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Key Points

» Deficiency of TPP2 is
associated with Evans
syndrome and viral infection
susceptibility.

* TPP2 deficiency links premature
immunosenescence of
T and B cells with severe
autoimmunity.

Autoimmune cytopenia is a frequent manifestation of primary immunodeficiencies. Two
siblings presented with Evans syndrome, viral infections, and progressive leukopenia.
DNA available from one patient showed a homozygous frameshift mutation in tripeptidyl
peptidase Il (TPP2) abolishing protein expression. TPP2is a serine exopeptidase involved
in extralysosomal peptide degradation. Its deficiency in mice activates cell death pro-
grams and premature senescence. Similar to cells from naive, uninfected TPP2-deficient
mice, patient cells showed increased major histocompatibility complex | expression and
most CD8" T-cells had a senescent CCR7-CD127 " CD28~ CD57" phenotype with poor
proliferative responses and enhanced staurosporine-induced apoptosis. T-cells
showed increased expression of the effector molecules perforin and interferon-y with
high expression of the transcription factor T-bet. Age-associated B-cells with a CD21~
CD11c* phenotype expressing T-bet were increased in humans and mice, combined
with antinuclear antibodies. Moreover, markers of senescence were also present in human and murine TPP2-deficient fibroblasts.
Telomere lengths were normal in patient fibroblasts and granulocytes, and low normal in lymphocytes, which were compatible with
activation of stress-induced rather than replicative senescence programs. TPP2 deficiency is the first primary immunodeficiency
linking premature immunosenescence to severe autoimmunity. Determination of senescent lymphocytes should be part of the

diagnostic evaluation of children with refractory multilineage cytopenias. (Blood. 2015;125(5):753-761)

Introduction

Evans syndrome is defined by the simultaneous or sequential de-
velopment of immune thrombocytopenic purpura and autoimmune
hemolytic anemia." In about 50% of cases, it is associated with systemic
autoimmune disease, such as systemic lupus erythematosus, lympho-
proliferative disease, or primary immunodeficiencies.> In this latter
group of diseases, the variety of predisposing genetic defects illus-
trates the multiple checkpoints that can be affected in the loss of
immunologic tolerance.’ However, despite the increased molecular
understanding, the question whether a genetic predisposition contributes
to the autoimmune cytopenia remains unresolved for most patients.*
Immunosenescence is one pathomechanism that has been as-
sociated with autoimmunity.’ For T cells, age-associated skewing of
the antigen-receptor repertoire related to decreased thymic output
and homeostatic proliferation of potentially autoreactive clones,’

and age-associated alterations in the antigen-receptor signaling net-
work,” have been put forward as potential explanations. For B cells,
a decline of B-cell generation in bone marrow with age and shifts in
naive and antigen-experienced peripheral B-cell subsets could be
linked to autoimmunity.® Premature immunosenescence can occur
as a consequence of chronic immune stimulation, such as persistent
viral infections.” In addition, genetic factors favoring premature
differentiation and/or persistence of senescent immune cells could
be a predisposing factor for autoimmunity, even in the absence of
persistent infections.

Tripeptidylpeptidase II (TPP2) is a molecule that has been
previously linked to immunosenescence. TPP2 is a cellular protease
that operates mostly downstream of proteasomes in cytosolic
proteolysis. 2 It is important for cell proliferation and survival, in

Submitted August 2, 2014; accepted November 15, 2014. Prepublished online
as Blood First Edition paper, November 20, 2014; DOI 10.1182/blood-2014-
08-593202.

P.S. and A.R.-E. contributed equally to this study.

The online version of this article contains a data supplement.

BLOOD, 29 JANUARY 2015 - VOLUME 125, NUMBER 5

There is an Inside Blood Commentary on this article in this issue.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

© 2015 by The American Society of Hematology

753


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on March 2, 2015. For personal use only.

754  STEPENSKY et al

particular under conditions of cellular stress,'>'* and may contribute

to an antiapoptotic phenotype.'* In mice, lack of TPP2 activates cell
death programs leading to proliferative apoptosis in T cells and
premature senescence, particularly of CD8" T cells. In addition,
murine TPP2 deficiency also causes premature senescence in
fibroblasts and degenerative alterations at the level of the entire
organism.'> However, despite their immunologic alterations, no
autoimmunity or immunodeficiency phenotype been described to
date in TPP2-deficient mice.

Here, we report 2 siblings with early-onset Evans syndrome, variable
lymphoproliferation, and mild infection susceptibility, who both had
loss-of-function mutations in the gene encoding TPP2. Immunologic
studies in 1 of the patients were compared with those obtained in naive
uninfected TPP2-deficient mice in an attempt to differentiate primary
consequences of TPP2 deficiency from those of the infections. Our
results document that premature senescence in human TPP2 deficiency
also affects B cells in addition to CD8™ T cells and fibroblasts, and it
is associated with autoimmunity and immunodeficiency.

Patients and methods

Two siblings with early onset Evans syndrome and variable
infection susceptibility

The index patient (P1), a boy, who is the second child of consanguineous
Palestinian parents, presented at the age of 21 months with Coombs-positive auto-
immune hemolytic anemia and immune thrombocytopenia, cervical and axillary
lymphadenopathy, and mild-to-moderate intermittent splenomegaly (supple-
mental Table 1, available on the Blood Web site). He was initially responsive
to steroids and IVIG, butremained steroid-dependent and developed recurrent
episodes of severe cytopenia, despite treatment with cyclosporine, mycophenolate
mofetil, several courses of rituximab, and more than 6 months on sirolimus.
Although on immunosuppressive therapy, P1 developed disseminated and pro-
longed cutaneous chickenpox. He had repeated low-level cytomegalovirus (CMV)
viremia without clinical sequelae, which could be controlled with ganciclovir
and foscavir. At 10 years of age, he developed numerous flat hypopigmented
1 to 2 mm papular lesions on the face (supplemental Figure 1). Polymerase
chain reaction was positive for human papillomavirus (HPV) type 15. Other-
wise, his infection history was unremarkable. Mild developmental delay
with significant verbal and comprehension impairment was diagnosed and
education for children with special needs was recommended. Due to the
refractory course of Evans syndrome, he recently underwent hematopoietic
stem cell transplantation (HSCT) from an HLA-identical healthy sibling
donor after conditioning with fludarabine, targeted low levels of busulfan,
thiotepa, and antithymocyte globuline. In October 2014, 6 months after
HSCT, the child remains well with 97% donor cell chimerism and no infec-
tious, autoimmune or lymphoproliferative manifestations. He is no longer pre-
scribed any immunosuppressive medication. Thus, at this early time point, the
clinical features that led to the decision to transplant have resolved.

An older sibling (S1), a girl, had been followed in another hospital from
the age of 18 months when she presented with immune thrombocytopenia
followed by Coombs-positive hemolytic anemia 5 months later. She had
some lymphadenopathy, but no splenomegaly. She was treated with IVIG
and steroids, but became increasingly unresponsive to therapy that included
splenectomy at 33 months of age. She developed a left hemispheric ischemic
event leading to right-sided hemiparesis at 30 months. At 37 months, she died
in the context of an acute hemolytic crisis. She had normal psychomotor
development and no increased infection susceptibility. Limited laboratory
information and no DNA were available from this sibling.

P1 intermittently had significantly increased IgG and IgM and increased
IgG was also documented in S1. IgA and IgE were normal (supplemental
Table 1). Atage 11 years, P1 had seroconverted to CMV, Epstein-Barr virus,
and Varicella zoster virus, and had detectable tetanus antibodies. P1 and S1
were intermittently positive for antinuclear antibodies (scored 1-2 on a scale
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from 0-4). P1 had normal lymphocyte counts and subpopulations at 21
months. At 10 years, P1 had mild leukopenia and lymphopenia with a
reduction in the fraction of naive CD4 T-cells and low B-cell counts (3 years
after rituximab treatment). He had normal levels of serum vitamin B12 and
soluble Fas Ligand, no elevation of CD3™ T-cell receptor a3 *CD4~CD8 ™ -
double negative T-cells, a moderate elevation of y8T-cells (18%), and
a normal proportion of CD4*CD25"FOXP3 ™" regulatory T-cells.

Five patients with FAS mutations (autoimmune lymphoproliferative
syndrome [ALPS-FAS]; ages 6-32 years) and 9 patients with autoimmune
cytopenia and lymphoproliferation in the context of the clinical diagnosis
common variable immunodeficiency (“CVID”) (http://esid.org/Working-
Parties/Registry/Diagnosis-criteria), aged 7 to 17 years were recruited as
disease control groups for analysis of senescent T- and B-cells. Two of the
CVID patients had biallelic LRBA mutations, 2 had activating mutations in
PIK3CD, and 1 had a heterozygous CTLA4 mutation, whereas the remaining 4
patients had defined genetic diagnoses that have not been established yet. Two
siblings with autosomal-dominant TERC mutation and clinical dysker-
atosis congenita (DKC) served as controls for telomere lengths determination.

Patient and parental consent were given for this study. The study was
performed with the approvals of the ethical committees of Hadassah Medical
Center and the Ministry of Health and of Freiburg University Medical Center,
and in accordance with the Declaration of Helsinki.

Mice

Mice rendered deficient in TPP2 by gene targeting have been previously

described.'*'® Mice were analyzed between 6 and 12 months of age. All mouse

experiments were approved by the Regierungsprasidium Freiburg (G-06/34).
All experimental procedures are described in the supplemental Methods.

Results

A homozygous frameshift mutation in TPP2 segregates with
disease phenotype

To elucidate the presumed genetic basis of the disease in the 2
siblings with early-onset Evans syndrome and variable susceptibility
to viral infections, whole exome sequencing was performed using
DNA extracted from the whole blood of P1, a healthy sister and both
parents. The patient exome was well covered with an average depth
of X326 (94.5% of the exons were covered > X 10 and 92.8% were
covered > X20). Aligning the patient, 196.94 million reads to the
reference human genome revealed 261 516 variants. We removed
variants, which were low in depth (< X8), deep intronic, heterozygous,
and those present in the database of single nucleotide polymorphisms
build 132 (dbSNP132) or in the in-house database of single nucleotide
polymorphisms. Seven variants survived this filtering (supplemental
Table 3) but only 1 was predicted to be pathogenic by MutationTaster
evaluation.'” This was a homozygous frameshift mutation, chrl3:
10326878 c.432delG (p.Alal45Profs X25) in the gene encoding TPP2
(Figure 1A). The frameshift started at Alal45, generating a premature
stop codon 25 residues later. The mutation segregated with the disease
in the family and was absent from the 6503 healthy individuals
whose exome analysis results were available through the Exome
Variant Server, National Heart Lung and Blood Institute Exome
Sequencing Project (Seattle, WA) (http://evs.gs.washington.edu/EVS/;
EVS-v.0.0.21). No mutations were detected in the genes encoding
PRKCD, PIK3CD, STK4, CD95, or CD95L. Western blot analysis
using an anti-TPP2 antibody recognizing amino acids 165 to 303
failed to detect protein (Figure 1B). In the course of the study, 22
children with autoimmune cytopenia and moderate lymphoprolif-
eration in the absence of FAS mutations were screened and no
additional patients with mutations in 7PP2 were identified.
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Figure 1. Human TPP2 deficiency reproduces features of the murine knockout phenotype. (A) lllustration of the single nucleotide deletion at position c.432delG of the TPP2
coding sequence in the index patient (P1) and his asymptomatic sister. (B) Western blot analysis of lysates from Epstein Barr virus (EBV) lines of P1, the healthy heterozygous sister,
and a healthy donor (HD) incubated with anti-TPP2 antibodies (upper panel) and anti-actin antibodies as a loading control (lower panel). (C) MHC class | expression on fresh T and B
cells of P1 compared with his HLA identical healthy heterozygous sister or 10 adult controls (adult HD). (D) Upregulation of MHC class | expression on control CD4 or CD8 T cells after
phytohemagglutinin (PHA) stimulation in the absence (gray) or presence (black) of the TPP2 inhibitor butabindide. (E) B-galactosidase activity of primary fibroblasts isolated from skin
biopsies of the patient (P1) or a healthy donor (HD). Experiments (C-E) were performed 3 times with similar results. ABCs, age-associated B cells; Max, maximum; Med, medium;

TPPII, tripeptidyl peptidase II.

TPP2-deficient mice and humans share features of immune
dysregulation and premature fibroblast senescence

Because we only had access to blood from a single patient, we asked
whether the main clinical features of the 2 siblings could also be
observed in mice with an inactivated TPP2 gene.">'® Lymphadenop-
athy and/or splenomegaly were inconsistently observed in about 50%
of the mice used in this study (data not shown). Two of 16 mice
developed antinuclear antibodies, and 8 had anti-nucleolar or anti-
cytoplasmatic antibodies (supplemental Figure 3A). Hypergammaglo-
bulinemia was not observed. Older mice had leukopenia (supplemental
Figure 3B), as previously reported. Additional characteristic features
previously reported in these mice included increased major histocom-
patibility complex (MHC) class I expression and premature senescence
of fibroblasts.'>'® Similar to the murine findings,'® expression of MHC
class I on T and B cells was higher in the patient compared with his
HL A-identical healthy heterozygous sister (Figure 1C) and a group of
10 healthy adult controls. Pretreatment of control T cells with the
TPP2 inhibitor butabindide'®'® enhanced MHC I upregulation upon

phytohemagglutinin stimulation (Figure 1D). Finally, as described in
murine cells, fibroblasts of P1 also showed increased staining with
[3-galactosidase indicating cellular senescence (Figure 1E).

TPP2 deficiency leads to premature T-cell senescence

Encouraged by these phenotypic similarities, we performed a parallel
immunologic analysis of patient and TPP2-deficient murine lympho-
cytes to further understand the basis of this genetic disorder. Because
TPP2-deficient mice have increased CD44" memory CD8 ™ T cells,
we carefully analyzed T-cell differentiation using established surface
markers for human (CCR7 and CD45RA??) and murine T cells (CD62L
and CD44). More than 90% of CD8" T-cells from P1 had an effector
memory or T-effector memory cells reexpressing CD45RA phenotype
(Figure 2A-B). A similar effector skewing was observed in naive
TPP2-deficient mice (Figure 2B). Advanced differentiation was also
observed among patient and murine CD4* T-cells (Figure 2A-B).
Further analysis of patient CD8" T cells revealed a predominant
CD27 CD28 CD127 phenotype that was not present among CD4
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Figure 2. Advanced differentiation of TPP2-deficient T cells. (A) Left panel: peripheral blood mononuclear cells (PBMC) of the patient (P1, age 11 years) and his asymptomatic
heterozygous sister (age 7 years) were analyzed for expression of the differentiation markers CCR7 and CD45RA (gated on CD37CD4" and CD37CD8™ T cells, respectively).
Right panel (human PBMC): Proportions of naive (CCR7*CD45RA", naive), central memory (CM) (CCR7*CD45RA "), effector memory (EM) (CCR7 CD45RA "), and terminal
differentiated T-effector memory cells reexpressing CD45RA (TEMRA) (CCR7 CD45RA™) among CD4 " or CD8" T cells of the patient (P1) compared with adult healthy donors
(HD) (n = 20). (B) Left panel: Splenocytes of wild-type (WT) and TTP2-deficient knockout mice (KO) were analyzed for CD62L and CD44 expression (gated on CD3*CD4* and
CD3*CD8" T cells). Right panel (mouse splenocytes): Proportions of naive (CD44 CD62L"), CM (CD44*CD62L"), EM (CD44*CD62L "), and double-negative (DN) (CD44~
CD62L") cells were determined among CD4" or CD8" T cells of 6 to 12 months old TPP2 deficient knockout mice (KO) (n = 16) compared with age-matched WT mice
(n = 7). (C) Expression of the indicated activation/differentiation markers on CD4 and CD8 T cells of the patient (P1) and his healthy heterozygous sister. (D) Percentage of CD57
expressing CD8 T cells in the patient (P1) compared with adult healthy controls, FAS mutant patients with ALPS (pediatric and adult), and pediatric patients with autoimmune
cytopenia and lymphoproliferation in the context of CVID. Of these, CVID patients, 2 had LRBA deficiency (diamonds), 2 had activating PIK3CD mutations (squares), and 1 had

a CTLA4 mutation (circle). (E) Expression of KLRG1 and CD127 on CD8 T cells of TPP2-deficient (KO) and age-matched WT mice.

T cells (Figure 2C). Terminal differentiation of the majority of CD8™
T cells was further reflected by expression of CD57 (Figure 2C-D).
Unexpectedly, these cells were largely negative for killer cell
lectinlike receptor G1 (Figure 2C), which is usually expressed on
CD57"CD8" T cells. The proportion of CD57"CD8™ T cells in P1
was higher than in ALPS patients, whereas pediatric patients with
autoimmune cytopenia and lymphoproliferation fulfilling the clinical
criteria for CVID, including patients with activated PI3K & syn-
drome, LRBA, and cytotoxic T-lymphocyte—associated protein 4
deficiency showed variable results (Figure 2D). There was also an
increased fraction of CD127~ CD8" T cells in naive TPP2-deficient
mice (Figure 2E), indicating that this enhanced differentiation state was
not only a consequence of the infection history of the patient. However,
in contrast to the patient, most of these murine cells showed increased
KLRG1 expression as usually observed for senescent T cells (Figure 2E).

While T-bet expressionin CD57"CD8™ T cells of P1 was high
as expected for terminally differentiated T cells, the expression
of Eomesodermin (Eomes) was reduced and lower compared
with CD57*CD8™ T cells from control donors (Figure 3A). The
advanced T-cell differentiation was associated with an enhanced
effector state. Thus, in contrast to controls, almost all CD8"
T cells and also a relevant fraction of CD4™ T cells expressed
perforin (Figure 3B). Furthermore, the fraction of cells respond-
ing to phorbol 12-myristate 13-acetate/ionomycin stimulation
with expression of interferon (IFN)-y was enhanced among both
patient and murine TPP2-deficient CD4" and CD8" T cells
(Figure 3C-D).

To assess whether the increased CD8 T-cell differentiation was
linked to the enhanced MHC I expression associated with TPP2 de-
ficiency, we compared EBV lines or PBMC from the patient and his
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Figure 3. Enhanced effector functions in TPP2 deficient T cells. (A) Expression of the transcription factors Eomesodermin (Eomes) and T-bet in CD8" T cells of the
patient (P1) and a healthy adult control (healthy donor [HD]). (B) Perforin expression in CD3*CD4* and CD3"CD4 ™ T cells of the patient (P1), his healthy heterozygous sister,
and an adult HD control. (C) Intracellular IFN-y and IL-17 expression in CD4"CD45RO™ T cells after stimulation with phorbol 12-myristate 13-acetate/ionomycin. The
percentage of IFN-v positive T cells in the patient was compared with a group of adult HDs (n = 24). (D) Intracellular IFN-y of splenic CD3"CD4 " and CD3*CD8" T cells from
TPP2-deficient knockout (KO) (n = 4) and control WT (n = 4) mice. The experiment was repeated twice with similar results.

heterozygous healthy HLA-identical sister in their ability to induce
proliferation of allogeneic healthy donor responder T cells. However,
no differences could be detected (supplemental Figure 4). Analysis
of the T-cell repertoire revealed significant skewing among CD8™,
but not among CD4 ™ T cells in the patient (supplemental Figure 2A).
In contrast, TPP2-deficient mice had a normal polyclonal T-cell
repertoire, suggesting that the oligoclonal expansions in the patient
were not a direct consequence of the genetic defect (supplemental
Figure 2B).

TPP2 deficiency reduces T-cell proliferation and lymphocyte
survival

Previous murine experiments had indicated reduced proliferation
associated with enhanced activation induced cell death in TPP2-
deficient T cells.'® The proliferative response of patient cells to stim-
ulation with anti-CD3/28 coated beads or with phytohemagglutinin
was reduced, but it was present for CD4 ™" T cells, whereas no response
could be induced in CD8™ T cells (Figure 4A). Moreover, proliferation
of control T cells was diminished after pretreatment with butabindide
(Figure 4B). Due to the poor proliferative response, we could not
generate enough activated human T cells to study restimulation-
induced cell death. Therefore, we analyzed apoptosis induction
in EBV lines from the patient, his heterozygous sister, a healthy
donor, and a patient with autoimmune lymphoproliferative syn-
drome caused by a germline FAS mutation (ALPS-FAS). Although
irradiation or stimulation with anti-Fas antibody or etoposide
induced apoptosis in patient cells to a similar extent as in controls,
patient EBV lines were more susceptible to staurosporine-induced
cell death (Figure 4C). Pretreatment of control EBV lines with
butabindide also enhanced the apoptosis response to staurosporine
(Figure 4D). In combination with previous reports in mice, these
results suggest that TPP2 deficiency confers a lymphocyte pro-
liferation and survival defect.

TPP2 deficiency leads to premature senescence of B cells

Analysis of the B cell compartment was performed 3 years after
rituximab treatment. There was a mild relative reduction of IgD*
CD27* marginal-zone like (5.3%) and IgD-CD27" class-switched
memory B cells (2.7%), and a moderate increase in the percentage of
CD38" IgM™ transitional B cells (18%). Most prominent was an
elevated fraction of CD21'™ cells, which have been characterized as
a preactivated, functionally attenuated, and autoreactive population in
patients with CVID or autoimmune diseases>"** (Figure 5A). Recently,
arelated population of CD11c™ age-associated B cells (ABCs) has been
described that accumulate in aged humans and mice®>** and has been
associated with autoimrr1unity.24’25 Indeed, most CD21"°Y B cells of
P1 expressed CD11c (Figure 5B) and the transcription factor T-bet.
This population was not observed in healthy adult donors or patients
with ALPS, but in a proportion of pediatric patients with autoimmunity
and lymphoproliferation fulfilling the clinical criteria for CVID. Of
note, among the few disease control patients with a molecular diagno-
sis including activating PI3K & syndrome, LRBA, or CLTA-4
deficiency, some had elevated ABCs and some had elevated CD57*
CD8™ T cells without obvious correlation. Importantly, we also
observed a significant increase in the fraction of CD11c*CD11b™
B cells in TPP2-deficient mice, suggesting that the relative abundance
of this B-cell population resulted from the genetic defect and was not
induced by the particular medical history of the patient (Figure 5C).

TPP2 deficiency does not affect telomere integrity

To assess whether TPP2 deficiency affects telomere integrity, we
analyzed telomere lengths using flow fluorescence in situ hybridization
technology in PBMC from P1, his healthy sister, and 2 patients with
DKC as a positive control. Although lymphocyte telomere length
of the sibling was at the 50th percentile of healthy children,
patient lymphocytes showed a telomere length below the 25th
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A oCD3/CD28 PHA Figure 4. Defective proliferation and enhanced
susceptibility to apoptosis. (A) PBMC of the patient
CD4+ CD8+ CD4+ CD8+ (P1) or his healthy heterozygous sister were left untreated
or stimulated with PHA or anti-CD3/CD28 beads and
I carboxyfluorescein diacetate succinimidyl ester (CSFE)
dilution of CD4" or CD8" T cells was determined after 5
P1 days incubation (unstimulated: gray; stimulated: black).
The experiment was performed 3 times with similar
results. (B) Control PBMC were labeled with CFSE and
é LN stimulated with phytohemagglutinin (PHA) or anti-CD3/
= CD28 beads in the absence (gray line) or presence (black
kS line) of the TPP2 inhibitor butabindide. CFSE dilution of
sister X CD4" and CD8" T cells was analyzed after 5 days. The
experiment was repeated 3 times with similar results. (C)
EBV lines of the patient (P1), his healthy heterozygous
sister, a healthy donor (HD) control and a FAS-mutant
4 ALPS patient were stimulated with increasing concen-
trations of anti-Fas antibody cross-linked with protein A,
the topoisomerase inhibitor etoposide (eto), the protein
B oCD3/CD28 PHA !(ina§e inhibitor stat_:rosporine fsts), or wer_e sublethally
irradiated (30 Gy). Viable Annexin V/PI negative cells were
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< 0, 2, and 4, respectively. Results are representative
g of 3 independent experiments with similar results. (D)
— Cells of an EBV line from a healthy donor were stim-
HD \cc) ulated with increasing concentrations of staurosporine
° in the absence (filled squares) or presence (open
squares) of the TPP2 inhibitor butabindide and viable
cells were determined after 24 hours. The experiment
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percentile (Figure 6A-C). This is much higher than what can be
observed in DKC patients. Considering that patient lymphocytes
contained 40% of CD57"CD8™ T cells, this is an expected result and
does not indicate impaired telomere maintenance. In addition, both
siblings had similar telomere lengths between the 25th and 50th
percentile in granulocytes (Figure 6D), and further analysis of fibro-
blasts revealed even longer telomere lengths (data not shown). These
data suggest that TPP2 deficiency is not associated with a general
enhancement of replicative senescence.

Discussion

We detected biallelic 7PP2 mutations leading to absent protein
expression in a child presenting with early-onset Evans syndrome.
The following arguments suggest a causal relationship between this

genetic defect and the clinical phenotype: (1) Features of cellular
immunosenescence in patient T and B cells including phenotypic
alterations, defects in apoptosis, and proliferation and functional
effector skewing were also observed in TPP2-deficient mice. In
addition to published reports, this was supported by parallel exper-
imentation with human and murine cells in this study. (2) The re-
duced proliferation, increased apoptosis, and increased MHC class |
expression of patient cells could be reproduced by treating control cells
with the TPP2 inhibitor butabindine. (3) Similar to P1 and the possibly
affected sibling, TPP2-deficient mice show an increased incidence
of autoantibodies. (4) TPP2-deficient mouse and patient fibroblasts
show premature senescence. (5) A recent congress abstract described
a similar phenotype of autoimmune cytopenia, infection susceptibility
and developmental delay in 2 siblings with TPP2 deficiency and
premature fibroblast and CD8 T-cell senescence.?

Current understanding of the function of TPP2 in vivo is mainly
based on observations in TPP2-deficient mice. Previous studies have
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Figure 5. Abnormal B-cell differentiation in TPP2 A Gate: CD19+
deficiency. (A-B) Human CD19" B cells were ana-
lyzed for expression of differentiation and senescence
markers. The proportion of CD11c*CD21~ ABCs was  P1 i
compared between the patient (P1), 8 adult controls e |
(HD), 5 untreated ALPS-FAS patients, and pediatric od
patients with autoimmune cytopenia and lymphoprolif- _
eration in the context of CVID. Patient B cells were a -
analyzed for T-bet expression. (C) The proportions HD o
of CD11b™ and CD11b/c+ double-positive splenic
CD19" B cells were determined in 6- to 12-month-old 6.0
TPP2 knockout (KO) and WT mice (n = 4). The
experiment was repeated twice with similar results. CD38
C Gate: CD19+
5.4 37
WT _
\ | '_i!
89,4}__ 1.5
S 183 220
a
ko © i
46.8 13.0
CD11c

documented an immunosenescence phenotype associated with
enhanced cellular death programs. The mice showed age-related
lymphopenia associated with enhanced apoptosis of immature
thymocytes and accelerated thymic involution. In addition, pro-
liferative apoptosis of peripheral T cells was increased.'® The T-cell
phenotype was skewed toward memory T cells and anti-CD3 stimulated
T cells stained positive for acidic [3-galactosidase, further indicating
premature senescence. An increased basal activity of nuclear factor kB,
attenuated nuclear factor kB activation, and increased p53 expression in
TPP2-deficient T cells further supported cellular senescence. Moreover,
MHC class I expression was increased,'® as is observed in age-associated
inflammation.?” Clinically, TPP2-deficient mice showed variable
splenomegaly and/or lymphadenopathy associated with extramedul-
lary hematopoiesis.

The knockout mice also indicated that TPP2 is not only relevant in
the hematopoietic system.'>'® Thus, premature senescence of fibro-
blasts was associated with aged appearance, reduced body weight, and
premature death of elderly mice. > Despite the immunologic alterations,
there was only a minor phenotype after infection with lymphocytic
choriomeningitis virus. The mice showed a minimal reduction in the
number of virus-specific T cells, but cytotoxicity was normal and virus
elimination was unimpaired (Firat et al'® and Peter Aichele, Institute of
Immunology, University of Freiburg, oral communication).

Based on these previous findings, it was highly surprising that human
TPP2 deficiency was observed in a patient with a life-threatening
immunodeficiency. Nevertheless, the underlying cellular phenotype
of our patient well reflected the immunosenescence observed in
mice. In CD8™ T cells, we observed a highly differentiated CCR7~
CD45RA™CD27 CD28 ™ and CD57* phenotype.?® Such character-
istics of senescent cells can also be induced by repeated proliferation
induced by persistent viruses such as CMV.? However, even though
our patient had intermittent low-level CMV reactivation, the extent of
accumulation of senescent CD8 T cells was very unusual for his age.
Moreover, we confirmed this phenotype in the absence of infection in
TPP2-deficient mice, extending previous observations.'”> The domi-
nance of the transcription factor T-bet relative to the expression of
Eomes could be related to the advanced T-cell differentiation. T-bet
drives T-cell differentiation with enhanced effector activity, whereas
Eomes expression is linked to memory cell formation with high
proliferative capacity and self-renewal.*® Both patient and murine cells
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showed an excessive IFN-y response and patient T cells highly ex-
pressed perforin. It is conceivable that this enhanced IFN-y production
contributes to the increased MHC class I expression that was observed
in the patient as in the TPP2-deficient mice,'® and this can also be seen
in aged individuals.>” Reduced proliferation is also in line with T-cell
senescence.'”

Confirming murine observations, patient fibroblasts also showed
features of premature senescence. Moreover, the mild developmental
delay observed in our patient was also reported by Hambleton et al.?®
TPP2 deficiency thus appears to be a syndromic disease that is not
restricted to the immune system. However, although the further
course remains to be evaluated, in our patient, at the age of 12 years,
none of the potential extrahematopoietic manifestations were con-
sidered severe enough to represent a contraindication for HSCT.

Itis anew finding that TPP2 deficiency causes increased infection
susceptibility. Although a not further specified broad susceptibility
to infections from early childhood was noted in the patients reported
by Hambleton et al, % by the age of 12 years, our patient had a history
of widespread cutaneous varicella infection, intermittent CMV
viremia, and cutaneous HPV infection. In part, these infections may
be explained by immunosuppressive therapy. However, extensive
and recalcitrant HPV infection is unusual. In particular, 3-HPVs,
such as genotype 15 detected in our patient. are weakly virulent
and unusual in healthy individuals,’’ even under immunosuppres-
sive therapy, although they are characteristic for epidermodysplasia
verruciformis ([EV] OMIM 226400), a rare genodermatosis. In-
fection by EV-specific 3-HPV genotypes has also been demonstrated
in 2 autosomal recessive disorders affecting T-cell immunity; RHOH
deficiency,*? and MST! deficiency.>® TPP2 deficiency thus represents
a further T-cell deficiency predisposing to EV-specific HPVs.

It was even more unexpected, that TPP2 deficiency is associated
with autoantibody-mediated autoimmunity, manifesting as severe Evans
syndrome leading to a transplant indication in P1 and an early death in S1.
Autoimmune cytopenia in 2 patients and autoimmune hepatitis in 1 was
also reported by Hambleton et al.>® We could further document that
most TPP2-deficient mice developed antinucleolar, anticytoplasmic, or
antinuclear antibodies, which were also detected in P1 and S1. Aging is
associated with increased autoantibody formation.>* A subset of B cells
termed ABCs accumulating in the elderly has recently been characterized
in humans and mice by the expression of CD11b, CD11c, and T-bet.****
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Figure 6. Telomere lengths of TPP2-deficient lymphocytes and granuloyctes. (A) Exemplary fluorescence-activated cell sorter plot of the flow- fluorescence in situ
hybridization analysis: human lymphocytes, granulocytes, and cow thymocytes were discriminated by forward scatter (FSC) and LDS 751 staining. (B) Telomere lengths were
determined by subtracting telomere-Alexa-Fluor 488 intensity of stained from the unstained lymphocytes of the patient (P1) or the healthy carrier sister. Cow thymocytes with known
telomere length were used as an internal control and to calculate telomere lengths in kilobases. Absolute telomere lengths of lymphocytes (C) and granulocytes (D) of the patient,
his sister, and 2 patients with DKC are shown in the context of age-dependent percentiles (black lines: 99th, 50th, and 1st percentile, dotted lines: 75th and 25th percentile).

Interestingly, these ABCs appear earlier in autoimmune prone mice and
are found in humans suffering from autoimmunity,”* including patients
with common variable immunodeficiency.>'**% Their depletion in mice
leads to a reduction in autoantibodies. We found ABCs in the 12-year-old
patient and in TPP2-deficient mice, illustrating premature immunose-
nescence also in the B-cell compartment and providing a potential link
to the observed autoantibody-mediated disease in TPP2 deficiency.
What are the molecular mechanisms leading to immunosenescence
in the absence of TPP2? In principle, 2 forms of cellular senescence
can be differentiated. Whereas replicative senescence is associated
with shortened telomeres, stress-induced senescence is associated
with DNA damage, activated stress pathways, or a disbalance of
proliferation-associated transcription factors.> The observation of
normal telomere length in patient fibroblasts and the expected
shorter telomeres in predominantly senescent lymphocytes indi-
cates that TPP2 is not required for general maintenance of telomere
integrity such as in dyskeratosis congenita. In fact, previous obser-
vations support that TPP2 rather protects cells under conditions of
cellular stress.'® As a peptidase, TPP2 may have an impact on the
intracellular concentration of short peptides modulating protein-protein
interactions or a direct role in signaling by targeting natural substrates.>®
One conceivable target is the Akt/mTOR pathway. Its activation
has previously been linked to senescence associated (3-galactosidase
activity in human fibroblasts®” and to CD8 T-cell senescence.*® In
fact, recent observations in patients with gain-of-function mutations in
the PI3K catalytic subunit or loss of the regulatory subunit p85 suggest
that activation of this pathway may be associated with immunodefi-
ciency and autoimmunity in human patients.***° We found slightly
enhanced S6 phosphorylation in patient T cells (data not shown), but
could not reproduce this in murine T cells. The lack of a clinical

response to sirolimus in our patient may further suggest that this is not
a major pathway linking TPP2 deficiency to autoimmunity and im-
munodeficiency. Thus, the molecular link from TPP2 deficiency to
premature cellular senescence remains elusive.

In summary, in combination with the findings of Hambleton
et al, our observations in a single patient and the corresponding gene-
inactivated mice identify TPP2 deficiency as a new syndromal primary
immunodeficiency leading to an increased susceptibility to viruses and
autoimmunity. It is the first primary immunodeficiency clearly linking
premature senescence with autoimmunity. The combination of an
accumulation of senescent cells, autoimmunity, and immunodefi-
ciency appear to be recurrent themes in pediatric patients with
a number of recently described diseases including CTLA4 de-
ﬁciency,‘“‘42 activated PI3K & syndrome, PI3K p85 deficiency, or
LRBA deficiency.** Although not specific for a particular genetic
condition, the determination of senescent T and B cells should be
part of the diagnostic evaluation of any child with refractory multi-
lineage cytopenias.
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