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Abstract:

Biallelic mutations in the genes encoding CD27 or its ligand CD70 underlie inborn errors of immunity characterized predominantly by EBV-
associated immune dysregulation, such as chronic viremia, severe infectious mononucleosis, hemophagocytic lymphohistiocytosis (HLH),
lymphoproliferation and malignancy. A comprehensive understanding of the natural history, immune characteristics and transplant outcomes
has remained elusive. Here, in a multi-institutional global collaboration, we collected clinical information of 49 patients from 29 familes (CD27
n=33, CD70 n=16), including 24 previously unreported individuals and identified a total of 16 distinct mutations in CD27, and 8 in CD/0,
respectively. The majority (90%) of patients were EBV* at diagnosis, but only ~30% presented with infectious mononucleosis.
Lymphoproliferation and lymphoma were the main clinical manifestations (70% and 43%, respectively), and 9 of the CD27-deficient patients
developed HLH. Twenty-one (43%) patients developed autoinfammatory features including uveitis, arthritis and periodic fever. Detailed
immunological characterization revealed aberrant generation of memory B and T cells, including a paucity of EBV-specific T cels, and impaired
effector function of CD8" T cells, thereby providing mechanistic insight into celular defects underpinning the clinical features of disrupted
CD27/CD70 signaling. Nineteen patients underwent allogeneic hematopoietic stem cell transplantation (HSCT) prior to adulthood predominantly
because of lymphoma, with 95% survival without disease recurrence. Our data highlight the marked predisposition to lymphoma of both CD27-
and CD70-deficient patients. The excellent outcome after HSCT supports the timely implementation of this treatment modality particularly in
patients presenting with malignant transformation to lymphoma.
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Key Points:
e CD27/CD70 deficiencies are IEls characterized by EBV-associated immunedysregulation
including HLH, lymphoproliferation and malignancy.
e The excellent outcome following HSCT in cases with CD27/CD70 deficiency supports its timely
use particularly in patients with lymphoma.

Abstract
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Biallelic mutations in the genes encoding CD27 or its ligand CD70 underlie inborn errors of immunity
characterized predominantly by EBV-associated immune dysregulation, such as chronic viremia, severe
infectious mononucleosis, hemophagocytic lymphohistiocytosis (HLH), lymphoproliferation and
malignancy. A comprehensive understanding of the natural history, immune characteristics and
transplant outcomes has remained elusive. Here, in a multi-institutional global collaboration, we
collected clinical information of 49 patients from 29 families (CD27 n=33, CD70 n=16), including 24
previously unreported individuals and identified a total of 16 distinct mutations in CD27, and 8 in CD70,
respectively. The majority (90%) of patients were EBV" at diagnosis, but only ~30% presented with
infectious mononucleosis. Lymphoproliferation and lymphoma were the main clinical manifestations
(70% and 43%, respectively), and 9 of the CD27-deficient patients developed HLH. Twenty-one (43%)
patients developed autoinflammatory features including uveitis, arthritis and periodic fever. Detailed
immunological characterization revealed aberrant generation of memory B and T cells, including a
paucity of EBV-specific T cells, and impaired effector function of CD8" T cells, thereby providing
mechanistic insight into cellular defects underpinning the clinical features of disrupted CD27/CD70
signaling. Nineteen patients underwent allogeneic hematopoietic stem cell transplantation (HSCT) prior
to adulthood predominantly because of lymphoma, with 95% survival without disease recurrence. Our
data highlight the marked predisposition to lymphoma of both CD27- and CD70-deficient patients. The
excellent outcome after HSCT supports the timely implementation of this treatment modality particularly

in patients presenting with malignant transformation to lymphoma.

Keywords: CD27 deficiency, CD70 deficiency, EBV lymphoproliferation, Hodgkin lymphoma, Non-
Hodgkin lymphoma, hemophagocytic lymphohistiocytosis, autoinflammation, hematopoietic stem cell

transplantation
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Introduction

Epstein Barr Virus (EBV) is one of nine human herpesviruses and infects up to 90% of the adult
population®. Upon primary exposure, EBV infects oropharyngeal epithelial cells and B-cells, but acquires
latency and persists predominantly in B-cells'>. Host defense against EBV is largely mediated by CD8*
T cells and NK cells**®. In immunocompetent hosts, EBV exposure during early childhood is often
asymptomatic, but causes infectious mononucleosis (IM) in ~25% of infected adolescents®3. In contrast,
EBV infection is associated with significant morbidity and mortality in immunocompromised individuals.
Thus, when the host-virus balance is disrupted, a wide range of EBV-associated immunopathologic
conditions may arise, including lymphoproliferative disorders (LPD), hemophagocytic
lymphohistiocytosis (HLH), and chronic active EBV infection (CAEBV). Severe EBV manifestations
commonly occur in acquired T-cell immunodeficiencies, such as HIV-infection or iatrogenic
immunosuppression following organ or hematopoietic stem cell transplantation (HSCT)**"®. Importantly,
recent discoveries of single-gene defects presenting as severe and often fatal EBV-induced disease
have defined cellular networks essential for controlling acute EBV infection. For instance, patients may
be highly vulnerable to the pathogenic consequences of EBV infection due to germline-inherited loss-of-
function mutations in SH2D1A, XIAP, ITK, MAGT1, CTPS1, CORO1A, RASGRP1, STK4, CARMIL2,
TNFRSF9, CD27 or CD70 (ref.>®%%),

CD27 is a member of the tumor necrosis factor receptor superfamily expressed on a broad range of
human lymphocytes including naive and central memory T (Tcy)-cells, germinal center and memory B-
cells, plasma cells and some NK cells®®. By contrast, expression of its unique ligand CD70 is restricted
to activated lymphoid and myeloid cells'®. CD27 engagement by CD70 provides costimulatory signals
that enhance T-cell activation, survival, proliferation and differentiation®. In vivo studies established that
CD27 enhances generation and maintenance of antigen-specific CD4" and CD8" T-cells. Furthermore,
deletion of Cd27 in mice compromises cytotoxic CD8"* T-cell responses to viral and bacterial infections™
19 CD27 also has a role on human B-cells, promoting memory cell differentiation and plasma cell
survival®. The non-redundant role of the CD27-CD70 axis in humans has been revealed by the
discovery of individuals with biallelic mutations in CD27 (ref*?°) or CD70 (ref****?"), who typically
present with chronic EBV viremia, severe EBV-induced HLH, EBV-associated LPD, Hodgkin (HL) and

Non-Hodgkin lymphoma (NHL) and/or hypogammaglobulinemia®?’. Patients also suffer from recurrent
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bacterial and other viral infections, underlining a role for CD27/CD70 interactions in host defense
beyond EBV5’6'21-24’26’27.

Due to the limited numbers of CD27- and CD70-deficient patients reported to date??’, no consensus on
treatment strategies has been defined. Here, we report the largest cohort of genetically defined CD27-
and CD70-deficient patients providing unprecedented insights into the immunological characteristics,

mechanisms of disease pathogenesis, clinical course of individual patients undergoing various

treatments, including HSCT.
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Methods

Patients and diagnosis

We performed a retrospective analysis of CD27- and CD70-deficient patients. Centers with patients
were identified through the European Society for Immunodeficiencies (ESID)/European Society for
Blood and Marrow Transplantation (EBMT) registry, published case reports and communication with
defined expert clinicians working in the field. Questionnaires regarding patient demographics, clinical
and laboratory features, transplant characteristics, and outcome were distributed. Analysis was
performed using data collected for 49 patients from 20 centers worldwide. Diagnosis of CD27 or CD70
deficiency was made based on molecular genetics, and flow cytometry or Western blot in selected cases
(Suppl. Fig. 1). Patients and families provided written informed consent in accordance with the
Declaration of Helsinki. Study approval was granted by the institutional review boards, including Ethics
Committees of University of Duesseldorf, Germany (3208), Royal Prince Alfred Hospital, Camperdown,
Australia (X16-0210/LNR/16/RPAH/257), Royal Children’s Hospital, Melbourne, Australia (33146A), and
Medical University of Vienna, Austria (1796/2018), and the NIAID IRB. Data from 25 patients (P1-17,
P26, P31, P34-39) have been previously published®?’, with additional information including longer-term

follow-up collected for this study.

Lymphocyte phenotyping and function

Peripheral blood was collected from healthy blood donors and patients with CD27 or CD70 mutations
(Table 1)*2%. All samples were run at one site (Garvan Institute of Medical Research, Sydney,
Australia); shipping controls, heterozygous healthy family members and numerous age-matched
controls were also included in the analysis. Proportions of CD3*, CD4" T (CD3'CD4"), CD8" T
(CD3'CD8"), B cells (CD20%); naive (N; CD45RA'CCRT7"), central memory (Tcu; CD45RA'CCR7Y),
effector memory (Tgy; CD45RA'CCR7’), CD45RA™ revertant memory (Teura; CD45RATCCRTY) cells; a
(CD3'TCRaB) and yd (CD3'TCRyd") T-cells; mucosal-associated invariant T (MAIT;
CD3'TCRVa7.2'CD161%), NK (CD3'CD56") and invariant NKT (iNKT) cells (CD3*TCRVa24* VB11%);
transitional (CD20"CD10°CD27°), naive (CD20°CD10°CD27°), and memory (CD20°CD10°CD27") B-cell
subsets were determined by flow cytometry®®?3* EBV- and CMV-specific CD8" T-cells were detected
using MHC class I-specific tetramers??®, For in-depth phenotyping PBMC were further stained with

mAbs against specific cell surface and intracellular molecules??%2°%1 Data was acquired on an LSRII
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SORP or LSR Fortessa (Becton Dickinson) and analyzed using FlowJo (Tree Star). PBMCs or sorted
CD8" T-cell subsets were isolated and cultured in vitro under various conditions. Proliferation, cytokine

expression and secretion, apoptosis and expression of FASLG were then determined®®?%,

Statistical analysis
For single comparisons of independent groups, a Mann-Whitney test was performed. For multiple
comparisons, a two-way analysis of variance (ANOVA) or multiple t-tests were applied. Analyses were

performed with the use of PRISM software (GraphPad Software Inc).
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Results

Demographic characteristics of patients with inborn errors in CD27 or CD70

We reviewed clinical records of 49 patients from 29 unrelated families with a history of severe EBV-
related diseases. Thirty-three patients from 19 families were diagnosed with CD27 deficiency, while
CD70 mutations were detected in 16 patients from 10 families (Table 1). Gender distribution was
balanced (25 male, 24 female). Mean age of patients was 18.8 (range: 5-46 years) and 16.7 (range: 5-
40 years) years for CD27- and CD70-deficient cohorts. Average age of disease manifestation was 7.3
years (8 months-22 years) for CD27 deficiency and 3.4 years (6 months-9 years) for CD70 deficiency
(Table 1). 7 of 49 patients (CD27: 6/33, CD70: 1/16) died of lymphoproliferation (n=4,CD27 deficiency:
P9 died of diffuse large B cell lymphoma (DLBCL), P10 died of LPD (earlier interpreted as DLBCL); P15
of HL, P31 of NHL) or infection (n=3, CD27 deficiency: P2 succumbed to gram-positive sepsis during
cytopenia, retrospectively interpreted as HLH; P17 to EBV pneumonia; 1 CD70-deficient patient (P41)
succumbed to P. jirovecii infection post-HSCT). Twenty allogeneic HSCT procedures were performed in
19 patients, with 95% overall survival (Table 2, Suppl. Table 1). P14 and P36 suffered from severe IM-
like presentation and encephalitis respectively, but remained symptom-free thereafter. Five individuals in
our cohort (P4, P19, P22, P23, P48) remained clinically asymptomatic at time of analysis (CD27 n=4;
CD70 n=1; 5, 14, 17, 23 and 38 years of age, respectively) and were identified by familial screening after
detection of an affected family member. Only 3/5 asymptomatic patients had documented antibody
formation against EBV. Thus, based on this cohort, clinical penetrance of CD27 or CD70 deficiency is

~90%

Genetic characteristics

Thirty-one patients from 17 families had homozygous mutations in CD27 (11 missense, 3 nonsense, 3
frameshift). One patient had compound heterozygous (1 nonsense + 1 missense) CD27 mutations; one
further patient had only 1 identified heterozygous (1 nonsense) CD27 mutation®®. We documented 16
unique pathogenic variants in CD27, 10/16 were novel (Figure 1A, Table 1A). All CD70-deficient patients
(n=16) carried homozygous mutations (10 families: 5 missense, 2 nonsense, 3 frameshift) leading to 8
different genetic lesions (4/8 novel) (Figure 1A, Table 1B). The CD27 p.C53Y and the CD70 p.T111M
variants were found in 4 and 3 unrelated families from the same geographic region, respectively,
suggesting a founder effect. All mutations led to abolished or reduced expression of CD27 or CD70
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protein (not shown). Twenty mutations localized to the extracellular domain of CD27 or CD70, while only
1 CD70 (p.M1T) and 3 CD27 mutations (p.W7G, p.W8*, p.C10*) localized to the intracellular domain
(Figure 1A). The mutations impacting cysteine residues (p.Y32C, p.C53Y, p.C96Y, p.R107C, p.R94C)
are detrimental to the tertiary structure of CD27, whereas the remainder of the mutations impair the

CD27-CD70 protein interaction®.

Clinical phenotype

2127 the most common clinical features

Consistent with previous reports on CD27 and CD70 deficiency
of the patients were EBV-related: IM (37%, 18/49 patients), LPD (37%, 18/49 patients) and/or lymphoma
(43%, 21/49 patients) and HLH (18%, 9/49) (Figure 1B-C; Suppl. Table 1). EBV-positivity (evidenced by
viremia, serology or histology) at diagnosis was detected in 31/33 CD27-deficient and 15/16 CD70-
deficient patients. EBV load was available for 46 patients (mean EBV load: 2.0x10° copies/ml; range: O -
4.5x10"). Lymphoproliferation was the major manifestation in 71% (35/49) of the cohort; lymphoma was
diagnosed in 60% (21/35) of patients by biopsy, being the initial presenting symptom in 14/49.
Interestingly, two patients developed EBV™ HL. Thirty-six percent (12/33) of CD27-deficient and 56%
(9/16) of CD70-deficient patients developed lymphoma at a median age of 8.5 and 3 years respectively.
HL was the most prevalent malignancy (16/49), followed by NHL (n=7/49 patients, 14%: 2 unclassified
B-NHL, 2 Burkitt, 3 DLBCL) (Table 1, Figure 1B). Five of 16 CD70-deficient patients suffered a relapse
following initial remission after first treatment of HL, prompting allogeneic HSCT (Figure 2). All patients
received a genetic diagnosis prior to HSCT.

HLH occurred in 27% (9/33) of CD27-deficient patients (median age of onset: 4 years), and was the
initial presenting symptom in 4 individuals (Figure 1B-C, Suppl. Table 1). Notably, HLH progressed to
lymphoproliferation within 1 year in 7/9 patients (Figure 2). 3/9 CD27-deficient patients with HLH
underwent HSCT, while 5/9 patients responded to conventional treatment. 8/9 patients who developed
HLH are currently alive, at a median follow-up of 4 years since HLH, one patient succumbed (P2) to
infection (see above) (Figure 2). Interestingly, HLH was not observed in any CD70-deficient patients.
Various autoinflammatory features were reported in a total of 21 patients (CD27 n=15; CD70 n=5; 43%
total) including periodic fever (n=10), oral ulcers or stomatitis (n=14), uveitis (n=7), arthritis (n=6) and
vasculitis (n=1), without documentation of a causative infectious agent and/or autoantibodies. In four
cases (P27, P35, P39, P40) rheumatological symptoms (uveitis, arthritis) occurred initially and were
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treated before an EBV predisposition syndrome was suspected (Figure 1B-C and Suppl. Table 1). The

autoinflammatory complications resolved following HSCT.

Infectious profile

Beyond EBV-related symptoms, recurrent infections were common in our cohort, with viral infections —
cytomegalovirus (CMV), herpes simplex virus, human herpes virus 6, varicella zoster virus, coxsackie -
most frequent. Two patients suffered from viral encephalitis (P24: EBV and HHV6, P36: unknown
etiology), causing intellectual disability in P36. P35 had severe varicella and P42 had herpes zoster.
Recurrent respiratory tract infections occurred in 56% of patients (23/49). While fungus (Candida,
Aspergillus, Rhizopus; 4 patients) and parasites (Toxoplasma gondii, Giardia lamblia; 5 patients) were
occasionally isolated, these infections were likely secondary to immunosuppressive treatment for HLH

and lymphoma rather than resulting directly from CD27 or CD70 deficiency.

Effect of CD27- and CD70-deficiency on lymphocyte differentiation in vivo

To determine the impact of CD27 and CD70 mutations on lymphocyte differentiation in vivo, we
performed detailed flow cytometric analysis on PBMCs from 10 CD27-deficient (average age: 13.5
years; range: 1.5-32 years) and 11 CD70-deficient (average age: 12.5 years; range: 4-36) patients.
While the healthy donors were older than some of the patients studied, proportions of lymphocyte
subsets in peripheral blood are relatively stable between 5 years of age and adulthood®*3*3°,
Proportions of T-, B- and NK-cells were unaffected by CD27 or CD70 mutations (Figure 3A). However,
CD8" T-cells were significantly increased in CD27-deficient patients and a similar trend noted for CD70
deficiency (Figure 3A), resulting in a significantly decreased CD4/CD8 ratio in CD27-deficient individuals
(Figure 3B). While proportions of CD3" T-cells were intact for both genotypes, yd T-cells were modestly
but significantly increased in CD70-deficient patients accompanied by reduced aff T-cells (Figure 3C).
Proportions of MAIT, but not iNKT, cells were reduced in CD27/CD70 deficiency without reaching
statistical significance (Figure 3D,E). NK cell subsets, defined by differential expression of CD56,
revealed increased proportions of CD56"™ and corresponding reductions in CD56°™ cells in CD27/CD70

deficiency (Figure 3F).

CD27/CD70 interactions are required for the generation of memory B and T cells
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CD27 expression delineates memory B-cells***’. Although this precludes defining distinct B-cell subsets
in CD27-deficiency, flow cytometry revealed significantly reduced memory B-cell proportions in CD70-
deficiency (Figure 3G). CD4" and CD8" T-cell subsets can be classified into 4 distinct populations: naive
(CD45RA'CCRT7"); Tcu (CD45RA'CCRT7); Tem (CD4SRA'CCR7) and Tewra (CD45RA'CCRT7)®.
Proportions of naive CD4" T-cells were significantly increased and CD4" Tcy-cells corresponding
reduced in CD27/CD70-deficient patients (Figure 3H). Proportions of regulatory T-cells and circulating T
follicular helper cells were intact in all patients (not shown). The CD8" T-cell compartment was also
altered. In CD27 deficiency, naive CD8" T-cells were reduced and Tgy-cells increased, while CD70
deficiency yielded increased naive CD8" T-cells and fewer Tgy-cells. Despite these opposing

observations, Tcy.cells tended to be reduced in both genotypes (Figure 3lI).

Impaired cytokine production and cytolytic function of CD27-deficient CD8" T cells

To identify mechanisms underlying impaired immune cell function and subsequent infectious
susceptibility due to abolished CD27/CD70 signaling, we studied functional responses of CD8" T-cells
from individuals with CD27 mutations. Consistent with CD70-deficient T-cells®®, proliferation of CD4" and
CD8" T-cells in vitro was unaltered by CD27 deficiency (not shown). In contrast, expression of
granzyme-A and perforin was significantly reduced in CD27-deficient CD8" Teyra-cells, and trended to
be reduced in Tgy cells (Figure 4A, B). Similarly, expression of CD107A - a correlate of degranulation —
and IFNy by CD8" T-cells following ex vivo stimulation was reduced by CD27 mutations (Figure 4C). To
extend these findings, we examined sort-purified CD8" T-cells. Expression and/or production of cytolytic
(granzyme-A and B, perforin, CD107a) and effector (IFNy, TNFa, IL-2) molecules were reduced for
Temew and Tewra-cells from CD27-deficient individuals (Figure 4D, E). Thus, production of cytokines and
granzymes by, and activation of the lytic machinery in, memory CD8" T-cells are compromised by CD27
deficiency. As CD27 co-stimulation maintains effector cells, thereby providing host defense following
pathogen exposure®, we determined the impact of CD27 deficiency on T-cell survival. CD27-deficient
PHA blasts exhibited greater death (Figure 4F) and significantly increased expression of FASLG (Figure
4G) upon TCR engagement compared to healthy donors. Thus, CD27-deficient CD8" T-cells are

intrinsically more susceptible to apoptosis than CD27-sufficient CD8" T-cells.

Altered phenotype of EBV-specific T cells in CD27-deficient individuals
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EBV poses the greatest pathogenic threat to CD27/CD70-deficient individuals (Figure 1)**%’. Our
previous studies found variable proportions of EBV-specific CD8" T-cells in CD70-deficient individuals?®.
Furthermore, CD70-deficient memory CD8" T-cells have reduced expression of 2B4 and NKG2D%,
molecules critical for regulating CD8* T- and NK-cell mediated immunity against EBV-infected B cells®®.
Hence, we used peptide/MHC class | tetramers to identify EBV-specific CD8" T-cells. Frequencies of
these cells were in the normal range in 2/7 patients, but approximated levels detected in HLA-
mismatched controls in 5/7 patients, suggesting EBV-specific CD8" T-cells were negligible in these
individuals (Figure 5A). CMV-specific CD8" T-cells were detected at comparable frequencies in CD27-
deficient individuals and healthy donors (Figure 5B). The phenotype of EBV-specific CD8" T-cells in
CD27-deficient patients was generally comparable to healthy donors (Figure 5C), with a predominance

3940 However, similar to CD70 deficiency?®,

of Tem cells, and the remainder being Tcy and Teyra
expression of NKG2D and 2B4 was reduced (~50%) on EBV-specific CD8" T-cells (Figure 5D, E), but
not on CMV-specific CD8" T-cells (Figure 5E), from CD27-deficient patients. Expression of granzyme B
and perforin by CD27-deficient EBV-specific CD8" T-cells was also reduced (Figure 5F). Overall, our

results suggest CD27 deficiency selectively impairs the generation of EBV-specific CD8" T-cells, hence

the function of these cells is likely compromised by lack of expression of key cytotoxic receptors.

Therapeutic interventions and outcome

Given the wide and variable phenotypic spectrum of disease, therapeutic approaches were also
variable. Hypogammaglobulinemia was detected in 18/49 patients (only in P5 prior to EBV infection) and
they received IgG substitution (n=18/49) and antibiotic prophylaxis (n= 17/49), while patients with HLH
received HLH-2004/HLH-1994 protocol. Patients with HL or NHL were treated according to disease-
specific protocols (CHOP-based [Cyclophosphamide+ Hydroxydaunorubicin +vincristine+Prednisolon]).
Relapse protocols (ABVD [Doxorubicin+Bleomycin+Vinblastine+Dacarbazine] and IGEV [Ifosfamide+
Gemcitabine +Vinorelbine+Prednisolone] regimen) with consecutive treatment with anti-CD30
(Brentuximab), autologous HSCT and radiotherapy were administered to patients with relapsed HL (P4,
P5, P11, P12, P40).

HSCT and outcome

11/33 (33%) CD27- and 8/16 (50%) CD70-deficient patients underwent HSCT (39% total). While the
median age at disease onset was 3.0 years for both the CD27- (range 1-15 years) and CD70- (range 1-
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9 years) deficiency subgroups, the median age at HSCT differs between the groups (CD27 5.0 years,
range 2-18 years; CD70 10.0 years, range 5-18 years). Severe infection was the HSCT indication in only
one of these patients. Indications for HSCT in the remaining 18 patients were persistent EBV
viremia/LPD (n=4), HL/NHL (n=9) or a combination of these disease manifestations (LPD/viremia + HLH
n=2, Lymphoma + HLH n=1, Lymphoma+LPD n=2) Median follow-up time in all our patients has been
2.0 years post-HSCT (range 1 year — 9.5 years).

In total 20 allogenic HSCT (in 19 patients) procedures (Table 2) were performed, the majority of patients
received unrelated donor transplants (12/19). Seven patients were transplanted with matched related
donors, four with 10/10 HLA-matched unrelated donors and 8 with mismatched unrelated donors,
including 3 haploidentical transplants. Three of the unrelated donations used cord blood grafts. One
patient received a TCRap/CD19-depleted graft, in two patients haploidentical HSCT was performed with
post-transplant cyclophosphamide prophylaxis.

The choice of conditioning regimen largely reflects the recommendation of the ESID-EBMT guidelines
for inherited immune disorders and experience of the transplant community for patients with non-
malignant disorders. Most patients were treated with a fludarabine-busulfan (n=8) or fludarabine-
treosulfan based reduced-toxicity, but myeloablative regimen. Fludarabine-melphalan was used in two
patients, and fludarabine-cyclophosphamide was used in one case prior to second transplant (P27). In
one patient (P13) conditioning was discontinued after alemtuzumab and etoposide (as part of the HLH
treatment) due to systemic toxicity and invasive fungal infection. Most patients received serotherapy with
anti-thymocyte globulin (ATG, n=13), or alemtuzumab (n=3). For the 3 patients with haploidentical
donors, one (P18) received a TCRa3/CD19-depleted graft, and two (P34, P41) received post-transplant
cyclophosphamide as GVHD prophylaxis. In other patients, GvHD prophylaxis consisted mostly of
cyclosporine A (CSA) (n=17) and mycophenolate mofetil (MMF) or methotrexate

At 1-year post-transplant, donor chimerism (>90% donor in whole blood) was documented in all patients.
Acute graft versus host disease (GvHD) grade I/ll and grade llI-IV occurred in 7/19 (37%) and 3/19
(16%) patients, respectively. Limited chronic skin GvHD was seen in 3/19 patients, and two patients
(P39, P44) had chronic GvHD. One patient developed severe engraftment syndrome and two patients
with acute renal failure which fully recovered in both cases. No cases of sinusoidal obstruction syndrome
or other toxicity were reported, even in the transplanted patients with HLH.

We observed infectious complications in 12/19 patients post-HSCT. Viremia resulted from reactivation of
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CMV (n=4, one patient treated with virus-specific T-cells at day +60), EBV (n=3), adenovirus (n=2) and
HHV6 (n=2). Two patients suffered from respiratory syncytial virus (RSV) pneumonia. It remains unclear
whether viral reactivations other than EBV were already present prior to HSCT. One patient (P41)
succumbed to P. jiroveci pneumonia at day +166.

At a median follow-up time of 2 years (range: 1-9.5 years), overall survival was 95% (100% [11/11] of
CD27-deficient patients and 88% [7/8] of CD70-deficient patients). Importantly. lymphoma relapse or
secondary malignancies have not occurred in any transplanted patients and all remain in continuous
remission. Hence, event-free survival in the combined group, including death and relapse, is also 95%.
At 1-year post-HSCT 16/18 surviving patients no longer require immunosuppression (Table 2). Within
the untransplanted cohort (n= 31), six patients died (at 2, 4, 10, 20, 22 and 35 years of age) — four
during their first malignant event (P9 died of DLBCL, P10 of LPD; P15 of HL, P31 of NHL), and 2 due to

infections .
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Discussion

Combined immunodeficiencies due to germline biallelic mutations in CD27 (ref.?) or CD70 (ref.?*?®),
characterized by increased susceptibility to bacterial and viral infections, impaired humoral immunity and
hypogammaglobulinemia, were first described in 2012 and 2017, respectively. The major pathogenic
threat to these patients is EBV, causing chronic viremia and severe diseases including HLH,
lymphoproliferation and lymphoma. A growing number of experts emphasize the need to implement
immunological and EBV screening in most cases of HL or NHL*'. However, there are no current
definitions or “reference values” of immunological parameters or biomarkers in patients with
malignancies prior to treatment. In our study, 61% of CD27- and 81% of CD70-deficient patients
presented with EBV-associated lymphoproliferation or lymphoma often at a young age (median age
CD27:11 years; CD70: 3 years), suggesting the inability to control EBV infection is a strong indication to
raise attention among physicians taking care of these patients.

Besides lymphoma, a high number of CD27- and CD70-deficient patients experience autoinflammatory
symptoms. In vivo analysis of gene-targeted mice established that CD27/CD70 costimulation inhibits
Th17 differentiation, dampening Th17-mediated autoimmunity and inflammation*?. The accumulation of
autoinflammatory symptoms suggest a regulatory effect of CD27-CD70 signaling on fine-tuning immune
responses. As seen in our cohort, some patients (P39, P40) are followed as PFAPA-like disorders for
several years before typical CD27-CD70 disease manifestations occur. So far, no specific disease
biomarkers exist, so clinical awareness is of paramount importance in patients with signs of
autoinflammation, especially with atypical presentation or unusual/lack of response where CD27/CD70
defects should be considered.

The spectrum of EBV-associated diseases in patients with inborn errors of immunity (IEIS) results from
defective CD8" T-cell activation, expansion and/or cytotoxicity that compromise immune-mediated
control of EBV infection®®%1214 patients with CD27 or CD70 mutations have increased CD8" T-cells
and naive CD4" T-cells, but reduced proportions of CD4" and CD8" T¢y cells, MAIT cells, memory B-

cells and EBV-specific CD8" T-cells. In contrast to the initial studies of CD27 deficiency*??

, proportions
of INKT-cells were intact in both CD27- and CD70-deficient patients. CD27-deficient memory CD8" T-
cells have reduced production of cytokines and cytotoxic molecules, reduced expression of NKG2D and

2B4, and increased apoptosis in vitro. Similar functional defects have been reported for CD70-deficient

CD8" T-cells**?®. CD27-CD70 interactions are important for expansion of EBV-specific T-cells,
Page 16 of 28



evidenced by lack of expansion of CD27-deficient T-cells in response to CD70-expressing EBV" B-cells,
and impaired T-cell expansion - including EBV-specific T-cells — to CD70-deficient B-cells**. Collectively,
these cellular defects likely manifest as impaired cytotoxic T-cell-mediated control of EBV-infected B-
cells, resulting in EBV-associated disease. These cellular and functional defects, together with a lack of
detectable expression of CD27 or CD70 on patient immune cells, could be used as biomarkers for the
early identification and putative diagnosis of individuals with inactivating mutations in CD27 or CD70.
Interestingly, the spectrum of clinical manifestations varied between patients in the same family,
including identification of asymptomatic individuals with biallelic CD27 mutations, indicating that
additional mechanisms including environmental factors may contribute to the variable penetrance of this
genetic disease.

CD27/CD70 signaling is unequivocally non-redundant for EBV immune surveillance. The clinical
phenotype of CD27 and CD70-deficiency phenocopy each other with regards to disease presentation,
yet there are notable differences. Age of onset is earlier in CD70 deficiency with greater incidence of
hypogammaglobulinemia and lymphoma, whereas HLH is so far only seen in CD27 deficiency.
Curiously, we recorded malignancies in 50% of family members carrying heterozygous CD70 mutations
consistent with initial findings®®. However only 21% of heterozygous CD27 mutation carriers reported
malignant events. These differences might be due to relatively disproportional sizes of the two cohorts
and selection bias resulting from the more recent discovery of CD70 deficiency. Targeting the
CD27/CD70 pathway as a therapy for autoimmune diseases and cancers is being tested clinically**“®. It
remains unclear whether CD27/CD70 have cell-intrinsic roles in tumorigenesis which may explain the

difference in lymphoma occurrence*”*.

Notably, CD70 ligation can induce apoptosis of EBV-
transformed human B-cell lines®®. This may explain the excess of malignancies associated with CD70
mutations.

Following diagnosis, the decision on the therapeutic regimen remains a challenge. While HSCT s the
only cure for individuals with refractory or relapsed malignancies, treatment strategies in less severely
affected patients differ broadly. Unlike patients with classical cytotoxicity defects, most patients in our
cohort with HLH developed further lymphoproliferation. Therefore, persistent EBV viremia could be a
biomarker to alert clinicians to the necessity of early curative interventions**. The high mortality of CD27-

deficient patients during their first malignant event, combined with excellent event-free survival post-

HSCT, strongly supports consideration of curative HSCT, guided by relatively mild disease
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manifestations or positive family history, as demonstrated recently for other genetic forms of HLH>".
Recent studies on HSCT in IEls have demonstrated encouraging results are not only obtained with
matched but also alternative donor sources, including haploidentical®®*?>*, Based on our data that
heterozygous carrier status of CD27/70 deficiency may be associated with increased risk for
malignancy, we would preferably recommend usage of suitable non-related donors for allogenic HSCT,
if available.

The aggressive clinical course and/or lack of a genetic diagnosis in most of these cases hindered the
use of a rescue HSCT. Notably, a recent study demonstrates the feasibility and curative potential of
HSCT in IEIl patients with lymphoproliferative disorders even in those without complete remission at
HSCT®. A restrained attitude is often observed regarding preemptive HSCT, especially in adolescent
and adult patients, even following a first malignant event explainable by the usually less favorable HSCT
outcomes. However, recent HSCT studies in adolescent and young adult IEI patients have
demonstrated encouraging results®**’.

In conclusion, we report the heterogeneous spectrum and clinical course in a large cohort of patients
with CD27 and CD70 deficiency which often manifest following EBV infection. These findings further
highlight the critical role of the CD27-CD70 axis in regulating cellular immunity in humans, especially in
the context of EBV control and lymphomagenesis. Importantly, this relates to both EBV* and EBV" B-cell
lymphomas, revealed by the key role that CD27/CD70 interaction plays in enabling antigen-presenting
B-cells to efficiently activate cytotoxic lymphocytes®®. The excellent outcome after HSCT in CD27- or
CD70-deficient patients with severe disease manifestations emphasizes that HSCT needs timely
consideration as a definitive treatment, especially in patients with malignant transformation to

lymphoma.
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Figure 1: Clinical and genetic features of patients harboring mutations in CD27 and CD70. A.
Identified variants in CD27 (top) and CD70 (bottom). Corresponding publications for previously reported
mutations are indicated in brackets. B. Comparison of clinical findings and outcomes in CD27- and
CD70-deficient patients. C. Clinical manifestations in CD27 and CD70 deficiencies. RTI. Respiratory
tract infections, LPD: lymphoproliferative disease, CAEBV: Chronic active EBV, HL:Hodgkin lymphoma,
NHL: Non-Hodgkin lymphoma, HLH: hemophagocytic lymphohistiocytosis, HSCT: hematopoietic stem

cell transplantation, IBD: inflammatory bowel disease.

Figure 2: Clinical course of patients having CD27 and CD70 mutations. The scheme depicts the
main clinical characteristics, therapeutic interventions and outcome of CD27- and CD70-deficient

patients within the follow-up time of each individual patient.

Figure 3: Impact of CD27 and CD70 mutations in lymphocyte differentiation in vivo.

PBMC from healthy controls (n=18-26), CD27-deficient (h=10) or CD70-deficient (n=7-11) patients were
labelled with mAbs against CD3, CD4, CD8, CD56, CD20, CD10, CD27, CD161, TCR V11, TCR Va7-
2, TCR Va24, CCR7 and CD45RA. A. Proportions of total (CD3"), CD4" (CD3"'CD4'CD8") and CD8"
(CD3'CD4CD8") T cells, B cells (CD20") and NK cells (CD3'CD56") in peripheral lymphocytes of
healthy donors and patients. (B) Ratio of CD4/CD8 T cells. (C) proportions of CD3" T cells expressing
af or y8 TCR. (D, E) proportions of MAIT (D) or NKT (E) cells within the total CD3" T cell population. (F)
proportions of CD56" and CD56"™ NK subsets within the total NK population. (G) proportions of
transitional, naive and memory B cells within the total B cell population. (H, I) proportion of CD4" (H) and
CDS8" (1) cells with a naive, Tcw, Tem OF Tewra phenotype. Statistics performed using ANOVA. *p<0.05, **

p<0.01.

Figure 4: CD27 deficiency compromises effector function and survival of CD8" T cells
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A, B: PBMCs were stained with mAbs to CD8, CCR7, CD45RA, granzyme B and perforin. Expression
levels of (A) Granzyme B or (B) by CD8" Tcu, Tem and Tewra Cells were determined relative to naive
CD8" T cells (normalized to 1.0).

C: PBMCs from healthy individuals (n=5) and CD27-deficient individuals (n=5) were stimulated for 14
hours (PMA/ionomycin) in the presence of Brefeldin A and monensin. Percentage of cells expressing
IFN-y, TNF, IL-2 or CD107a was determined by intracellular staining and flow cytometric analysis.

D, E. CD8" memory (Tcw/Tem; D) and Tewra (E) cells were sort-purified from healthy individuals (n=6)
and CD27-deficient individuals (n=4) and cultured with anti-CD2/CD3/CD28 mAbs for 5 days.
Proportions of cells expressing IFNy, CD107a or perforin were determined by intracellular staining and
flow cytometry; secretion of IFNy, TNFa, IL-2, granzyme A and B were determined by cytometric bead
arrays.

F, G: PHA blasts were expanded from PBMCs form healthy donors (n=5) and CD27-deficient patients
(n=3). After 5-7 days the cells were restimulated with plate-bound a-CD3. (F) Percentage of apoptotic
cells was determined after 24 hours. (G) Relative expression of FASLG expression was determined after
4 hours stimulation with a-CD3 mAb (normalized to PHA blasts from healthy donors).

For all graphs, values represent mean + SEM. Statistics performed using t tests with Mann-Whitney

tests. *P<0.05, ** P<0.01.

Figure 5: Impaired generation and function of EBV-specific CD8" T cells in CD27-deficient
individuals. (A, B) PBMCs from healthy HLA mismatched, HLA matched (n=4-8), and CD27-deficient
patients (n=4-7) were stained with specific EBV- or CMV-peptide-MHC class | tetramers, mAbs to CD4,
CD8, CCR7, CD45RA, CD57, CD95, PD-1, 2B4 and NKG2D. EBV-specific and CMV-specific CD8" T
cells quantitifed in HLA mismatched or matched controls and CD27-deficient patients, presented for all
individuals as well as based on the specific HLA alleles (HLA-A*0201, HLA-A*2402 or HLA B*0702)
Statistics were performed using ANOVA; *P<0.05. (C) Distribution of EBV-specific CD8" T cells in the
naive, Tew, Tem and Temra CD8' T cell populations in HLA matched controls and CD27-deficient patients.
(D) Expression of 2B4 and NKG2D on EBV-specific CD8" T cells from healthy control and CD27-
deficient patients. (E) Relative expression of 2B4 and NKG2D on EBV- and CMV-specific CD8" T cells
from CD27-deficient patients determined by calculating fold change relative to virus-specific CD8" T cells

from HLA-matched donors. (F) PBMCs were stained ex vivo with EBV-specific HLA tetramer, and mAbs
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to CD8, granzyme B and perforin. Expression of granzyme B or perforin in EBV-specific CD8" T cells

from CD27-deficient patients was determined relative to that in EBV-specific CD8" T cells from healthy

donors.
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TABLES
Table 1. A) Clinical features and genetic variants of patients with CD27 deficiency
Age Age Sex Ethnicity Consanguini Mutation Infections EBV EBVload Malignanc Other
at at ty (NM_001242. related (max) y symptoms
onset diagnosi 5) symptoms
s
P1 2 21 M Morocca + c.G24A, No IM 3000° -
n p.w8g*
P2 3 PM M Morocca + c.G24A, sepsis due IM, 2050 - uveitis
n p.W8* to possibly
cytopenia  HLH (DD
aplastic
anemia)
P3 1 1 F Turkish + c.G158A, LRTI, HLH, LPD 2000000 - -
p.C53Y sepsis,
phlegmon
S
P4 NA 12 M Turkish + c.G158A, - - 0 - -
p.C53Y
P5 1 0 F Turkish + c.G158A, phlegmon IM 4400 arthritis
p.C53Y S
P6 1 4 M  Lebanese - c.G158A, recurrent LPD,HLH 5000000 - oral ulcers
p.C53Y infections
P7 1 1 F Lebanese - c.G158A, URTI meningitis 8000000 - oral ulcers,
p.C53Y uveitis
P8 15 19 M  Lebanese + c.G158A, - CAEBYV, 2500000 - oral ulcers,
p.C53Y LPD 0 uveitis
P9 2 PM F Lebanese + c.G158A, - LPD na DLBCL oral ulcers
p.C53Y (EBV+)
P1 22 PM F Lebanese + c.G158A, - CAEBV, 270000 -
0 p.C53Y LPD
P1 4 9 F German - het c.C30A / - LPD,HLH 1000000 - -
1 p.C10*
P1 13 17 F German - c.G24A/ ulcers CAEBV 320000 mc-HL oral ulcers
2 c.C319T uveitis
p.w8g* /
p.R107C
P1 7 7 F Turkish + c.G287A LRTI LPD,HLH 2200000 - -
3 p.Co6Y
P1 6 13 F Turkish + c.G287A - IM 0 - -
4 p.Co6Y
P1 6 PM F Iranian + c.G287A RTI, skin IM 3700 ns-HL recurrent
5 p.Co6Y abscesses fever,
bronchiec eczema
tasis,
toxoplasm
osis
P1 8 32 M Iranian + c.G287A URTI IM 930 ns-HL
6 p.Co6Y
P1 8 PM F Iranian + c.C232T recurrent IM, EBV 930 - recurrent
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7 p.R78W infections  pneumoni fever,
a stomatits
P1 2 2 F Syrian + €.266_267del - HLH,LPD 259000 DLBCL recurrent
8 p-S89Wfs*14 fever
P1 NA 2 M Syrian + c.266_267del - 626
9 p-S89Wfs*14
P2 15 20 F Iraqi na c.G158A - viremia 1200 ns-HL
0 p.C53Y
P2 13 13 M Iraqi na c.G158A - viremia 32195 mc-HL
1 p.C53Y
P2 NA 30 M  Banglade c.C280T 45031 asthma,
2 shi p-R94C eczema
P2 NA 8 M  Banglade c.C280T viremia 16652
3 shi p-R94C
P2 | 8mo 7 M  Banglade c.C280T URTI EBV 2000000 vasculitis,
4 shi p-R94C encephalit arthritis,
is
P2 1 3 F Turkish + c.G137A no viremia, 665000 - -
5 p.G46Q LPD
P2 14 14 M English - c.251_252ins viremia 4500000 HL, DLBCL recurrent
6 T 0 tonsillitis
p.C71fs*44
P2 5 5 F Tunisian - c.G329A LRTI, skin viremia, 1000000 arthritis,
7 p.-W110* infections LPD uveitis
P2 5 7 M Iranian + c.T94C LRTI IM, LPD, 7250 - recurrent
8 p.Y32H HLH fever,
uveitis,
arthritis
P2 4 5 F Iranian + c.T94C LRTI IM, LPD, 8220 - recurrent
9 p.Y32H HLH fever
P3 3 4 M Turkish + c.G98A - - 0 HL No
0 p.-W33*
P3 3 10 F Indian - c.A95G LRTI LPD 474188 B-NHL oral ulcers,
1 p.Y32C IBD
P3 8 8 F Turkish + c.18 del - - 85 mc-HL -
2 p-W7G*44
P3 3 3 F Turkish + c.18 del - - 2500 ns-HL -
3 p.W7G*44 Burkitt
Table 1. B) Clinical features and genetic variants of patients with CD70 deficiency
Age Age Sex Ethnicity Consanguinity Mutation Bacterial EBV related EBV Malignancy Other
at at (NM_001242.5) infections symptoms load symptol
onset diagnosis (max)
P34 3 7 M  Egyptian + c.C535T no LPD na ns-HL recurre
p-R179* fever
P35 5 9 F Iranian + ¢.250delT LRTI IM 6910 ns-HL Behce
p.S84Pfs27* like
diseas
P36 0 36 M Iranian + ¢.250delT sinusitis encephalitis 322 - -
p.S84Pfs27*
P37 3 16 M Turkish + c.555_557del otitis, Cervical LAP 5620 mc-HL recurre
p.F186del* diarrhea fever
chroni
diarrhe
P38 2 8 M Turkish + ¢.555_557del URTI Cervical LAP na mc-HL -
p-F186del*
P39 1 6 M  Caucasian + c.163-2A>G - IM, LPD 27700 - PFAP;
p-W55Dfs*44 like
period
fever
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P40 7 16 M Turkish + c.G570A URTI LPD 17856 HL PFAP;
p.Trp190* like
period
fever
P41 9 11 M Turkish + c.C332T - lymphadenitis 411000 B-NHL -
p.T111M
P42 3 7 F Turkish + c.T2C LRTI IM LPD na - -
p-M1T
P43 4 6 M Turkish + c.C332T LRTI LPD 233 - chroni
p.T111M diarrhe
P44 3 3 F Turkish + c.C332T LRTI 309402 ns-HL chroni
p.T111M diarrhe
P45 1 1 M Turkish + c.C332T LRTI 24000 ns-HL
p.T111M
P46 3 10 F Iranian + c.G437T LRTI, IM, LPD 4310 recurre
p.S146l URTI fever
P47 1 5 F Turkish + c.C332T URTI LPD 67500
p.T111M
P48 | NA 14 M Turkish + c.C332T - 0
p.T111M
P49 6 13 M Turkish + c.C332T - 0 Burkitt
p.T111M lymphoma

CAEBV:Chronic active EBV; HLH: hemophagocytic lymphohisticytosis; HSCT: hematopoietic stem cell transplantation;
IBD: inflammatory bowel disease; IgRT: Immunoglobulin replacement therapy; LPD: Lymphoproliferative disease;
RTX: rituximab; URTI: Upper respiratory tract infections; LRTI: Lower respiratory tract infections; MTX: metothrexate;
LAP: lymphadenopathy; PFAPA: periodic fever, aphthous stomatitis, pharyngitis, cervical adenitis.
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Table 2. HSCT characteristics

Clinical Age at HLA Graft Conditionin  Serotherapy GvHD Cell dose ANC GvHD Complications
manifestations HSCT Match g prophylax engraftme
(yr) is nt (day)
HLH 2 MMUD CB Bu, Cy ATG CSA, Pred 0,5x108 +34 acute IV infections,
9 0of 10 3x30mg/kg /kg TNC (gut 3-4) ADV, EBV,
HHV6, cord
colitis
syndrome,
poor growth
rec. URTI, skin 2 MMUD CB Flu, Bu ATG CSA, MMF 0,7x108 +20 acute | severe
abscesses, 9 0of 10 (MACQ) 3x 2,5 /kg TNC (skin1-  infections, CMV
meningitis mg/kg 2)
chronic
limited
skin
CAEBV, EBV-LPD, 17 MMUD CB Flu, Cy, TBI None CSA, MMF n.a +5 acute | HHV6 infection
oral ulcers, uveitis 80f10 (skin 1-
2)
recurrent 12 MRD BM Eto + Dexa Campath CSA, Pred 9,1x10¢é +13 acute III severe
pneumonia, EBV 10 0of 10 (HLH 4x0,3 /kg CD34 (liver 3) infections,
viremia, HLH protocol) mg/kg mucor, HLH
relapse, EBV
pneumonia, EBV- 2 Haplo PB Flu, Mel, TT ATG MMF 20,6x10¢ 20 None ADV viremia,
HLH / LPD, 50f10 TCRab/CD1 3x10 mg/kg /kg CD34 CMV
DLCBL 9 depl. reactivation,
CMV VST D+60
EBV-LPD, 4 MSD BM Flu, Bu None CSA, MTX 8,6x106 16 None pulmonary
EBV viremia 10 0f10 (MACQ) /kg CD34 candidosis
(cleared)
recurrent 18 MMUD PB Flu, Mel Campath CSA 6,4x106 12 acute I EBV,
tonsillitis, EBV neg 90f10 5x 20 mg /kg CD34 (skin 2) rhinovirus
ns-HL, EBV pos total chronic
NHL, DLBCL limited
skin
rec. pneumonia, 6 MMUD PB CD45RA Flu, Bu, TT ATG CSA 13,2x106 none none graft failure
skin infections, 9 of 10 depl. 3x10 mg/kg /kg CD34
arthritis, LPD
6 same BM Flu, Cy ATG CSA, MMF 3,3x106 28 none
3x 2,5 /kg CD34
mg/kg
HL 5 MUD PB Flu, Bu ATG CSA, MTX 8x106 /kg 12 none none
10 of 10 (MAQ) 3x10 mg/kg CD34
mc-HL 8 MRD BM Flu, Bu ATG CSA, MTX 2,3x10¢ 15 none
10 of 10 3x10 mg/kg /kg CD34
ns-HL 3 MRD BM Flu, Bu, TT ATG CSA, MTX 2,8x106 17 none infections,
10 of 10 3x10 mg/kg /kg CD34 hemorrhage
ns-HL stage 2, LPD, 10 Haplo BM Flu, Bu ATG CSA, MMF, 4.,9x106 22 acute II none
recurrent fever 3of6 (MAQ) 1x10 Post-Cy /kg CD34 (skin 2,
mg/kg, gut1)
Campath chronic
1x0,5 limited
mg/kg skin
RTX 375
rec. otitis, rec. 18 MUD PB Flu, Treo, ATG CSA, MMF 3,4x106 20 none RSV
fever, chr. enteritis, 10 of 10 RTX /kg CD34 pneumonia
mc-EBV-HL, HL hemopericardi
relapse um, acute renal
failure,
thrombocytope
nia
URTI, IM, mc-EBV- 10 MUD PB Flu, Treo, ATG CSA, MMF 3,7x106 20 acute II acute renal
HL, HL relapse 10 0f 10 RTX /kg CD34 (gut1) failure, RSV
pneumonia
LAP, rec. fever, 5 MUD BM Flu, Treo, TT ATG CSA, MMF, 24 acute II CMV
PFAPA like, EBV 10 of 10 3x10 mg/kg MTX (gut1) reactivation
PTLD, mosquito
bite
hypersensitivity
tonsillitis, URTI, 16 MSD PB Flu, Treo, no CSA, MMF 7x106 /kg 20 acute III CMV infection,
EBV viremia, EBV- 10 0of 10 RTX CD34 (gut 2- thrombocytope
LPD, rec. fever 3), nia
chronic
gut
LAP, EBV-B-NHL 11 Haplo BM Flu, Bu, TT ATG CSA, post- 15,2x106 13 none severe
50f10 Cy /kg CD34 engraftment
syndrome,
day +166 PJP
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rec. pneumonia, 7 MRD PB Flu, Treo no CSA, MMF 5,4X106 22 acute II none
chr. enteritis, 10 of 10 /kg CD34 (skin,
EBV LAP liver)
LRTI, ns-HL 6 MRD PB Flu, Treo no CsA, MMF chronic none
10 of 10 skin and
liver

ADV: Adenovirus ;ATG: Anti-thymocyte globulin; Bu: Busulfan; CAEBV: Chronic active EBV; CB: Cord blood; CSA: Cyclosporin A; Cy:
Cyclophosphamide; DLBCL: Diffuse large B cell lymphoma; Flu: Fludarabine; HHV6: Human herpesvirus 6; HLH: Hemophagocytic
lymphohistiocytosis; HL: Hodgkin lymphoma; LPD: Lymphoproliferative disease; MMUD: Mismatched unrelated donor; MAC: Myeloablative
conditioning; Mel: Melphalan; MMF: Mycophenolate mofetil; MRD: Matched related donor; MSD: Matched sibling donor; MUD: Matched unrelated

donor; NHL: Non-Hodgkin lymphoma; RTX: Rituximab; TBI: Total body irradiation; TNC: Total nucleated cells; URTI: Upper respiratory tract
infection; VST: Virus-specific T cells
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Figure 3 Lymphocytes and subsets
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Figure 4 CD8 T cell function
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Figure 5 EBV specific CD8 T cells

(A) - (B) (C)

167 o o 41 . 801l Healthy donors
9O n o © Il CD27 deficiency
= = 1.2 = »n 31 = = 601
o ® T = c @
g © o ° o Q o O

- o © 2
9, 081 o - 24 $ 7 40
> % S . &
@a . ° S ® mA
%€ O o cQ4 ° W O 20
3 - 2 O B
. B
0.0+ 0- L
Al A%0201 A<2402 B*0702 A*2402 naive Tewm Tem Tewra

Il HLA-mismatched Control
1 HLA-matched Control
Il CD27-deficient patients

—_—
-
~

(D) (E)

—‘7,2.5- - 1.0p——————mmm
CD27 def 5 I 28B4 5
$2°1 HEE NKG2D <5
CD27 def  Control 53 53
Control 2 245 =
n 2197 n >
n S n <
g5 g3
5 §1of-—-------- 5%
&< §<
80.51 ]
© ©
" v T r T T 0.0- =

EBV CcMmv " GrzmB Perforin

2B4——p»
CD27 CD8* T cells CD27 EBV CD8* T cells



	Cover Page
	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

