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Biallelic mutations in the genes encoding CD27 or its ligand CD70 underlie inborn errors

® CD27/CD70
deficiencies are IEls
characterized by EBV-
associated immune
dysregulation
including HLH,
lymphoproliferation,
and malignancy.

® The excellent outcome
following HSCT in
cases with CD27/CD70
deficiency supports its
timely use particularly
in patients with
lymphoma.

of immunity (IEls) characterized predominantly by Epstein-Barr virus (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 trans-
plant outcomes has remained elusive. Here, in a multi-institutional global collaboration,
we collected the 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 of patients (90%) were EBV+
at diagnosis, but only ~30% presented with infectious mononucleosis. Lymphoprolifera-
tion and lymphoma were the main clinical manifestations (70% and 43%, respectively), and
9 of the CD27-deficient patients developed HLH. Twenty-one patients (43%) developed
autoinflammatory features including uveitis, arthritis, and periodic fever. Detailed im-
munological characterization revealed aberrant generation of memory B and T cells, in-
cluding 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. (Blood. 2020;136(23):2638-2655)

Introduction

Epstein-Barr virus (EBV) is 1 of 9 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 natural killer
(NK) cells.?#¢ In immunocompetent hosts, EBV exposure during
early childhood is often asymptomatic, but causes infectious
mononucleosis (IM) in ~25% of infected adolescents.?? 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 (LPDs), hemophagocytic lym-
phohistiocytosis (HLH), and chronic active EBV infection
(CAEBV). Severe EBV manifestations commonly occur in ac-
quired T-cell immunodeficiencies, such as HIV infection or iat-
rogenic immunosuppression following organ or hematopoietic
stem cell transplantation (HSCT).>#7# Importantly, recent dis-
coveries of single-gene defects presenting as severe and often
fatal EBV-induced disease have defined cellular networks es-
sential 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 muta-
tions in SH2D1A, XIAP, ITK, MAGT1, CTPS1, COROI1A,
RASGRP1, STK4, CARMIL2, TNFRSF9, CD27, or CD70.54914

CD27 is a member of the tumor necrosis factor (TNF) receptor
superfamily expressed on a broad range of human lymphocytes
including naive and central memory T (Tcw) cells, germinal
center and memory B cells, plasma cells, and some NK cells.’ By
contrast, expression of its unique ligand CD70 is restricted to
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activated lymphoid and myeloid cells.”™> CD27 engagement by
CD70 provides costimulatory signals that enhance T-cell acti-
vation, survival, proliferation, and differentiation.”™ In vivo
studies have established that CD27 enhances generation and
maintenance of antigen-specific CD4* and CD8" T cells. Fur-
thermore, deletion of Cd27 in mice compromises cytotoxic
CD8" T-cell responses to viral and bacterial infections.’>'? CD27
also has a role on human B cells, promoting memory cell differ-
entiation and plasma cell survival.*® The nonredundant role of the
CD27-CD70 axis in humans has been revealed by the discovery
of individuals with biallelic mutations in CD272-2> or CD70,242¢%7
who typically present with chronic EBV viremia, severe EBV-induced
HLH, EBV-associated LPD, Hodgkin (HL) and non-Hodgkin lym-
phoma (NHL), and/or hypogammaglobulinemia.?'?” Patients also
suffer from recurrent bacterial and other viral infections, under-

lining a role for CD27-CD70 interactions in host defense beyond
EBV.5,6,21—24,26,27

Due to the limited numbers of CD27- and CD70-deficient pa-
tients reported to date,?’?” no consensus on treatment strate-
gies has been defined. Here, we report the largest cohort of
genetically defined CD27- and CD70-deficient patients pro-
viding unprecedented insights into the immunological charac-
teristics, mechanisms of disease pathogenesis, and clinical
course of individual patients undergoing various treatments,
including HSCT.

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
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Society for Blood and Marrow Transplantation (EBMT) registries,
published case reports, and communication with defined expert
clinicians working in the field. Questionnaires regarding patient
demographics, clinical and laboratory features, transplant charac-
teristics, 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 mo-
lecular genetics, and flow cytometry or westem blot in selected
cases. Patients and families provided written informed consent in
accordance with the Declaration of Helsinki. Study approval was
granted by the institutional review boards, including the ethics
committees of University of Duesseldorf (Duesseldorf, Germany;
3208), Royal Prince Alfred Hospital (Camperdown, Australia; X16-
0210/LNR/16/RPAH/257), Royal Children’s Hospital (Melbourne,
VIC, Australia; 33146A), and Medical University of Vienna, Austria
(1796/2018), and the National Institute of Allergy and Infectious
Diseases (NIAID) Institutional Review Board. 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. A case report on patient P42 has been submitted in
parallel to this manuscript.?®

Lymphocyte phenotyping and function

Peripheral blood was collected from healthy blood donors and
patients with CD27 or CD70 mutations (Tables 1 and 2).2'-23 All
samples were run at a single site (Garvan Institute of Medical
Research, Sydney, NSW, Australia); shipping controls, hetero-
zygous 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 (CD45RA*CCR7+), central memory (Tcm; CD45RA-CCR7Y),
effector memory (Tgy; CD45RA-CCR7-), CD45RA* revertant
memory (Temra; CD45RATCCR7 ) cells; a (CD3*TCRaB*) and vd
(CD3*TCRy8*) T cells; mucosal-associated invariant T (MAIT;
CD3*TCRVa7.2*CD161%), NK (CD3-CD56™) and invariant NKT
(INKT) cells (CD3*TCRVa24 VB 117); transitional (CD20*CD10+CD27),
naive (CD20*CD10CD27), and memory (CD20*CD10CD27+) Bcell
subsets were determined by flow cytometry.262?32 EBV- and
CMV-specific CD8* T cells were detected using major histocom-
patibility complex (MHC) class I-specific tetramers.2>%? For in-depth
phenotyping, peripheral blood mononuclear cells (PBMCs) were
further stained with monoclonal antibodies (mAbs) against specific
cell surface and intracellular molecules.?6273932 Data were acquired
on an LSRII SORP or LSR Fortessa (both from Becton Dickinson) and
analyzed using FlowJo (Tree Star). PBMCs or sorted CD8" T-cell
subsets were isolated and cultured in vitro under various condi-
tions. Proliferation, cytokine expression and secretion, apoptosis,
and expression of FASLG were then determined.?¢2730

Statistical analysis

For single comparisons of independent groups, a Mann-Whitney test
was performed. For multiple comparisons, a 2-way analysis of variance
(ANOVA) or multiple Student t tests were applied. Analyses were
performed with the use of PRISM software (GraphPad Software Inc).

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-
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three patients from 19 families were diagnosed with CD27
deficiency, whereas CD70 mutations were detected in 16 pa-
tients from 10 families (Tables 1 and 2). Distribution of sex was
balanced (25 male, 24 female). Mean age of patients was
18.8 years (range, 5-46 years) and 16.7 years (range, 5-40 years)
for CD27- and CD70-deficient cohorts. Average age of disease
manifestation was 7.3 years (8 months to 22 years) for CD27
deficiency and 3.4 years (6 months to 9 years) for CD70 de-
ficiency (Tables 1 and 2). Seven of 49 patients (CD27, 6 of 33;
CD70, 1 of 16) died of lymphoproliferation (n = 4, CD27 de-
ficiency: 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 inter-
preted as HLH; P17 to EBV pneumonia; 1 CD70-deficient patient
(P41) succumbed to Pneumocystis jirovecii infection post-HSCT).
Twenty allogeneic HSCT procedures were performed in 19
patients, with 95% overall survival (Table 3; supplemental Ta-
ble 1, available on the Blood Web site). 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
of 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; 1 further patient had only 1 identified heterozygous
(1 nonsense) CD27 mutation.?? We documented 16 unique
pathogenic variants in CD27; 10 of 16 were novel (Figure 1A;
Table 1). All CD70-deficient patients (n = 16) carried homozy-
gous mutations (10 families: 5 missense, 2 nonsense, 3 frame-
shift) leading to 8 different genetic lesions (4 of 8 novel)
(Figure 1A; Table 2). 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 protein (not shown). Twenty mutations localized to the
extracellular domain of CD27 or CD70, whereas only 1 CD70
(p-M1T) and 3 CD27 mutations (p.W7G, p.W8*, p.C10*) local-
ized 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.3

Clinical phenotype

Consistent with previous reports on CD27 and CD70
deficiency,?'*?” the most common clinical features of the patients
were EBV-related: IM (37%, 18 of 49 patients), LPD (37%, 18 of
49 patients) and/or lymphoma (43%, 21 of 49 patients), and HLH
(18%, 9 of 49) (Figure 1B-C; supplemental Table 1). EBV posi-
tivity (evidenced by viremia, serology, or histology) at diagnosis
was detected in 31 of 33 CD27-deficient and 15 of 16 CD70-
deficient patients. EBV load was available for 46 patients (mean
EBV load, 2.0 X 10¢ copies per milliliter; range, 0 to 4.5 X 107).

GHOSH et al
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Lymphoproliferation was the major manifestation in 71% of the
cohort (35 of 49); lymphoma was diagnosed in 60% of patients
(21 of 35) by biopsy, being the initial presenting symptom in 14
of 49. Interestingly, 2 patients developed EBV- HL. Thirty-six
percent of CD27-deficient patients (12 of 33) and 56% of CD70-
deficient patients (9 of 16) developed lymphoma at a median
age of 8.5 years and 3 years, respectively. HL was the most
prevalent malignancy (16 of 49), followed by NHL (n = 7 of 49
patients, 14%: 2 unclassified B-NHL, 2 Burkitt, 3 DLBCL) (Tables
1 and 2; 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% of CD27-deficient patients (9 of 33) (median
age of onset, 4 years), and was the initial presenting symptom in 4
individuals (Figure 1B-C; supplemental Table 1). Notably, HLH
progressed to lymphoproliferation within 1 year in 7 of 9 patients
(Figure 2). Three of 9 CD27-deficient patients with HLH underwent
HSCT, whereas 5 of 9 patients responded to conventional treat-
ment. Eight of 9 patients who developed HLH are currently alive, at
a median follow-up of 4 years since HLH; 1 patient succumbed (P2)
to infection (see earlier in this section) (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 (h = 6), and vasculitis (h = 1), without documentation of a
causative infectious agent and/or autoantibodies. In 4 cases (P27,
P35, P39, P40), rheumatological symptoms (uveitis, arthritis) oc-
curred initially and were treated before an EBV predisposition
syndrome was suspected (Figure 1B-C; supplemental 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 [HHV$],
varicella zoster virus, coxsackie virus) most frequent. Two pa-
tients suffered from viral encephalitis (P24, EBV and HHVé; 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 of 49). Although
fungus (Candida, Aspergillus, Rhizopus; 4 patients) and parasites
(Toxoplasma gondii, Giardia lamblia; 5 patients) were occa-
sionally isolated, these infections were likely secondary to im-
munosuppressive treatment of 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 analyses 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 years) patients. Although
the healthy donors were older than some of the patients studied,
proportions of lymphocyte subsets in peripheral blood are rel-
atively stable between 5 years of age and adulthood.3':35-%7
Proportions of T, B, and NK cells were unaffected by CD27 or
CD70 mutations (Figure 3A). However, CD8" T cells were
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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 indi-
viduals (Figure 3B). Although proportions of CD3* T cells were
intact for both genotypes, y8 T cells were modestly but signif-
icantly increased in CD70-deficient patients accompanied by
reduced af 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 CD56Msh and corresponding reductions in
CD569m cells in CD27/CD70 deficiency (Figure 3F).

CD27/CD70 interactions are required for the
generation of memory B and T cells

CD27 expression delineates memory B cells.?338 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*CCR7™); Tcm (CD45RA-CCR7™); Tem (CD45RA-CCR77)
and Temra (CD45RA*CCR77).3? Proportions of naive CD4* T cells
were significantly increased and CD4* Tcy cells corresponding
reduced in CD27/CD70-deficient patients (Figure 3H). Propor-
tions of regulatory T cells and circulating T follicular helper cells
were intact in all patients (not shown). The CD8" T-cell com-
partment was also altered. In CD27 deficiency, naive CD8* T cells
were reduced and Tgy, cells increased, whereas 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 3l).

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 abol-
ished 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 B and perforin was significantly
reduced in CD27-deficient CD8* Tgmra cells, and trended to be
reduced in Tgw 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 (gran-
zyme A and B, perforin, CD107a) and effector (IFNvy, TNFaq, IL-2)
molecules were reduced for Tepyem and Temra 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 is compromised by CD27 deficiency. As
CD27 costimulation maintains effector cells, thereby providing
host defense following pathogen exposure,’ we determined
the impact of CD27 deficiency on T-cell survival. CD27-deficient
phytohemaglutinin (PHA) blasts exhibited greater death
(Figure 4F) and significantly increased expression of FASLG
(Figure 4G) upon TCR engagement compared with healthy
donors. Thus, CD27-deficient CD8* T cells are intrinsically
more susceptible to apoptosis than CD27-sufficient CD8"
T cells.
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T+indicates positive; —, negative.

$PCR copy numbers

Altered phenotype of EBV-specific T cells in
CD27-deficient individuals

EBV poses the greatest pathogenic threat to CD27/CD70-
deficient individuals (Figure 1).2'-?” 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 requlating 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
of 7 patients, but approximated levels detected in HLA-
mismatched controls in 5 of 7 patients, suggesting that EBV-
specific CD8* T cells were negligible in these individuals
(Figure 5A). CMV-specific CD8" T cells were detected at com-
parable 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 of Tgy cells, and the
remainder being Tcym and Temra-#%4" However, similar to CD70
deficiency,?® 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 that 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 of 49 patients (only in P5 prior to EBV in-
fection) and they received IgG substitution (n = 18 of 49) and
antibiotic prophylaxis (n = 17/49), whereas patients with HLH
received the HLH-2004/HLH-1994 protocol. Patients with HL or
NHL were treated according to disease-specific protocols (cyclo-
phosphamide, hydroxydaunorubicin, vincristine, prednisolone
[CHOP]-based). Relapse protocols (doxorubicin, bleomycin,
vinblastine, dacarbazine [ABVD] and ifosfamide, gemcitabine,
vinorelbine, prednisolone [IGEV] 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

Eleven of 33 CD27-deficient patients (33%) and 8 of 16 CD70-
deficient patients (50%) underwent HSCT (39% total). The me-
dian 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 1 of these patients.
Indications for HSCT in the remaining 18 patients were persistent
EBV viremia/LPD (n = 4), HL/NHL (nh = 9), or a combination of
these disease manifestations (LPD/viremia plus HLH [n = 2],
lymphoma plus HLH [n = 1], lymphoma plus LPD [n = 2]).
Median follow-up time in all our patients has been 2.0 years post-
HSCT (range, 1 year to 9.5 years).

In total, 20 allogenic HSCT procedures (in 19 patients; Table 3)
were performed; the majority of patients received unrelated

GHOSH et al
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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 of CD27 and CD70 deficiencies. IBD, inflammatory bowel disease; RTI, respiratory tract infection.

donor transplants (12 of 19). Seven patients were transplanted
with matched related donors, 4 with 10 of 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
TCRaB/CD19-depleted graft; in 2 patients, haploidentical
HSCT was performed with posttransplant cyclophosphamide
prophylaxis.

2648 & blood® 3 DECEMBER 2020 | VOLUME 136, NUMBER 23

The choice of conditioning regimen largely reflects the recom-
mendation of the ESID-EBMT guidelines for inherited immune
disorders and experience of the transplant community for patients
with nonmalignant disorders. Most patients were treated with a
fludarabine-busulfan (n = 8) or fludarabine-treosulfan-based re-
duced toxicity, but myeloablative regimen. Fludarabine-melphalan
was used in 2 patients, and fludarabine-cyclophosphamide was
used in 1 case prior to second transplant (P27). In 1 patient (P13),
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Figure 2. Clinical course of patients having CD27 and

CD70 mutations. The scheme depicts the main clinical P11 T A
characteristics, therapeutic interventions, and outcome of P2 |—|—|—K)-E|
CD27- and CD70-deficient patients within the follow-up time P3 |_A(j_ 1

of each individual patient (P). P4

CD27-deficient patients
0
»

CD70-deficient patients

O Death

O HLH
O Relapse

A EBV
W LPD
M Lymphoma

Recurrent infections

Autoinflammation

—— Chemotherapy

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 antithy-
mocyte globulin (ATG; n = 13), or alemtuzumab (n = 3). For the 3
patients with haploidentical donors, 1 (P18) received a TCRaf/
CD19-depleted graft, and 2 (P34, P41) received posttransplant
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 posttransplant, donor chimerism (>90% donor in whole
blood) was documented in all patients. Acute GVHD grade /1l

CLINICAL OUTCOME IN CD27 AND CD70 DEFICIENCY

and grade llI-IV occurred in 7 of 19 patients (37%) and 3 of 19
patients (16%), respectively. Limited chronic skin GVHD was
seen in 3 of 19 patients, and 2 patients (P39, P44) had chronic
GVHD. One patient developed severe engraftment syndrome
and 2 patients acute renal failure, with full recovery 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 of 19 patients post-
HSCT. Viremia resulted from reactivation of CMV (n = 4, 1
patient treated with virus-specific T cells at day +60), EBV (n = 3),
adenovirus (n = 2), and HHV6 (n = 2). Two patients suffered from
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Figure 3. Impact of CD27 and CD70 mutations in lymphocyte differentiation in vivo: lymphocytes and subsets. PBMCs from healthy controls (n = 18-26), CD27-deficient
patients (n = 10), or CD70-deficient patients (n = 7-11) were labeled with mAbs against CD3, CD4, CD8, CD56, CD20, CD10, CD27, CD161, TCR VB11, TCR Va7-2, TCR Va24,
CCR7, and CD45RA. (A) Proportions of total (CD3*), CD4* (CD3*CD4*CD8"), and CD8* (CD3*CD4-CD8*) 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 a or y3 TCR. (D-E) proportions of MAIT (D) or NKT (E) cells
within the total CD3* T-cell population. (F) Proportions of CD56"sh 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 CD8* (1) cells with a naive, Tewm, Tem, or Temra phenotype. Statistics performed using ANOVA. *P < .05;

** P < .01; ****P < ,0001.

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 jirovecii
pneumonia at day +166.

At a median follow-up time of 2 years (range, 1-9.5 years), overall
survival was 95% (100% of CD27-deficient patients[11 of 11]and
88% of CD70-deficient patients [7 of 8]). 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 of
18 surviving patients no longer require immunosuppression
(Table 3). Within the untransplanted cohort (n = 31), 6 patients

2650 & blood® 3 DECEMBER 2020 | VOLUME 136, NUMBER 23

died (at 2, 4, 10, 20, 22, and 35 years of age), 4 during their first
malignant event (P9 died of DLBCL, P10 of LPD; P15 of HL, P31
of NHL), and 2 due to infections.

Discussion

Combined immunodeficiencies due to germline biallelic mu-
tations in CD27%' or CD70,2*2?¢ 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 dis-

eases including HLH, lymphoproliferation, and lymphoma. A

growing number of experts emphasize the need to implement

GHOSH et al
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Figure 4. CD8 T-cell function. CD27 deficiency compromises effector function and survival of CD8* T cells. (A-B) PBMCs were stained with mAbs to CD8, CCR7, CD45RA,
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with Mann-Whitney tests. *P < .05; ** P < .01.

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 anal-
ysis 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

CLINICAL OUTCOME IN CD27 AND CD70 DEFICIENCY

CD27-CD70 signaling on fine-tuning immune responses. As
seen in our cohort, some patients (P39, P40) are followed as
periodic fever, aphthous stomatitis, pharyngitis, cervical adenitis
(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 impor-
tance 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 (IEls) results from defective CD8* T-cell
activation, expansion and/or cytotoxicity that compromise
immune-mediated control of EBV infection.>¢?11:1214 Patients
with CD27 or CD70 mutations have increased CD8* T cells
and naive CD4" T cells, but reduced proportions of CD4* and
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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
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based on the specific HLA alleles (HLA-A*0201, HLA-A*2402, or HLA B*0702). Statistics were performed using ANOVA,; *P < .05. (C) Distribution of EBV-specific CD8" T cells in
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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
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T cells from healthy donors.

CD8* Tcwm cells, MAIT cells, memory B cells, and EBV-specific
CD8* T cells. In contrast to the initial studies of CD27 deficiency,?'??
proportions of iINKT cells were intact in both CD27- and CD70-
deficient patients. CD27-deficient memory CD8* T cells have
reduced production of cytokines and cytotoxic molecules, re-
duced expression of NKG2D and 2B4, and increased apoptosis
in vitro. Similar functional defects have been reported for CD70-
deficient CD8* T cells.?#2¢ CD27-CD70 interactions are im-
portant for expansion of EBV-specific T cells, 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.?4
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 func-
tional 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. In-
terestingly, the spectrum of clinical manifestations varied be-
tween patients in the same family, including identification of
asymptomatic individuals with biallelic CD27 mutations, in-
dicating that additional mechanisms including environmental

2652 & blood® 3 DECEMBER 2020 | VOLUME 136, NUMBER 23

factors may contribute to the variable penetrance of this genetic
disease.

CD27-CD70 signaling is unequivocally nonredundant for EBV
immune surveillance. The clinical phenotype of CD27 and CD70
deficiency phenocopy each other with regard to disease pre-
sentation, yet there are notable differences. Age of onset is
earlier in CD70 deficiency with greater incidence of hypo-
gammaglobulinemia 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.2¢ However, only 21% of hetero-
zygous CD27 mutation carriers reported malignant events.
These differences might be due to relatively disproportional
sizes of the 2 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 ex-
plain the difference in lymphoma occurrence.*®° Notably,
CD?70 ligation can induce apoptosis of EBV-transformed human
B-cell lines.>" This may explain the excess of malignancies as-
sociated with CD70 mutations.

GHOSH et al
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Following diagnosis, the decision on the therapeutic regimen
remains a challenge. Although HSCT is 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 manifestations or
positive family history, as demonstrated recently for other genetic
forms of HLH.52 Recent studies on HSCT in |Els have demonstrated
encouraging results are not only obtained with matched but also
alternative donor sources, including haploidentical 2°**%5 Based on
our data that heterozygous carrier status of CD27/CD70 deficiency
may be associated with increased risk for malignancy, we would
preferably recommend usage of suitable nonrelated 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 IEl patients with lymphoproliferative disorders even in
those without complete remission at HSCT.¢ A restrained attitude
is often observed regarding preemptive HSCT, especially in ad-
olescent and adult patients, even following a first malignant event
explainable by the usually less favorable HSCT outcomes. How-
ever, recent HSCT studies in adolescent and young adult IEl
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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