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Introduction

The common variable immunodeficiency diseases (CVID)
comprise a heterogeneous group of immunological disor-
ders characterized by low serum immunoglobulin (Ig)G
along with a decrease in serum levels of IgA and/or IgM,
defective specific antibody production and an increased sus-
ceptibility to bacterial infections [1]. With an estimated
prevalence of approximately one in 25000, CVID is the
most common symptomatic primary immunodeficiency. It
may manifest at any age; however, two-thirds of patients
are adults at the time of diagnosis [1,2]. In addition, CVID
patients may develop splenomegaly (~30%), a variety of
autoimmune diseases (~20%), chronic inflammatory disor-
ders such as granulomatous disease (~10%) and less fre-
quently malignancies (non-Hodgkin’s lymphoma or gastric

cancer) [1,3-5].

446

Summary

Common variable immunodeficiencies (CVID) are a heterogeneous group
of antibody deficiency disorders complicated by autoimmune, lymphopro-
liferative and/or granulomatous manifestations, suggesting variations in
immunoregulation. We sought to quantify regulatory CD4 T cells (T cells)
in the blood of CVID patients and to correlate the frequency with clinical
manifestations and classification subgroups. Blood samples from 99 CVID
patients in Freiburg, London and Sydney, who had been phenotyped clinically
and stratified according to their memory B cell phenotype (Freiburg and Paris
classification schemes), were analysed for the proportion of T cells, defined
either as CD25"/forkhead box P3 (FoxP3)*, CD25"/CD127"°%/FoxP3* or
CD25%/CD127"" CD4" T cells, and results compared with 49 healthy controls.
Irrespective of the phenotype used to define them, there was a significant
decrease in the T, cell proportion in patients with granulomatous disease
and immune cytopenias. This allowed the definition of a subgroup of CVID
patients with abnormally low T, cells, which had a higher rate of these two
manifestations as well as autoimmune disease in general. There was also a
significant reduction in the proportion of Tk, cells in the Freiburg group Ia
compared with other CVID patients and controls, but there were no differ-
ences between the Paris groups. The reduction in Tk cells in subsets of CVID
patients may be relevant to their clinical manifestations, and may contribute
to our understanding of the pathogenesis of CVID complications.

Keywords: autoimmunity, common variable immunodeficiency, granuloma,
regulatory T cells

In the majority of CVID patients there is a failure of B cell
differentiation which alters peripheral blood B cell subsets,
in 75% of cases with a loss of class-switched memory B cells
[5,6]. Current classifications, such as the Freiburg [5] and the
Paris [7] schemes, are based on such changes. In addition,
several abnormalities in T cell-mediated immunity have
been demonstrated in CVID patients, including reduced
T cell numbers, loss of CD4" naive T cells, abnormal
T cell receptor signalling, cytokine production, CD40 ligand
expression, proliferative responses and T helper or T sup-
pressor function [8].

Naturally occurring regulatory T cells (T, cells), defined
by surface expression of CD4 and CD25 in combination with
intracellular expression of the forkhead box transcription
factor (FoxP3), are arguably the best-characterized subset of
T, cells, and act to suppress pathological immune responses
such as autoimmunity, but are also responsible for control of
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Table 1. Clinical characteristics of the 99 CVID patients in the three cohorts, along with the Freiburg and Paris subgroup classifications. Chronic
infections were defined as either (i) more than three infections per 6 months’ observation period, justifying the need for prophylactic antibiotics; or (ii)
chronic sinusitis or bronchitis (excluding bronchiectasis).

(n=32)

Ib 10 (31%) MBI 7 (22%

Chronic Autoimmune Granulomatous

Cohort infections phenomena disease Lymphoproliferation Freiburg Paris
European (Freiburg/London) 33 (50%) 20 (30%) 17 (26%) 26 (39%) Ta 17 (25%) MBO 33 (49%)
(n=67) Ib 36 (54%) MBI 27 (40%)
1T 14 (21%) MB2 7 (10%)
Australian (Sydney) Not assessed 11 (31%) 0 (0%) 7 (22%) Ta 5 (16%) MBO 14 (44%)
)
)

117 (53%)  MB2 11 (34%

immune responses to foreign antigens [9]. Central T, cells
develop in the thymus and constitute a variable percentage of
CD4" T cells in the human circulation; some studies suggest
that they make up 5-10% of peripheral blood lymphocytes,
although only 2-3% may in fact be functionally regulatory
[9]. Low expression of the interleukin (IL)-7 receptor alpha
chain (CD127) on CD4"/CD25" T cells has been proposed as
a reliable marker of T\, cells and correlates well with FoxP3
expression [10].

The immune dysregulation present in CVID patients
extends beyond B cell dysfunction, as demonstrated by the
development of autoimmune and chronic inflammatory dis-
orders, posing questions as to whether alterations in T, cell
function might contribute to disease pathogenesis. Fevang
et al. demonstrated a significant decrease in the proportions
of Ty cells in 26 CVID patients, particularly marked in those
with evidence of chronic inflammation [11]. To verify and
extend their findings, we quantified T, cells in a large group
of CVID patients combining three different cohorts
(Freiburg, London and Sydney). We compared the frequency
of naturally occurring T, cells in CVID patients stratified
on the basis of three cardinal clinical manifestations, lym-
phoproliferation, autoimmune disease (particularly auto-
immune cytopenias) and granulomatous disease, and by the
Freiburg and Paris CVID classifications.

Methods

Patients and healthy controls

Ninety-nine patients (aged 44 * 14 years; mean * standard
deviation, range 18-75 years) were recruited from three
cohorts of CVID patients in Freiburg (37), London (30) and
Sydney (32) under approved protocols at respective sites.
Forty-nine healthy donors (aged 37 £ 10 years, range
25-59) in Freiburg (17), London (15) and Sydney (17)
served as controls. A diagnosis of CVID was based on Inter-
national Union of Immunological Societies diagnostic cri-
teria [12]. In all centres, patients with fewer than 1% B
cells in peripheral blood were excluded. Informed consent
was obtained from all patients. The clinical characteristics

and CVID patient classifications are summarized in
Table 1.

Cell separation and flow cytometry

In the two European centres, peripheral blood mononuclear
cells (PBMCs) were prepared by Ficoll density gradient and
then stained with combinations of monoclonal antibodies.
In the London cohort, T, cells were identified by cell surface
staining using peridinin chlorophyll protein-conjugated
anti-CD4, phycoerythrin (PE)-conjugated anti-CD25 and
fluorescein isothiocyanate (FITC)-conjugated anti-CD127
(all obtained from Becton-Dickinson, Oxford, UK). In the
Freiburg cohort, Ty, cells were identified by cell surface
staining using anti-CD4-FITC, allophycocyanin (APC)-
conjugated anti-CD25 and anti-CD127-PE (eBioscience, San
Diego, CA, USA). In both European centres, intracellular
staining was performed using anti-human FoxP3-APC
(Clone PCH101; eBioscience) following the manufacturer’s
recommended intracellular staining protocol (www.
ebioscience.com); the frequency of FoxP3*/CD25" as a pro-
portion of CD4 T cells was calculated, while in London,
an additional analysis included gating on CDI127"" cells
(Fig. 1a). In the pilot study comparing FoxP3 antibodies,
staining with clone PCH101 was compared with 236A/E7
(eBioscience). In the Sydney cohort, T, cell proportions
were enumerated by surface staining with anti-CD4-FITC
(Beckman-Coulter, Fullerton, CA, USA), PE-cyanine-5 (PE-
Cy5)-conjugated CD25 and anti-CD127-PE (Immunotech,
Marseille, France) using a whole blood lysis technique, and
were defined as being CD25*/CD127"", expressed as a per-
centage of CD4 cells (Fig. 1b).

In the Freiburg cohort, stratification of patients into
Freiburg and Paris classification groups was based on stain-
ing of PBMC:s with the following antibodies, as published in
Wehr etal. [13]: anti-CD27-FITC, anti-IgD-PE, PE-Cy7-
conjugated anti-CD19, anti-IgM-PE-Cy5, anti-CD38-FITC,
anti-CD21-PE, anti-CD19-PE-Cy7 and anti-IgM-PE-Cy5. In
the London patients, the same combination of antibodies
was used in a whole blood lysis technique as detailed in Ferry
et al.[14]. For the Sydney cohort, a whole blood lysis tech-
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gates have been restricted to the lymphocyte
population by means of their forward and side
light-scatter characteristics, with subsequent
gating on CD4" lymphocytes to generate plots
to enumerate CD25%/forkhead box P37 cells
(left panels); in the London cohort, subsequent
gating excluded CD127 expressing cells (right
panels). Percentages represent proportions of
CD4 cells in the specified gate. (b) Analysis in
fresh cells, as used in the Sydney cohort, with

initial gating on CD4" lymphocytes by scatter
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(left panel) followed by gating on
CD25%/CD127"" cells (right panel).

nique was used to stain for CD19-PE-Cy5, CD27-PE, CD21-
FITC and anti-CD20-PE-Cy5 (all from Immunotech) and
IgD-FITC (BD Biosciences Pharmingen, San Diego, CA,
USA), as detailed in Berglund et al. [15].

The CVID classification

Freiburg classification was applied based on published values
[5]: Ia represented patients with a decrease in the isotype
switched memory B cell fraction (namely CD19%/CD27%/
IgD/IgM" for the European cohorts, or CD19*/CD27*/IgD~
for the Sydney cohort) below 0-4% of total lymphocytes,
along with a proportion of CD217" B cells equal to or
exceeding 20% of total B cells; Ib represented patients with
low switched memory B cells as detailed above, but with a

CD127

normal proportion of CD217" B cells; II represented
patients with normal B cell subsets.

Cut-offs for the Paris classification varied between the two
cohorts. In the Sydney and Freiburg cohorts, cut-offs were
based on published values validated in local control popula-
tions [7,15,16], such that MBO represented patients with a
reduction in total memory B cells (CD19*/CD27*) below
11% of B cells; MB1 represented those with preserved total
memory B cells but with an isotype switched fraction (see
above) of fewer than 8% of B cells; and MB2, patients with
normal memory B cell subsets. For the London cohort, cut-
off values were defined based on a local control population,
with the range based on two standard deviations below the
mean, such that MBO represented patients with a memory B
cell proportion < 16-5% of B cells, MB1 represented patients
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with a memory B cell proportion = 16-5% but with switched
memory B cells <7-1% of B cells, and MB2 patients had
normal memory B cell subsets.

Statistical analysis

Statistical analysis was performed using spss version 15.0
(SPSS Inc., Chicago, IL, USA). The mean difference between
continuous variables was analysed using the Mann—Whitney
U-test, with P values < 0-05 considered significant. Subgroup
analysis was performed with Fisher’s exact test based on a
two X two contingency table.

Results

Patients and analysis

A total of 99 CVID patients entered the study, 67 in the two
European centres and 32 in Sydney, and were compared with
49 controls, 32 in the European centres and 17 in Sydney.
Clinical characteristics and CVID classifications are summa-
rized in Table 1. Analysis algorithms for the enumeration of
T, cells are depicted in Fig. 1. In the European cohorts, the
frequency of T, cells as a proportion of CD4" cells was
determined by intracellular FoxP3 and surface CD25 expres-
sion on fixed and permeabilized cells (Fig. 1a), while in
Sydney values derived from expression of CD25 and CD127
on non-fixed non-permeabilized cells were used (Fig. 1b). In
the London cohort, an additional analysis included CD127
expression on fixed and permeabilized cells, such that the T,
cell phenotype could be defined as either FoxP3*/CD25* or
FoxP3*/CD25*/CD127"" CD4 cells. However, there was a
strong correlation between the two estimates (r*=0-94,
P < 0-0001), with FoxP3*/CD25*/CD127"" values being con-
sistently about 15% lower than FoxP3*/CD25" ones (Supple-
mentary Fig. S1). Given this correlation, and given that only
the FoxP3*/CD25" values were available for the entire
European cohort, subsequent comparisons in the European
patients were based on the latter phenotype.

A pilot study was carried out initially to ensure that Ty
cell values were consistent in individual subjects over time.
T, cell proportions were determined at two time-points
(mean 2-4 months apart) in a subset of 14 Freiburg patients
(six CVID patients and eight controls). Values were found to
be similar in both groups at either time-point (CVID:
P=0-992; controls: P=0-315) (Supplementary Fig. S2a).
Similarly, two clones of anti-FoxP3 (PCH101 and 236A/E7)
were compared in three controls and three CVID patients;
while PCH101 tended to over-estimate the frequency of
T, cells (Supplementary Fig. S2b), values were correlated
closely and PCH101 was used in the remaining analyses.

The T cell proportions are reduced in CVID patients
with specific clinical phenotypes

The T\, proportions of CD4 cells in peripheral blood, based
on either the FoxP3*/CD25" or the CD25"/CD127"" pheno-

Treg in patients with CVID
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Fig. 2. Regulatory T cell proportions (as a percentage of CD4
lymphocytes) in common variable immunodeficiency (CVID)
patients and controls, analysed as either CD25"/forkhead box P3* CD4
cells in the European patients (a) or as CD257/CD127°% CD4 cells in
the Australian cohort (b).

type, was not significantly different between CVID and con-
trols (Fig.2a and b). Similarly, no differences were noted
when the T, proportions of CD4 cells were based on FoxP3
expression alone, ignoring expression of CD25 and CD127
(data not shown). Conversely, there was a subset of CVID
patients who had proportions of T, cells well below that
seen in healthy controls (Fig. 2), and given the heterogeneity
of CVID this finding prompted the question as to whether
T, cell proportions varied in individual patients based on
specific clinical manifestations. To test this, CVID patients
were divided on the basis of the presence or absence of
chronic infections, granulomatous disease, autoimmune
manifestations or lymphoproliferation, and T, cell propor-
tions compared between the groups. In the European
cohorts, there was no difference in T, cell proportions
among CVID patients with or without chronic infections
(Fig. 3a) nor with lymphoproliferative disease (lymphaden-
opathy, splenomegaly) (Fig. 3b and c), but those with granu-
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lomatous disease (n=17) had a significantly reduced
FoxP3*/CD25" CD4 T, cell proportion, both in comparison
with CVID patients without granulomata (n =49) and also
with healthy donors (Fig.3d). Autoimmune disease was
common in all cohorts; no differences in T, cell proportions
were detected after stratification based on this characteristic
(Fig. 3e and f), but when analysis was directed specifically at
those patients with autoimmune cytopenias (European
cohorts: n =6, Sydney cohort: n=3), a strikingly lower T,
cell proportion was found in those patients with this com-
plication (Fig. 3g and h, Supplementary Fig. S3).

These data suggested the existence of a subgroup of CVID
patients characterized by a decrease in T\, cell proportions
and specific clinical manifestations. To test this, patients were
divided into two subsets based on their T, cell proportion,
the ‘low T cell’ group having proportions below the lowest
value in the control populations (cut-off of 3% of CD4 cells
in the European group and 5% in the Australian cohort; see
Fig. 2), and the ‘normal Ty cell’ group having values above
these respective cut-offs. The low Ty, cell group showed a
significantly higher frequency of autoimmune cytopenias
and granulomatous disease, as expected, but also autoim-
mune disease in general (Fig. 4).

The T, cell proportions are reduced in Freiburg
group la

Classification of CVID patients based on variations in
peripheral memory B cell subsets has been proposed as a
possible approach to reducing the heterogeneity of this con-
dition and to allow analysis of specific subgroups of patients.
We examined whether T\, cell proportions varied according
to these subgroups, and indeed there was a significant
decrease in the proportion of T, cells in Freiburg group Ia
compared with either controls or either of the other two
Freiburg groups (Fig. 5), although there were no significant
differences in T, cell proportions between the Paris groups
MBO0, MB1 and MB2 (data not shown).

Discussion

This study represents the largest cohort of CVID patients
screened for T, cells, and provides novel data linking changes
in the proportion of this subset in the blood of patients with

CVID with clinical manifestations of this condition. The
frequency of T, cells was analysed in 99 CVID patients from
two European and one Australian centre. We found decreases
in T, cell proportions of CD4 cells in blood in CVID patients
with granulomatous disease and immune cytopenias, and
defined similarly a subset of CVID patients with abnormally
low proportions of T, cells who were predisposed to granu-
lomatous disease and autoimmune disease, especially
autoimmune cytopenias. Furthermore, T, cells were particu-
larly reduced in a subgroup of CVID patients characterized by
loss of isotype-switched memory B cells in association with
an increased CD21" B cell proportion (Freiburg Ia), a subset
which itself has also been linked to autoimmune cytopenias.
The decrease in proportion of T, cells associated with
Freiburg group Ia lends further weight to the existence of
distinct but overlapping subcategories or clinicopathological
‘clusters’ within the broad umbrella of CVID.

Our results differ in many respects from the smaller study
of 26 CVID patients reported by Fevang et al. [11]. In this
Norwegian cohort there was an overall reduction in T, cells
in CVID patients compared with healthy controls, whereas
our study showed this to be the case only in Freiburg Ia
patients. As Fevang et al. did not differentiate these sub-
groups, alterations in cohort composition might explain this
difference. We found no differences with respect to chronic
infection, while the Norwegian study demonstrated an
inverse correlation with serum neopterin levels, a marker of
systemic chronic inflammation; however, these two are not
necessarily linked, and Fevang et al. did not determine the
presence of chronic infection clinically, in contrast to the
present study. We were unable to confirm their observation
of a relation to lymphoproliferation.

Thymus-derived naturally occurring T, cells were iden-
tified originally using the cell surface markers CD4 and
CD25 [17]. In humans, however, CD25 expression is less
reliable, as conventional CD4 T cells may also express CD25,
even without activation, and there is controversy as to the
level of CD25 expression that best defines a T, cell [18,19].
The most specific marker that distinguishes regulatory
from conventional T cells is expression of FoxP3, although
one disadvantage is that its identification requires time-
consuming intracellular staining of T cells, which also
renders cells incompetent for functional studies. Thus the
discovery of CD127 as a cell surface Ty cell marker has the

v

Fig. 3. Regulatory T cell (T,) proportions (as a percentage of CD4 lymphocytes) stratified by clinical characteristics. (a) Common variable
immunodeficiency (CVID) patients with (CVID + CI) or without (CVID — CI) chronic infections (CI), as defined in the legend to Table 1;

(b) CVID patients with (CVID + gran) or without (CVID — gran) granulomata (gran); (c,d) CVID patients with (CVID + LPD) or without

(CVID - LPD) lymphoproliferative disease (LPD), including lymphadenopathy or splenomegaly. (e,f) CVID patients with (CVID + AID) or without
(CVID — AID) autoimmune disease, Tre, cell proportions in European patients defined by the phenotype CD25"/forkhead box P3 (FoxP3)* (e),

or CD25%/CD127"" T, cells from the Sydney cohort (f). (g,h) CVID patients with (CVID + AICP) or without (CVID — AICP) autoimmune
cytopenias at any stage in the course of their disease, Ty, cell proportions in European patients defined by the phenotype CD25"/FoxP3™ (g), or
CD25*/CD127"" T, cells from the Sydney cohort (h). (a—c,e,g) Ty cell proportions in European patients defined by the phenotype CD25*/FoxP3%;

(d,£h) CD25*/CD127" Threg cells from the Sydney cohort.
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Fig. 4. Clinical characteristics of the common variable
immunodeficiency (CVID) cohort divided on the basis of having a
low regulatory T cell proportion (cut-off of 3% of CD4 lymphocytes
when defined by the phenotype CD25"/forkhead box P3* in European
patients, or 5% by the phenotype CD25%/CD127°" from the Sydney
cohort).

potential to overcome these problems, and studies have
shown a high rate of concordance between T, cells defined
by intracellular FoxP3 expression versus surface marker
expression [10]. The strong correlation between values
for PFoxP3*/CD25" and FoxP3*/CD25*/CD127"" cells
(Supplementary Fig. S2), however, suggests that the exclu-
sion of CD127* cells in the fixation-permeabilization assay
does not add greatly to this analysis, whereas our ability to
reproduce similar data using expression of surface markers
alone adds validation to the use of the latter strategy as a
surrogate for FoxP3 expression. One strength of our study
was therefore that we were able to reproduce the data using
either analysis method in three different cohorts in three
different laboratories worldwide.

The CVID is associated with various autoimmune
manifestations, chronic inflammation and granulomatous
disease. Although immunodeficiency and autoimmunity
seem to be at two ends of a spectrum of immunological
activity, several hypotheses exist to explain this coincidence.
Immunodeficiency might result in a failure to clear micro-
bial antigens, and persistent antigenic exposure could then
trigger both granulomatous disease as well as autoimmunity,
the latter perhaps by molecular mimicry [20]. Alternatively,
given that T cell abnormalities are often described in CVID
patients, it is feasible that abnormalities in Ty, cells them-
selves could be related to both complications. This was
supported here by the finding of a higher rate of both granu-
lomatous disease and autoimmunity in the subgroup with
very low Ty, cells (Fig. 4). The granulomas in CVID patients
are non-caseating, ‘sarcoid-like’ lesions predominantly in the
lungs, with frequent involvement of the spleen and liver,
sometimes predating the diagnosis of antibody deficiency.
The finding of diminished T, cell frequency in these
patients could relate to the sequestration of T, cells at sites
of chronic inflammation, although it is unknown whether

Tw cells are predominant in granulomas from CVID
patients. Studies of sarcoidosis in patients without CVID
have given contradictory results, with two studies showing
an increased frequency of CD4"/CD25* T, cells in periph-
eral blood and bronchoalveolar lavage fluid [21], and
another which showed a reduced frequency of FoxP3* T,
cells in the blood [22]. On the other hand, in immune
thrombocytopenia in patients without CVID, a decrease in
T, cell proportion, number or function have all been well
documented [23-27], a decrease which normalizes typically
upon resolution of the thrombocytopenia, contrasting with
the data presented here, where decreased T, cell proportion
was a stable phenotype and possibly an integral characteris-
tic of this particular subset of CVID patients. One caveat to
our conclusion that T, cell proportions were decreased in
CVID patients with immune cytopenias was the small
number of CVID patients who demonstrated this complica-
tion; despite this, the study had at least 89% power to detect
such differences in three of the four comparisons, and 74%
power in the fourth study (European CVID patients, cytope-
nias compared with no cytopenias); however, more impor-
tant than such power analyses is whether the values observed
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Fig. 5. Regulatory T cell (T,;) proportions (as a percentage of CD4
lymphocytes), stratified by the Freiburg group, in European patients
defined by the phenotype CD25"/forkhead box P3* (a), or as
CD25*/CD127" Threg cells from the Sydney cohort (b).
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in our study are truly representative of the underlying (and
unobserved) values. This cannot be determined until results
from other independent studies are available.

In summary, we report decreases in the circulating fre-
quency of Ty, cells in Freiburg Ia CVID patients and in CVID
patients complicated by granulomatous disease or auto-
immune cytopenias, posing questions as to the underlying
pathogenesis that might link these clinical manifestations. It
will be important to determine whether numerical differ-
ences in the circulation translate to functional differences in
terms of lack of suppression, and whether these changes
reflect changes in immunoregulation within the microenvi-
ronment of the secondary lymphoid tissue.
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Fig. S1. Correlation between regulatory T cell (T,;) propor-
tions (as a percentage of CD4 lymphocytes) in the London
cohort as determined by either the phenotype CD25"/
forkhead box P3 (FoxP3)" (x-axis) or CD257/CD127""/
FoxP3* (y-axis) on the same samples. The dotted line
represents line of best fit, with correlation coefficient as
shown, while the solid line represents theoretical equivalence
between the two assays.

Fig. S2. (a) Regulatory T cell (Tg) cell proportions, defined
by the phenotype CD25"/forkhead box P3 (FoxP3)", in a
subsample of 14 patients [six common variable immuno-
deficiency (CVID) and eight controls] in the Freiburg
cohort at two different time-points, separated by a mean of
2-4 months, showing stability of these values over this time-
period. (b) Comparison of two clones of anti-FoxP3
(PCH101 and 236A/E7) in six subjects (three controls and
three CVID patients). Values plotted represent percentages
of CD4 cells staining positive for FoxP3.

Fig. S3. Representative dot-plots depicting regulatory T cell
(Tw) proportions in two common variable immunodefi-
ciency patients, one with autoimmune cytopenias (right
panel) and one without (left panel). Percentages represent
proportions of CD4 cells in the specified gate.
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