphocyte levels are expressed as median (range). Comparisons were made with Mann-Whitney 𝑈 test,
Pearson’s 𝜒2 test, or Fisher’s exact test, as appropriate.

Table 5: Positivity forHLA-A types in 432 adult CVID/IgGSD index
patients1.

Type CVID (𝑛 = 34) IgGSD (𝑛 = 398) Value of 𝑃
A∗01 38.2 (13) 31.4 (125) 0.4124
A∗02 52.9 (18) 51.1 (203) 0.8971
A∗03 26.5 (9) 25.1 (100) 0.8837
A∗11 2.9 (1) 9.6 (38) 0.1638
A∗23 2.9 (1) 3.8 (15) 0.6364
A∗24 11.8 (4) 15.8 (63) 0.0434
A∗25 5.9 (2) 3.8 (15) 0.3933
A∗26 5.9 (2) 4.8 (19) 0.5052
A∗28 2.9 (1) 0.8 (3) 0.2804
A∗29 2.9 (1) 8.8 (35) 0.2003
A∗30 0 4.8 (19) 0.2034
A∗31 5.9 (2) 4.3 (17) 0.4507
A∗32 8.8 (3) 6.0 (24) 0.5393
A∗33 0 2.0 (8) 0.5161
A∗34 0 0.5 (2) 0.8486
A∗66 0 0.8 (3) 0.7815
1HLA, human leukocyte antigen; CVID, common variable immunodefi-
ciency; IgGSD, IgG subclass deficiency. Results are displayed as % (𝑛).
Comparisons were made with Pearson’s 𝜒2 test or Fischer’s exact test, as
appropriate.

analyses included specialties of referring physicians, mean
ages at diagnosis, proportions of women, reactivity to Pneu-
movax, median serum IgG3 and IgG4 levels, median levels of
CD56+/CD16+ blood lymphocytes, positivity for HLA-A and
-B types, and frequencies of selected HLA-A, -B haplotypes.
Dissimilarities included greater prevalence of autoimmune
conditions, and lower median serum IgG, IgA, and IgM
levels and lower median levels of CD19+, CD3+/CD4+, and
CD3+/CD8+ blood lymphocytes in CVID patients.

Our observations differ somewhat from those in other
CVID (or IgGSD) case series reports. All of the present
patients were adults and all were referred due to frequent or
severe infections alone, although 56% of the present patients
had one or more autoimmune conditions at CVID/IgGSD
diagnosis. In 334 European CVID patients followed for
an average of 26 years, 71% had one or more inflam-
matory/autoimmune complications and the remainder had
infections only [2]. In 476 US CVID patients, one or more of
these complications occurred in 68% of the patients whereas
infections were the only manifestation in the remaining
patients [24]. At diagnosis of CVID in 303 European adults,
some patients had splenomegaly (45%), lymphadenopathy
(26%), autoimmune hemocytopenias (20%), or granuloma-
tous disease (12%) [25]. In two large series of European
CVID patients, enteropathy, autoimmunity, granulomatous
disease, and splenomegaly were common and formed a set
of interrelated features [25, 26]. Further, clinical phenotypes
in CVID patients seem to be stable over long intervals [2,
24, 27]. Our informal observations suggest that enteropathy,
granulomatous disease, and splenomegaly are uncommon
in the present patients. Immune thrombocytopenia had not
been diagnosed in any of the present patients before diagnosis
of CVID or IgGSD, although this condition is the most
prevalent autoimmune hemocytopenia in CVID patients
[27–31].

There was a preponderance of women in both CVID and
IgGSD patients in the present study, consistent with our pre-
vious report [10]. In studies of CVID, the proportions of men
and women are typically equal [1, 12, 27]. In contrast, there is
female predominance in adults with isolated subnormal IgG3
levels [4, 6, 32]. Likewise, the proportion of women among
the present 121 IgGSD patients with isolated subnormal IgG3
was significantly greater than among IgGSD patients without
isolated subnormal IgG3. Many of the present CVID and
IgSD patients had autoimmune conditions.The prevalence of
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Table 6: Positivity forHLA-B types in 432 adult CVID/IgGSD index
patients1.

Type CVID (𝑛 = 34) IgGSD (𝑛 = 398) Value of 𝑃
B∗07 29.4 (10) 22.9 (91) 0.3866
B∗08 38.2 (13) 25.4 (101) 0.1025
B∗13 0 4.3 (17) 0.2414
B∗14 2.9 (1) 9.0 (36) 0.1874
B∗15 11.8 (4) 14.1 (56) 0.4757
B∗18 8.8 (3) 7.3 (29) 0.4708
B∗27 2.9 (1) 6.8 (27) 0.3322
B∗35 8.8 (3) 14.1 (56) 0.2888
B∗37 2.9 (1) 2.3 (9) 0.5634
B∗38 8.8 (3) 2.8 (11) 0.0891
B∗39 0 3.5 (14) 0.1681
B∗40 17.7 (6) 8.8 (35) 0.0894
B∗41 0 1.0 (4) 0.7196
B∗44 44.1 (15) 30.2 (120) 0.0917
B∗45 0 2.3 (9) 0.4747
B∗47 0 1.0 (4) 0.7196
B∗48 0 0.3 (1) 0.9213
B∗49 0 3.8 (15) 0.2863
B∗50 0 2.8 (11) 0.3705
B∗51 14.7 (5) 8.3 (33) 0.1673
B∗52 0 2.5 (10) 0.4366
B∗53 2.9 (1) 1.3 (5) 0.3903
B∗55 0 3.5 (14) 0.3116
B∗56 0 1.3 (5) 0.6624
B∗57 2.9 (1) 7.0 (28) 0.3127
B∗58 0 0.5 (2) 0.8486
B∗60 0 1.3 (5) 0.6624
B∗62 2.9 (1) 0.5 (2) 0.2185
1HLA, human leukocyte antigen; CVID, common variable immunodefi-
ciency; IgGSD, IgG subclass deficiency. Results are displayed as % (𝑛).
Comparisons were made with Pearson’s 𝜒2 test or Fischer’s exact test, as
appropriate.

autoimmune conditions is widely acknowledged to be greater
in women [33]. Regardless, these observations only partially
explain the predominance of women in the present cohort.

Autoimmune conditions had been diagnosed in 56% of
the present CVID patients before their referral. Analyzing
follow-up observations of patients for the diagnosis of other
autoimmune conditions was beyond the scope of the present
work. In other CVID case series, 12–46% of patients had
autoimmune conditions [2, 24, 34–36]. Autoimmune condi-
tions occurred in 37% of the present IgGSD patients and in
13% of adults with IgGSD in Spain [5]. Although the diversity
of autoimmune conditions in the present IgGSD patients was
greater than that of CVID patients, no CVID patient and
only one IgGSD patient had hemocytopenia attributed to
autoimmunity. This result differs from that of other CVID
case series reports [2, 24, 34–36]. Autoimmunity in CVID
patients with the more common phenotype characterized
by infections may also differ from that of patients who
have the less common phenotype associated with polyclonal

Table 7: Frequencies of HLA-A, -B haplotypes in 432 adult
CVID/IgGSD index patients.

Haplotypes CVID (𝑛 = 68
chromosomes)

IgGSD (𝑛 = 796
chromosomes) Value of 𝑃

A∗01, B∗08 13.2 (9) 11.7 (93) 0.7034
A∗02, B∗44 16.2 (11) 9.9 (79) 0.1053
A∗02, B∗62 1.5 (1) 0.3 (2) 0.2182
A∗02, B∗60 0.0 (0) 0.1 (1) 0.9213
A∗03, B∗07 7.4 (5) 5.7 (45) 0.3569
A∗03, B∗14 0.0 (0) 1.6 (13) 0.3418
A∗03, B∗44 2.9 (2) 3.8 (30) 0.5314
A∗29, B∗44 1.5 (1) 3.4 (27) 0.3370
A∗31, B∗40 2.9 (2) 0.5 (4) 0.0745
A∗32, B∗14 1.5 (1) 0.6 (5) 0.3894
1HLA, human leukocyte antigen; CVID, common variable immunodefi-
ciency; IgGSD, IgG subclass deficiency. These haplotypes were selected
for study because their respective frequencies were significantly greater in
Alabama CVID/IgGSD index patients than in population control subjects
[10]. Results are displayed as % (𝑛). Comparisons were made with Pearson’s
𝜒
2 test or Fischer’s exact test, as appropriate. These haplotypes accounted

for 47.1% of 68 chromosomes 6p in CVID patients and 37.6% of 796
chromosomes 6p in IgGSD patients (𝑃 = 0.1221).

lymphocytic manifestations [24, 35]. Referral of almost one-
quarter of the present patients by rheumatologists could
account in part for the predominance of Sjögren’s syndrome
in both CVID and IgGSD patients. Hypothyroidism of all
causes occurred in 44% and 16% of the present CVID
and IgGSD patients, respectively. In two other reports, the
prevalence of hypothyroidism in CVID patients was<1% [24]
and 24% [37].

Median levels of CD19+ blood lymphocytes were sig-
nificantly lower in CVID patients, but few had subnormal
CD19+ blood lymphocytes, consistent with previous reports
[27, 38]. Median blood levels of CD3+/CD4+ lymphocytes
were also significantly lower in CVID patients. Subnormal
CD3+/CD4+ blood lymphocyte levels occurred in aminority
of the present CVID patients, consistent with previous
reports [39–41].

T-lymphocytes of some CVID patients express surface
marker patterns indicative of chronic activation [42]. In
contrast to CD4+ T-lymphocytes, numbers of CD8+ T-
lymphocytes of these patients may increase, explaining the
inverted CD4/CD8 ratio reported in some patients with
CVID [42]. CD8+ T-lymphocyte abnormalities have been
associated with disturbed cytokine secretion [43], lower
memory B-cell numbers and severe clinical courses [44],
chronic or recurrent cytomegalovirus infections [45], and
polyclonal expanded populations of large granular lympho-
cytes in association with splenomegaly [46]. Our informal
observations suggest that CVID (or IgGSD) patients with
these clinical attributes were uncommon in the present
cohort, consistent with our observation that CVID patients
had lower median blood CD3+/CD8+ lymphocyte levels
and that no CVID patient had elevated blood CD3+/CD8+
lymphocyte levels.
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Median blood levels of CD56+/CD16+ lymphocytes did
not differ significantly between the present CVID and IgGSD
patients. Subnormal or elevated CD56+/CD16+ levels were
uncommon in both CVID and IgGSD patients. In contrast,
Aspalter and colleagues reported that absolute and relative
blood natural killer lymphocyte (CD16+/CD56+) numbers
measured by flow cytometry in CVID patients were low [47].

HLA-A∗01, B∗08 is linked to CVID, subnormal IgA
levels, and a putative deleterious gene(s) in the HLA class
II region [7, 8, 11], presumably IGAD1 [9, 48]. Thus, we
had postulated that the frequency of haplotype A∗01, B∗08
would be greater in the present CVID patients (all of whom
had subnormal IgA) than in IgGSD patients. Our postulate
was not confirmed. In addition, proportions of the present
CVID and IgGSD patients with autoimmune conditions who
also had HLA-A∗01, B∗08 did not differ significantly. On the
other hand, the respective frequencies of the ten selected
haplotypes we studied were greater in patients with CVID
or IgGSD than in the general Alabama adult population
[10]. HLA-A and -B haplotypes A∗02, B∗44 and A∗03, B∗07
were associated with transmission of both CVID and IgGSD
immunophenotypes in some kinships [10].Thus, we infer that
some of these haplotypes carry alleles that modulate blood
Ig levels. Analysis of one family suggested linkage of CVID
and subnormal IgA to chromosome 16q [49]. A genome-
wide association study demonstrated linkage of these traits
to numerous other loci [50].

CVID phenotypes have been associated with autosomal
recessive mutations in genes that encode proteins important
for B-cell function.These proteins include inducible costimu-
latory (ICOS) [51], CD19 [52], B-cell activating factor receptor
[53], CD20 [54], CD21 [55], andCD81 [56].Deleteriousmuta-
tions in the corresponding genes have been identified in a
small number of CVID patients, some from consanguineous
kinships [27]. Mutations in TACI occur in approximately 10%
of CVID patients [27], but their presence is not diagnostic
of CVID [57]. IgG3 is the most polymorphic human IgG
subclass and includes thirteen G3m allotypes (variants of Ig
heavy G chains) which constitute six major G3m alleles of
IGHG3 on chromosome 14q32.33 [58]. Allotypes are charac-
terized by differences in amino acid epitopes of the constant
heavy G chains and are inherited in a Mendelian manner
[58–61]. Thus, alleles that would account for subnormal
IgG3 in some CVID and IgGSD patients may be linked to
chromosome 14q32.33. MRL/lprmice carrying a congenic H-
2
b/b MHC interval exhibit several abnormalities including
very low IgG3 [62]. A genome-wide association study of
366 CVID patients from four geographic areas confirmed
a strong association of CVID with the MHC and demon-
strated many significant associations with other regions
[63].

There are uncertainties regarding the present results.
CVID (and possibly IgGSD) patients who had lymphade-
nopathy, splenomegaly, enteropathy, or granulomatous dis-
ease may not have been referred to our practice or were
excluded by our present selection criteria.The predominance
of women in our cohort is incompletely explained.The reason
that the variety of autoimmune conditions is less in the
present CVID than IgGSD patients is unknown, although

it is unlikely that erroneous reporting of autoimmune con-
ditions would account for the differences we observed. We
did not tabulate reports of autoimmune conditions that
occurred in index patients after diagnosis of CVID or
IgGSD and thus the present estimates of the occurrence of
autoimmune conditions are conservative. Paired pre- and
post-Pneumovax S. pneumoniae serotype-specific antibody
evaluations were unavailable in 21% of the present patients.
Evaluations for absent isohemagglutinins or poor response
to vaccines are incomplete in other large CVID case series
[25]. It seems unlikely that our conclusions about responsive-
ness to pneumococcal polysaccharide antigens would have
changed greatly had additional observations been available
for analysis. Flow cytometry analysis of subsets of CD19+,
CD3+/CD4+, and CD3+/CD8+ blood lymphocytes and
functional studies of lymphocytes may have demonstrated
additional similarities or dissimilarities between CVID and
IgSD patients. Performing extended HLA haplotyping, ana-
lyzing genes associated with CVID, and Gm allotyping were
also beyond the scope of the present work.

5. Conclusions

Using univariable analyses, we demonstrated similarities and
dissimilarities of CVID and IgGSD patients. Logistic regres-
sion on CVID (versus IgGSD) revealed significant positive
association with autoimmune conditions and significant neg-
ative associations with IgG1, IgG3, IgA, and CD56+/CD16+
blood lymphocyte levels, but the odds ratio was increased
only for autoimmune conditions (6.9 (95% CI 1.3, 35.5)).
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[49] A. A. Schäffer, J. Pfannstiel, A. D. B. Webster, A. Plebani,
L. Hammarström, and B. Grimbacher, “Analysis of families
with common variable immunodeficiency (CVID) and IgA
deficiency suggests linkage of CVID to chromosome 16q,”
Human Genetics, vol. 118, no. 6, pp. 725–729, 2006.

[50] R. C. Ferreira, Q. Pan-Hammarström, R. R. Graham et al.,
“Association of IFIH1 and other autoimmunity risk alleles with
selective IgA deficiency,”Nature Genetics, vol. 42, no. 9, pp. 777–
780, 2010.

[51] B. Grimbacher, A. Hutloff, M. Schlesier et al., “Homozygous
loss of ICOS is associated with adult-onset common variable
immunodeficiency,” Nature Immunology, vol. 4, no. 3, pp. 261–
268, 2003.

[52] H. Kanegane, K. Agematsu, T. Futatani et al., “Novel mutations
in a Japanese patient with CD19 deficiency,” Genes and Immu-
nity, vol. 8, no. 8, pp. 663–670, 2007.

[53] K. Warnatz, U. Salzer, M. Rizzi et al., “B-cell activating factor
receptor deficiency is associated with an adult-onset antibody
deficiency syndrome in humans,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 106, no.
33, pp. 13945–13950, 2009.

[54] T. W. Kuijpers, R. J. Bende, P. A. Baars et al., “CD20 deficiency
in humans results in impaired T cell-independent antibody
responses,” Journal of Clinical Investigation, vol. 120, no. 1, pp.
214–222, 2010.

[55] J. Thiel, L. Kimmig, U. Salzer et al., “Genetic CD21 deficiency
is associated with hypogammaglobulinemia,” Journal of Allergy
and Clinical Immunology, vol. 129, no. 3, pp. 801.e6–810.e6, 2012.

[56] M. C. van Zelm, J. Smet, B. Adams et al., “CD81 gene defect
in humans disrupts CD19 complex formation and leads to
antibody deficiency,” Journal of Clinical Investigation, vol. 120,
no. 4, pp. 1265–1274, 2010.

[57] Q. Pan-Hammarström, U. Salzer, L. Du et al., “Reexamining the
role of TACI coding variants in common variable immunode-
ficiency and selective IgA deficiency,” Nature Genetics, vol. 39,
no. 4, pp. 429–430, 2007.

[58] C. Dechavanne, F. Guillonneau, G. Chiappetta et al., “Mass
spectrometry detection of G3m and IGHG3 alleles and follow-
up of differential mother and neonate IgG3,” PLoS ONE, vol. 7,
no. 9, Article ID e46097, 2012.

[59] A. Morell, F. Skvaril, A. G. Steinberg, E. van Loghem, and W.
D. Terry, “Correlations between the concentrations of the four
sub-classes of IgG and Gm Allotypes in normal human sera,”
The Journal of Immunology, vol. 108, no. 1, pp. 195–206, 1972.

[60] R. Grubb, T. Hallberg, L. Hammarstrom et al., “Correlation
between deficiency of immunoglobulin subclass G3 and Gm
allotype,” Acta Pathologica Microbiologica et Immunologica
Scandinavica C, vol. 94, no. 5, pp. 187–191, 1986.

[61] V. A. Oxelius, H. D. Ochs, and L. Hammarström, “Restricted
immunoglobulin constant heavy G chain genes in primary
immunodeficiencies,” Clinical Immunology, vol. 128, no. 2, pp.
190–198, 2008.

[62] H. Sekine, R. C. Ferreira, Q. Pan-Hammarström et al., “Role
for Msh5 in the regulation of Ig class switch recombination,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 104, no. 17, pp. 7193–7198, 2007.

[63] J. S. Orange, J. T. Glessner, E. Resnick et al., “Genome-
wide association identifies diverse causes of common variable
immunodeficiency,” Journal of Allergy andClinical Immunology,
vol. 127, no. 6, pp. 1360.e6–1367.e6, 2011.



Research Article
Clinical Features and Genetic Analysis of 20 Chinese
Patients with X-Linked Hyper-IgM Syndrome

Lin-Lin Wang,1 Wei Zhou,2 Wei Zhao,1,3 Zhi-Qing Tian,1 Wei-Fan Wang,1

Xiao-Fang Wang,1 and Tong-Xin Chen1,2,4

1 Department of Allergy and Immunology, Shanghai Children’s Medical Center, Shanghai Jiao Tong University School of Medicine,
Shanghai 200127, China

2Department of Nephrology and Rheumatology, Shanghai Children’sMedical Center, Shanghai Jiao TongUniversity School ofMedicine,
Shanghai 200127, China

3Division of Allergy and Immunology, Department of Pediatrics, Virginia Commonwealth University, Richmond, VA 23298, USA
4Division of Immunology, Institute of Pediatric Translational Medicine, Shanghai Jiao Tong University School of Medicine,
1678 Dongfang Road, Shanghai 200127, China

Correspondence should be addressed to Tong-Xin Chen; tongxinc@sjtu.edu.cn

Received 27 May 2014; Accepted 31 July 2014; Published 20 August 2014

Academic Editor: Catharina Schuetz

Copyright © 2014 Lin-Lin Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

X-linked hyper-IgM syndrome (XHIGM) is one type of primary immunodeficiency diseases, resulting from defects in the CD40
ligand/CD40 signaling pathways. We retrospectively analyzed the clinical and molecular features of 20 Chinese patients diagnosed
and followed up in hospitals affiliated to Shanghai Jiao TongUniversity School ofMedicine from 1999 to 2013.Themedian onset age
of these patients was 8.5 months (range: 20 days–21 months). Half of them had positive family histories, with a shorter diagnosis
lag.Themost common symptoms were recurrent sinopulmonary infections (18 patients, 90%), neutropenia (14 patients, 70%), oral
ulcer (13 patients, 65%), and protracted diarrhea (13 patients, 65%). Six patients had BCGitis. Six patients received hematopoietic
stem cell transplantations and four of them had immune reconstructions and clinical remissions. Eighteen unique mutations in
CD40L gene were identified in these 20 patients from 19 unrelated families, with 12 novel mutations. We compared with reported
mutation results and used bioinformatics software to predict the effects ofmutations on the target protein.Thesemutations reflected
the heterogeneity of CD40L gene and expanded our understanding of XHIGM.

1. Introduction

X-linked hyper-IgM syndrome (XHIGM; HIGM1; OMIM:
308230) is one type of primary immunodeficiency diseases
(PIDs), resulting from defects in the CD40 ligand/CD40 sig-
naling pathways leading to impairment of immunoglobulin
isotype switching in B cells and characterized by recurrent
infections in association with markedly decreased serum
IgG, IgA, and IgE levels but normal or elevated serum IgM
levels [1]. Patients with XHIGM usually develop symptoms
by the first or second year of life. Over 50% of patients have
chronic or intermittent neutropenia, often associated with
oral ulcers.Opportunistic infections, especiallyCryptosporid-
ium parvum and Pneumocystis jirovecii infections, are com-
mon and prominent clinical feature of the patients. Besides

the susceptibility to recurrent bacterial and opportunistic
infections, these patients are prone to autoimmune man-
ifestations, especially hematologic abnormalities, arthritis,
and inflammatory bowel disease. Furthermore, an unusual
susceptibility to liver, pancreas, or biliary tract tumours has
been reported [2].

CD40L is the disease-causing gene of XHIGM [3–7],
located in Xq26.3-Xq27.1 and containing five exons and four
intervening introns. The corresponding translated protein
CD154 (also called CD40L, gp39, TNFSF5, or TRAP) con-
tains 261 amino acids and is mainly expressed on acti-
vated mature T cells. Its receptor, CD40, is expressed on
a variety of cells, such as B cells, monocytes/macrophage,
dendritic cells, endothelial cells, and epithelial cells [8, 9].
CD40-CD154 interactions provide a costimulatory signal for
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T cell activation and can lead to B cell proliferation and
immunoglobulin class switching, affecting both cellular and
humoral immunity [10, 11]. Therefore, XHIGM belongs to a
combined immunodeficiency disease category.

XHIGM is the most common subtype of hyper-IgM
syndromes (affecting about 70% of the patients) [12]. More
subtypes of hyper-IgM syndromes have been gradually
revealed. Diseases resulting from mutations in AICDA (ID:
57379), CD40 (ID: 958), UNG (ID: 7374), NEMO (ID:
8517), or NFKBIA (ID: 4792) genes are all involved in the
CD154-CD40- NF-𝜅B pathways and affected the class switch
recombination (CSR), somatic hypermutation (SHM), or
germinal center formation and form the subtypes of hyper-
IgM syndromes. Mutations in the promoter of CD40L were
also found [13]. The heterogeneity of hyper-IgM syndrome
brings the challenge for diagnosis and accurate and reliable
molecular testing methods are needed.

With diagnosed patients accumulated, people began to
analyze the clinical features and mutation characteristics of
these patients since 1992 [14]. A CD40L mutation database
(http://structure.bmc.lu.se/idbase/CD40Lbase/index.php) has
been founded and updated [15]. Retrospective research
results of XHIGM patients in Europe [16], USA [17], Japan
[18], and Latin America [19] were published. However,
little information about Chinese XHIGM patients has been
reported. In this study, we collected clinical data of Chi-
nese XHIGM patients diagnosed and followed up in our
center, reviewed their clinical and immune features, therapy,
and response, and investigated the mutation characteristics,
intending to increase our knowledge of this disease and
finally improve the quality of life in these patients.

2. Methods

2.1. Patients. Patients in present study were first diagnosed in
hospitals affiliated to Shanghai Jiao Tong University School
of Medicine or referred from other hospitals and followed
up in Shanghai Children’s Medical Center (also affiliated to
Shanghai Jiao Tong University School of Medicine) during
1999–2013. A total of 28 candidate patients with HIGM
phenotype were recruited. The inclusion criteria were low
sera IgG and IgA (2 standard deviations below normal value
for age), normal or elevated serum IgM, and compatible
infectious events. Patients with secondary immunodeficiency
conditions such as HIV or congenital rubella infections,
immunosuppressive drug use, or neoplasms were excluded.
Then CD154 expression on active T cells was detected by flow
cytometry and sequences of CD40L gene were analyzed. A
total of 20 patients with XHIGM were finally identified.

2.2. Data Collection. An informed consent was obtained
from each patient’s parent or guardian before enrollment in
the study. Clinical data were collected from the patients’ med-
ical records, including initial clinical manifestation, onset
age, diagnosis age, parental consanguinity, family history of
immunodeficiency, recurrent infections, autoimmune dis-
eases ormalignancy diseases, vaccination and allergic history,
complication, laboratory tests (including immunoglobulin

level and lymphocyte subpopulations), and treatments. A
total of 5mL venous blood was collected from patients for
pathogen screening and gene sequencing.

2.3. Molecular and Genetic Diagnosis. Detection of CD154
expression on activated CD4+ T cells was performed by flow
cytometry (FACScan, Becton Dickinson, USA) using specific
fluorescent-labeled monoclonal antibodies according to the
method described previously [20].

Genomic DNA was isolated from heparinized peripheral
blood by using the DP319 kit (Tiangen Biotech Co. LTD.,
China). The individual exons of CD40L gene, including
exon-intron boundaries, were amplified by polymerase chain
reaction (PCR) as previously described [21]. The system
for PCR reaction contained 13.5 𝜇L ddH

2
O, 1 𝜇L primer

for each direction, and 8.5 𝜇L 2 × Taq PCR MasterMix
(containing 0.1 UTaq/𝜇L, 500 𝜇M dNTP, 20mM Tris-HCl
(pH 8.3), 100mM KCl, and 3mM MgCl2 (Tiangen Biotech
Co. LTD., China), with total volume 25𝜇L). Amplification
conditions were 95∘C for 10 minutes, then 40 cycles of 94∘C
for 30 seconds, 55∘C for oneminute, and 72∘C for 30 seconds,
followed by a final extension of 72∘C for 2 minutes. The PCR
products were electrophoresed in 1.5% agarose gel, purified,
and sequenced. Mutations were investigated by alignment
with standard sequence published in NCBI. We sequenced
CD40L genes in 50 Chinese controls. Human SNP databases
(dbSNP in NCBI and 1000 Genomes) were also searched to
confirm the detected mutations.

2.4. Analysis Tools. Data were analyzed by SPSS statistical
software (version 21.0, SPSS Inc., Chicago, IL). Median and
range were used to present the characters of focused variable.
Bioinformatics software PolyPhen-2 (http://genetics.bwh
.harvard.edu/pph2/) and MutationTaster (http://www.muta-
tiontaster.org/) were used to predict the effects of point
mutations.

3. Results

3.1. Demographic Characteristics. From 1999 to 2013, 20
patients from 19 unrelated families (P2 and P3 are cousins)
were diagnosed as XHIGM, considering the clinical mani-
festations, lab examination, family history, decreased CD154
expression, and the mutation of CD40L gene (Table 1). The
median onset age of these patients is 8.5 months (range:
20 days–21 months). And the median of diagnosis lag is 50
months (range: 5 months–15 years). Half of the patients had
positive family histories of previous sibling deaths at an early
age and the diagnosis lag in them was much shorter than that
in patients with negative family histories (31 ± 23 months
versus 85 ± 55 months, 𝑃 = 0.015). Positive family history
with early death in male members may help in diagnosis.

3.2. Clinical Manifestations. Themost common symptoms of
XHIGM patients were recurrent sinopulmonary infections
(18 patients, 90%), neutropenia (14 patients, 70%), oral ulcer
(13 patients, 65%), and protracted diarrhea (13 patients,
65%). Respiratory and gastrointestinal systems were more
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frequently affected. Skin (7 patients, 35%), bone and joint
system (4 patients, 20%), central nervous system (3 patients,
15%), and urinary system (2 patients, 10%) were also affected
(detailed in Table 1).

Themedian onset age of diarrhea was 12.0months (range:
20 days to 20 months). Among them, two patients (P10, P11)
were diagnosed with inflammatory bowel diseases (IBDs)
under enteroscopes, and Cryptosporidium was isolated from
the stool of P11. Fungus was isolated from the stool of P13.
Pathogens in other patients were not identified.

Six patients had BCGitis (Table 2). The median onset
time of adverse drug reactions was 2 months old (range: 50
days–7months). Twoof the patients received antituberculosis
medicine treatments and recovered. The other four patients
had severe local adverse events after BCG vaccinations,
presenting ulceration >10mm or suppurative lymphadenitis,
and received surgeries to drain. Among them, P12 was
reinfected by tubercle bacillus at 35months old and recovered
after antituberculosis drug therapy. Besides, another patient
P14 suffered pulmonary tuberculosis at 8.5 years old, with
restrictive pulmonary capacity and splenomegaly and lym-
phadenopathy.Thepatient received isoniazide and rifampicin
treatment unregularly for nearly one year and developed
tuberculous meningitis and died at 10 years old.

Some special manifestations deserved extra attention. P5
was infected by measles and developed subacute sclerosing
panencephalitis (SSPE). P11 had Cryptosporidium infection,
with protracted diarrhea and elevated liver enzyme. More-
over, this patient developed chronic kidney disease, pre-
senting oliguria, edema, acidosis, increased creatinine con-
centration, and decreased glomerular filtration rate (GFR),
lasting for over four months. Renal biopsy showed tubu-
lointerstitial lesions and the patient received dialysis. P9
also developed chronic kidney disease, with oliguria, albu-
minuria, hematuria, increased serum creatinine and urea
nitrogen concentration, and anemia for over three months.
He also exhibited electrolyte disturbance (hypocalcemia and
hyperphosphatemia) and convulsion. Ultrasound examina-
tion revealed diffuse kidney impairments.

3.3. Hematologic Findings. Anemia was found in seven
patients (Table 3). Among them, P10 and P11 had IBDs and
the chronic bloody purulent stools might partly cause the
anemia. P9 and P11 had chronic kidney disease which may
lead to renal anemia. P15 had pure red blood cell aplastic
anemia demonstrated by bone marrow biopsy. Neutropenia
was the most common hematologic complication, occurring
in 70% of the patients (14 patients), 11 of which complicated
with oral ulcer.

The median serum IgM concentration was 3.15 g/L
(range: 0.74–11.7 g/L). Seventeen patients had elevated IgM
levels and three patients had normal IgM levels. Serum IgG
levels were uniformly decreased. IgA levels were reduced in
the majority of patients.

Lymphocyte counts were generally normal. Three
patients (P5, P9, and P11) exhibit significantly decreased
CD4/CD8 ratio. They all had severe clinical symptoms and
the decreased ratio reflected the impaired cellular immunity.

P5 had measles infection, leading to SSPE, and died within
one year. P11 had Cryptosporidium infection, with prolonged
elevated liver enzyme and impaired renal functions. P9 also
had severe manifestation, complicated with chronic renal
failure.

3.4. Mutation Analysis. Eighteen unique mutations were
identified in 20 patients from 19 unrelated families (P2 and
P3 were cousins and they had the same mutation. Besides,
P12 and P16 had the same mutation). Among the 19 families,
we found 7 deletions, 6 missense mutations, 2 nonsense
mutations, 2 splice site mutations, and 2 insertions (Table 4).
The mutations were distributed throughout the entire gene,
affecting all the domain of the protein, and exon 5 was
the most frequently affected region (10/19, 52.6%). Detailed
descriptions and analysis were in the Discussion section.

3.5. Therapy and Prognosis. Five patients had died (Table 1).
P5 developed SSPE aftermeasles virus infection at 15 years old
and died within one year. P14 was infected bymycobacterium
tuberculosis and died of tuberculous meningitis at 10 years
old. P17 had severe diarrhea and pneumonia since 14 months
and died at 2 years old. P3 and P13 received hematopoietic
stem cell transplantations (HSCT) but suffered from severe
infections and died at 22months and 56months, respectively.
Three patients were lost in followups. The other twelve
patients were alive till now, with the median age of 8 years
old (range: 2–27 years old).

Fifteen patients (75%) received intravenous immuno-
globulin (IVIG) treatment (Table 1). Eight patients could
receive IVIG regularly (400mg/kg/month) after diagnosis as
HIGM. All of them were free of severe bacterial infections,
although three of them still had recurrent oral ulcers. Seven
patients could not receive full-dose IVIG regularly. Among
them, one patient (P14) died of tuberculosis infection. Two
patients still had recurrent bacterial infections (P2 had recur-
rent otitis media and perianal abscess. P12 had otitis media,
pneumonia, and fever every half month).Three patients were
lost in followup. The other five patients did not receive IVIG
therapy, including the two patients who died from measles
infection (P5) and severe diarrhea and pneumonia (P17).

Six patients received HSCTs and the median age at trans-
plantation was 6 years old. Four patients received hematopoi-
etic stem cells fromHLA-identical unrelated donors and they
had clinical remissions and were followed up frommonths to
6 years.The other two patients hadHLA-half identical sibling
donors and died from severe infections (Table 5).

4. Discussions

This study described the clinical features of Chinese XHIGM
patients. Respiratory and gastrointestinal systems were more
frequently affected. Skin, bone and joint system, central ner-
vous system, and urinary system were also involved. In this
study, two patients (P9 and P11) developed chronic kidney
diseases. Cardiovascular disease, infections, and nonsteroidal
anti-inflammatory drugs (NSAIDs) are accepted risk factors
for causing chronic kidney disease [22]. P9 was born with
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Table 2: BCG vaccination-induced adverse drug reactions (ADR) and mycobacterium infections in XHIGM patients.

Patients Ages Performances Treatments
P6 2m BCGitis (ipsilateral axillary lymphadenitis) Surgery
P7 2m BCGitis (ipsilateral axillary lymphadenitis) Surgery

P12
50 d BCGitis (ipsilateral axillary lymphadenectasis) Antituberculosis medicine (rifampicin, unregularly)

35m Pulmonary tuberculosis Antituberculosis medicine (isoniazide + rifampicin + VitB6),
antibiotics

P16 7m BCGitis (ipsilateral axillary lymphadenitis) Surgery
P17 2m BCGitis (ipsilateral axillary lymphadenitis) Surgery
P19 3m BCGitis (ipsilateral cervical lymphadenectasis) Antituberculosis medicine

P14
8.5 y

Pulmonary tuberculosis,
restrictive pulmonary capacity,
splenomegaly and lymphadenopathy

Antituberculosis medicine (isoniazide + rifampicin, unregularly),
antibiotics, IVIG, thymosin

10 y Tuberculous meningitis Antituberculosis medicine (isoniazide + rifampicin, unregularly)
Note: IVIG: intravenous immunoglobulin.

congenital heart diseases (ventricular septal defect and patent
ductus arteriosus). P11 had ulcerative colitis and received
NSAIDs treatment. Both of the patients had severe recurrent
infections because of immunodeficiency. These complica-
tions might partly contribute to the kidney involvement in
these two patients. Few reports on XHIGM patients with
chronic kidney diseases have been published till now. We
should pay more attention to the urinary system function in
further followups.

Opportunistic infections, especially Cryptosporidium
parvum and Pneumocystis jirovecii infections, are common
and prominent clinical feature of XHIGMpatients [16, 17, 23].
Besides, infections caused by tubercle bacillus were detected
[16, 17, 19]. A number of PIDs are reported to be susceptible
to severe mycobacterial disease following vaccination
with BCG, including severe combined immunodeficiency
(SCID), chronic granulomatous disease (CGD), and
Mendelian susceptibility to mycobacterial diseases (MSMD).
Increased BCG infections are also reported in patients with
hyperimmunoglobulin E syndrome (HIES) and XHIGM,
with less prevalence and severity of BCG complications
compared with the PIDs mentioned above [24]. In a
European survey, only two of the 56 XHIGM patients present
with tuberculosis [16]. However, in our study concerning
20 XHIGM patients, we found six patients had BCGitis
during the first year of life. One of them was reinfected by
tuberculosis at 35 months old. One more patient suffered
pulmonary tuberculosis and tuberculous meningitis and
died at 10 years old. In another cohort study focusing on
Chinese patients, five (38%) of the 13 XHIGM patients
had lymphoid tuberculosis after BCG vaccination [25],
the relatively high incidence of which was very similar
to ours. An Indian research group also reported that two
patients with pulmonary tuberculosis and one patient with
disseminated BCGiosis were found in the cohort study
including seven XHIGM patients [26]. Global Tuberculosis
Report 2013 by WHO pointed out that India and China had
the largest number of tuberculosis cases, taking up to 26%
and 12% of the global total, respectively [27]. In both China
and India, BCG vaccine is given to every newborn after

birth to prevent tuberculous meningitis and disseminated
disease, while in Europe, where incidence and prevalence
of tuberculosis are low, less than half of the European
countries have nationally recommended BCG vaccination.
The differences in tuberculosis prevalence and BCG coverage
may partly contribute to the differences of mycobacteria
complications in XHIGM patients.

Some recent discoveries may help to elucidate the sus-
ceptibility to mycobacterial infections in XHIGM patients.
Hayashi’s results indicated that CD40-CD154 signaling
might be an important step in host immune response
against Mycobacterium avium infection [28]. Klug-Micu
et al. revealed that activation of monocytes via CD40L
resulted in a Vitamin D-dependent antimicrobial activity
against Mycobacterium tuberculosis [29]. IL12/23-IFN-𝛾 axis
is involved in defending against BCG infection [24, 30].
Jain et al. [31] demonstrated that activated T cells from
XHIGM patients produced markedly reduced levels of IFN-
𝛾 and failed to induce antigen-presenting cells to synthesize
IL-12. We should continue to observe the susceptibility to
tuberculous infections in XHIGM patients and be con-
cerned about the immunity affected by tuberculous infection.
Furthermore, we found two patients with varicella-zoster
virus infections, one patient with measles virus infections,
one patient with fungus infections, and one patient with
Cryptosporidium infection, which all indicated the defects in
cellular immunity.

Mutations of CD40L geneare highly heterogeneous [18–
20, 32]. CD40Lbase, which was last updated in 2011, con-
tained 250 public entries. Besides, moremutations onCD40L
gene were reported in other studies [19, 33]. Considering the
published results, the common type of mutations in CD40L
might be missense mutations, followed by deletion/insertion
mutations, nonsense mutations, and splice site mutations
(detailed in Table 6). In our results, missense mutations and
deletion/insertionmutationswere themain types, composing
about 3/4 of the mutations.

Some possible mutation hotspots have been identified.
Notarangelo et al. [15] pointed out that W140 represents
a mutational hotspot. In Lee’s study [32], four possible
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Table 6: Mutation types in CD40L gene.

Reports Year Number of mutations Missense (%) Nonsense (%) Deletion (%) Insertion (%) Splice site (%)
This study 2013 19 31.6 10.5 36.8 10.5 10.5
Nonoyama et al. [18] 1997 13 30.8 23.1 23.1 0 23.1
Seyama et al. [20] 1998 28 32.1 17.9 7.2 14.3 32.1
Lee et al. [32] 2005 61 18.0 24.6 21.3 11.5 24.6
Winkelstein et al. [17] 2003 54 22.2 18.5 24.1 11.1 24.1
CD40Lbase [46] 2011 221 31.7 23.5 17.2 10.4 16.3
Cabral-Marques et al. [19] 2014 26 34.6 26.9 11.5 7.7 11.5

hotspotswere identified thatwereThr254, IVS1+1 g>t, IVS3+1
g>a/t, and IVS4+1 g>c. In the CD40Lbase, mutations were
concentrated in some special positions; that is, mutations in
C218, T254, and W140 have been identified in more than 10
patients, respectively, till now.

In this study, we identified two splice site mutations (P4:
IVS2−1 g>a and P10: IVS4−2 a>g). Vargas-Hernández et al.
[34] and Garćıa-Pérez et al. [35] separately reported a IVS3−1
g>a mutation, resulting in exon 4 skipping and a protein
with 21-amino acid truncation. Weller et al. [36] reported
an IVS2−1 g>t mutation, resulting in exon 3 skipping and
forming a protein consisting of 107 amino acids. In our study,
P4 mutated in 3-acceptor splice sites, the same positions as
the three cases, and it can be inferred that thismutation could
also result in the skipping of exon 3. For the mutation in P10,
it has been reported in 1994 [37].Mutation in the acceptor site
of intron 4 allowed utilization of a cryptic acceptor site and a
few base pairs downstream in exon 5 and led to 8-nucleotides
deletion in P10.

Six patients had missense mutations in this study. From
data published in CD40Lbase (updated to 2011), the most
frequent amino acid substitutions were Leu to Ser/Pro, Thr
to Met, Gly to Arg, and Ala to Asp/Glu. Thusberg and
Vihinen [38] reported that there were 10 invariant positions
corresponding to the amino acids W140, L161, G167, Y169,
Y172, L205, G226, G227, L231, and G257 in CD40L, according
to sequence alignment and calculation. Disease causing
mutations are typically located at conserved positions within
a protein family, since these positions are usually essential for
the structure and/or function of the protein [38]. In our study,
the mutation in P6 (Gly167Arg) was previously reported
in two Iranian patients [39]. Substitution from glycine to
arginine introduced a larger side chain group and a positive
charge, which would profoundly change structure and func-
tions of the protein. The mutation in P20 (p.Trp140Arg) was
reported as one of the “hotspots” and eleven patients in all
had been reported to have this mutation until now. Trp140 is
a large hydrophobic residue buried inside the protein while
arginine had a large hydrophilic side chain with positive
charge. The Trp140Arg substitution would obviously lead to
destabilization of the structure.

Four missense mutations were novel. Mutation in P14
(p.Leu205Ser) changed the conserved hydrophobic residue
into a hydrophilic residue. Proline was involved in the
mutations in P11 (p.Pro10Ser) and P17 (p.Ala208Pro). Proline
is the only amino acid forming a ring with the backbone

and bends the main chain of the protein in a characteristic
way. Proline is a known breaker of secondary structures.
The substitution in the two patients would profoundly change
structure and functions of the protein. A p.Ala208Asp muta-
tionwas identified in anXHIGMpatient and reported in 2002
[40].

Effects of the four novel point mutations were analyzed
by using bioinformatics software PolyPhen-2 [41] and Muta-
tionTaster [42]. PolyPhen-2 predicted probably damaging
effects to the protein with a score over 0.99, respectively.
MutationTaster predicts that mutations in P13, P14, and P17
were disease causing, with probability value over 0.98.

Two patients had nonsense mutations at codon 236 and
codon 218, both of which were already reported [18, 36, 43].
Cys218 was involved in formation of a disulfide bridge and
nonsense mutation (p.C218X) had been reported in at least
twelve XHIGM patients and one carrier, usually associated
with more severe clinical presentation.

Nine patients had insertion/deletion mutations,
all changing the reading frames and leading to large
changes of the protein structure. P12 and P16 were
from unrelated families and they had the same mutation
(g.2091 2094delTAGA, c.158 161delTAGA, p.Ile53fsX13).
This mutation had been reported in at least another 6
unrelated patients and was the fifth common mutation
position in the CD40Lbase. The 4 deleted nucleotides were
very close to the acceptor splice site of intron 1 and were
flanked by repeat sequences, suggesting that these mutations
might be caused by slipped mispairing mechanisms. The
frame shift deletion led to a premature stop codon within
the extracellular unique domain. P2 and P3 were cousins
and they had the same mutation (g.186delG). The deletion in
exon 1 led to a premature stop codon in the transmembrane
domain.

In conclusion, we retrospectively investigated the clin-
ical, immunological, and molecular features of 20 Chinese
XHIGM patients diagnosed and followed up in our center.
We identified 18 uniquemutations inCD40L in these patients,
with 12 novel mutations. Various mutations reflected the
heterogeneity of CD40L gene, and we should go further to
investigate the relationship between genotype andphenotype.
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Neutrophil granulocytes are key effector cells of the vertebrate immune system. They represent 50–70% of the leukocytes in the
human blood and their loss by disease or drug side effect causes devastating bacterial infections. Their high turnover rate, their
fine-tuned killing machinery, and their arsenal of toxic vesicles leave them particularly vulnerable to various genetic deficiencies.
The aim of this review is to highlight those congenital immunodeficiencies which impede the dynamics of neutrophils, such as
migration, cytoskeletal rearrangements, vesicular trafficking, and secretion.

1. Introduction

Congenital immunodeficiencies related to neutropenia or
neutrophil dysfunction account for 10–20% of primary
immunodeficiencies [1, 2]. These diseases are characterized
by severe recurrent bacterial and fungal infections which
often affect the respiratory tract, skin, and oral cavity and
sometimes manifest at unusual sites such as brain or liver
abscesses.

Neutrophils are first responders to bacterial infections.
They follow various chemotactic gradients and they are
recruited in large numbers from blood through the endothe-
lium to the infected tissue where they release vesicles
loaded with proteolytic enzymes and antimicrobial pep-
tides (Figure 1). Upon encountering bacteria neutrophils
capture, ingest, and kill them by production of reactive
oxygen species. Abnormalities in any aspects of neutrophil
development and/or function induce immunodeficiency or
aberrant inflammatory reactions (Table 1) which reflects in
the complexity of the diagnosis of these diseases [2]. A
common denominator in these diseases is failure to properly
regulate the actin cytoskeleton by direct or indirect genetic
mutations. Such failure is implicated in decreased migratory
and adhesive properties, altered vesicle dynamics and release,
and perturbed assembly of the NADPH oxidase necessary
for antimicrobial killing by neutrophils. Here we propose
that the failure to regulate the actin cytoskeleton and vesicle

trafficking is a unifying component in many neutrophil
deficiencies.

2. Defects of the Actin Cytoskeleton
and Cell Adhesion

Actin is a globular protein which binds ATP (or ADP) and
can be found in all eukaryotic cells. Actin polymerization
in the cell cortex plays a fundamental role in cell motility.
Polymerized actin forms a leading edge, a membrane pro-
trusion in cells that creates sufficient forces to propel cell
movement. These propelling forces in molecular scale origi-
nate from rapid assembly and disassembly of globularG-actin
monomers to filamentous F-actin polymers [3]. Spontaneous
nucleation of actin filaments is slow since, unlike the polymer
which is stabilized by contacts between several subunits,
dimers and trimmers are unstable. Cells control new filament
assembly through the induction of nucleation promoting
factors such as theWASp/WAVE (Wiskott-Aldrich syndrome
protein/WASp-family verprolin-homologous protein) family
proteins. These factors stimulate the Arp2/3 protein complex
to nucleate actin polymerization in the side of an existing
polymer as a branch. New filaments grow rapidly, in a rate
limited by the concentration of available actin monomers,
and they push the plasma membrane forward. This transient
growth is terminated by the binding of capping proteins
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Figure 1: Neutrophil development, migration, and function. Diseases described in the review are indicated where they are believed to act.

to the fast-growing (barbed) end of the filament. Breakage
of filaments is catalyzed by actin-severing proteins such
as gelsolins and the ADF/cofilin family. Severed filaments
shorten and debranch. As a result of the action of nucleation
promoting factors, capping and actin severing proteins, and
several other actin binding accessory proteins, F-actin forms
a tightly regulated 3-dimensional network which is growing
in the leading edge and disassembles somedistance in the rear
thereby creating a plasma membrane protrusion [3].

Neutrophils polarize their cytoskeleton to form a leading
edge (lamellipodia or pseudopod) towards the signal of origin
and a trailing uropod in the posterior of the cell. While the
leading edge consists of highly branched and dynamic actin
filaments, the uropod is rich in actin-myosin II contractile
structure. During chemotaxis, the cells extend the leading
edge by local actin polymerization and contract the uropod
to allow movement in the direction of the signal. It has
become increasingly clear that the Rho GTPases Cdc42, Rac,
and Rho serve a key role in establishment of cell polarity.
By direct binding to the WASp family of proteins they
regulate localized actin polymerization and interaction with
cell surface chemokine receptors and integrins [4] (Figure 2).

2.1. 𝛽-Actin Dysfunctions. Actin proteins are highly con-
served evolutionary in vertebrates and their functional
integrity is essential for the survival of a complex organism.
Out of the six actin isoforms, the nonmuscle 𝛽-actin is
ubiquitously expressed in all cell types and the deletion of this
isoform is embryonic lethal in mice [5, 6]. A single case study
of a patient carrying a heterozygous 𝛽-actin E364K mutation
reported recurrent infections, thrombocytopenia, photosen-
sitivity, and mental retardation [7]. The patient exhibited
profound neutrophil functional defects in chemotaxis, super-
oxide production, and membrane potential response. These
defects were attributed to impaired binding of the E364K 𝛽-
actin to the actin-binding protein, profilin. Anothermutation
in 𝛽-actin, R183W, causes malformations, deafness, and
neurological abnormalities such as dystonia [8]. Yet another
set of mutations in 𝛽-actin have been recently identified
to cause Baraitser-Winter syndrome (BRWS). BRWS is a
rare condition, characterized by ocular colobomata, ptosis,
neuronal migration defect, distinct craniofacial anomalies,
and intellectual disability [9–11]. Remarkably, the neutrophil
dysfunction (𝛽-actin E364K), dystonia (𝛽-actin R183W) [8],
and BRWS [7, 9] cases were presumably caused by dominant
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Figure 2: Neutrophil polarity during migration. The role of the cell cytoskeleton and the proteins that regulate cell polarity is indicated.

missense mutations in 𝛽-actin. Although no immunological
defects were reported either in the 𝛽-actin R183W case or
BRWS cases, both reports found abnormal F-actin structures
in mutant 𝛽-actin transfected cell lines [8, 9]. The BRWS
associated R196H mutation induces greatly increased F-
actin with multiple, anomalous F-actin-rich, filopodia-like
protrusions compared to control cells in lymphoblastoid cell
lines [9]. Both the BRWS mutation R196H and the dystonia
mutation R183W mutation render F-actin more resistant to
the depolymerizing effect of Latrunculin A in lymphoblasts.
These results suggest that accumulation of filamentous actin
plays an important role in diseases caused by mutations
in 𝛽-actin. While there is yet no evidence that the R183W
and BRWS mutations in 𝛽-actin affect the immune system
broadly, given the neutrophil dysfunction in the E364K
patient together with the central role and abundance of 𝛽-
actin in leukocytes, we reason that neutrophil function is
likely to be compromised.

2.2. WASp Deficiency and Overactivity. Patients with
Wiskott-Aldrich syndrome (WAS) lack or have reduced
expression of WASp and suffer from combined immu-
nodeficiency with recurrent infections [12, 13]. WASp is
uniquely expressed in hematopoietic cells and resides as
an inactive form in the cytoplasm due to an autoinhibited
folding where its GTPase binding domain forms a molecular
interaction with the carboxy-terminal verprolin-cofilin
homology and acidic (VCA) domain. Upon signaling, the
small Rho GTPase Cdc42 binds to WASp that undergoes a
conformational change to open up the protein. This exposes
the carboxy-terminal part of the protein that binds directly to
the Arp2/3 complex and induces actin polymerization. It may
not be surprising that neutrophils lackingWASp have defects

in all responses that depend on the actin cytoskeleton such as
F-actin polymerization, migration, adhesion under flow, and
𝛽2-integrin clustering [14, 15]. WASp−/− neutrophils exhibit
multiple F-actin fronts and fail to redistribute CD11b into
clusters at the uropod [14, 16]. A recent report shows that
in neutrophils, WASp seems to be dispensable for F-actin
polymerization at the leading edge [16]. Instead, Cdc42
activates WASp at the uropod and facilitates microtubule
capture and stability at the uropod via clustering of CD11b
𝛽2 integrins [16].

Themore recently describedX-linked neutropenia (XLN)
is caused by mutations (L270P, S272P, I276S, and I294T)
in the GTPase binding domain of WASp and destroys
the autoinhibited conformation of WASp [12, 13]. These
mutations were initially predicted to lead to constitutively
activeWASp and as a consequence cells would have increased
load of polymerized actin [17]. Several laboratories have now
confirmed this hypothesis and shown markedly increased
polymerized actin in neutrophils, in macrophages, and in
B and T cells [18–22] (Keszei and Westerberg-unpublished
observation). XLN patients suffer from recurrent bacterial
infections because of severe neutropenia andmonocytopenia
[17, 18, 20] and they may develop cytogenetic changes
indicative of chromosomal instability, myelodysplasia, or
acute myeloid leukemia [18–20, 22]. Neutrophils from XLN
patients have decreased capacity to phagocytose bacteria and
kill them [18]. Oxidative burst in XLN neutrophils is normal
in response to PMA, while receptor-mediated oxidative burst
in response to E. coli or fMLP is reduced [18]. This suggests
that XLN neutrophils fail to effectively assemble signaling
complexes at the cell membrane. One recent report shows
that excess cytoplasmic F-actin in XLN causes increased
cellular viscosity and tension and this indirectly perturbed



6 Journal of Immunology Research

mitotic mechanics [23]. Membrane tension appears to be
one mode of long-range inhibition mechanisms. Membrane
tension nearly doubles during leading edge protrusions, and
increase in tension is sufficient for long-range inhibition
of Rac activation at the leading edge [24]. In contrast,
reducedmembrane tension activates actin assembly through-
out the cell [24]. Macrophages from XLN patients have
increased turnover rate of actin-rich adhesive structures
called podosomes [18] and murine XLN B and T cells can
adhere to antibody-coated layers but fail to coordinate cell
spreading [22]. B cells from XLN patients form less dynamic
contacts with L-selectin ligands under flow [21]. This is
likely to be caused by excessive localized production of
cortical F-actin that induces increased rigidity of microvilli
[21]. Neutrophils devoid of Rac2 (discussed below) are also
unable to adhere to L-selectin ligand under flow despite
normal levels of L-selectin expression [25]. Together this
highlights the importance for dynamic cytoskeletal rear-
rangement in L-selectin-dependent rolling on endothelial
cells. How increased load of polymerized actin in XLN affects
cell polarity, migration, and tension in neutrophils remains to
be determined.

2.3. Neutrophil Immunodeficiency Syndrome (Rac2). Rac2
belong to the Rho family of small GTPases that act as
molecular switches inside the cell by cycling between a GDP-
bound inactive form and a GTP-bound active form [26]. The
activity of Rho GTPases also depends on their localization
to lipid membranes by posttranslational addition of lipid
anchors. In neutrophils, Rac2 is highly polarized to the
leading edge where it regulates actin assembly by activating
the WASp family members. Another Rho GTPase, RhoA, is
localized to the trailing uropod where it coordinates actin-
myosin filaments. A third Rho GTPase member, Cdc42, is a
key regulator of cell polarity by assembly of the microtubule
organizing center (MTOC) between the leading edge and the
cell nucleus. Rac2 is highly expressed in neutrophils and is
essential to assembly of the NADPH oxidase that initiates
production of toxic oxygenmetabolites to kill pathogens [27].
Three patients with mutations in Rac2 have been identified
that suffer from a neutrophil immunodeficiency syndrome.
Curiously, all three patients harbor a D57N mutation within
the DX

2
G motif, conserved in all GTPases, that results in

a dominant negative protein. Rac2-D57N neutrophils show
complete loss of chemotaxis, azurophil granule secretion,
superoxide generation, and polarization in response to a
variety of receptor stimuli, especially the chemokine fMLP
[28–30]. Murine Rac2−/− neutrophils show a similar pheno-
type and have perturbed polarization and decreased capacity
to migrate in vitro and in vivo into the peritoneum [25].
Moreover, Rac2−/− neutrophil have decreased NADPH func-
tion associated with reduced clearance of the opportunistic
pathogen A. fumigatus.

The critical role of NADPH activity for neutrophil
function is highlighted in chronic granulomatous disease
(CGD), characterized by severe, life-threatening bacterial
and fungal infections and immune dysregulation [31]. CGD
is caused by mutation in any one of the five subunits of

the NADPH oxidase, including gp91phox (cytochrome b-
245, 𝛽-polypeptide, CYBB), p22phox (cytochrome b-245, 𝛼-
polypeptide, CYBA), p47phox (neutrophil cytosolic factor
1, NCF1), p67phox (NCF2), and p40phox (NCF4). CGD
patients have defective microbial activity resulting from
abolished superoxide production. Studies of CGD patients
neutrophils suggest that assembly of the NADPH complex
is not only important for oxidative killing of microbes. The
microbial spectrum of infections in CGD includes bacteria
that require neutral pH for effective nonoxidative killing and
are resistant at the acid pH found in the phagosomes of
CGD neutrophils. These include S. aureus, S. marcescens,
N. asteroids, and A. fumigatus. This implies that reactive
oxygen species produced by the NADPH oxidase also act as
intracellular signalling molecules, leading to the activation
of other nonoxidative pathways for microbial killing. One
possible mechanism whereby reactive oxygen species could
contribute to lamellipodia and thereby increased motility
of neutrophils is through cofilin. Reactive oxygen species
induce cofilin dephosphorylation through activation of the
cofilin phosphatase Slingshot [32]. When dephosphorylated,
cofilin binds existing cortical actin filaments and severs them.
This generates new barbed ends on the filaments to which
the Arp2/3 complex can bind and stimulate branching and
thereby increase dynamics of the lamellipodia [33]. One
implication is that, in the absence of NADPHoxidase activity,
neutrophils have less capacity to form a dynamic lamellipodia
required for migration [34] and that phagocyte enzymes are
present but hypofunctional [35].

2.4. Neutrophil Actin Dysfunction (NAD) Syndrome. One
case of neutrophil actin dysfunction (NAD) was reported
in 1974 in a male newborn patient [36]. The patient had
recurrent bacterial infections despite marked neutrophilic
leukocytosis, impaired neutrophil migration from blood to
the inflammation site, and impaired phagocytosis by neu-
trophils. The patient’s neutrophils extended a few fork-like
pseudopodia and actin isolated from his neutrophils poly-
merized poorly in vitro. F-actin content in the neutrophils of
the patient’s father, mother, and sister was significantly lower
than in controls [37]. Expression of CR3 subunits (CD11b,
CD18) was depressed in the patient’s mother and a sister,
which argues that NAD is a form of leukocyte adhesion
deficiency (LAD, discussed below); however, F-actin content
is normal in LAD patients [38]. It had been speculated that
NAD is a result of a defect in an actin associated protein;
however the gene mutation which caused NAD in the index
patient had not been found.

Defective actin polymerization was also found in a 2-
month-old male infant with recurrent fevers and fungal
infections [39]. The neutrophils of the patient had fre-
quent development of F-actin rich filamentous projec-
tions that were not present in control PMNs and showed
profound defect in random migration, chemotaxis toward
fMLP, and phagocytosis. In this patient, CD11b expression
was increased. In contrast to the other NAD case, cell
lysates from this patient showed a significant decrease in
an 89 kDa protein and a marked increase in a 47 kDa
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protein. Coates and colleagues named this disease actin
dysfunction NAD 47/89. The overexpressed 47 kDa protein
has been shown to bind actin and its cloning revealed that
it was a known actin regulator, lymphocyte-specific protein
1 (LSP1) [40], which is expressed in normal neutrophils [41].
LSP1 overexpression produces F-actin bundles and hair-like
surface projections in several eukaryotic cell lines. More-
over, increased expression of LSP1 inhibits the locomotion
of normally motile human melanoma cells [42]. On the
other hand, murine neutrophils devoid of LSP1 expression
have increased migratory capacity. Together these data show
that LSP1 is a negative regulator of neutrophil chemotaxis
[43].

2.5. Leukocyte AdhesionDeficiency (LAD). During the course
of an infection neutrophils leave the blood stream in large
numbers by transmigrating the endothelium. The complex
process of transmigration is tightly regulated in order to
segregate the homeostatic tissue environment from blood
vessels which carry a large number of potentially damaging
leukocytes. Local inflammation quickly activates the adjacent
endothelium which upregulates P- and E-selectins that binds
to sialyl-LewisX carbohydrates on the neutrophil surface.
Swiftlymoving neutrophils in blood vessels get tethered to the
endothelial surface by selectins and they start rolling on that
surface. Chemoattractants, such as CXCL8 (IL-8), activate
𝛽2 integrins on neutrophils which in turn bind intercellular
adhesion molecule-1 and molecule-2 (ICAM-1, ICAM-2)
on the activated endothelium and mediate firm adhesion
between neutrophils and the endothelium. This firm adhe-
sion is prerequisite for extravasation. Aberrations in these
processes in LAD patients lead to recurrent skin infections
and soft tissue abscesses, periodontal disease, and impaired
pus formation despite blood neutrophilia [44]. While LAD II
is a result of mutations in a membrane transporter of fucose
which impairs selectinmediated adhesion, LAD I is caused by
a genetic defect in CD18 (ITGB2). CD18 is a common 𝛽 chain
of four 𝛽

2
integrins in leukocytes, each containing a different

𝛼 chain: LFA-1 (𝛼L𝛽2 or CD11a : CD18), Mac-1 (𝛼M𝛽2 or
CD11b : CD18 which is complement receptor CR3), gp150/95
(𝛼X𝛽2 or CD11c : CD18 which is complement receptor CR4),
and ADB2 (𝛼D𝛽2 or CD11d : CD18). Mutations in CD18 fully
or partially abolish the expression of𝛽

2
integrins on leukocyte

surface, thereby largely impeding neutrophil transmigration
into inflamed tissues and renders neutrophils unresponsive
to bacteria opsonized with complement fragment C3bi. In
contrast, LAD III patients show normal expression of 𝛽

2
inte-

grins. Due to mutations in the intracellular protein kindlin-
3 (FERMT3) which regulates inside-out integrin activation,
the integrins fail to change their conformation to become
functionally active.

Integrins clearly depend on the connection to the actin
cytoskeleton to carry out their functions [45–47]. They bind
to several F-actin associated proteins (talin, vinculin, and
𝛼-actinin) [46]. Besides anchoring themselves to the actin
cytoskeleton, integrins are also involved in induction of local
actin polymerization where they engage their ligands on the
extracellular matrix on other cells [46]. Intriguingly, it has

been shown in knock-out mouse studies that CD11b cluster-
ing is abrogated in WASp and Cdc42 deficient neutrophils
[16] and the Cdc42/WASp axis acts upstream of integrin
functions. These studies suggest that WASp might regulate
inside-out integrin signaling in neutrophils and it is critical
to maintain neutrophil polarity during migration [16].

2.6. Hax1 Deficiency. Approximately 15% of severe congenital
neutropenias (SCNs) are caused by autosomal recessive
mutations in the HAX1 gene [48, 49]. Patients with HAX1
mutations present marked neutropenia (absolute neutrophil
count < 500𝜇L−1) which causes life-threatening bacterial
infections in newborns. HAX1 is involved in B-cell receptor
signaling [50] and it has been shown to regulate apoptosis
[51, 52]. Neutrophils from HAX1-deficient patients showed
higher rate of spontaneous and TNF𝛼 induced apoptosis than
control neutrophils due to loss of mitochondrial membrane
potential. It has been suggested thatHAX1 is amajor inhibitor
of apoptosis in myeloid cells and that neutropenia in HAX1-
deficient SCN patients is caused by lack of this antiapoptotic
function [49]. HAX1 has been shown to interact directly
with adhesion and cytoskeleton regulating proteins, such as
the actin nucleation-promoting factors cortactin [53] and
its homolog hematopoietic lineage cell-specific protein 1
(HS1) [50], 𝛽6 integrin [54], and G𝛼13 [55]. Cavnar and
colleagues demonstrated that Hax1 predominantly localize in
the leading edge in the PLB-985 neutrophil-like cell line [56].
Knock-down ofHAX1 expression results in impairedmotility
and elongated uropods, as well as decreased RhoA activity.
Impaired uropod detachment in HAX1-deficient neutrophils
is caused by increased integrinmediated adhesion similarly to
neutrophils devoid of RhoA expression. The authors suggest
that HAX1 is a negative regulator of integrin-mediated adhe-
sion in neutrophils by affecting Rho GTPase signaling [56].

2.7. WHIM Syndrome. Warts, hypogammaglobulinemia,
infections, and myelokathexis (WHIM) is an immuno-
deficiency with autosomal dominant inheritance. In most
kindred gain of function mutations of the chemokine
receptor CXCR4 have been identified as the cause of the
disease [57]. CXCR4 on neutrophils and its ligand, stromal
cell-derived factor 1 (SDF1; also known as CXCL12) in the
bone marrow stroma, are major bone marrow retention
factors for neutrophils [58, 59]. According to a current
hypothesis, increased CXCR4-mediated retention signals in
bone marrow lead to myelokathexis (hyperplasia with an
accumulation of apoptotic neutrophils in the bone marrow)
and neutropenia in the periphery [60].

Various early stop codon mutations in WHIM patients
have been identified to cause C-terminal intracellular trun-
cations in the CXCR4 protein [57, 61]. Accumulating
evidence shows that C-terminal truncations in CXCR4
impair ligand-induced desensitization and internalization
of CXCR4. Thereby, an important physiological negative
feedback mechanism is interrupted in which CXCR4 activ-
ity is downregulated to release neutrophils from the bone
marrow [60–63]. Intriguingly, WHIM transgenic zebrafish
neutrophils show prominent randommembrane protrusions
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but impaired persistent motility in vivo which resulted in
neutrophil retention within areas of high SDF1𝛼 expression.

3. Defects of Vesicular Transport

Neutrophils kill microbes by controlled release of microbici-
dal products from their secretory granules to the extracellular
space and by elimination in neutrophil phagosomes. Neu-
trophils contain four types of secretory organelles: primary
(azurophil) granules, secondary (specific) granules, tertiary
(gelatinase) granules, and secretory vesicles. Out of the four
organelles, secretory vesicles are mobilized readily, probably
already during neutrophil rolling on activated endothelia,
and they carry membrane associated proteins such as the 𝛽

2

integrin component CD11b to the plasma membrane. This
process is thought to transform circulating neutrophils into
a highly responsive cell, primed for migration [64]. Gelati-
nase granules and specific granules are mobilized next and
they carry, among other effectors, gelatinase and lactoferrin,
respectively. Azurophil granules need the strongest stimulus
for their release and they mainly contain myeloperoxidase
(MPO), defensins, and neutrophil elastase (NE). Regulated
secretion of granules in neutrophils is a complex process
which requires sorting of the proteins to this pathways,
guiding transport vesicles specifically to secretory granules
and mediating membrane fusion and fission. Moreover,
vesicle trafficking critically relies on the interplay between the
microtubule and actin cytoskeleton. Among others, the small
GTPase Cdc42 has the capacity to link these two molecular
motor systems to maintain cell polarity. Cdc42 coordinates
the microtubule cytoskeleton by binding to the Cdc42 inter-
acting protein (CIP4) that directly regulates microtubule
assembly and induces membrane deformation [65]. Cdc42
also coordinates actin polymerization via the activation of
WASp and its relative the neuronal (N)-WASp that upon
Cdc42 binding becomes active and induces actin polymeriza-
tion via the Arp2/3 complex [66, 67]. In this way, Cdc42 can
mediate the interaction between actin and microtubules and
regulate vesicle trafficking. Since neutrophils are packed with
potentially harmful substances in granules, correct sorting
and release of vesicles is key for neutrophil survival and
function. It is reasonable to predict that any change in vesicle
trafficking or localization of vesicle components would be
harmful for the neutrophil.

3.1. Neutropenias with Hypopigmentation. The function of
neutrophils, cytotoxic T lymphocytes, natural killer cells,
and mast cells is highly dependent on intact secretory
machinery for the capacity of these cells to degranulate
and release vesicular content towards pathogens and target
cells. Genetic defects in degranulation often coincide with
impaired melanin secretion by melanocytes indicating the
usage of similar secretory pathways [68].

Chédiak-Higashi syndrome (CHS) is characterized by
immunodeficiency, hypopigmentation, and neurologic
symptoms [69]. Patients develop recurrent pyogenic infec-
tions and often periodontal disease which is associated with
neutropenia [70], impaired neutrophil chemotaxis [71], and

reduced bactericidal activity [72]. A key feature of CHS is
the presence of giant granules in most nucleated cells due
to aberrant vesicle fusion or fission. Neutrophil granules are
deficient in cathepsin G and NE [73] and mobilization of
the giant granules is impaired in CHS patients [74]. In fact,
enlarged granules might impair cell kinetics mechanically
[71]. Mutations in LYST, a lysosomal trafficking regulator
gene, have been identified as the cause of CHS [75].

Griscelli syndrome type 2 is characterized by partial
albinism and marked immunodeficiency including frequent
pyogenic infections associated with neutropenia [76]. Muta-
tions in the small GTPase RAB27A gene were identified as
the cause of disease [77]. The Rab family of GTPases control
trafficking of vesicles between intracellular compartments to
target membranes. Studies onmutant and gene targeted mice
suggest that Rab27a controls exocytosis of azurophil vesicles
in neutrophils [78–80].

p14 deficiency was described by Bohn and colleagues
in 2006 [81]. Four out of 15 offspring in the index family
developed recurrent bronchopulmonary infections, hypopig-
mented skin, and neutropenia. The clinical phenotype of
p14 deficiency was unique among the other described
hypopigmentation-associated immunodeficiencies by caus-
ing short stature in the affected individuals. In vitro exper-
iments showed impaired bactericidal activity and abnormal
azurophil granules in p14 patient neutrophils. Furthermore,
the distribution of the late endosomal compartment is
perturbed in the absence of p14. The p14 protein is an
adaptor of the MP1-MAPK scaffold complex and is involved
in localization of MP1-MAPK to endosomes. The authors
suggest that p14 is involved in granulocyte colony-stimulating
factor (G-CSF) receptor signaling.

3.2. Mutations in Neutrophil Elastase and AP3. More than
50% of patients with congenital severe neutropenia and
nearly all patients with cyclic neutropenia harbour mutations
in the ELANE gene encoding for the neutrophil elastase (NE),
a broad-specificity serine protease localized in azurophil
granules [82–84]. The mechanism for how autosomal domi-
nant mutations in ELANE induce neutropenia is still unclear
[85]. The known human mutations do rarely affect protease
activity of NE, nor its properties for substrate specificity [83].
Once produced, NE binds the adaptor protein 3 (AP3) and
is shuttled from the trans-Golgi to azurophil granules. It is
possible that ELANEmutations lead to mislocalization of NE
within the cell or disturb NE protein folding [86]. Disruption
of either NE or its cargo protein, the lysosomal transporter
AP3 (encoded by AP3B1) [87, 88], perturbs the intracellular
trafficking of NE to azurophil granules [89]. Moreover,
mutated NE can induce the unfolded protein response in
the endoplasmic reticulum [90, 91]. A recent report shows
that certain patient mutations in ELANE force transcription
to an alternative start site in the gene and production of an
amino-terminal truncated form of NE that lack ER-localizing
(pre) and zymogen-maintaining (pro) sequences yet retain
essential catalytic residues [85]. The key role of ELANE in
neutrophil homeostasis is also indicated by the development
of SCN in patients carrying dominant negative mutations in
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the GFI1 gene,which is a transcriptional repressor of ELANE
[92]. Although the mechanism for SCN induced by ELANE
mutations is not directly linked to the actin cytoskeleton,
it is likely that neutrophil deficiency that affects the actin
cytoskeleton may have similar mislocalization of neutrophil
proteases to vesicles and/or activation of the unfolded protein
response.

3.3. OtherNeutropenias withVesicle SortingDefects. Charcot-
Marie-Tooth disease (CMT) is a progressive disorder of the
peripheral nervous system and a genetic variant of CMT is
caused by mutations in dynamin-2 (DNM2) [93]. DNM2
is a ubiquitously expressed mechanochemical protein with
GTPase activity. DNM2 is associated with microtubules and
is involved in endocytosis, cell motility, and centrosome
organization. Several CMT patients with K558E and K558del
DNM2 mutations have neutropenia [93]. The mechanism
how DNM2 mutations cause neutropenia is unknown.

Cohen syndrome is a multiple congenital anomalies-
mental retardation syndrome which is associated with neu-
tropenia [94, 95]. No bonemarrowmorphological abnormal-
ities were observed in Cohen syndrome patients; however
their neutrophils exhibited greater adhesive capacity than
the control ones and CD11b and CD62L surface expression
was decreased on their neutrophils [96]. Cohen syndrome
is caused by mutations in the vacuolar protein sorting 13B
(VPS13B) gene [97]. Although the exact pathomechanism is
unknown, vacuolar sorting proteins are involved in endo-
somal trafficking and protein recycling in the trans-Golgi
network. Indicating their importance in granulocyte devel-
opment, another VPS protein, VPS45 was recently found to
bemutated in severe congenital neutropenia patients [98, 99].
In accordance with other severe congenital neutropenias,
VPS45 mutant patients had severe infections and their neu-
trophils and bone marrow myeloid cells showed accelerated
apoptosis. Peripheral neutrophils showed impairedmigration
and impaired superoxide production [98]. Vps45 is amember
of the Sec1/Munc18 protein family that regulates the assembly
of specific SNARE complexes. SNARE proteins mediate the
fusion of lipid bilayers and serve a vital role in homeostasis of
vesicle transport within the cell.

4. Other Neutrophil Deficiencies with
Chemotaxis Involvement

Severe congenital neutropenia 4 (SCN4) is caused by
homozygous mutations in the ubiquitously expressed cat-
alytic subunit 3 of the glucose-6-phosphatase gene (G6PC3)
[100]. Besides recurrent bacterial infections and neutropenia,
SCN4 patients also show structural heart defects and uro-
genital abnormalities. Importantly, neutrophil development
and function is also severely impaired in glycogen storage
disease type Ib (GSD-Ib) which is caused by mutations in the
glucose-6-phosphate transporter 1 (G6PT1) [101, 102]. Chou
and colleagues argue that a glucose-6-phosphatase complex
which is composed of G6PC3 and G6PT1 is essential for neu-
trophil energy homeostasis and functionality by regulating
endoplasmic reticulum glucose storage [103, 104]. BothG6PT

andG6PC3 deficient neutrophils are impaired in chemotaxis,
respiratory burst, and calcium mobilization [101, 102].

Papillon-Lefèvre syndrome (PLS) is characterized by
palmoplantar keratosis and severe periodontitis which results
in premature tooth loss [105]. PLS is caused by mutations
in cathepsin C (CTSC) [105, 106], a lysosomal protease
which is expressed highly in epithelial cells [106] and
immune cells, including polymorphonuclear cells [107] and
alveolar macrophages. In immune cells, cleavage by CTSC
activates a variety of granule serine proteases by removing
their inhibitory N-terminal dipeptides. Among others, CTSC
targets are the neutrophil effectors NE, cathepsin G, and
proteinase-3 [108, 109]. Increased susceptibility to infections
in some cases [110] and neutrophil chemotaxis deficiency
was reported in PLS patients [111]. It is controversial whether
neutrophil chemotaxis is intrinsically defective in CTSC-
deficient neutrophils. Based on the CTSC (also called dipep-
tidyl peptidase I; DPPI) knock-out mouse model, Adkison
and colleagues argue that neutrophil-derived serine proteases
are involved in the regulation of cytokine production at sites
of inflammation [109].

Shwachman-Diamond syndrome (SDS) is characterized
by pancreatic insufficiency, pancytopenia, and leukemia
predisposition [112]. Bone marrow failure in patients with
SDS is often manifested in neutropenia and peripheral
SDS neutrophils are defective in chemotaxis towards fMLP
[113, 114]. This disease is caused by mutations in the SBDS
gene, encoding for a predicted RNA-processing protein, and
suggests that SDS may be involved in RNAmetabolism [115].

Even the most common genetic disease Chromosome
21 trisomy or Down syndrome causes a wide range of
mild primary and secondary immunodeficiencies related to
neutrophil dysfunction [116]. Trisomy 21 is characterized by
high frequency of infections in the upper respiratory tract
and periodontal disease which at least partially is attributed
to reduced neutrophil chemotaxis [117].

5. Conclusion and Perspective

The dynamics of the actin cytoskeleton is a key feature
of rapidly moving and acting cells such as neutrophils. A
striking feature of neutrophil deficiency is that of all the
hematopoietic cells, neutrophils are exceedingly vulnerable
to loss of specific proteins or to changes in their activity.
The reasons of this vulnerability perhaps originate from their
unique developmental and functional requirements.

Neutrophils have a high turnover rate; they live for an
average of 5 days in man [118] with a half-life of 7–10 hrs
in human circulation [119]. A vast output of 1011 mature
neutrophils/day frombonemarrow requires efficient cell pro-
liferation in themyeloid lineage, terminal differentiation, and
egress from bone marrow. Defects in any of these processes
cause SCN. An archetype of actin cytoskeleton disease that
results in SCN is XLN, caused by overactivity ofWASp. Given
that all hematopoietic cells are dependent on WASp for their
function it is reasonable to predict and evidence suggests
that increased load of polymerized actin in XLN would affect
the immune system broadly [18, 19, 21, 22]. However, the
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cardinal clinical feature of XLN patients is still neutropenia
and neutrophil dysfunction. Our knowledge of the precise
bonemarrow pathology in XLN is limited due to few patients
identified to date but it is likely that the fast dividing mitotic
pool of granulocytic progenitor cells is highly sensitive to the
increased cellular viscosity and aberrant cell division which
is caused by an excess of cytoplasmic F-actin in XLN [19, 23].

Overactivity of the chemokine receptor CXCR4 in
WHIM leads to an accumulation of neutrophils in the bone
marrow. WHIM patient neutrophils adhere firmly to bone
marrow stromal cells because of a failure to downregulate
CXCR4 that is needed to egress from the bone marrow to
the blood stream. In rats, mature neutrophils egress from the
hematopoietic compartment to the circulation through the
sinusoidal endothelium mostly via transcellular migration
through tight-fitting pores which requires marked deforma-
tion of the neutrophil cell body [120]. To preserve their
functional integrity, mature neutrophils are likely to require
intact cytoskeletal regulation and vesicle structure when
migrating through the sinusoidal endothelium in a narrow
gap. These mechanical properties depend on the cortical F-
actin content which differs between blood and bone marrow
residing neutrophils [121].

The blood constantly flows past the tissues and neu-
trophils in the blood depend on integrin signaling for firm
adhesion to the endothelial wall to reach an infected site.
In order to efficiently migrate and become functionally
highly active, neutrophils need to mobilize their secretory
vesicles and upregulate CD11b [64].This process is dependent
on intact secretory pathways. Any defects in signaling of
integrins are associated with severe neutropenia in LAD
patients. You would predict that all hematopoietic cells that
transmigrate to the tissue would be equally affected in LAD.
However, unlike neutrophils, lymphocytes in CD11/CD18-
deficient LAD patients are able to adhere to endothelial
surfaces and emigrate to extravascular sites of inflammation.
This adherence is probably mediated by the very late acti-
vation 4 (VLA-4) integrin receptors on lymphocytes, which
bind to the vascular cell adhesion molecule 1 (VCAM-1) on
the endothelial cells [122].

Inside the tissue, neutrophils are dependent on fast
and dynamic migration to reach the microbes. Increased
tension of the cell body would markedly reduce flexibility
and can be caused by increased load of polymerized actin as
proposed for XLN, decreased actin depolymerizing capacity
in BRWS, or because of failure in vesicle fusion and fission
as in CHS where neutrophils have accumulation of giant
granules. Defects in the assembly of the NADPH complex
due to mutations in NADPH subunits in CGD or in Rac2
deficiency ultimately leads to failure of microbial killing by
neutrophils. Because neutrophils are packed with vesicles
loaded with proteolytic enzymes and antimicrobial peptides,
it is reasonable to predict that mislocalized packaging of
proteins, such as implicated in cytosolic localization of NE
in SCN, would be extremely harmful for the cell and lead to
premature cell death. Future research will reveal if failure to
regulate actin cytoskeleton dynamics for vesicle trafficking is
a common feature in neutropenias caused by mutations in
actin-regulating proteins such as Rac2, WASp, LSP1 in NAD

74/89, or in actin itself as in 𝛽actin deficiency. Moreover,
the contribution of defects in microtubule organization and
dynamics for vesicle trafficking in neutrophils remains to be
determined.

Many attempts have beenmade to generatemousemodels
for human neutrophil dysfunctions. While some has been
successful, including mice lacking NADPH subunits and
Rac2 as a model for CGD and models for LADI–III [123],
others have failed to induce neutrophil deficiency in mice. In
one of the first attempts to generate a mouse model for the
most common form of neutropenia, mice were gene-targeted
to lack NE [124]. Given the severe effect of heterozygous
ELANE mutations in SCN patients, the NE−/− mice were
surprisingly normal in terms of migration and killing of the
Gram positive bacteria Staphylococcus aureus [124]. However,
NE−/− mice failed to kill Gram negative bacteria such as
Klebsiella pneumoniae and Escherichia coli [124]. The reason
that many mouse models may have a milder phenotype as
compared to patients with similar mutation may be found
in the species difference between mouse and man. Also,
one confounding factor is that laboratory strains generally
have low numbers of neutrophils [119, 125, 126]. Keeping
this notion in mind, quite robust microbial challenges
may be required to detect neutrophil deficiency in mice
[123].

Despite some difficulties in generating valuable mouse
models for human neutrophil deficiencies, animalmodels are
superior when testing new treatment strategies and especially
those with potential severe adverse risks for patients. Gene
therapy is in the frontline for treatment of monogenetic
diseases affecting the immune system. Gene therapy in
two mouse models for CGD provided significant long-
term correction of neutrophil function [127, 128]. However,
several attempts worldwide have failed to provide long-
term reconstitution of corrected neutrophils in CGD patients
[129]. Gene therapy for Wiskott-Aldrich syndrome has been
more satisfying with long-term engraftment of corrected cells
and amelioration of disease [130]. Long-term treatment by
GCSF, IFN𝛾, and high doses of antibiotics in neutrophil
deficient patients are confounded by high risk to develop
drug resistance and malignancies. Ongoing gene therapy
trials worldwide give hope to diseases, including neutrophil
deficiencies, where current treatment is unsatisfying.
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SCN: Severe congenital neutropenia
SDS: Shwachman-Diamond syndrome
WAVE: WASp-family verprolin-homologous protein
WAS: Wiskott-Aldrich syndrome
WASp: WAS protein
WHIM: Warts, hypogammaglobulinemia, infections,

myelokathexis
XLN: X-linked neutropenia.

Conflict of Interests

The authors have no conflicting financial interest.

Acknowledgments

The authors are grateful to Dr. Anton Sendel for the critical
review of the paper. This work was supported by the Swedish
Research Council, Karolinska Institutet, European Commis-
sion 7th framework program (Marie Curie no. 249177),
Swedish Cancer foundation, Swedish Childhood Cancer
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drome: analysis of neutrophil chemotaxis,” Journal of Periodon-
tology, vol. 67, no. 6, pp. 617–620, 1996.

[112] O. P. Smith, “Shwachman-Diamond syndrome,” Seminars in
Hematology, vol. 39, no. 2, pp. 95–102, 2002.

[113] V. Stepanovic, D. Wessels, F. D. Goldman, J. Geiger, and
D. R. Soll, “The chemotaxis defect of Shwachman-Diamond
Syndrome leukocytes,” Cell Motility and the Cytoskeleton, vol.
57, no. 3, pp. 158–174, 2004.

[114] C. Orelio and T. W. Kuijpers, “Shwachman-diamond syn-
drome neutrophils have altered chemoattractant-induced F-
actin polymerization and polarization characteristics,” Haema-
tologica, vol. 94, no. 3, pp. 409–413, 2009.

[115] G. R. B. Boocock, J. A. Morrison, M. Popovic et al., “Mutations
in SBDS are associated with Shwachman-Diamond syndrome,”
Nature Genetics, vol. 33, no. 1, pp. 97–101, 2003.

[116] G. Ram and J. Chinen, “Infections and immunodeficiency in
Down syndrome,” Clinical and Experimental Immunology, vol.
164, no. 1, pp. 9–16, 2011.

[117] E. Novo, M. I. Garcia, and J. Lavergne, “Nonspecific immunity
in Down syndrome: a study of chemotaxis, phagocytosis,
oxidative metabolism, and cell surface marker expression of
polymorphonuclear cells,” The American Journal of Medical
Genetics, vol. 46, no. 4, pp. 384–391, 1993.

[118] J. Pillay, I. den Braber, N. Vrisekoop et al., “In vivo labeling with
2H
2
O reveals a human neutrophil lifespan of 5.4 days,” Blood,

vol. 116, no. 4, pp. 625–627, 2010.
[119] S. vonVietinghoff andK. Ley, “Homeostatic regulation of blood

neutrophil counts,” The Journal of Immunology, vol. 181, no. 8,
pp. 5183–5188, 2008.

[120] P. C. E. Burdon, C. Martin, and S. M. Rankin, “Migration across
the sinusoidal endothelium regulates neutrophil mobilization
in response to ELR + CXC chemokines,” British Journal of
Haematology, vol. 142, no. 1, pp. 100–108, 2008.



Journal of Immunology Research 15

[121] H. Saito, J. Lai, R. Rogers, and C. M. Doerschuk, “Mechanical
properties of rat bone marrow and circulating neutrophils and
their responses to inflammatory mediators,” Blood, vol. 99, no.
6, pp. 2207–2213, 2002.

[122] B. R. Schwartz, E. A. Wayner, T. M. Carlos, H. D. Ochs, and J.
M. Harlan, “Identification of surface proteins mediating adher-
ence of CD11/CD18-deficient lymphoblastoid cells to cultured
human endothelium,” Journal of Clinical Investigation, vol. 85,
no. 6, pp. 2019–2022, 1990.
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Primary immunodeficiencies are rare inherited disorders that may lead to frequent and often severe acute respiratory infections.
Respiratory syncytial virus (RSV) is one of the most frequent pathogens during early infancy and the infection is more severe
in immunocompromised infants than in healthy infants, as a result of impaired T- and B-cell immune response unable to
efficaciously neutralize viral replication, with subsequent increased viral shedding and potentially lethal lower respiratory tract
infection. Several authors have reported a severe clinical course after RSV infections in infants and children with primary and
acquired immunodeficiencies. Environmental prophylaxis is essential in order to reduce the infection during the epidemic season
in hospitalized immunocompromised infants. Prophylaxis with palivizumab, a humanizedmonoclonal antibody against the RSV F
protein, is currently recommended in high-risk infants born prematurely, with chronic lung disease or congenital heart disease.
Currently however the prophylaxis is not routinely recommended in infants with primary immunodeficiency, although some
authors propose the extension of prophylaxis to this high risk population.

1. Introduction

RSV is a ubiquitous RNA virus of the Pneumovirus genus
and Paramyxoviridae family responsible for frequent acute
respiratory infections especially in young infants. Specific
antibodies are detectable in 87% of infants younger than 18
months [1] and virtually in all 3-year-old infants.

It was estimated that over 33 million episodes of RSV-
related lower respiratory tract infections (LRTI) occurred
worldwide in 2005 in children younger than 5 years of age
[2]. During that same year, the estimated hospitalizations
for severe acute LRTI in young children were 3.4 (2.8–4.3)
million (16.9 per 1000 for infants aged 0 to 5 months and 5.1
per 1000 for infants aged 6 to 11 months). The mortality rate
was 66,000–199,000/year for children younger than 5 years;
99% of deaths occurred in the developing countries [3].

RSV epidemics in infants younger than 5 years old have
a strong impact on pediatric healthcare. In 2000 in the
USA, RSV infections lead to 86,000 hospitalizations, 402,000
emergency room visits, 1.7 million office visits, and 236,000
hospital outpatient visits. The estimated cost of these visits
and hospitalization was near $258 million [4]. Moreover,
RSV LRTI was observed to have a long term impact in the
incidence of recurrent wheezing during the first year of life,
as recently pointed out in healthy preterm infants born at 33–
35 weeks of gestational age [5].

Although RSV-associated mortality is ninefold higher
than influenza-associated mortality during the first year of
life [6], mortality rate in healthy infants with RSV infec-
tions is less than 0.5%, but it may reach up to 60% in
infants with immunodeficiency [7]. Several studies have
reported that life-threatening RSV LRTI are more frequent
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in infants with congenital or acquired immunodeficiencies
(HIV infections, hematopoietic stem cells, and solid organs
transplant recipients) than in healthy infants [8–12]. These
infants have prolonged viral shedding because of impaired
B-cell and T-cell immunity, lymphopenia, and neutropenia
[13]. Prolonged viral sheddingmay lead to a higher viral load,
which is responsible for a more severe LRTI.

2. Immune Response to RSV
Infections in Infancy

Two different subtypes (A and B) of RSV were identified
depending on variations in G protein and the two subtypes
coexist during every RSV season. Subtype A is probably asso-
ciated to more severe infections [14, 15]. The severity of the
disease and the need for hospitalization are not only related
to the subtype, but also to individual factors influencing
the immune response such as age, prematurity, preexisting
diseases, immunological disorders, and environmental fac-
tors (birth during the epidemic season, presence of siblings,
crowding, second-hand smoke exposure, daycare attendance,
pollutions, meteorological parameters as temperature, and
humidity that may interfere with viral replication and with
the clearance of the virus in the airways [16–18]).

Similar to other respiratory viruses, RSV infection does
not induce an effective immunological memory because of
the high heterogeneity of protein A, B, and G [19] and for
this reason it can cause reinfections that are usually less severe
than the primary infection andmay occur repeatedly [20, 21].

Especially in younger infants, a primary RSV infection
evokes a poor immune response, and it has limited effect on
subsequent reinfection [22, 23]. Once a host is exposed to
RSV, the innate mucosal immune response is activated and
it determines the serum antibody response that prevents the
progression to LRTI through virus neutralization [24–26].

The response to RSV infection induces both serum and
secretory antibody production, even in the first years of
life when the antibody titers are lower [27, 28]. In murine
models, RSV-specific antibodies do not seem to play an
essential role in the resolution of infection [29]. Canadian
databases reported that the incidence of RSV-induced LRTI is
significantly lower with higher antibody titers [30]. However,
when the virus infects the lungs of the host it is the cellular
immune response that promotes viral clearance.

T-cell mediated immune response is also involved in
the protection against RSV associated illness through the
induction of viral clearance, even if the mechanisms of the
immune response has not been extensively clarified [25, 26].

The role of CD4 T cells is crucial to maintain the balance
between the effector and the regulatory immune response in
the lungs infected by RSV. An abnormal CD4 T-cell response
was observed to lead to a more severe disease through
the activation of Th2-, Th9-, and Th17-related cytokines as
observed inmurinemodels or in some vaccination trials [31].
Moreover, IL-10 polymorphisms are related to susceptibility
to severe LRTI [31].

RSV infection leads to a CD4 Th2-mediated immune
response resulting in mucus production and airway hyperac-
tivity that determine the symptoms of bronchiolitis and LRTI;

young infants are more predisposed toward this response
than adults [32].

Newborn and infants, particularly those born prema-
turely, are susceptible to severe LRTI because of the small
size of the airways where the airway edema and sloughing of
epithelial cells cause atelectasis and subsequent mismatching
of ventilation and perfusion and decreased oxygenation.

CD4 Th2 cells also play a key role in the regulation
of the immune response aimed to protect the lungs to an
immunomediated toxic effect; this homeostasis is mediated
by regulatory T cells (Tregs) and IL-10 [33–36]. Alterations
in number and function of Tregs and IL-10 result in a
more severe immune response after RSV infection in animal
models, while the effects of these alterations in human are still
not clear, but they have an influence on the clinical course of
the infection [32].

Several hypotheses on the mechanisms modulating the
immune response against RSV infections may be inferred
from an unfortunate experience with a potential RSV vaccine
that occurred in the 1960s. In the 1960s, an experimental
vaccine against RSV inactivated with formalin (FI-RSV) was
administered in a randomized controlled trial to a group of
four-month-old infants and their siblings younger than 10
years (219 subjects received FI-RSV vaccine) and to a group of
healthy infants between the ages of 6 and 24 months [36]. As
a result of a subsequent natural RSV infection that occurred
during the following epidemic season, 80% of the FI-RSV-
vaccinated childrenwere hospitalizedwith a severe LRTI [36–
38]. In two cases, RSV infection after FI-RSV-immunization
was fatal [39]. Postmortem histology of the lungs revealed
an extensive mononuclear cell infiltrate and the presence
of numerous eosinophils. In addition, a significantly greater
number of eosinophils were found in the blood of vaccinated
infants than in blood of control children [36]. The immune
mechanisms responsible for this response to vaccine were
subsequently investigated through a murine model.

The lack of protective effect of FI-RSV vaccine and its
correlation to a more severe clinical course of the infection
was probably due to several factors, including the inadequate
development of poorly neutralizing antibodies against RSV-
encoded epitopes, incomplete affinity maturation of the
antibodies, and lack of an anti-RSV cytotoxic T lympho-
cyte response [40]. The response to FI-RSV vaccine was
associated to the activation of IL-4 secretingCD4+ cells (Th2)
with more significant pulmonary damages, often marked by
eosinophilic infiltration, leading to severe respiratory disease
in these children [41, 42].

Children with T-cell deficiencies are unable to efficiently
clear RSV, confirming that T cells indeed play a role in virus
neutralization and subsequently they are at a higher risk for
severe and potentially lethal viral infections, including RSV
LRTI [23, 43]. Moreover, both neutropenia and lymphocyte
depletion are risk factors for prolonged and increased
viral replication and shedding, which leads to severe and
prolonged respiratory infections. The most important causes
of deaths in infants with primary immunodeficiency are
sepsis and pneumonia [44].

The real incidence of primary immunodeficiency is
probably underestimated [45], since they usually start with
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recurrent infections that are very common also in healthy
infants in the first period of life. Infections are often severe
and caused by unusual pathogens, but also recurrent respi-
ratory infections caused by RSV and other widespread respi-
ratory viruses are often a presenting feature of undiagnosed
T-cell immunodeficiencies at a median age of four months
[46, 47].

3. Epidemiology of RSV Infections in
Immunocompromised Infants

Clinical studies considering the incidence of RSV infections
in immunocompromised infants often consider both primary
and acquired immunodeficiencies, probably because RSV
causes the same clinical manifestations in infants with any
severe immunodeficiency including hematopoietic stem cell
transplantation and oncologic disorders [8, 11, 39, 48, 49],
HIV infection [50, 51].

The first study considering immunocompromised infants
with RSV infections was conducted over ten consecutive
winter seasons, [52] and analyzed the correlation between
the severity of an episode of RSV infection and the immune
status in 608 hospitalized infants younger than 5 years. Of
these, 7.7% of them had an immunocompromised status due
to chemotherapy, steroid therapy, or a primary immunodefi-
ciency disorder and they had a higher mortality rate. A retro-
spective review [53] observed that 2.2% infants hospitalized
for RSV infections were immunocompromised. Moreover,
infants with immunodeficiency had a longer hospital stay
(median 39 days) than other high-risk infants like those
with CHD or CLD (11 days) and infants <6 weeks of age (5
days).The presence of preexisting diseases including immun-
odeficiencies was demonstrated to increase admissions in
intensive care units (ICU) and mortality (RR 2.36, 95%
CI 2.02 to 2.76) in a cohort of 406 infants hospitalized
for RSV infections from 1999 to 2007 [12]. A retrospective
study [43] reviewed 22 cases of respiratory infections in
children with primary immunodeficiency undergoing bone
marrow transplantation: RSV was detected in 3 cases of
severe viral pneumonitis that were treated with ribavirin
and high-titre specific immunoglobulin. In the PICNIC
study (Paediatric Investigators Collaborative Network on
Infections in Canada) [54], the incidence of RSV-related
hospitalizations was observed to be higher in infants with
immunodeficiency, as well as other high-risk infants such
as infants born prematurely or with CLD or CHD. Infants
with Down syndrome are at high risk of severe LRTI because
they are often affected by CHD, but they may also have
immunological disorders involving B cells and T cells [55–
57]. A prospective national birth cohort [58] reported a
hospitalization rate near 10% in these infants irrespective
of coexisting CHD. This phenomenon occurred because
Down syndrome children have altered immune response,
abnormal thymic development and function, and decreased
number of B cells and T cells, especially in the first 2 years
of life. In addition, in vivo proliferative tests showed an
increased susceptibility to infectious pathogens. These data
were confirmed by a recent cohort study [7] that enrolled

117 immunocompromised pediatric in-patients with an acute
community-acquired RSV infection from 2006 to 2011: 28.2%
had Down syndrome.The ICU admission rate was >20% and
the mortality rate was 5%.

4. RSV Prophylaxis in
Immunocompromised Infants

Environmental prevention is extremely important to reduce
both nosocomial and community-acquired respiratory infec-
tions, in particular in high-risk patients as immunocompro-
mised infants.

The diffusion of the virus can be controlled by protective
measures such as hand washing, isolation of positive hospi-
talized cases (cohorting) and with the use of gloves, masks,
and protective clothing by dedicated staff. Moreover, in
epidemic seasons immunocompromised infants and children
should be hospitalized in special designated areas where
other patients, caregivers, and visitors should be checked for
respiratory infections and where the admission of visitors is
limited [59].

Pharmacological prophylaxis in immunocompromised
infants is based on the use of palivizumab. Palivizumab is
a humanized IgG1 monoclonal antibody obtained through
recombining DNA technique specific for an epitope of
antigen A of F (fusion) protein of RSV. The mAbs have
the same properties of a human IgG1, with a long half-
life (28 days). It is free from the risk of transmission of
blood-borne pathogens, which is particularly important in
immunocompromised infants. Palivizumab was approved by
the Food and Drug Administration in the United States in
1998; it is currently the only approved monoclonal antibody
used for RSV prophylaxis and it was observed to determine
a 55% decrease in RSV-related hospitalizations [60]. It is
composed of two sequences, a human one (95%) and a
murine one (5%). Palivizumab neutralizes and inhibits the
fusion of the F protein of the virus to infected epithelial
respiratory cells and interferes with viral replication. It is cur-
rently used in epidemic periods with monthly intramuscular
administration to prevent RSV hospitalizations in high risk
subjects. The use of this drug is regulated by guidelines and
recommendations of several pediatric societies to optimize its
cost-effectiveness [61–66] (AAP, Canadian Pediatric Society,
Italian Neonatology Society, Spanish Neonatology Society,
Japan Pediatric Society, and others). The recommendations
are well defined in presence of prematurity, CLD, and
hemodynamically significant CHD. However, the use of this
drug in infants with immunological disorders is instead still
controversial and rarely recommended in current guidelines
and its cost-effectiveness is still a matter of debate. Until
recently, the British Columbia Guidelines [65] has stated
that infants eligible for palivizumab administration include
infants with severe immunodeficiency. A recent Japanese
study [67] reported that 1,115 infants younger than 4 years
were hospitalized for RSV infections in a 2-year consecutive
seasons: 756 of them had underlying disorders that were
not included in the criteria for palivizumab prophylaxis in
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Japan. These disorders included severe immunodeficiency
and Down syndrome.

The severity of RSV infections in infants with primary
immunodeficiency and the lack of recommendations for
prophylaxis in current guidelines have led several authors to
consider the “off-label” extension of the use of palivizumab
to these uncommon and severe diseases. A Delphi study was
performed byGaboli et al. [9] to obtain a consensus in a group
of expert pediatric pulmonologists regarding the off-label use
of palivizumab in 43 diseases: the consensus was obtained for
24 out of the 43, including primary immunodeficiencies. In
Italy, even if prophylaxis in these cases was not included in
the ItalianNeonatology Society [62] recommendations, some
authors [68] administered the prophylaxis with palivizumab
to 2 infants with primary immunodeficiencies (one case with
Di George syndrome and one case with Wiskott-Aldrich
syndrome) and 2 infants with acquired immunodeficiencies
(2 cases with HIV infection) with good compliance and
efficacy.

5. Conclusions

Mortality and morbidity due to RSV LRTI infections are
higher in infants with primary immunological disorders
than in healthy infants. The risk is similar to other rare
and severe disorders such as malformations of the airways,
cystic fibrosis, and neuromuscular diseases, which are also
not included in current recommendations for prophylaxis.
The experience of clinicians treating these rare and severe
disorders is essential to assess that prophylaxis should be
extended to all infants at increased risk for severe and
potentially lethal RSV infections.

The use of palivizumab in addition to environmental
prophylaxis in selected immunocompromised patients was
proved to be effective and free from adverse events. Current
guidelines for this prophylaxis do not contain recommen-
dations for these high risk infants, although some authors
endorse the extension for treatment to immunodeficient
subjects. The inclusion of such very high risk patients in
guidelines will prevent unnecessary hospitalizations and
deaths.

At present, randomized clinical trials (RCT) on the
efficacy of palivizumab prophylaxis in immunocompromised
infants have not been conducted, probably because of the
low incidence of these disorders and the ethical controversies
surrounding them.

RCT conducted in patientswith immunological disorders
could confirm the efficacy and the cost-effectiveness of
prophylaxis with palivizumab in these infants, allowing the
inclusion of infants and children with primary immunodefi-
ciency in international recommendations and guidelines.
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Background andAim. Portal hypertension has been reported in associationwith acquired and primary immune deficiencies without
a comprehensive description of associated spleno-portal axis abnormalities. Pathological mechanisms are poorly defined.Methods.
Observational, single centre study with the aim of assessing the prevalence of spleno-portal axis abnormalities in an unselected
cohort of 123 patients with primary antibody deficiencies and without known causes of liver diseases regularly followed up for a
mean time of 18 ± 14 years. A cumulative period of 1867 patients-year was analysed. Clinical and immunological data, abdominal
ultrasounds, CT scans, and endoscopy features were included in the analysis. Results. Twenty-five percent of patients with primary
antibody deficiencies had signs of portal vein enlargement but only 4% of them had portal hypertension, with portal systemic
collaterals. Liver biopsies showed liver sinusoids congestive dilatation, endothelization, and micronodularity fulfilling the criteria
for noncirrhotic portal hypertension. Patients with portal vein enlargement had severe clinical and immunological phenotypes.
Conclusions. In primary antibody deficient patients, infections, inflammations, splenomegaly, increased blood venous flow, and
lymphocyte abnormalities contribute to establishment of liver damage possibly leading to noncirrhotic portal hypertension. Patients
with primary antibody deficiency should be considered a good model to give insight into the pathological mechanisms underlying
noncirrhotic portal hypertension.

1. Introduction

Commonvariable immunodeficiency (CVID) and congenital
X-linked agammaglobulinemia (XLA) are the most common
symptomatic primary antibody-deficiency syndrome (PAD).
CVIDs are a heterogeneous group of hypogammaglobuline-
mia deficiencies of unknown aetiology, frequently diagnosed
in adults [1]. XLA is inherited as an X-linked recessive
trait and caused by B cell specific tyrosine-kinase (BTK)
gene mutations resulting in a bone marrow defective B cell
differentiation [2]. CVID patients are affected by recurrent
infections in the airways and gastrointestinal tract, causing

bronchitis, pneumonia, otitis, chronic sinusitis, and gastroen-
teritis. Autoimmune disorders and granulomatous diseases
might also be a part of PAD-associated inflammatory diseases
[3–5]. The liver diseases in these conditions are poorly
defined. Before HCV screening test and viral inactivating
steps in immunoglobulin (Ig) production for replacement
treatment, RNA viruses were recognized as causes of acute
and chronic liver diseases [6]. Later, a condition of nodular
regenerative hyperplasia (NRH) has been described [7–11].
More recently, a condition known as idiopathic noncirrhotic
portal hypertension (INCPH) whose morphological sub-
strate is the presence of NRH was found to be associated
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with many immunological disorders [12, 13]. In PAD patients
selected because of liver abnormalities, a high prevalence
of cholestasis (65%) and portal hypertension (50%) was
found. Liver biopsies revealed nonfibrosing architectural
abnormalities consistent with NRH and anomalies of portal
vessels [8]. Here, we describe the prevalence of spleno-portal
axis abnormalities in an unselected cohort of patients of PAD
without known causes of liver diseases.

2. Methods

2.1. Study Design and Participants. It is an observational, sin-
gle centre study. An unselected cohort of 123 patients with a
PAD diagnosis (117 affected by CVID and 6 by XLA) based
on the current diagnostic criteria of the European Society
for Immune Deficiencies/Pan-American Group for Immune
Deficiencies (ESID/PAGID) [14] were included in the study.
All the 123 patients with PAD have been regularly followed
up in our Referral Centre for Primary Immune Deficien-
cies. According to international guidelines for recipients of
plasma derivatives (polyvalent immunoglobulins) every year
all patients under replacement treatment underwent HIV
RNA, HCV RNA, and HBsAg detection. All patients were
HIV negative. Five CVID patients with concomitant HCV or
HBV infection and one with histologically proven primary
biliary cirrhosis were excluded. One patient with CVID was
excluded for being affected by primary biliary cirrhosis,
histologically proven. The mean follow-up time of the 117
patients (111 CVID and 6 XLA) analysed for the study was
18 ± 14 years. A cumulative period of 1867 patients-year was
included in the analysis. Daily alcohol consumption was less
than 30 g for men and 20 g for women. None of the patients
had a history of intravenous drug abuse. All participants
provided written informed consent.

2.2. Data Sources/Measurement. Detailed information in-
cluding personal data, pedigree, and age at diagnosis, immu-
nological data, and clinical manifestations such as pneumo-
nia, gastroenteritis, and autoimmune diseases were collected
from medical files. All data were processed in a database
and sent to CINECA, an interuniversity computing centre
responsible for processing and analysing the data. The fol-
lowing data were collected for each patient every 4 months
following the Italian PAD guidelines (http://www.aieop.org/)
[15]: platelet (PLT), red blood cell (RBC), and white blood
cell (WBC) counts; chemistries: aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phospha-
tases (AP), gamma-glutamyl transferase (GGT), total biliru-
bin, serum albumin, and prothrombin time. Blood sam-
ples were collected once a year and tested by an enzyme
immunoassay technique (EIA) for detection of hepatitis B
surface antigen (HBsAg); HCV-RNA was tested by using
nested-PCR assays. Chest computerized tomography (CT)
scans were performed every four years according to the
Italian guidelines. Upper gastrointestinal endoscopy with
gastric and duodenal biopsies was performed every two
years due to the increased risk of CVID-associated gastric
cancer and lymphoproliferative diseases [16]. Abdominal

ultrasonography (US) [17] was performed every 2–4 years
in all patients older than 18 years of age by the same
investigator working in our centre. Peripheral blood lym-
phocyte immunophenotyping by flow cytometry was avail-
able for 64 patients. Liver biopsy was performed in the
five patients (patients numbers 2, 43, 55, 59, and 72 in
Supplementary Table 1; see Supplementary Material avail-
able online at http://dx.doi.org/10.1155/2014/672458) with
esophageal varices or portosystemic collateral vessels to
exclude liver cirrhosis. Histological features were viewed by
two expert pathologists.

2.3. Definitions Adopted. Liver abnormalities: liver enzymes
are aspartate aminotransferase (AST) > 40UI/L, alanine
aminotransferase (ALT) > 40UI/L, alkaline phosphatase
(AP) > 129UI/L, gamma glutamyl transferase (GGT) >
61UI/L, and total bilirubin > 12mol/L for at least for six
consecutivemonths. Cholestasis: elevatedAP and/or elevated
GGT. Splenomegaly occurs when spleen longitudinal axis
is ≥ 12 cm in at least two consecutive exams. Portal vein
enlargement occurs when portal vein diameter is > 13mm
in at least two consecutive ultrasound examinations (mea-
surements of the portal vein were obtained at its broadest
point just distal to the union of the splenic and superior
mesenteric veins). Spleno-portal axis abnormalities are asso-
ciation between splenomegaly and portal vein enlargement.
Noncirrhotic portal hypertension is diagnosed according to
the criteria defined by Schouten et al. [12]. Bronchiectasis
is shown as localized, irreversible dilation of part of the
bronchial tree by CT scan. Pneumonia’s symptoms and
signs are consistent with an acute lower respiratory tract
infection associated with new radiographic shadowing for
which there was no other explanation (e.g., not pulmonary
oedema or infarction) [18]. Recurrent gastroenteritis has three
or more episodes in a year of nausea, vomiting, diarrhoea,
and abdominal cramps that could be accompanied by fever.
Lymphoid nodular hyperplasia (LNH) is the presence of
lymphoid aggregates found in the small intestine identified by
intestinal biopsy. Autoimmune manifestations are diagnosed
according to established criteria for rheumatoid arthritis,
systemic lupus erythematosus, thyroiditis, Sjögren syndrome,
and autoimmune cytopenia.

Histological Evaluation. Liver biopsy specimens were fixed in
formalin, paraffin-embedded, and stained with hematoxylin
eosin,Masson’s trichrome, and picrosirius red and silver stain
for reticulum.The slides were viewed under lightmicroscopy.
The size of the liver biopsy and the number of portal tracts
were recorded. Intrahepatic lymphocyte immunostaining
was performed on paraffin sections using monoclonal anti-
bodies directed against CD3 (Dako, Glostrup, Denmark).
Sinusoid endothelization was assessed with CD34 immunos-
taining with specific antibodies (Dako, Glostrup, Denmark).

Statistical Methods. The Kruskal-Wallis one-way analysis of
variance was used for comparison of data. Comparison
between single parameters was assessed by simple linear
regression analysis. Comparison between patients’ groups
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Table 1: Demographic, clinical, and laboratory characteristics of 117 PAD patients.

Female (%) 55.6 ALT (mg/dL) 24 ± 12∗

Age (years, mean ± SD) 49 ± 15 AST (mg/dL) 23 ± 18∗

Follow-up (years, mean ±SD) 18 ± 14 AP (mg/dL) 98 ± 63∗

XLA (%) 4.2 Bilirubin (mg/dL) 0.5 ± 0.4∗

CVID (%) 95.8 𝛾GT (mg/dL) 28 ± 26∗

Splenomegaly (%) 60.7 INR 1 ± 0.08∗

Portal vein enlargement (%) 25.6 RBC (cell/mm3) 4700000 ± 9430∗

Esophageal varices (%) 3.4 Hb (g/dL) 13.4 ± 6∗

Portal vein collaterals, other than varices (%) 0.8 WBC (cell/mm3) 6300 ± 2400∗

Ascites (number of patients) 0 PLT (cell/mm3) 214000 ± 93000∗

IgG at diagnosis (mg/dL) 267 ± 175∗

IgA at diagnosis (mg/dL) 27 ± 36∗

IgM at diagnosis (mg/dL) 42 ± 79∗
∗All laboratory parameters are expressed as mean ± SD.
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Figure 1: Spleen diameter, portal vein diameter, and platelets count in the 117 PAD patients. Regression analysis showed the correlation
between spleen diameter and platelets counts and between spleen and portal vein diameters.

was performed by contingency tables. Statistical analysis
was performed with StatView software or GraphPad Prism
software. A 𝑃 value equal or less than 0.05 was considered to
be statistically significant.

3. Results

One hundred and seventeen patients, 111 affected by CVID
and 6 by XLA, were included in the analysis. The mean age
was 49 ± 15 years. The mean follow-up time was 18 ± 14
years. The characteristics of the patients are summarized in
Table 1. Detailed data are provided in Supplementary Table
1. A cumulative period of 1867 patients-year was included in
the analysis. A total of 442 abdominal ultrasounds have been
reevaluated for this study analysis.

3.1. PAD Patients with Spleno-Portal Axis Abnormalities Have
a Severe Clinical Phenotype. There is a general agreement
that splenomegaly is a common feature in PAD but its con-
sequences are not well understood [19]. Here, we confirmed

our previous data [20] showing a spleen enlargement in 71/117
patients (61%) of our cohort. Spleen diameter was highly
correlated with portal vein diameter (𝑅2 = 0.5; 𝑃 < 0.0001)
(Figure 1) suggesting that an increased splenic venous flow
secondary to splenomegaly could contribute to determining
a condition of portal superflux. At ultrasound, 30 out of
117 patients (25.6%) had signs of portal vein enlargement
but only 1/6 of these had portal hypertension/INCPH, with
portal systemic collaterals (Figure 2). Longitudinal assess-
ment of abdominal ultrasounds demonstrated that portal
vein enlargement and splenomegaly slightly increased in the
observation period (Supplementary Figure 1). In the sub-
group of patients without spleno-axis abnormalities, spleen
and portal vein diameters remainedwithin the normal ranges
during the observational period. Diameters of portal vein
and liver were also significantly associated (𝑅2 = 0.34,
𝑃 = 0.0009). Spleno-portal axis abnormalitieswere invariably
associated with a more severe PAD phenotype (Table 2) with
a higher prevalence of bronchiectasis (𝑃 = 0.05), gas-
troenteritis (𝑃 = 0.0002), lymphoid nodular hyperplasia
(𝑃 = 0.009), and autoimmune manifestations (𝑃 = 0.03).
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Table 2: Clinical data of 117 PAD patients: without spleno-portal axis abnormalities and with isolated splenomegaly and spleno-portal axis
abnormalities.

PAD with normal spleen
and portal diameters

(𝑛 = 46)

Isolated splenomegaly
(𝑛 = 41)

PAD with spleno-portal
axis abnormalities

(𝑛 = 30)
Time of PAD disease (years)∗ 14.3 ± 13.8 17 ± 16.5 19.7 ± 13
Bronchiectasis 15 (33%) 13 (32%) 21 (70%)
Gastroenteritis 15 (33%) 13 (32%) 28 (93%)
Lymphoid nodular hyperplasia 4 (9%) 2 (5%) 15 (50%)
Pneumonia 28 (61%) 10 (24%) 19 (63%)
Autoimmunity 13 (28%) 6 (15%) 11 (37%)
Portal vein diameter (mm)∗ 10.3 ± 1.7 11 ± 1.5 14 ± 3
Spleen diameter (cm)∗ 10 ± 1 13 ± 2.7 14.1 ± 6.3
∗Parameters are expressed as mean ± SD.

PAD 
patients

SP
SP and 
PVE INCPH

Figure 2: Distribution of PAD patients according to the abdominal
ultrasound findings. PAD: primary antibody deficiencies; SP: PAD
patients with isolated splenomegaly; SP and PVE: PAD patients with
splenomegaly and portal vein enlargement; INCPH: PAD patients
with idiopathic noncirrhotic portal hypertension.

The inverse correlation between platelet count and spleen
diameter (𝑅2 = 0.22; 𝑃 < 0.0001) suggests a mechanism of
splenic sequestration as the main cause of thrombocytopenia
in PAD patients (Figure 1).

3.2. INCPH in PAD Patients. Thirty patients (28 CVID, 2
XLA) had portal vein enlargement detected by ultrasounds,
an indirect index of portal hypertension. Four of these
patients (3 CVID and 1 XLA) had esophageal varices (3
small and one large) at upper gastrointestinal endoscopy and
one patient had portal vein collaterals detected by CT scan.
None of the patients had portal hypertensive gastropathy.
These five patients underwent liver biopsy, which excluded
cirrhosis and thus they fulfilled the diagnostic criteria for
INCPH [12]. In the remaining 25 patients with portal vein
enlargement without other clinical or radiological signs of
portal hypertension the liver biopsy was not performed
for ethical reasons. In patient with INCPH, histological
findings consisted of liver sinusoidal congestive dilatation,
presence of paraportal shunt vessels in the portal tract, and
sinusoidal endothelization. Parenchymal changes consisted
of a micronodular transformation with nodules surrounded
by an atrophic rim of hepatocytes in absence of fibrosis.
Mild portal lymphohistiocytic inflammatory infiltrate was

also observed. Representative aspects of architectural changes
and sinusoidal inflammation observed in a PAD patient
(patient number 2) are shown in Figure 3. In blood chemistry,
mainly signs of cholestasis were found, common in liver
diseases [21]. All 5 patients (100%) who fulfilled the criteria
for INCPH had abnormalities in liver enzymes: 4 had signs
of cholestasis and 1 showed an increase of transaminase
levels (Supplementary Table 1). Signs of cholestasis in the
absence of INCPH were also detected in 1 patient with
portal vein enlargement and splenomegaly, in 3 patients with
isolated splenomegaly, and in 1 patient without spleno-portal
abnormalities. Two additional patients without spleno-portal
abnormalities had a mild increase in transaminase levels of
unclear origin. None of patients with INCPH had signs of
liver failure defined as INR > 1.5 and albumin < 3.5 and none
bled from varices. The only patient with large esophageal
varices was submitted to endoscopic therapy as a primary
prophylaxis of variceal bleeding.This procedure was effective
since she had no bleeding episodes in the 3 years period
after this treatment. None of patients underwent transjugular
intrahepatic portosystemic shunt (TIPS).None of the patients
with INCPHdied from complications of portal hypertension.
However, two patients with INCPH (one with CVID and one
with XLA) died as a consequence of sepsis.

3.3. Immunological Abnormalities in PAD Patients with Iso-
lated Splenomegaly and in Patients with INCPH and/or Portal
Vein Enlargement. We demonstrated that in comparison
to PAD patients without splenomegaly PAD patients with
splenomegaly have a decrease in the frequency of switched
memory B cells (4.1 ± 5.4% versus 7.9 ± 6.9%; 𝑃 = 0.01)
and an increased frequency of CD21 low B cells (20.1 ± 18
versus 11.4 ± 10; 𝑃 = 0.02) confirming our previous data
[20]. Abnormalities of T cell subsets frequencies were also
observed in CD3+CD4+ cells (35.17 ± 11.8% versus 42.7 ±
11.15%; 𝑃 = 0.01), in näıve CD4+ cells (22.4 ± 15.2%
versus 44.18 ± 19.1%; 𝑃 < 0.0001), and in CD4+ memory
T cells (81.2 ± 13 versus 67.45 ± 15.5; 𝑃 = 0.0003). More
profound defects in B and T cell subsets were observed in
patients with INCPH and/or portal vein enlargement. In fact,



Journal of Immunology Research 5

∗

(a) (b)

(c) (d)

(e) (f)

Figure 3: Liver biopsy from patient 2 showing features of nodular regenerative hyperplasia. (a-b) Liver parenchyma shows nodules
with expanded liver plates surrounded by a rim of atrophic hepatocytes (arrows), in absence of fibrous septa. Portal lymphohistiocytic
inflammatory infiltrate with interface activity (white asterisk) is also present ((a) hematoxylin and eosin stain, original magnification 10x;
(b) Sirius Red stain, 10x). Congested and dilated sinusoids (megasinusoids) are shown in (c) and (d) ((c) hematoxylin and eosin stain,
original magnification 20x; (d) CD34 immunostaining, original magnification 20x); (e) aberrant vascular structures within the portal tract
(hematoxylin and eosin, original magnification 20x); (f) fibrotic portal tracts (Sirius Red stain, original magnification 40x).

immunological abnormalities were more evident when we
analysed PAD patients according to their clinical phenotype:
patients with spleno-portal axis abnormalities, patients with
isolated splenomegaly, and patients without spleno-portal
abnormalities (Figure 4): lower frequencies of switched
memory B cells (3.1 ± 4.2%, versus 4.6 ± 6.2 versus 7.6 ±
6.6 𝑃 = 0.04) and CD4+CD45RA+CD62L+ naı̈ve T cells
(14.8+12.3%versus 24.6±13.4 versus 44.3±19.5 𝑃 < 0.0001)

and increased frequencies of CD4+ memory T cells (89.3 ±
10%versus 78.5±15.7%versus 67±15.7;𝑃 = 0.00003). Severe
abnormalities were also found in the frequencies of CD21 low
cells thatwere increased (23.6±13.4%versus 20.1±18%versus
11.4±10;𝑃 = 0.02) and in the frequencies of CD4+ regulatory
T cells that were decreased (1.6 ± 2.3% versus 3.6 ± 2% versus
3.5 ± 1.6%; 𝑃 = 0.02). The frequencies of other T and B cell
subsets were comparable within groups.
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Figure 4: Peripheral blood lymphocyte immunophenotype in PAD patients without spleno-portal axis abnormalities (white square), with
isolated splenomegaly (gray square) and abnormalities of spleno-portal axis (black square). CD19+27+IgD− (switched memory B cells),
CD19+CD21 low B cells, CD3+CD4+CD45RA+ (naı̈ve CD4+ T cells), and CD4+,CD25+CD127− (regulatory T cells) are shown. Results are
expressed as percentages ± SD.

Seventeen patients had less than 15% of naive CD4+
T cells, a condition recently named late onset combined
immune deficiency (LOCID) [22] described in a subgroup
of CVID patients at high risk of opportunistic infections.
Seven out of 17 LOCID patients had portal enlargement and
2 of these had INCPH. Details of peripheral blood lympho-
cyte immunophenotyping with mean ± SD, median, range,
percentiles, and 𝑃 values showing comparison between the
3 groups (without splenic-axis abnormalities, with isolated
splenomegaly and with spleno-portal abnormalities) were
shown in Supplementary Table 2.

4. Discussion

This study shows that 25.6% patients with PAD had signs of
portal vein enlargement but that only 1/6 of these had portal
hypertension/INCPH.The subgroup of patients with INCPH
or spleno-portal abnormalities without signs of portal hyper-
tension had severe clinical and immunological phenotypes
with a severe defect of B cell terminal differentiation, T cell
activation, and a deficiency in regulatory T cells.

The hallmark of primary antibody deficiencies is a
defect in the production of antibodies indispensable for the
response against a wide variety of pathogens resulting in
recurrent and severe infections. Histological abnormalities
have been found in primary and secondary lymphoid organs,
including spleen [19], the largest secondary lymphoid organ,
and in mucosa-associated lymphoid tissues [23]. Previous
studies have demonstrated that the spleen is crucial in regu-
lating immune homoeostasis, through its ability to link innate
and adaptive immunity and to protect against infections [24].
Due to its unique structure and vascularisation, spleen is also
essential in the removal of various blood-borne pathogens.
An increased spleen size is a common finding in PAD
patients but neither its causes nor its consequences are well
understood.Histological descriptions of spleen abnormalities
after splenectomy showed granulomatous lesions, congestive
red pulp, follicular hyperplasia, and atrophic germinal cen-
tres/white pulp [19]. In PAD, a reduction of a memory B cell
subset developing in the spleen, called IgMmemory cells [25],
is associated with the absence of secretory IgA on intestinal
epithelial cells [26]. A defect in the intestinal immunity alters
the mucosal permeability associated with an increased risk of
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bacterial infections as it happens also in other liver diseases
[27]. Both reduction of memory B cells and very low IgA
levels are risk factors for various PAD-associated conditions,
including respiratory and gastrointestinal infections as well
as splenomegaly [20, 28, 29]. A high prevalence up to 50%
of gastrointestinal symptoms, mainly chronic diarrhoea due
to intestinal infections caused by Giardia lamblia, Campy-
lobacter jejuni, or Salmonella spp.and malabsorption, has
been described [30]. Here, we addressed the issue of the
possible consequences of splenomegaly on the spleno-portal
axis.We confirmed a high frequency of splenomegaly inmore
severe forms of PAD, CVID, and XLA [20]. About 40% of
patients with splenomegaly had a portal vein enlargement
or INCPH. Portal vein enlargement and INCPH developed
also in patients with XLA. This is the first demonstration
that portal abnormalities might occur also in XLA, fur-
ther strengthening our hypothesis on INCPH pathogenesis.
Splenomegaly might contribute to portal hypertension by
increasing the portal flow (portal superflux). In addition,
the increased frequency of intestinal infections may increase
the hepatic resistance by directly affecting the portal vein
branches [31]. Differently from other studies that included
only PAD patients with abnormal liver function tests, we
included in the study PAD patients without known causes
of liver diseases. When PAD patients were selected because
of functional liver abnormalities high frequencies of portal
hypertension (50%) and anicteric cholestasis (65%) were
observed [8]. The histological finding consisted of NRH [32]
associated with lymphocytic CD8+ cytotoxic T cells intrasi-
nusoidal infiltrate. Sinusoid lining disruption and portal vein
endothelitis may imply a possible role of the intrasinusoidal
infiltrating lymphocytes in the pathogenesis of the lesions. In
our study at variance with previous reports [7–10] spleno-
portal axis abnormalities were detected also in few PAD
patients without altered liver function tests. Endoscopic band
ligation to prevent the variceal bleeding was effective in the
patient with large esophageal varices. This procedure should
then be considered in PAD patients in agreement with the
guidelines for prevention of variceal bleeding [33]. Its success
further supported the Italian guidelines that recommend
regularly performing an upper gastrointestinal endoscopy
every two years in PAD patients (http://www.aieop.org/).

Spleno-portal axis abnormalities might be the conse-
quences of multiple inflammatory states including autoim-
munity and infections.The immune disturbance is character-
ized by severe B cell defects, increased numbers of exhausted
CD21low B cells [34, 35], and T cell activation point to an
inflammatory or infectious state. The reduced frequency of
regulatory T cells might also contribute to autoimmunity
and inflammation [36]. Furthermore, portal abnormalities
were more frequent in the CVID group recently called
LOCID, at higher risk of opportunistic infections, including
gastrointestinal infections [22]. In PAD patients, infections,
splenomegaly, increased blood venous flow, and inflamma-
tion, all, potentially contribute to liver damage. Chronic
infections and immunological abnormalities that are the
hallmark of PAD are also considered the main hypothesized
pathophysiological mechanisms of INCPH [12, 37]. In PAD
patients, despite the low prevalence, INCPH should be

actively searched when signs of with portal hypertension are
present. On the other hand, a diagnosis of PAD should be
considered in patients with INCPH.
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