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DiGeorge syndrome is an immunodeficiency characterized by thymic dysplasia resulting
in T cell ymphopenia. Most patients suffer from increased susceptibility to infections and
heightened prevalence of autoimmune disorders, such as autoimmune thrombocytope-
nia. B cells in DiGeorge syndrome show impaired maturation, with low switched-memory
B cells and a wide spectrum of antibody deficiencies or dysgammaglobulinemia, pre-
sumably due to impaired germinal center responses. We set out to evaluate circulating
follicular helper T cells (cTFHSs) in DiGeorge syndrome, as markers of T-B interaction
in the germinal centers in a cohort of 17 patients with partial DiGeorge and 21 healthy
controls of similar age. cTFHs were characterized as CXCR5*CD45RA- CD4+ T cells
using flow cytometry. We verify previous findings that the population of memory CD4+
T cells is relatively increased in diGeorge patients, corresponding to low naive T cells
and impaired T cell production in the thymus. The population of CXCR5* memory CD4+*
T cells (cTFHs) was significantly expanded in patients with DiGeorge syndrome, but
only healthy controls and not DiGeorge syndrome patients showed gradual increase of
CXCRS5 expression on cTFHs with age. We did not observe correlation between cTFHs
and serum IgG levels or population of switched memory B cells. There was no difference
in cTFH numbers between DiGeorge patients with/without thrombocytopenia and with/
without allergy. Interestingly, we show strong decline of PD1 expression on cTFHs in the
first 5 years of life in DiGeorge patients and healthy controls, and gradual increase of
PD1 and ICOS expression on CD4- T cells in healthy controls later in life. Thus, here, we
show that patients with DiGeorge syndrome have elevated numbers of cTFHs, which,
however, do not correlate with autoimmunity, allergy, or production of immunoglobulins.
This relative expansion of cTFH cells may be a result of impaired T cell development in
patients with thymic dysplasia.
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INTRODUCTION

DiGeorge syndrome is a primary immunodeficiency characterized by thymic dysplasia and T-cell
lymphopenia (1). Its most common cause is a 3 Mb deletion on the 22nd chromosome (del22q11.2),
which among others encompasses also the TBX gene, responsible for the formation of thymic
anlage, a basic structural foundation of the thymus, and its further fetal development (2). This
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failure to develop a proper niche for the generation of mature
thymocytes results in T-cell lymphopenia and increased suscep-
tibility to infection in patients with DiGeorge syndrome. Other
clinical symptoms of this syndrome include congenital heart
disease, hypoparathyroidism, developmental retardation, and an
increased prevalence of autoimmune disease (3-7).

The immune system has been studied thoroughly in DiGeorge
syndrome, with a specific focus on T cells and their development.
While only 1.5% of patients present with complete DiGeorge
syndrome and suffer from life-threatening severe T-cell lympho-
penia (8), even patients with partial DiGeorge syndrome show
T-cell lymphopenia and decrease of thymic output with low naive
T cells, recent thymic emigrant T cells reflected by low number
of T-cell receptor excission circles (4, 9, 10). The impaired T-cell
development is further shown to cause oligoclonality within
the T-cell compartment (11). Taken together with information
on the humoral immune compartment in DiGeorge syndrome
patients, including impaired response to vaccination, hypogam-
maglobulinemia (12, 13), and dysfunctional maturation of B-cells
(4, 14, 15), these findings reflect the dysregulation of T-B-cell
interactions in DiGeorge syndrome.

The principal subset of T cells crucial for the proper develop-
ment of germinal center response, B-cell class-switching, and
establishment of humoral memory are the follicular helper
T cells. These cells are characterized by expression of chemokine
receptor CXCR5, which allows their homing along the CXCL13
chemokine gradient produced mainly by follicular dendritic
cells in germinal centers (16), thus ensuring their temporospa-
tial colocalization with naive B cells during the germinal center
response to antigen. TFH cells produce IL-21 and express B-cell
costimulatory molecules such as ICOSL, CD40L, and others,
which promote B-cell proliferation, affinity maturation, and
class-switching (17). While TFHs are mostly present in the sec-
ondary lymphoid organs, the peripheral blood contains a small
population of cells that are generally accepted to be the circulat-
ing counterparts of TFH cells [thus circulating follicular helper
T cells (cTFHs)] (18, 19). Numerous phenotypic characteristics
have been proposed and used, generally including memory
marker CD45RO or the absence of CD45RA, the chemokine
receptors CXCR5, CCR6, CXCR3, activation/costimulation mol-
ecules PD1 and ICOS or the transcription factor Bcl-6. Similarly
to changing proportions of naive vs memory and other T-cell
subsets during an individual’s life (20), the amount and quality of
cTFHs is likely to change over time and has already been shown
to decrease in the elderly (21).

There have been several reports describing cTFHs in various
primary immunodeficiencies (22-24), but limited information is
available on ¢TFHs in patients with DiGeorge syndrome, even
though the combination of dysregulated T-cell development,
impsaired humoral immunity, and immune dysregulation makes
this syndrome a prime candidate for evaluation of cTFH cells.
An earlier report by Derfalvi et al. found increased percentage of
CXCR5'ICOS* CD4 T cells in DiGeorge syndrome patients both
below 17 years of age and adults (25). However, no further age-
specific resolution was provided or clinical correlation discussed.
We, therefore, investigated the cTFH population in pediatric
patients with partial DiGeorge syndrome.

MATERIALS AND METHODS

Patients

We present the results of 17 patients with partial DiGeorge
syndrome (age 0.5-21 years, mean 7.6 years, 12 females, 5
males), compared to 21 healthy controls (age 0.1-22 years, mean
11.6 years, 9 females, 12 males). Basic patient data are summa-
rized in Table 1. All of the patients harbor a del22q11.2 deletion
verified through multicolor fluorescent in situ hybridization
using the DiGeorge/VCFS TUPLE 1/22q Deletion Syndrome
LPU004 probe (Cytocell, Cambridge, UK), and at the time of
diagnosis, they fulfilled the ESID diagnostic criteria for DiGeorge
syndrome. This study was carried out in accordance with the rec-
ommendations of the Ethical Committee of the second Faculty of
Medicine, Charles University in Prague and University Hospital
in Motol, Czech Republic. The protocol was approved by the
Ethical Committee. All subjects gave written informed consent
in accordance with the Declaration of Helsinki.

Flow Cytometry

Peripheral blood was taken as part of other routine investiga-
tions into EDTA-coated tubes, peripheral blood mononuclear
cells were isolated using Ficoll-Paque gradient and stained with
anti-CD3 Alexa Fluor 700 (clone MEM-57), anti-CD4 Pacific
Blue (clone MEM-241, both from Exbio, Czech Republic),
anti-CD45RA PE-Cy7 (clone HI100), anti-CXCR5 Alexa Fluor
488 (clone J252D4), anti-PD1 APC (clone EH12.2H7, all from
BioLegend, San Diego, CA, USA), and anti-ICOS PE (clone ISA-3,
ThermoFisher, MA, USA). Data were acquired on BD FACSAria
II cytometer (BD Biosciences, USA) and analyzed using Flow]Jo
VX (FlowJo, LLC, USA) and GraphPad Prism 6 (GraphPad
Software, USA). Gating strategy is shown in Figure 1A.

RESULTS

Patients with DiGeorge Syndrome Have
High Memory CD4* T-Cells due to
Comparative Decrease of Naive CD4+
T-Cells

Our cohort of DiGeorge syndrome patients has typically low
absolute T cell lymphopenia, which becomes less pronounced
with age (Figure 1A). Reflecting this finding and we also observe
low absolute memory CD4" T cells (Figure 1B); however, the
low thymic output of naive T celly compartment (Figures 1C,D).
This increase starts already at birth, remains constant throughout
childhood s as shown by other groups (4, 9) results in relative
increase of the memorand adolescence, and is highly significant
(linear regression intercept p = 0.0002, slope p = 0.54) (Figure 1C).

cTFHs Are Expanded in DiGeorge
Syndrome

To correct for the relative increase of memory CD4* T cells in
DiGeorge, we compared the percentages of CXCR5" memory
CD4* T cells (cTFHs) of all memory CD4* T cells (gating strategy
shown in Figure 2A). We found that patients with DiGeorge
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TABLE 1 | Cohort characteristics.

Patient ID Age Lymphocytes CD3 (% of CD3 CD4 (% of CD4 IgG (g9/) I1gM (g/) Thrombocytopenia Allergy SwM B cells

(years) (x10%/1) lympho) (x10%/1) lympho) (x10%/1) (% of
B cells)

Patient 1 0.2 8.32 34 2.83 12 1.00 2.47 0.30 No No NA
Patient 2 0.6 1.84 19 0.35 15 0.28 6.64 0.38 No No NA
Patient 3 1.6 5.32 67 3.56 28 1.49 9.56 0.59 No No NA
Patient 4 1.6 1.91 62 1.18 45 0.86 3.98 0.51 Yes No NA
Patient 5 3.5 2.10 53 1.1 34 0.71 12.6 0.28 No No 8.4
Patient 6 4.5 NA 45 NA 23 NA 1.1 0.78 No No NA
Patient 7 5.2 3.49 54 1.88 34 1.19 7.55 0.22 No No 1.7
Patient 8 5.3 2.67 51 1.36 27 0.72 1.2 0.59 No No 6.6
Patient 9 55 2.55 72 1.84 43 1.10 9.77 0.83 No Yes NA
Patient 10 5.6 5.63 73 4.11 33 1.86 1.5 0.62 No No 10.7
Patient 11 7.0 1.90 40 0.76 22 0.42 9.55 0.65 No No 5.6
Patient 12 10.5 1.78 62 1.10 34 0.61 12.4 0.88 No No 14.2
Patient 13 1.0 2.77 58 1.61 26 0.72 1.7 1.1 Yes No 6.7
Patient 14 13.0 1.89 60 113 44 0.83 9.93 0.58 Yes Yes 9.9
Patient 15 14.5 1.68 67 1.13 40 0.67 17.7 1.62 Yes Yes NA
Patient 16 19.5 1.57 71 1.1 43 0.68 10.1 0.41 No Yes 1.6
Patient 17 20.5 2.01 61 1.23 45 0.90 20.2 3.03 Yes No 13.3

Table describing patients with DiGeorge syndrome included in this studly, including basic laboratory and clinical data.
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FIGURE 1 | Memory CD4+* T cells. (A) Absolute T cell numbers and (B) absolute memory CD4+ T cell numbers in patients with DiGeorge syndrome, compared to
published healthy reference values (20), shown as mean and 90% range. (C) Proportion of memory CD4+ T cells of all CD4* T cells compared to age, shown with
linear regression trendlines and (D) divided into several age groups.

syndrome have significantly elevated proportion of cTFH within However, whereas this proportion increased with age in healthy
the memory compartment compared to healthy controls (Welch’s ~ controls (linear regression, p = 0.01, R* = 0.29) (Figure 2C),
t-test, p = 0.02) (Figure 2B). there was no significant increase of cTFH/memory CD4* T cell
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FIGURE 2 | Gating strategy, circulating follicular helper T cells (cTFHs), and CXCR5 expression (A) Gating strategy of CD45RA- (memory) CD4* T cells and
CD45RA-CXCR5* (cTFH) CD4+ T cells. (B) Proportion of cTFH in memory CD4+ T cells in DiGeorge syndrome patients and healthy controls shown in summary (lines denote
mean + SD) and (C) as development over time with linear regression trendlines. (D) Expression of CXCR5 on cTFHs over time (lines denote linear regression trendlines).

proportion over time in DiGeorge patients (linear regression,
p=0.69, R*=0.01) (Figure 2C). This trend is further corroborated
by gradual increase of CXCR5 expression on ¢TFHs in healthy
patients (linear regression, p = 0.0001, R* = 0.54) but not DiGeorge
patients (linear regression, p = 0.68, R* = 0.01) (Figure 2D).

cTFH Are Not Markers of Humoral Immune

Dysregulation in DiGeorge Syndrome

In order to evaluate whether ¢TFH population reflects the
humoral immune dysregulation seen in patients with DiGeorge
syndrome, we compared it to serum IgG levels, switched memory
B cells, thrombocytopenia, and allergy.

2/17 patients (12%) in our cohort suffered from hypogamma-
globulinaemia (Patients 1 and 4), but hypergammaglobulinemia
is seen in 7/17 patients (41%) (Patients 5, 6, 8, 10, 12, 15, and 17).
However, we observed no correlation between the elevated
cTFHs seen in Figure 2B and serum IgG levels (linear regression,
p=0.19, R* =0.11) (Figure 3A).

Similarly, despite the observed elevated cTFHs, there is a block
in B cell maturation with low class-switched memory B cells in
DiGeorge syndrome (11, 14). We compared cTFH numbers with
switched memory B cells measured as part of previous investiga-
tions (0-2 years prior to evaluation of cTFH counts) (14), but saw
no correlation (Figure 3B) (linear regression, p = 0.44, R* =0.10).

To investigate the influence of cTFHs on clinical phenotype of
patients, we compared ¢cTFH numbers in patients with/without
thrombocytopenia (Figure 3C)—the most commonly seen
autoimmune complication in DiGeorge syndrome—and with/
without allergy (Figure 3D). There was no difference in cTFHs

between these cohorts, suggesting that ¢TFHs are not good
markers of autoimmunity, allergy, or dysgammaglobulinemia in
patients with DiGeorge syndrome.

Expression of PD1 and ICOS Is Preserved

on cTFHs of DiGeorge Syndrome Patients
The phenotypic and functional identity of cTFHs has been pre-
viously characterized using the extended surface expression of
important surface molecules, such as the inhibitory checkpoint-
molecule PD1 (26) and the costimulatory receptor ICOS (27, 28).
We, therefore, evaluated the surface expression of PD1 and ICOS
on cTFHs in DiGeorge patients compared to healthy controls,
but saw no significant difference (multiple t-tests with Benjamini
FDR approach, PD1 p = 0.57, ICOS p = 0.22) (Figure 4A).

PD1 and ICOS Expression

Two healthy and three DiGeorge outliers with very high PD1
and ICOS expression on cTFHs can be seen in the summary data
(Figure 4A). These are very young (<2 years old) patients and
controls. Observing this trend, we evaluated the development
of PD1 and ICOS expression in DiGeorge patients and healthy
controls with age.

We observed a significant decrease of PD1 expression on
cTFHs (linear regression, p = 0.01, R* = 0.78) (Figure 4B), but
not CXCR5~ memory CD4* T cells (Figure 4C) or CD4~ T cells
(Figure 4D) in the first 5 years of life in patients with DiGeorge
syndrome. This trend seems to be similar in healthy controls, but
is not significant, possibly due to low number of samples (n = 3)
and, therefore, low statistical power.
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PD1 expression further decreases later in life on cTFHs (linear
regression, p = 0.04, R* = 0.37) (Figure 4B), but not CXCR5~
memory CD4* T cells (Figure 4C) and CD4~ T cells (Figure 4D)
in DiGeorge syndrome. In healthy controls, there is no subse-
quent decrease in cTFHs, but on the contrary, there is significant
increase of PD1 expression later in life on both CXCR5™ memory
CD4" T cells (linear regression, p = 0.01, R* = 0.29) and CD4~
T cells (linear regression, p = 0.0003, R* = 0.56), which is not
present in DiGeorge patients.

There are no significant changes in ICOS expression on any
measured T cell population of DiGeorge syndrome patients
(Figures 4F-H). In healthy controls, however, there is a highly
significant gradual increase of ICOS expression on CD4~ T cells in
children older than 5 years. There seems to be a trend similar to the
sharp PD1 decrease in first 5 years of life on ¢cTFHs and CXCR5~
memory CD4" T cells in healthy controls, but it is not significant.

We verified the observed strong decline of PD1 expression
on cTFHs cells during the first 5 years of life on paired samples
obtained from two DiGeorge syndrome patients on two conse-
quent visits (Figure 4E).

DISCUSSION

We explore in this manuscript the presence and phenotype of TFH
cells in the context of thymic pathology in patients with DiGeorge

syndrome. As our understanding of the immune system grows
more detailed, valuable opportunities present themselves at times
to elucidate facets of long-known diseases that were not fully
understood when those diseases were first described. One such
opportunity was the description of the circulating population of
follicular helper-like T-cells, which express the chemokine recep-
tor CXCR5 and show functionally and transcriptionally distinct
properties.

The inability of immune system in DiGeorge syndrome to
produce naive T-cells in normal quantities has been recognized
for along time and is believed to result from thymic dysplasia. We
corroborate these findings on our cohort of pediatric DiGeorge
syndrome patients, showing that there is a relative, but not abso-
lute expansion of mature T-cells.

Circulating follicular helper T cells have already been studied
in several primary immunodeficiencies, especially with emphasis
on T cell B cell cooperation. For example, patients with hyper-
IgM syndrome due to CD40L deficiency had low cTFHs (23, 29).
The importance of B cells for cTFH generation was also shown
in patients with BTK deficiency, who also had low ¢TFHs (30).
Finally, the influence of cTFH on immune system dysregulation
was also shown in CVID patients, who suffer from impaired
antibody production and low-switched memory B cells, and in
whom, elevated Th1 subset of cTFHs was associated with com-
plicated course of the disease (24).

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1730


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Klocperk et al.

Follicular Helper T Cells in DiGeorge Syndrome

A 800
600 o
° ° °
T ° e diGeorge
= 400 o . o Healthy
o
LR
200{ o N . oL o
T =B
L]
" o ':. .
N )
Q O
< X
B 600
— 400
TS e diGeorge
ﬁ 3 —diGeorge
°s o Healthy
200 -- Healthy
e
*
0
[} 10 20
Age
[years]
(o]
» 250
7]
(3] [
b=
=
%E o diGeorge
= —diGeorge
EQ o Healthy
g -- Healthy
io
14
&)
X
© o
0 10 20
Age
[years]
D 150
(7] [ ]
% o 100! o O x
o= * .- ediGeorge
Y B P d 0 O o © —diGeorge
é o . . o o ©Healthy
o o B -- Healthy
Pe e® O ° o °
& o
[ ]
0
0 5 10 15 20
Age
[years]

FIGURE 4 | Continued

cTFH

CXCR5 memory CD4* T cells @

=

CD4 T cells

e Patient 1 cTFH
600 o Patient 1 CD4" T cells
= Patient 4 cTFH
o Patient 4 CD4- T cells
T 400
=
é .\-
200
G--ee.
""""""" o) @---cccecceeeaafl
0.0 0.5 1.0 15 2.0
Age
[years]
800
600{o
z P
= o diGeorge
&g 400 - diGeorge
o o Healthy
-- Healthy
200 )
0
600
o
T 400{", .o
= | e diGeorge
8 - diGeorge
o o © Healthy
__ -~ Healthy
]
150
[ ]
T 100
= e ° 0o * e diGeorge
fa b . 0.7, —diGeorge
8 o °,.°o"' ®  oHealthy
~ 50 \: i -- Healthy
(o}
0 L]
0 10 20
Age
[years]

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1730



https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Klocperk et al.

Follicular Helper T Cells in DiGeorge Syndrome

FIGURE 4 | PD1 and ICOS expression on circulating follicular helper T cells (cTFH), CXCR5- memory CD4+ T cells, and CD4~ T cells. (A) Summary graph showing
PD1 and ICOS expression on cTFHs of DiGeorge patients and healthy controls. (B) Expression of PD1 on cTFHSs, (C) CXCR5- memory CD4* T cells, and (D)
CD4- T cells with linear regression trendlines. * denotes significant correlation. (E) Change in PD1 expression over time on paired samples from two patients with
DiGeorge syndrome on two consequent visits. (F) Expression of ICOS on cTFHs, (G) CXCR5~ memory CD4+ T cells, and (H) CD4- T cells with linear regression

trendlines. * denotes significant correlation.

However, we show here elevated cTFHs in patients with
thymic pathology as part of the DiGeorge syndrome, a finding
previously heralded by Derfalvi et al. who also observed elevated
bulk and activated cTFHs in DiGeorge syndrome patients (25).
Similar trend of elevated cTFH counts was also shown in CVID
patients with low-switched memory B-cells (31), and in the
context of autoimmune disease such as systemic lupus erythema-
tosus (32), Sjogren’s syndrome (33), or rheumatoid arthritis (34).
Patients with DiGeorge syndrome also exhibit low class-switched
memory B cells as we have shown previously (14); however, in our
cohort, we saw no correlation between switched memory B cells
and cTFHs, which was also not observed by Derfalvi. While we
have not observed any difference in ¢TFHs between patients
with and without history of autoimmune thrombocytopenia, the
size of our cohort and lack of patients with other autoimmune
complications precludes far-reaching conclusions at this point.

While there have been reports of hypogammaglobulinemia in
patients with DiGeorge syndrome (12, 13, 35), which would be
expected due to the lack of switched memory B cells, we have
shown previously and again in this manuscript that there is a
trend toward humoral immune dysregulation and hypergamma-
globulinemia in DiGeorge syndrome, especially in adolescents.
Although the increased numbers of cTFHs present one possible
explanation, we found no correlation between serum IgG levels
and ¢TFH numbers. Such correlation has been shown in the
literature for some specific diseases such as IgG4-related disease
(36) or rheumatoid arthritis (37), but is otherwise not widely
observed, which might reflect the more complex nature of anti-
body production regulation.

We thus propose that ¢TFHs are present in patients with
DiGeorge syndrome but are dysfunctional in their control and
regulation of germinal center response, a hypothesis supported by
the observed hypergammaglobulinemia and increased prevalence
of autoimmune complications in DiGeorge syndrome and also in
our cohort. Thymic dysplasia with loss of central tolerance may lead
to production of autoreactive cTFHs resulting in autoimmune com-
plications. Homeostatic proliferation of naive T cells early in life that
has been shown in DiGeorge syndrome (38) may also contribute
to the relative expansion of cTFHs, a hypothesis supported by our
finding of gradual increase of CXCR5 expression in healthy, but not
DiGeorge cTFHs over time, which would indicate early expansion,
but impaired long-term maturation of the cTFH compartment.

Finally, we provide data on the changes of PD1 and ICOS expres-
sion on various T cell subsets, including cTFH, over time. PD1 is
a molecule that has enjoyed a dramatic increase in popularity in
recent years, with the advent of checkpoint-blockade treatments
in various cancers and with central role in CD8 T-cell exhaustion
investigated primarily in chronic viral infections. While much
has been documented about the expression of PD1 on cells in
adults, there is little to no information available on its expression

pattern during childhood. We observed a strongly increased
expression of PD1 on c¢TFHs, and to lesser extent also CXCR5~
memory CD4* T cells, in infants in both DiGeorge syndrome
patients and healthy controls. We then show a much slower and
gradual increase of PD1 expression in CXCR5™ memory CD4*
T cells and CD4~ T cells in healthy controls, but not DiGeorge
syndrome patients, in older childhood and adolescence.

The trend of gradual PD1 expression increase has also been
observed in murine CD4* T cells (39) and CD8" T cells (40).
High levels of PD1 have also been reported in human neonatal
Vdelta2 T cells (41), as well as cord blood Tregs (42). The exact
impact of PD1 expression on the function of ¢cTFHs is unclear,
however, with both increased (21) and decreased (21) humoral
immune response recorded in models with attenuated PD1/
PD1L interaction. Interestingly, in their study Derfalvi et al. show
increased percentage of CXCR5TCCR7“PD1" activated cTFH
CD4 T cells in both pediatric and adult DiGeorge syndrome
patients. Considering the fact that we did not observe increased
PD1 expression on DiGeorge cTFHs compared to controls, this
finding by Derfalvi et al. may be attributed to higher proportion
of bulk cTFHs in CD4 T cells.

In summary, we present here novel information on cTFHs in
patients with thymic pathology and primary immunodeficiency
underlying DiGeorge syndrome and provide first data on the
change in PD1 and ICOS expression on ¢TFHs and other T cell
subsets during childhood. Our work proposes new challenges for
investigation in patients with primary immunodeficiency, which
could lead to better understanding of the function of ¢cTFHs, as
well as temporal development of PD1 and ICOS expression.
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