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Abstract

Background: Dyskeratosis congenita (DC) is a syndrome resulting from defective
telomere maintenance. Immunodeficiency associated with DC can cause significant
morbidity and lead to premature mortality, but the immunological characteristics
and molecular hallmark of DC patients, especially young patients, have not been de-
scribed in detail.

Methods: We summarize the clinical data of two juvenile patients with DC. Gene
mutations were identified by whole-exome and direct sequencing. Swiss-PdbViewer
was used to predict the pathogenicity of identified mutations. The relative telomere
length was determined by QPCR, and a comprehensive analysis of lymphocyte sub-
sets and CD57 expression was performed by flow cytometry.

Results: Both patients showed typical features of DC without severe infection. In
addition, patient 1 (P1) was diagnosed with Hoyeraal-Hreidarsson syndrome due to
cerebellar hypoplasia. Gene sequencing showed P1 had a compound heterozygous
mutation (c.204G > T and c.178-245del) in PARN and P2 had a novel hemizygous mu-
tation in DKC1 (c.1051A > G). Lymphocyte subset analysis showed B and NK cytope-
nia, an inverted CD4:CDS8 ratio, and decreased naive CD4 and CD8 cells. A significant
increase in CD21'°% B cells and skewed numbers of helper T cells (Th), regulatory T
cells (Treg), follicular regulatory T cells (Tfr), and follicular helper T cells (Tfh) were
also detected. Short telomere lengths, increased CD57 expression, and an expansion
of CD8 effector memory T cells re-expressing CD45RA (TEMRA) were also found in
both patients.

Conclusion: Unique immunologic abnormalities, CD8 T-cell senescence, and short-
ened telomere together as a hallmark occur in young DC patients before progression

to severe disease.
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1 | BACKGROUND

Dyskeratosis congenita (DC), a telomere disorder, is characterized
by the classic triad of dysplastic nails, abnormal skin pigmentation,
and oral leukoplakia.l It was first described by Zinsser in 1906.
Subsequent detailed confirmation by Engman in 1926 and Cole
in 1930° led to its designation as Zinsser-Engman-Cole syndrome.
Patients with DC with extremely short telomeres (<1st percentile
according to age) are at an increased risk of bone marrow failure
(pancytopenia), pulmonary fibrosis, malignancy, and other medical
problems. Hoyeraal-Hreidarsson syndrome (HHS) is a clinically se-
vere variant of DC that typically presents early in childhood with
cerebellar hypoplasia,*® immunodeficiency, progressive bone mar-
row failure, and intrauterine growth retardation (IUGR).® In recent
years, pathogenic germline mutations associated with DC and re-
lated disorders have been identified in at least 14 different telomere
biology genes.”® Mutations in DKC1 occur with a relatively high
frequency in patients with the classical DC phenotype. Pathogenic
variants of PARN are also known to cause telomere shortening and
result in DC. Autosomal recessive inheritance of PARN variants was
reported in 2015 and is extremely rare, with less than ten cases re-
ported. Autosomal dominant inheritance of pathogenic variants of
PARN can present as pulmonary fibrosis and/or bone marrow fail-
ure. Thirty percent of all DC patients continue to be genetically
uncharacterized.!!

Immunodeficiency is a major clinical feature of DC that can lead
to significant morbidity and premature mortality. Lymphocytes are
highly proliferative and are therefore particularly vulnerable to a de-
crease in telomerase activity. B and NK cells have been reported to
be decreased in DC patients.lz’13 However, no detailed immunophe-
notyping has been performed in patients with DC.

2 | MATERIALS AND METHODS
2.1 | Human subjects

Both patients were under treatment at the Children's Hospital of
Chongging Medical University. Clinical data were collected during
patient visits. In addition, healthy controls were recruited. All re-
search studies were approved by the Medical Ethics Committee of

the Children's Hospital of Chongging Medical University.

2.2 | Telomere length assessment and
mutation analysis

Genomic DNA was isolated from whole blood using the QlAamp
DNA mini kit (Qiagen Inc) according to the manufacturer's instruc-
tions. Total RNA was isolated from peripheral blood mononuclear
cells (PBMCs) using the AxyPrep blood total RNA miniprep kit
(Axygen Biosciences), and cDNA was synthesized using the EvoScript
Universal cDNA Master (Roche). The relative telomere length (RTL)

was measured from DNA from PBMCs using quantitative multi-
plex real-time polymerase chain reaction (QPCR), as previously de-
scribed.™ In-house reference values were obtained from PBMCs of
age-matched healthy donors. The RTL was calculated as the median
from at least three independent runs. Whole-exome sequencing
(WES) and direct sequencing were used to detect mutant sites, and
the resulting protein structures were analyzed with Swiss-Model and
Swiss-PdbViewer!>® based on the crystal structure of the protein
database molecule 2als for PARN and 3uai for DKC1. Phylogenetic

conversation was assessed using Bioedit.

2.3 | Flow cytometry analysis of
lymphocyte subsets

2.3.1 | Immunophenotyping

Lymphocyte subsets were analyzed as previously described.’” After
red blood cell lysis, cells were detected on a FACSCanto Il flow cy-
tometer (BD Biosciences). T cells (CD3") and the following T-cell
subsets were examined: naive differentiated helper T lymphocytes
(CD4 naive; CD3*CD4*CD45RA*CD27"), central memory helper T
lymphocytes (CD4 CM; CD3*CD4*CD45RA CD27"), effector mem-
ory helper T lymphocytes (CD4 EM; CD3*CD4"CD45RA CD27"),
terminally differentiated effector memory helper T lymphocytes
(CD4 TEMRA; CD3'CD4'CD45RA*CD27), naive differentiated
cytotoxic T lymphocytes (CD8 naive; CD3*CD8*CD45RACD27"),
memory cytotoxic T lymphocytes (CD8 CM;
CD3*CD8*CD45RACD27"), effector memory cytotoxic T lym-
phocytes (CD8 EM; CD3*CD8'CD45RA™CD277), terminally dif-
ferentiated effector memory cytotoxic T lymphocytes (CD8
TEMRA; CD3'CD8'CD45RA'CD277), TCRyS T Iymphocytes
(CD3*TCRy8"), and TCRap + double-negative T lymphocytes
(TCRap + DNT: CD3*CD4 CD8 TCRap TCRyS"). B cells (CD19") and
the following B-cell subsets were detected: switched memory B cells
(CD19*CD27"1gD), naive B cells (CD19*CD27 1gD"), transitional B
cells (CD19*CD38*CD24"), and plasmablasts (CD19*CD38*CD24").

central

2.3.2 | B-cell subsets

The analysis of B-cell subsets was performed as described else-
where, 3% with slight modifications. Isolated PBMCs were incubated
with anti-human CD19 (PerCP-Cy5.5), anti-human CD21 (PE), anti-hu-
man CD27 (PE-Cy7), anti-human CD38 (PB), anti-human IgD (BV510),
and anti-human IgM (APC) for 30 minutes on ice. After washing, cells

were detected on a FACSCanto Il flow cytometer (BD Biosciences).

2.3.3 | CD4 + T-cell subsets

Human regulatory T cells (Tregs), follicular helper T cells (Tfh), and

follicular regulatory T cells (Tfr) were detected by flow cytometry
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as previously described.?®?! For analysis of Treg, isolated PBMCs
were incubated with anti-human CD4 (PE-Cy7) and anti-human
CD25 (BV421) antibodies for 30 minutes at 20°C, and then fixed
and permeabilized using the eBioscience Intracellular Fixation and
Permeabilization kit (Thermo Fisher Scientific). Cells were then in-
cubated with anti-human FoxP3 (PE), anti-human CD152 (APC),
and anti-human Helios (PerCP-Cy5.5) antibodies for 30 minutes at
20°C. The cells were then analyzed on a FACSCalibur flow cytom-

eter. For analysis of Tfh, whole blood was stained with anti-human

TABLE 1 Clinical phenotype

P1 P2
Age 7y10m 7y5m
Gender M M
Abnormal nails * *
Skin pigmentation * *
Oral leukoplakia * *
Microcephaly * *
Cerebellar hypoplasia * /

+ +

Developmental delay
Pulmonary fibrosis - -

HB: 25g4,, PLT:
10-30 x 107LJ,

Hematological diseases PLT:

40-60 x 10°/L]
Severe enteropathy - -
Malignancy = =
Immunoglobulin IgET, IgM ] IgAT

Abbreviations: HB, hemoglobin (N:120-160g); PLT, blood platelet (N:
100-300 x 107/L).

CD3 (PerCP), anti-human CD4 (PE-Cy7), anti-human CXCR5 (BV421),
anti-human CD45RO (APC), anti-human programmed cell death-1
(PD-1; FITC), and anti-human inducible T-cell co-stimulator (ICOS;
PE). For analysis of Tfr, whole blood was stained with anti-human
CD3 (PerCP), anti-human CD4 (PE-Cy7), anti-human CXCR5 (BV421),
anti-human CD45RA (APC), anti-human CD127 (PE), and anti-human
CD25 (APC). For analysis of Th subsets, whole blood was stained
with anti-human CD3 (PerCP), anti-human CD4 (PE-Cy7), anti-
human CXCR5 (BV421), anti-human CD45RA (APC), anti-human
CXCRS3 (APC), and anti-human CCRé6 (PE). After red blood cell lysis,
cells were washed and detected on a FACSCantoll flow cytometer,
and data were analyzed using FlowJo software (Tree Star, Ashland,
OR, USA).

2.4 | Analysis of CD57 expression

The expression of CD57 in T cells was also analyzed by flow cy-
tometry.?? Isolated PBMCs were incubated with anti-human CD4
(PE-Cy7), anti-human CD8 (BV421), and anti-human CD57 (FITC)
for 30 minutes on ice. After washing, cells were detected on a
FACSCanto Il flow cytometer.

2.5 | Statistical analysis

The data were shown as mean + standard deviation (SD), and
Student's t test was used to determine the statistical significance of

telomere length. Three independent experiments were performed.

P < .05 was statistically considered significant.

©

FIGURE 1 Clinical features of DC patients. A,B Oral lesions, dysplastic nails, abnormal skin pigmentation, and cerebellar hypoplasia
(arrow) of P1. C, Oral leukoplakia, dysplastic nails, and abnormal skin pigmentation of P2
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FIGURE 2 Relative telomere lengths (RTL). RTL were measured in the PBMCs of P1, P2 (A) and the parents of P1 (B, C) using gPCR, and
were compared with age-matched, healthy controls (HC). *P < .05, **P < .01, ***P < .001, by two-tailed t test

3 | RESULTS
3.1 | Clinical phenotype and history of DC patients

The clinical characteristics of the two patients evaluated in this
study are summarized in Table 1. P1 was born at term to healthy
non-consanguineous parents from China and was delivered by
Cesarean section at full term, weighing 2.5 kg and was vaccinated
at birth with BCG without adverse effects. He initially developed
oral lesions at the age of 2 years. Nail dystrophy and skin pigmenta-
tion were first documented at age 3 and 7, respectively (Figure 1A).
At 5 years of age, the patient was found to have persistent throm-
bocytopenia (50 x 10%/L), high IgE titers (2500-3500 IU/mL), B/NK
cell lymphopenia, and transient Epstein-Barr viremia without clinic
manifestation. In addition, the manifestation of cerebellar dysplasia
(Figure 1B), microcephaly, and growth retardation led to the clinical
diagnosis of HHS.

P2 was born to non-consanguineous parents with an uneventful
family history and had a healthy older sister. Post-natal development
was normal and was vaccinated with no adverse effects. The pa-

tient was referred to us for pancytopenia with petechia at the age of

7 years. At the same time, the patient was found to have the classical
triad of DC symptoms (Figure 1C), but the onset of the symptoms is
unknown. Further investigation of bone marrow cytology indicated
aplastic anemia. As in P1, microcephaly and growth retardation were
also found. Moreover, the patient was diagnosed with a fungal in-
fection of the skin. After treatment with erythrocyte and platelet
infusion, the patient's erythrocyte and platelet count increased, but

did not return to normal levels.

3.2 | Severe telomere shortening and computational
analysis of mutations

Both patients and the parents of P1 exhibited short telomeres
(compared with age-matched controls respectively), as measured
by qPCR of PBMCs (P < .001 in patients and P1's mother, P < .01
in P1's father) (Figure 2). WES analysis revealed a heterozygous
mutation in exon4 of PARN (NM_ 002582) c.204G > T (p.Q68H)
in P1 inherited from his mother. This mutation is located in the
B-fold region of PARN (Figure 3A), predicted to lead to the loss of a

hydrogen bond in the protein structure and is highly conserved in
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N} B) PARN WT PARN p.Q68H
©
PARN p.K59fs*6
NDI R3H ND2 RRM NLS CTD
1 l 176 250 445 520 639
p.K59fs*6
D) (B) DKC1 WT DKCI1 p.T351A

®) G)
Q68 351

Human KHSMDFLLFOQFGLCTFKY Human EAICMAITALMT[TIAVISTC
Cattle KHSMDFLLFQFGLCTFKY Cattle EAICMAITALMT[ITAVISTC
Norway Rat KHSMDFLLFOQFGLCAFKY Mouse EAICMAITALMT|ITAVISTC
Mouse KHSMDFLLFQFGLCAFKY Norway Rat EAVCVAIALMT[TIAVISTC
Dog KHSMDFLLFQFGLCTFKY Dog EAICMAIALMTITAVISTC
Bat KHSMDFLLFIQFGLCTFKY Bat EAICTATALMT[TAVISTC
Gibbon KHSMDFLLFQFGLCTFKY Gibbon EAICMAITALMT[TIAVISTC
Hamster KHSMDFLLFIQFGLCAFKY Hamster EAICMAIALMTITAVISTC
Horse KHSMDFLLFQFGLCAFKY Horse EAICMATALMT[TIAVISTC
Macaque KISMDFLLFQFGLCTFKY Macaque EAICMAITALMT[TAVISTC
Naked Mode Rat KHSMDFLLFQFGLCTFKY Naked Mode Rat EAICMATALMT|[TAVISTC
Panda KHSMDFLLF|QFGLCAFKY Panda EAICMAITALMT[ITAVISTC
Elephant KHSMDFYLFIQFGLCTFKY Elephant EAICVAIALMT[TIAVISTC
Oppossum KHSMDFLLFQFGLCTFKY Oppossum EAICMAITALMTITAVISTC
Tasmanian devil KHSMDFLLFQFGLCTFKY Tasmaniandevil EAICVATALMT|[TAVISTC

FIGURE 3 Structure prediction and evolutionary conservation of mutations. A, The mutated amino acid (p.Q68H) of PARN is predicted to
be located in a p-sheet of a f-meander motif by Swiss-Model based on template. B, The structural impact of the Q68H variant was analyzed
using template 2als from Protein Databank (PDB). Residue 68 and nearby residues within associated H-bonds were modeled in wild-type
(WT) and variant PARN using Swiss-PbdViewer. C, Comparing with WT protein structure of PARN in (A), this deletion mutation causes a
dramatical change. A linear diagram of the PARN protein shows only partial ND1 of PARN left. D, The mutated amino acid (p.T351A) of DKC1
is predicted to be located between a -sheet and an a-helix by Swiss-Model. E, The structural impact of the T351A mutation was analyzed
using template 3uai from PDB. The analytical method is the same as in (B). Computed hydrogen bonds are shown as green dashed lines. F,
p.68Q and (G) p.351T are highly conserved across 14 species
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all 14 species (Figure 3B,F). The pathogenicity of the biallele muta-
tion at this locus has been demonstrated in a Hoyeraal-Hreidarsson
patient reported by Benyelles.?® Considering P1 also showed the
manifestations of Hoyeraal-Hreidarsson syndrome, we performed
direct sequencing of the full PARN coding sequence in P1 and his
parents. After that, a deletion of exon 4 (c.178-245del) was found
in P1 (Figure 4), resulting in a frameshift deletion and a premature
stop codon (p.K59fs*6), which cause only partial ND1(N-terminal
nuclease domains 2) of PARN left and is predicted to make a dra-
matical change in the protein structure(Figure 3C). In addition, P2
showed a variant, c.1051A > G (p.T351A), in exon 11 of the DKC1
gene (NM_001363) by whole-exome sequencing, which has not
been reported before. The variant is located at the C-terminal re-
gion of the helix structure of DKC1 and is predicted to result in the
loss of two hydrogen bonds (Figure 3D,E). This mutation affects the
region with a very high degree of homology and conservation in all

14 species (Figure 3G).

Fathel‘ A, 6 C TTAAAAAGCSATTT CTCATG G

Mother .G C TTAAALAAAGCATT TCCATGEG

nmmmnnmnumhnnmm

3.3 | Immunological findings
3.3.1 | Analysis of lymphocyte subsets

Both patients showed an increased frequency of T cells but a de-
creased frequency of B cells and NK cells, and a skewed ratio of
CD4 to CD8 T cells. Among T cells, the frequency of CD8 cells in P1
was increased, mainly due to a dramatic increase in the frequency
of TEMRA and CD8 CM, while the relative abundance of naive
CD8 T cells was decreased. The frequencies of total CD4 cells and
naive CD4 cells were decreased, but the proportions of CD4 CM,
EM, and TEMRA among total CD4 T cells were all increased. Like
P1, P2 showed an increase in the proportion of CD8 cells, mainly
due to anincrease in CD8 TEMRA, CM, and EM, and the proportion
of naive CD8 cells was also decreased. Although the proportion of
CD4 TEMRA was increased, the frequency of total CD4 cells was

normal. In addition, the proportion of y8T cells in P2 was also slightly

ACTTTTT GC TATTITCALG TTTG GCC.T

&G 3 ET T K A DY Gl X YL G 6CE X

c.204 G>T

W

Patient 4 6 C TTA A& A)a 4 A 6 GTTTIJC CA2 T G GG A2 C TTTTT GC TA T TCTTTSG T|J6 66CC

“hm ﬂ‘ Mh‘l“ﬂ /x\MMM/mm |

+ 6 C T T A A A A4 G GTATATA A C G TTGCTATTTU CATTTTG GCCTT

“ @ c.178-245 del 7 €204 G>T 1 n

VTR rEy e Ry i | R Ry fOEe R Ry (e v i mi sy v | siaa s e iy e s i )

170 180 190 200 210 220 230 240 250
AGCTTAAAAAGCATTCCATGGACTTTTTGCTATTTCAGTTTGGCCTTTGCACTTTTAAGTATGACTACACAGATTCAAAGTATATAACGAI
AGCTTAAAAAG= === === === == = = e e e e e e e e e e e e e GTATATAACGAI
exon 3 exon 4 exon 5

FIGURE 4 Sequence analysis of PARN in P1's family. Compound heterozygous mutations of PARN was identified in P1. His mother was a
carrier, and his father was a wild type
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increased. Furthermore, the absolute numbers of most cell subsets
in P2 were decreased due to the pancytopenia. Among B cells, both
patients showed the decrease in frequency of Naive B cells while
others have varied degrees of increase. These data are summarized
in Table 2.

3.3.2 | Analysis of B-cell subsets

We used the methods in the literature to further distinguish the sub-
sets of B cells.'®* Naive B cell numbers were decreased in both pa-
tients (Figure 5A,B). Moreover, more detailed clustering revealed that
the proportions of switch memory (sm) B cells and transit B cells were
increased in P1 (Figure 5C,D), and the proportion of CD21"" B cells
was significantly increased in both patients (Figure 5E). Both CD21°
CD27 B cellsand CD21'CD38" B cells were increased in P1, while only
CD21°CD27 B cells were significantly increased in P2 (Figure 5F,g).

3.3.3 | Analysis of CD4 T-cell subpopulations

The proportion of Treg was increased in both patients (Figure 6A),

mainly due to an increase in resting and non-sup Treg, when Treg

TABLE 2 Immunological phenotype
% %

Lymphocyte subsets P1 P2

T cells (/uL) 95.317 94.87
CD8 T cells (/pL) 70.71 59.77
CDS8 naive (/pL) 18.8] 2710
CD8 TEMRA (/pL) 40.47 42.67
CD8 CM (/pL) 30.67 22.2
CD8 EM (/uL) 10.3 8.1
CD4 T cells (/uL) 16.990 28.0
CD4 naive (/pL) 30.10 56.7
CD4 TEMRA (/pL) 3.77 291
CD4 CM (/uL) 56.41 36.6
CD4 EM (/L) 9.841 3.8
TCR o DNT (/L) 0.6 0.9
TCR Y5 T cells (/uL) 15.4 20.67

B cells (/pL) 2.1) 274
Memory B cells (/uL) 53.77 36.17
Naive B cells (/uL) 21) 324]
Transitional B cells (/pL) 20.37 3.8
Plasmablasts B cells (/uL) 38.47 34.27

NK cells (/pL) 2.42) 2.5])
CD4/CD8 0.24) 0.47)

WILEY-7°™

was subdivided into CD45RA ~ Foxp3* activated Treg (aTreg),
CD4"CD45RA'Foxp3* resting Treg (rTreg), and CD45RA-Foxp3-
non-suppressive Treg (Figure 6B,C). In addition, the expression of
CD25, FoxP3, and cytotoxic T lymphocyte-associated-4 (CTLA-4)
was increased in active Treg cells from P1, but in P2, only the ex-
pression of CD25 was slightly increased (Figure 6D). In addition, we
further analyzed the percentage of Tfh, Tfr, and their subgroups by
using the gating method as shown in the Figure 6E and found in P1,
but not P2, the percentage of Tfh was increased, and the percentage
of Tfr was decreased (Figure 6E,F). The expression of PD-1 on Tfh
was increased in P1 only (Figure 6E,F). Furthermore, in the analy-
sis of Th subpopulations, the proportions of Th1l and Th17-like cells
were increased and the proportions of Th2, Thil-like, and Th2-like
cells were decreased in P1, while in P2, only the proportion of Thl

cells was increased (Figure 6E,G).

3.3.4 | Expression of CD57 in CD4 and CD8 T cells

The expression of CD57 was increased both in CD4 and CD8 T cells in
P1,butin P2,itwas only increased in CD8T cells (Figure 7A-C). Analysis
of the percentage of CD57" cells as well as the mean fluorescence

index (MFI) for CD57 expression showed a similar trend (Figure 7D).

Absolute count
(/uL)

Absolute count
(/nL)

Reference
% Reference  P1 P2 (/uL)
60.05-74.08 288791 1649.5 1424-2664
19.68-34.06 2142.27 1039.3 518-1125
41.58-77.90 402.7 281.7] 297-730
1.70-24.62 865.5T 44277 11-218
12.08-30.54  655.57 230.7 85-268
1.58-13.18 220.67 83.8 10-129
26.17-40.76 514.8] 487.9) 686-1358
45.56-75.28 1550 276.6] 321-972
0.00-1.06 19.17 14.2 0-13
22.06-46.46  290.3 178.64 211-478
2.08-8.78 50.7 18.60 23-84
0.18-2.81 17.9 14.8 4-55
6.92-19.84 44471 339.8 124-410
10.21-20.12 63.90 47.2] 280-623
7.76-19.90 34.3 17.00 31-94
48.36-75.84 13.41 15.30 147-431
2.58-12.30 13.0 1.8J 10-66
0.90-7.36 24.6 16.1 4-28
9.00-22.24 73.30 42.6] 258-727
0.87-1.94

Abbreviations: CM, central memory T lymphocyte; DNT, double-negative T lymphocyte; EM, effector memory T lymphocyte;TEMRA, terminally

differentiated effector memory T lymphocyte.
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FIGURE 5 Characterization of B-cell subsets. A, Peripheral blood CD19*CD27 B cells were gated into CD38"" (naive, N), CD38™ (pre-
naive, Pre-N), and CD38" (transitional, Tr) subsets. B, Both P1 and P2 showed a decreased naive cell population, and transitional B cells were
increased in P1 compared with age-matched controls. C, B cells were assessed for the distribution of IgM™, marginal zone-like (Mz-like), and
switch memory (sm) B cells after staining for the expression of CD19, CD27, and IgM. D, P1 showed an increase in the proportion of sm B
cells and a slight decrease in IgM" cells, while P2 showed normal frequencies of these subsets. E-F, Both P1 and P2 showed significantly
increased percentages of CD21" B cells. Increased proportions of CD21'CD27 B cells and CD21'CD38" B cells were found in P1, while CD21

CD27 B cells were increased in P2

4 | DISCUSSION

Dyskeratosis congenita is a rare inherited bone marrow failure
syndrome with multi-system involvement, caused by premature
attrition of the protective telomeres at the ends of linear chro-
mosomes. The clinical diagnosis of DC requires the presence of at
least two of the three classic mucocutaneous features and two or
more somatic abnormalities.’®12 HHS is a severe form of DC char-
acterized by IUGR, microcephaly, cerebellar hypoplasia, moderate
to severe mental retardation, progressive immunodeficiency, and
pancytopenia. In our study, both patients showed thrombocyto-
penia as well as the classic triad of DC (Figure 1). In addition, P2
had decreased white blood cell counts and hemoglobin levels with
bone marrow cytology indicating aplastic anemia. Moreover, both
patients showed microcephaly and growth retardation. P1 suffered
typical cerebellar atrophy and was clinically diagnosed with HHS.
Neither patient has experienced a life-threatening infection so far
and both them were normal with vaccine. Dysgammaglobulinemia
(low 1gG, 1gM, or IgA) was a common finding in previous studies.?
However, P1 showed a persistent increase in IgE and a decrease in
IgM, while P2 showed an increase in IgA (Table 1), although both
patients had decreased peripheral B cell counts. These observa-
tions demonstrate the clinic diversity of DC and may indicate age
or race-related characteristics.

PARN mutations are extremely rare and the bilallelic patho-
genic variants in PARN often been found in HHS patient. PARN
protein is mainly made up by 6 domains, including N-terminal
nuclease domains (ND1 and ND2), conserved arginine and 3-his-
tidine containing domain(R3H), RNA recognition motif (RRM),
nuclear localization signal (NLS), and C-terminal domain (CTD).%*
In our study, consistent with previous reports, a compound het-
erozygous mutation was eventually confirmed in P1 with HHS
characteristics, including one site mutation (c.204G > T, p.Q68H)
that has been reported to be pathogenic and the other deletion
mutation (c.178-245del, p.K59fs*6) causing only partial ND1(N-
terminal nuclease domains 2) of PARN left and a dramatical change
in the protein structure. At the same time, his mother, a carrier
of monoallelic PARN mutation, showed no obvious clinical pheno-
type with short telomere, which is consistent with the conclusion
of incomplete penetrance of PARN-associated disease in previous
study.25 Mutations in DKC1 were the first disease-causing muta-
tions identified and are associated with the classic DC phenotype.
The DKC1 mutations identified in P2 with a very high degree of ho-
mology and conservation in all 14 species were predicted to lead
to loss of a hydrogen bond, resulting in significant changes to the

secondary structure of the protein.

Although immunodeficiency is the main cause of premature
death in patients with DC, immunological variation has not at-
tracted enough attention in the clinical diagnosis and treatment of
DC patients.?® The immunologic features of the unique T'B'**NK'%
immune phenotype were reported recently by Jyonouchi el al and

Touzot et al'??’

and were found in both of our patients supporting
the diagnosis of DC. We performed a detailed immunophenotype
analysis of two young DC patients and found a decrease in naive T
cells and an increase in effector and central memory T cells in both
patients, which may lead to an increased risk of opportunistic infec-
tion in children, but the patients in our study have not yet developed
a fatal infection. A recent study showed that shortened telomeres
lead to decreased thymic output, resulting in a depletion of naive
CD4 and CD8 T cells and an increase in CD8 TEMRA.282? This is
consistent with our findings. Both patients showed a dramatic in-
crease in CD21"°Y cells in addition to a striking reduction in naive
B cells. Further analysis of this population showed an increase in
CD21'°‘”CD27’, and CD21°%CD38 cells in P1, while P2 only showed
aslightincrease in CD21°"CD27 cells. P1 also showed a decrease in
IgM" and sm B cells. In addition, P1 had elevated levels of serum IgE
and decreased levels of serum IgM, while IgA levels were elevated
in P2, indicating aberrant humoral immunity in young DC patients.
CD21'°" B cells are elevated in many patients with autoimmune
disease 3031 Although our patients showed no significant signs
of autoimmune disease, aplastic anemia, bone marrow failure, and
pulmonary fibrosis occur frequently in patients with immune dysreg-
ulation. We therefore also analyzed the frequency of Tfth and Treg
subsets in these patients, which are closely related to the regulation
of immune function.?>?32 P1 showed significant increases in Tfh
numbers and PD-1 expression, and a decrease in Tfr numbers, as
well as increased numbers of Thl and Th17-like cells and decreased
numbers of Th2, Thil-like, and Th2-like cells. By contrast, P2 only
showed increases in Th1 cells. Both patients had elevated Treg num-
bers. In P1, the numbers of non-sup and resting Treg were increased,
and the expression of functional molecules on activated Treg was
increased, while all Treg subtypes were increased in P2. This may
suggest that telomere shortening leads to excessive or aberrant
activation of the immune system, causing a compensatory increase
in Treg, which inhibits the activation of other immune subsets, pre-
venting obvious symptoms of immune dysfunction. However, as the
disease progresses, and T/B-cell output decreases but T-cell senes-
cence increases, immune dysregulation occurs, resulting in the se-
vere symptoms of DC.

It is known that with every cell division, 50-200 bases of DNA
are lost due to incomplete terminal replication of the daughter

strand. As cell division continues, the telomeres shorten, and
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FIGURE 6 Characterization of CD4 T-cell subsets. A, The frequencies of total Treg in P1 and P2 were increased compared with HC.

B, Detailed phenotyping of Treg subsets by flow cytometry. C, The increase in total Treg was mainly due to an increase in the proportion

of resting and non-sup Treg. D, The expression of CD25, FoxP3, and CTLA-4 was increased in activated Treg cells in P1, but only slightly
elevated CD25 expression was found in P2. E, Detailed method for identifying Tfh, Tfr, Th1/2/17, and Th1/2/17-like cells by flow cytometry.
F, P1 showed an increased percentage of Tfh and increased Tfh expression of PD-1. G, Frequencies of the indicated Th subsets in P1 and P2

once a critical length is reached, cell senescence/apoptosis will be
triggered.®® DC is caused by germline mutations in genes asso-
ciated with regulation of telomere length, resulting in very short
telomeres. Both patients in our study had short telomeres, con-
sistent with previous reports.“*z“’34 Because the telomere length
is highly variable according to race, age, and disease state, the
cell surface marker CD57 is routinely used to identify terminally
differentiated, senescent cells with reduced proliferative capac-
ity and altered functional properties.?? The expression of CD57
was dramatically elevated in CD4 and CD8 T cells in both patients
in our study. Given the reduced telomere lengths, the increased

@A)
Gate on:CD4+

expression of CD57 on CD8 T cells, and the increased frequency
of CD8 TEMRA, our findings suggest that CD8 T-cell senescence
may be another hallmark of DC.

In summary, we provide a thorough analysis of the clinical symp-
toms, genetic mutations, and immunophenotype in two cases of
typical DC. Our study provides additional information on immune
dysfunction and CD8 T senescence may be hallmark of DC in young
patients without severe immunodeficiency or definite molecular
diagnosis, especially 30% of DC patients reported were without of
known pathogenic genes. Given the extremely low disease incidence

of DC, more case studies are needed to draw more solid conclusions.
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