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Abstract

Background: The tumor necrosis family factor receptor (TNFR) family member 4-1BB
(CD137) is encoded by 7TNFRSF9and expressed on activated T cells. 4-1BB provides a co-
stimulatory signal that enhances CD8* T cell survival, cytotoxicity, and mitochondrial activity,
thereby promoting immunity against viruses and tumors. The ligand for 4-1BB (4-1BBL) is
expressed on antigen-presenting cells and Epstein-Barr virus (EBV) transformed B cells.
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Objective: We investigated the genetic basis of recurrent sino-pulmonary infections, persistent
EBV viremia, and EBV-induced lymphoproliferation in two unrelated patients.

Methods: Whole exome sequencing, immunoblotting, immunophenotyping, and /in vitro assays
of lymphocyte and mitochondrial function were performed.

Results: The two patients shared a homozygous G109S missense mutation in 4-1BB that
abolished protein expression and ligand binding. The patients” CD8" T cells had reduced
proliferation, impaired expression of interferon-y (IFN-y) and perforin, and diminished
cytotoxicity against allogeneic and HLA matched EBV-B cells. Mitochondrial biogenesis,
membrane potential, and function were significantly reduced in the patients’ activated T cells. An
inhibitory antibody against 4-1BB recapitulated the patients’ defective CD8* T cell activation and
cytotoxicity against EBV-infected B cells /n vitro.

Conclusion: This novel immunodeficiency demonstrates the critical role of 4-1BB co-
stimulation in host immunity against EBV infection.

Capsule summary:
We have identified a novel immunodeficiency associated with EBV induced lymphoproliferation

due to a homozygous missense mutation in 4-1BB, demonstrating a critical role for 4-1BB in the
human immune response against EBV-driven B cell lymphoproliferation.
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INTRODUCTION

EBV is a common infectious pathogen with a strong tropism for B lymphocytes?. In
immunocompetent hosts, primary EBV infection is often asymptomatic, or a self-limited
disease. In contrast, a subset of immunodeficient patients are susceptible to persistent EBV
viremia associated with fever, lymphadenopathy, hepatitis, and pneumonia2. Complications
of EBV infection in immunodeficient patients include uncontrolled B cell proliferation,
hemophagocytic lymphohistiocytosis (HLH), and malignancies?.

EBV-specific immunity depends on virus-specific cellular and humoral immunity. The
importance of CD8* cytotoxic T cells in the control of EBV infection is demonstrated by the
susceptibility of patients with mutations in genes critical for T cell development and
function to chronic EBV infection3. These include defects in genes associated with severe
combined immunodeficiencies, MAGT1, a Mg*2 transporter involved in TCR and NKG2D
signaling, SH2D1A, which encodes the SLAM-associated protein SAP, /7K, which encodes
IL-2-inducible T cell kinase, and PFRI which encodes perforin 14. Mutations in the T cell
co-stimulatory TNF family member receptor CD27 and its ligand, the TNFR family member
CD70 predominantly expressed on B cells, result in impaired generation of IFN-y and
perforin-producing CD8* cytotoxic T cells® . T cell activation and EBV-specific CD8* T
cell expansion and cytotoxicity are impaired in CD70-deficient patients’: 8.

J Allergy Clin Immunol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Alosaimi et al.

Page 3

4-1BB is a Type Il transmembrane protein of the TNFR family expressed as a trimer on the
surface of activated T cells®. 4-1BB has four cysteine-rich domain (CRDs) in its
extracellular region, of which the CRD2 and CRD3 domains comprise the ligand-binding
domain. The intracellular region of 4-1BB interacts with TNFR associated factor 2
(TRAF2)10. The ligand for 4-1BB, 4-1BBL (CD137L), is a member of the TNF family
expressed as a trimer on the surface of activated T cells, B cells, dendritic cells (DCs), and
natural killer (NK) cells1-14, Notably, the EBV encoded latent membrane protein 1 (LMP1)
upregulates 4-1BBL expression on B cells1®. 4-1BB ligation enhances the activation of both
human CD4* and CD8* T cells, but preferentially promotes the expansion and increased
survival of CD8* T cells. Activation of 4-1BB enhances the production of IFN-y and
perforin and mitochondrial biogenesis, contributing to the cytolytic activity of CD8* T
cellst6-20, The contribution of 4-1BB to CD8™ T cell function is further demonstrated by the
decreased IFN-y production and cytolytic CD8* T cell effector function in 4-1BB-deficient
mice?L. The effect of 4-1BB stimulation on cytolytic T cell responses has been used to
increase the potency of vaccines against cancers22 23, Additionally, incorporation of the
intracellular domain of 4-1BB in the architecture of chimeric antigen receptors (CARS)
increases the cytotoxicity of CAR T cells against tumor targets?4 25,

We present two unrelated patients with sinopulmonary infections, chronic EBV viremia, and
EBV-driven lymphoproliferation. The patients shared a homozygous G109S missense
mutation in 4-1BB that abolished 4-1BB surface expression and ligand binding. The
patients’ CD8" T cells demonstrated reduced proliferation, impaired expression of
interferon-y (IFN-y) and perforin, and diminished cytotoxicity against allogeneic and HLA-
matched EBV-transformed B cells. Addition of an inhibitory 4-1BB antibody to cultures of
normal PBMCs stimulated with allogeneic or autologous EBV-B cells recapitulated the
patients” CD8" T cell functional defects. These results support a critical role for 4-1BB in
host immunity against EBV infection.

MATERIALS AND METHODS

Patients.

All study participants provided written informed consent approved by the respective
institutional review boards of the referring hospitals.

Genetic studies.

Genomic DNA was genotyped using genomewide SNP array (Axiom SNP chip). The
genotype files were analyzed using AutoSNPa software (http://dna.leeds.ac.uk/autosnpa/) to
search for shared regions of homozygosity (ROH) followed by in-depth analysis of the
underlying haplotypes. Exome sequencing was performed as described before26. Variants
were prioritized based on residing within the candidate autozygous interval, being coding/
splicing variants and being novel or very rare (MAF<0.0001) in public databases (gnomAD)
and our database of 2379 ethnically matched in-house exomes as described 27. Sanger
sequencing was used to validate the identified mutation in the probands and verify the
carrier status of the parents.
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Immunophenotyping.

The conjugated monoclonal antibodies used for flow cytometry studies of T and B cells
were: anti-CD45RA APC-CY?7, anti-CD56 PE, anti-CD3 FITC, anti-CD4 BV605, anti-CD8
APC and anti-CCR7 Bv421, all from BioLegend.

T cell proliferation.

T cell proliferation was measured by adding 1 uCi of [3H]thymidine for 16 h after
stimulation with immobilized anti-CD3 (3 pg/mL) (OKT3, eBioscience) and anti-CD28 (1
pg/mL) (eBioscience) or PHA (4 pg/mL) (Sigma Aldrich) as previously described?8,

Cytokine secretion.

Interferon-y (INF-y) and IL-2 were measured in supernatants of PHA stimulated PBMCs
using a cytometric bead array (CBA) from BD Biosciences according to the manufacturer’s
instructions.

4-1BB and 4-1BBL expression and 4-1BBL binding.

Five x 10° unstimulated and PHA (4 pg/mL) stimulated PBMCs were stained on ice for 30
min with anti-4-1BB PE, anti-4-1BBL APC, anti-CD4 BV605, anti-CD8 FITC and anti-
CD25 BVv421, all from BioLegend. For 4-1BBL binding, PBMCs were incubated first with
chimeric CD137L:muCD8 fusion protein (Axxora ANC-503) then washed and incubated
with murine anti-CD8 PE.

Immunoblotting.

Lysates from PHA (4 pg/mL) stimulated PBMCs in RIPA buffer (Millipore) and protease
inhibitors (Sigma-Aldrich offers Roche) were electrophoresed on 4-12% precast
polyacrylamide gels (Bio-Rad), followed by immunoblotting with polyclonal rabbit antibody
against the intracellular region of 4-1BB (LS-C135872). Anti-p-actin antibody was used as
control (Cell Signaling).

Intracellular cytokine staining.

Five x 10° PBMCs were incubated with PMA (5 ng/ml), ionomycin (500 ng/ml), Brefeldin
A and Monensin for 4 hours then fixed and permeabilized with BD Cytofix/Cytoperm. Cells
were then incubated overnight on ice with anti-IFN-y-APC, anti-Perforin-PE and anti-CD8
FITC all from bioLegend. Analyses were performed using the FlowJo software.

Cytotoxic T cell generation and killing assay.

EBV-transformed B cell line were generated as described?®. PBMCs were stimulated with
Mitomycin C treated autologous or allogeneic EBV-LCL in the presence of 1L-7 (10 ng/mL)
(PeproTech). 4-1BB blocking antibody (LifeSpan BioScienes; clone BBK-2-azide free) was
added every 7 days to control PBMCs cultures. Three rounds of stimulation were performed
at 7-day intervals. IL-2 (100 U/mL) was added on day 14 of culture. A responder to
stimulator ratio of 10:1 was used throughout the rounds of stimulation. At day 21, CD8* T
cells were isolated by negative selection using the CD8* T Cell Isolation Kit from Miltenyi
Biotec as per the manufacturer’s protocol. CD8* T cells were incubated for 4 hrs with live
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EBV-B cell targets at different effector to target [E:T] cell ratios and cytotoxicity was
measured by flow cytometry gating on CD19* and using Annexin V and fixable viability
dye (FVD) (Thermo Fisher Scientific) as described3C. Cytotoxicity percentage was measured
as 100 minus the percentage of Annexin-V and FVD negative EBV-cells.

Oxygen consumption.

Oxygen consumption rates (OCR) was measured by Seahorse XFp Analyzer. 1 x 10° T
lymphocytes, which were purified form PHA stimulated PBMCs cultures for 3 days, were
plated per each well in Seahorse XF base media with 2 mM Glutamine, 10 mM Glucose and
2.5 mM Pyruvate. OCR was measured at baseline and in the presence of 1 uM oligomycin, 4
uM CCCP and 0.5 uM antimycin A/ rotenone.

Mitochondrial studies.

Statistics.

RESULTS

Unstimulated and PHA (4ug/mL) stimulated 5 x 10° PBMCs were stained at 37°C for 25
minuts with MitoTracker Green (100nM) and MitoTracker Red CMXRos (200nM). Cells
were washed with warm phosphate buffered saline and immediately analyzed without
fixation. Mitochondrial stains were from Thermo Fisher.

Statistical analysis was performed using GraphPad Prism. Student’s t test was used for
comparisons of two groups; unless otherwise indicated, one-way ANOVA was used for the
comparison of more than 2 groups, with the Holm-Cidéak post-comparison test. Data are
graphed as mean with SEM.

Two patients with immunodeficiency and EBV lymphoproliferation.

We studied two Saudi patients, products of first cousin marriages, but not known to be
related. Patient 1 (P1) presented at 3 years of age with sinopulmonary infections,
bronchiectasis, and an episode of pneumococcal septicemia. Her sinopulmonary infections
improved with intravenous gammaglobulin (IVIG) replacement therapy. At 5 years of age,
she developed generalized lymphadenopathy and was found to have EBV viremia (Fig. 1A).
Cervical lymph node (LN) biopsy showed multiple clusters of CD20* B cells (Fig. 1B). /n
situhybridization was positive for EBV-encoded RNA (Fig. 1B). Laboratory evaluation at
that time revealed normal numbers of T, B and natural killer cells, hypogammaglobulinemia
(1gG 440 mg/dL, normal range 500-1,490 mg/dL; IgM 318 mg/dL, normal range 37-224
mg/dL; IgA <45 mg/dL, normal range 29-256 mg/dL), poor antibody response to tetanus
toxoid (TT) (0.2 IU/ml, normal range >0.4 1U/mL) and undetectable antibody titres to
pneumococcal polysaccharide vaccine (Pnumovax-23) which the patient has received

( normal range >3.3 ug/mL) . She subsequently developed HLH with persistent fevers,
splenomegaly, pancytopenia, elevated serum levels of triglycerides (345 mg/dL, normal
<150 mg/dL), and soluble CD25 (>5000 pg/mL, normal 450-1997 pg/mL), and low serum
fibrinogen (140 mg/dL, normal > 150 mg/dL). She was treated with anti-CD20 mAb
(rituximab), leading to resolution of her viremia (Fig. 1A). Post Rituximab treatment, she
was found to have increased percentages of T effector memory cells, undetectable B cells,
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and decreased proliferation to phytohemagglutinin (PHA) and anti-CD3+anti-CD28
stimulation (Table 1). PHA-driven IFN-y secretion by PBMCs was significantly reduced,
but IL-2 secretion was normal (Fig. 1C). She is currently undergoing hematopoietic stem
cell transplantation (HSCT) from a healthy HLA-matched sibling.

Patient 2 (P2) presented at six years of age with recurrent sinopulmonary infections,
generalized lymphadenopathy, splenomegaly, and EBV viremia (Fig. 1D). He had elevated
serum levels of 1gG (4898 mg/dL, normal range 34-274 mg/dL) and IgA (272 mg/dL,
normal range 25-154 mg/dL), but low levels of IgM (25 mg/dL, normal range 38-251 mg/
dL). He was diagnosed with EBV-positive Hodgkin’s disease. He received five cycles of
chemotherapy in the form of doxorubicin, bleomycin, vincristine, etoposide, prednisone and
cyclophosphamide (ABVE-PC) along with rituximab. Chemotherapy and rituximab
treatment resulted in clinical remission and resolution of the viremia. IVIG replacement
therapy improved his respiratory infections. Subsequently, he was found to have decreased
numbers of T cells with increased percentages of T effector memory cells, undetectable B
cells, and reduced proliferation to PHA and anti-CD3+anti-CD28 stimulation. PHA-driven
IFN-vy secretion by PBMCs was significantly reduced, but IL-2 secretion was normal (Fig.
1F), as observed in Patient 1. He relapsed one year later with recurrence of lymphoma and
EBV viremia (Fig. 1D). LN biopsy showed a progression to a diffuse large B cell lymphoma
(DLBCL) negative for CD20 and positive for CD38 expression (Fig 1E). /n situ
hybridization was positive for EBV-encoded RNA (Fig. 1E). He received daratumumab
(anti-CD34 mAb)., bortezomib, dexamethasone and rituximab (anti-CD20 mAb). This
resulted in clinical improvement and resolution of the viremia. P2 has no HLA-matched
siblings.

A homozygous 4-1BBG109S mutation in the patients abolishes 4-1BB expression.

Homozygosity analysis of SNP array results revealed that the two patients shared one region
of homozygosity (ROH) that comprised an identical founder haplotype:
Chr1:7186325-8273940 (delimited by SNPs rs4460663-rs395847). Although the patients’
families are not known to be related, the shared interval suggests a founder effect. Whole
exome sequencing revealed only two novel homozygous variants within this candidate locus,
CAMTAIL and TNFRSF9. The CAMTAI variant (NM_015215.3:¢.2370C>G: p.lle790Met)
affected a poorly conserved residue and was considered unlikely since the gene has an
established link to autosomal dominant cerebellar ataxia with mental retardation, a
phenotype irrelevant to the patient. The shared 7AVFRSF9variant (NM_001561:¢.325G>A.:
p.Gly109Ser), was absent in gnomAD and in our database of 2379 ethnically matched in-
house exomes. The TNFRSF9 variant was predicted to be pathogenic by PolyPhen (0.999),
SIFT (0.03), and CADD (30). Sanger sequencing revealed that the mutation is homozygous
in both patients (Fig. 2A), and heterozygous in their parents (data not shown). Table E1 lists
all the variants shared by both probands with a minor allelic frequency (MAF) of <0.001 in
gnomAD. No exonic mutations in any of the genes known to be associated with
immunodeficiency and EBV-driven B cell lymphoproliferation were detected

The mutated G109 residue in 4-1BB is highly conserved (Fig. 2B). It resides in the third
CRD of the extracellular region of 4-1BB, but does not directly interact with the 4-1BB
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ligand, 4-1BBL (Fig. 2C,D). Modeling based on the crystal structure of the 4-1BB/4-1BBL
complex® suggests that the mutated S109 residue could form hydrogen bonds with nearby
polar residues, altering the protein’s folding, structure, or stability (Fig. 2D).

4-1BB is expressed on T cells only after activation’. Immunoblotting using a polyclonal
rabbit antibody directed against the intracellular domain of 4-1BB (residues 214-255)
revealed 4-1BB expression in lysates from PHA-activated PBMCs from healthy controls, but
not from the two patients (Fig. 2E), indicating that the mutant protein is not expressed. PHA
stimulation induced 4-1BB surface expression on CD8" and CD4" cells from controls, but
not from the two patients (Fig. 2F and S1A). Furthermore, recombinant 4-1BBL bound
PHA-activated CD8* and CD4* T cells from controls, but not from the patients (Fig. 2E and
S1A). The absence of 4-1BB expression and 4-1BBL binding by the patient T cells was not
secondary to poor T cell activation, as the patients’ CD8* and CD4* T cells robustly
upregulated CD25 surface expression following PHA activation (Fig. 2E and S1A).
Consistent with lack of expression of the mutant protein, PHA-activated CD4* and CD8* T
cells from the heterozygous parents of the patients demonstrated a ~ 50% reduction in
4-1BB expression (Fig. S1B).

Defective expansion, reduced expression of IFN-y and perforin, and impaired allo- and
EBV-specific cytotoxic activity of patient CD8* T cells.

4-1BB co-stimulation promotes CD8* T cell expansion, IFN-y and perforin secretion, and
cytotoxic activity16-18. 31 To determine the impact of the 4-1BBS1995 mutation on the
generation and function of cytotoxic CD8* T cells, PBMCs were stimulated in three
consecutive one week rounds with mitomycin-C treated allogeneic EBV B cells from a non-
HLA matched donor (Fig. 3A). In these co-cultures, EBV-B cells express 4-1BBL and
activated CD8* T cells express 4-1BB (Fig. S2). After the second and third rounds of
stimulation (Days 14 and 21), aliquots of cells were analyzed for CD8" T cell numbers and
intracellular expression of IFN-y and perforin (Fig. 3A). Stimulation with allogeneic EBV-B
cells caused progressive expansion and intracellular expression of IFN-y and perforin in
control CD8™ T cells (Fig. 3B, C). In contrast, the patients’ CD8* T cells had significantly
less expansion compared to controls and reduced expression of IFN-vy and perforin (Fig. 3B,
C). After three rounds of stimulation, control CD8* T cells purified from normal cultured
PBMCs stimulated with allogeneic EBV cells exhibited robust cytotoxicity against the
priming EBV-B cells (Fig. 3D). As expected, they had minimal cytotoxicity against EBV-B
cells from a third party donor, HLA-mismatched with the donor of the EBV-B cell line used
for stimulation (<5% killing at E:T cell ratio of 8:1), demonstrating the specificity of EBV-
primed cytotoxic CD8* T cells to the priming donor cells. The cytotoxic activity of the
patients’ CD8" T cells against allogeneic EBV-B cells was significantly reduced compared
to that of control CD8* T cells from healthy controls (Fig. 3D). Importantly, addition of an
inhibitory anti-4-1BB antibody to cultures of normal PBMCs stimulated with allogeneic
EBV-B cells reduced the expansion, intracellular expression of IFN-y and perforin, and allo-
cytotoxicity to levels comparable to those of the patients” CD8* cells (Fig. 3B-D).
Collectively, these findings demonstrate that 4-1BB deficiency impairs the generation and
function of allo-cytotoxic CD8* cells.
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EBV-specific CD8" cell cytotoxicity is important for EBV immunity and is typically tested
using autologous EBV-B cells? 8. We were unable to generate EBV-transformed B cell lines
from the patients since both had undetectable B cells after Rituximab treatment. In lieu of
this, we tested the EBV-specific expansion and cytotoxicity of CD8" cells in cultures of
PBMCs from P1 against EBV-transformed B cells from her HLA-matched sibling. The
expansion and cytotoxicity of CD8* cells in cultures of PBMCs from a control donor
stimulated with autologous EBV-B cells were used as a positive control. The stimulation
protocol was similar to the one used to test cytotoxicity against allogeneic EBV-B cells (Fig.
3A). Priming of normal PBMCs with autologous EBV-B cells caused CD8" T cells to
expand, express IFN-y and perforin, and exhibit cytotoxicity against autologous EBV-B cell
targets (Fig. 3E-G), but not against autologous PHA T cell blasts (<5% killing at E:T cell
ratio of 8:1). CD8" T cells expansion, expression of IFN-y and perforin, and cytotoxicity
against HLA-matched EBV-B cell targets were significantly reduced in cultures of PBMCs
from P1 stimulated with HLA-matched EBV-B cells compared to control cultures stimulated
with autologous EBV-B cells (Fig. 3E-G). Addition of an inhibitory anti-4-1BB antibody
reduced the cytotoxicity of control CD8* cells against autologous EBV-B cells to a level
comparable to that of patient CD8* cells against HLA-matched EBV-B cells (Fig. 3E-G).
Collectively, these data support a critical role for 4-1BB in the expansion and function of
EBV-specific CD8" cells.

Defective mitochondrial biogenesis and function in the patients’ activated T cells.

In PHA-stimulated PBMC cultures, CD19* B cells, CD14* monocytes and CD11c*
dendritic cells express 4-1BBL that interacts with 4-1BB expressed on activated T cells (Fig.
S3). 4-1BB ligation enhances mitochondrial biogenesis and increases oxidative
phosphorylation in activated T cells1® 20, We used extracellular flux analysis to measure the
oxygen consumption rate (OCR) in T cells purified from PHA-stimulated PBMC cultures.
The combination of protons, electrons, and oxygen in the mitochondrial matrix determines
the mitochondrial oxygen consumption rate and reflects mitochondrial function. In the inner
mitochondrial membrane, Complexes | — 1V of the electron transport chain catalyze electron
transfers and generate the proton gradient across the inner mitochondrial membrane that
ultimately drives ATP synthesis by Complex V. The addition of oligomycin (Olig) to
purified T cells inhibits proton flow through Complex V, revealing the basal OCR generated
by Complexes I-1V (Fig. 4A). FCCP (carbonyl cyanide-4(trifluoromethoxy)
phenylhydrazone) permeabilizes the inner mitochondrial membrane, permitting proton entry
into the mitochondrial matrix through the concentration gradient, thereby providing the
substrate for maximal OCR (Fig. 4A). Rotenone and antimycin inhibit Complexes I and IlI,
thereby terminating electron transport chain function and abrogating mitochondrial
respiration (Fig. 4A). P2 T cells showed decreased basal and maximal oxygen consumption
(Fig. 4B), indicating reduced mitochondrial function activity compared to controls.
Similarly, the addition of an inhibitor anti-4-1BB antibody to PHA-stimulated control
PBMCs reduced the baseline and maximal OCR to a level comparable to that of patient T
cells (Fig. 4B).

To further delineate the mechanisms underlying the impaired mitochondrial function in the
patients’ T cells, we measured mitochondrial mass and membrane potential in PHA-
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activated CD8* T cells. The mitochondrial mass in the patients’ activated CD8* T cells was
significantly reduced compared to that of controls (Fig. 4C). The mitochondrial membrane
potential, which is determined by the electric polarization of the inner mitochondrial
membrane, is required for oxidative phosphorylation, mitochondrial structure, and function.
The mitochondrial membrane potential of the patients’ activated CD8* T cells was
significantly reduced compared to that of controls (Fig. 4D). Mitochondrial mass and
membrane potential were also found to be significantly reduced in PHA-activated CD4*
patient T cells (Fig. S4). Together, these results indicate that 4-1BB deficiency impairs
mitochondrial biogenesis and function in activated T cells.

DISCUSSION

We report two patients with immunodeficiency and EBV-driven lymphoproliferation caused
by a homozygous missense mutation in 4-1BB. 4-1BB protein was not detected on the
surface of the patient’s PHA-activated T cells by either flow cytometry or in their lysates by
immunoblotting using a different antibody. Furthermore, the mutation abolished 4-1BBL
binding to activated T cells from the patients. The patients’ CD8* T cells had impaired
expansion, reduced expression of IFN-y and perforin, and defective cytotoxicity against
allogeneic EBV cell targets, demonstrating the contribution of 4-1BB to host immunity
against EBV.

Both patients had recurrent sinopulmonary infections that improved with gammaglobulin
replacement therapy. Patient 1, on whom data was available prior to treatment with
Rituximab, had hypogammaglobulinemia and a poor antibody response to tetanus
vaccination on presentation. The poor antibody response to tetanus is consistent with the
impaired antibody response of 4-1BB-deficient mice to the T cell dependent antigen keyhole
limpet hemocyanin?1. 4-1BB ligation is known to amplify CD4* T cell proliferation and
cytokine secretion. PHA driven IFN-y secretion was impaired in both patients, whereas IL-2
secretion was intact, suggesting a more stringent requirement for 4-1BB co-stimulation for
INF-vy secretion by human T cells. The patients’ CD4* T cells demonstrated impaired
mitochondrial function, indicative of impaired metabolic fitness. Therefore, ligation of
4-1BB on CD4™ helper T cells by 4-BBL expressed on antigen presenting cells and B cells
may be important for the optimal response to T cell dependent antigens.

The mechanism behind the poor antibody response to Pneumovax observed in Patient 1 is
unknown. In humans, CD137 signaling promotes B cell proliferation and survival, as well as
secretion of TNF-a.32, both of which are important for the antibody response to the type Il T
independent (T1) antigen pneumococcus vaccine33. Impaired proliferation or/and insufficient
TNF-a secretion by 4-1BB deficient B cells in response to type Il T independent (TI)
antigens may underlie the poor antibody response to Pneumovax in Patient 1.

Of critical relevance to the EBV viremia and EBV-driven lymphoproliferation, CD8* T cell
expansion, expression of IFN-y and perforin, and cytotoxicity against allogeneic EBV-B
cells were all severely impaired in both patients. As an HLA-matched donor has been
identified for Patient 1, we showed that these markers of CD8* T cell activation were also
severely impaired against HLA-matched EBV-B cells. Importantly, the addition of 4-1BB
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inhibitory antibody to normal PBMCs stimulated with allogeneic or autologous EBV-B cells
reduced CD8* T cell expansion, expression of IFN-y and perforin, and cytotoxicity to levels
comparable to those in the patients, thus recapitulating the functional defects of the patient’s
CD8* T cells. These findings also replicate the defects in the expansion, IFN-y production
and function of allocytotoxic CD8" T cells from 4-1BB deficient mice?L.

Costimulatory molecules, such as CD28 and ICOS, have been shown to enhance
mitochondrial respiration, biogenesis, and increased membrane potential34. Mitochondrial
function is critical for the function of activated T cells3®. Activated CD8* T cells from the
patients showed decreased oxygen consumption, decreased mitochondrial mass and reduced
membrane potential. These defects are consistent with the known contribution of 4-1BB
stimulation in promoting mitochondrial respiration and biogenesis?°, and likely contribute to
the defective cytotoxicity of the patients CD8* T cells against allogeneic and HLA-matched
EBV-B cell targets. This is relevant to the patients’ inability in clearing EBV infections and
the failure of Patient 2 to eliminate his EBV-triggered B cell lymphoma.

NK cells, like T cells, express 4-1BB upon their activation by incubation with their targets
and cytokines (IL-2, IL-15, or 1L-21)38. Also, like in T cells, 4-1BB signalling promotes
proliferation and IFN-y secretion by activated NK cells!2. However, the effect of 4-1BB
ligation on the cytotoxicity of activated NK cells is controversial, with some studies showing
enhancement while others show inhibition37-39. Given the ethical limitations on repeated
blood sampling from patients with complex medical disorders, future studies with additional
patients will be needed to define the role of 4-1BB on NK cytotoxicity.

Although the two patients we studied from unrelated families, they shared a single ROH,
suggesting a founder effect. TAVFRSF9was the only one of the two genes in the shared ROH
that had a novel variant and was predicted to be pathogenic. Furthermore, the CD8* T cell
defects in both patients were similar to those in 777759~ mice. Together these findings
implicate the lack of 4-1BB expression as the cause of the disease in our patients.
Identification of different mutations in 7AMFRSF9in patients with EBV-driven
lymphoproliferation will provide further support for a causative role of 4-1BB deficiency.

In summary, we have identified a novel immunodeficiency associated with EBV
lymphoproliferation due to a homozygous mutation in 4-1BB. Our results indicate the
clinical importance of 4-1BB in immune surveillance against infection with EBV and its
complications.

Extended Data

Table E1.

Variants shared by both probands with a minor allelic frequency (MAF) of <0.001 in
gnomAD

Chromosome Position Gene Zygosity Variants
name

Chr2 133075726 ZNF806 Heterozygous NM_001304449: c. 1187A>G:p.Glu396Gly

Chr2 133075904 ZNF806 Heterozygous NM_001304449: c. 1366dupA:p.Asn456Lysfs*85

J Allergy Clin Immunol. Author manuscript; available in PMC 2020 August 01.
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Chromosome Position Gene Zygosity Variants
name
Chr3 42251580 TRAK1 Heterozygous NM_001265608: ¢.2064_2066del:p.Glu698del
Chr9 140773612 CACNA1B Heterozygous NM_000718: ¢.390+1-
>ACGACACGGAGCCCTATTTCATCGGGATCTTTTGCTTCGAGGCAGGGA
Chr17 21318588 KCNJ12 Heterozygous NM_021012: UTR5.c.-65C>G
Chr17 9000169 MUC16 Heterozygous NM_024690: ¢.40588G>A:p.Gly13530Ser
Chrl 7998274 TNFRSF9 Homozygous NM_001561: ¢.325G>A:p.Gly109Ser
Chrl 7724977 CAMTAL Homozygous NM_015215: ¢.2370C>G:p.1le790Met

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TNF Tumor necrosis factor
TNFR Tumor necrosis factor receptor
TRAF2 TNFR associated factor 2
TT Tetanus toxoid
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Key messages:

We identified a homozygous missense mutation in 7NVFRSF9encoding the T
cell co-stimulatory molecule 4-1BB in two unrelated patients with recurrent
infections, persistent Epstein Barr virus (EBV) viremia, and EBV-induced
lymphoproliferation.

The 4-1BB mutation abolished surface expression of 4-1BB on activated T
cells.

CD8* T cells from the patients had impaired proliferation, reduced expression
of IFN-y and perforin, and diminished cytotoxic activity in response to
stimulation with allogeneic and HLA-matched EBV transformed B cells.

Activated CD8* T cells from the patients had reduced mitochondrial mass,
membrane potential, and function.
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Figure 1. EBV viremia EBV driven lymphoproliferation and impaired IFN-y secretion in the

patients.

A. Circulating EBV viral load in P1. B. Immunochistochemistry of cervical LN from P1
showing a cluster of CD20* B cells (left) and positive EBV (EBER) Jn situ hybridization
(right) C. IFN-y and IL-2 levels in supernatants of PHA Stimulated PBMCs from P1 and
controls (n=3) in two independent experiments. D. Circulating EBV viral load P2. E. H&E
stain of cervical LN from P2 showing a diffuse growth pattern (upper left), and
immunohistochemistry showing negative CD20 staining (upper right), positive CD38
staining (lower left) and positive EBV (EBER) in situ hybridization (lower right) consistent
with a DLBCL of plasmablastic subtype. F. IFN-y and IL-2 levels in supernatants of PHA
Stimulated PBMCs from P2 and controls (n=3) in two independent experiments. Results
represent the mean, columns and bars represent mean + SEM. *** p<0.001, ns= not

significant.
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Figure 2. The 4-1BBC109S mytation and its impact on 4-1BB expression.

A. Sanger sequencing around the missense 7AVFRSF9Imutation (c.325G>A: p.Gly109Ser) in
a reference control and patients. The mutated nucleotide is indicated in red and by an
asterisk. B. Evolutionary conservation of the S109 a.a. in 4-1BB. Protein sequence
orthologous to human 4-1BB was aligned in six non-human vertebrate species, all of which
shared the p.S109 amino acid. C. Linear schematic of 4-1BB showing its domains and the
location of the G109S mutation (red) in the extracellular domain. The 4-1BB fragment
crystallized in complex with 4-1BB (PDB:6PCR) is indicated D. Ribbon diagram of the
4-1BB extracellular in complex 4-1BBL. The 4-1B trimer (blue) is shown bound to its
trimeric ligand 4-1BBL (green). The red dot corresponds to the location of the mutated
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G109 residue. The insets illustrate the potential of the mutated S109 residue to form
hydrogen bonds with neighboring polar residues. E. Immunoblot analysis of PHA stimulated
PBMCs from both patients and controls using a polyclonal antibody directed against the
intracellular domain of 4-1BB. Actin was used as loading control. F. FACS analysis of
4-1BB expression (left), 4-1BBL binding (center) and CD25 expression(right) in PHA
stimulated CD8* T cells from the patients and a control. Similar results were obtained from
two independent experiments in E and F.
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Figure 3. The 4-1BBCG109S mytation Impairs the generation of allo- and EBV-specific CD8* T
cells.

A. Experimental protocol for the generation and testing of cytotoxic CD8" T cells against
EBV-B cells. B. CD8* T cell numbers on days 0, 14 and day 21 post-stimulation with
allogeneic EBV-B cells of PBMCs from patients (n=2) controls (n=4) and controls with
addition of anti-4-1BB blocking antibody BBK-2 (n=2). C. Representative FACS analysis
(left) quantitative analysis (center) and MFI (right) of CD8*IFN-y* and CD8"Perforin* cells
on Day 14 post stimulation of PBMCs stimulated with allogeneic EBV-B cells as described
in B. D. Cytotoxic activity of CD8* T cells against the stimulatory allogeneic EBV B cells.
CD8™ T cells were purified on Day 21 from cultures of stimulated PBMCs from patients
(n=2) controls (n=4). The effect of anti-4-1BB blocking antibody BBK-2 was examined in 2
of the 4 controls (n=2). E-G. CD8" T cell numbers (F) numbers of CD8*IFN-y* and
CD8*Perforin* cells (H) and cytotoxicity of CD8* T cells (G) on day 21 post-stimulation of
PBMCs from P1 with HLA-matched EBV-B cells and of normal PBMCs stimulated with
autologous EBV-B cells without or with addition of anti-4-1BB blocking antibody BBK-2
(n=4 and n=2, respectively). We were able to study P1 CD8* T cell cytotoxicity against
HLA-matched EBV-B cell targets once, because the patient underwent HSCT. Symbols and
bars in B, D, E and G and columns and bars in C and F represent mean and SEM. *=
p<0.05, ** p<0.01, *** p<0.001, ns= not significant.
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Figure 4. Defective mitochondrial biogenesis and function in the patients’ activated CD8* T cells.
A. Schematic of factors determining the oxygen consumption rate (OCR). Complexes | — IV

comprise the electron transport chain. The stepwise addition of reagents used during the
extracellular flux analysis (1 — 3) are depicted in red. B. Extracellular flux analysis of T cells
purified from PHA-stimulated PBMCs for 3 days from P2 (data pooled from two
independent experiments) and controls without or with 4-1BB blocking antibody BBK-2
(n=2). C, D. Representative FACS analysis (left) and quantitative analysis (MFI, right) of
mitochondrial mass measured using MitoTracker Green (MTG) (C) and of mitochondrial
membrane potential measured using MitoTracker Red CMXRos (D) of CD8* cells in PHA
stimulated cultures of PBMCs from patients (n=2) and controls (n=3). Columns and bars
represent mean + SEM. ** p<0.01, ns= not significant.
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Table 1.
Immunological profiles of the patients.
P1 P2
Hemogram (normal range) 5 years 9 years
(Post Rituximab)  (Post Chemotherapy)

Hemoglobin, g/dL

WABCs, 103 cells/uL
Neutrophils, 103 cells/uL
Lymphocytes, 103 cells/uL
Monocytes, 10° cells/uL
Platelets, 103 cells/uL

Lymphocyte subsets (normal range)

CD3*, cells/uL

CD3*CD4*, 103 cells/uL
CD45RA*CCRT7*, % CD4* (Naive)
CD45RA*CCRT7", % CD4* (Temra)
CD45RA™CCRT7*, % CD4* (CM)
CD45RA™CCRT7-, % CD4* (EM)

CD3*CD8*, cells/pL
CD45RA*CCRT7*, % CD8* (Naive)
CD45RA*CCRT7-, % CD8" (Temra)
CD45RA™CCRT7*, % CD8* (CM)
CD45RA™CCR7-, % CD8* (EM)

CD19%, cells/pL

CD37D56", cells/uL

Proliferation CPM (normal control)

11.3 (10.5-13.8)
10.4 (5.4-9.7)
2.39 (1.5-5.9)

6.81 (1.28-2.76)

0.65 (0.19-0.81)
412 (187-450)

3352 (770-4000)
2766 (400-2500)
23.9 (57.1-84.8)
1.18 (0.4-2.6)
9.8 (11.2-26.7)
65.1 (3.3-15.2)
627 (490-1300)
42.4 (28.4-80)
7.36 (9.1-49.1)
0.7 (1- 4.5)
49.6 (6.2-29.3)
0 (390-1400)
114 (110-720)

11.8 (11.9-14.7)
3.1(4.4-9.1)
1.4 (1.8-8.0)
0.96 (1.9-3.7)

0.6 (<0.8)
196 (247-436)

807 (1200-2600)
365 (650-1500)
8 (57.1-84.8)
0.7 (0.4-2.6)
22.3 (11.2-26.7)
69.7 (3.3-15.2)
413 (370-1100)
17.8 (28.4-80
29.8 (9.1-49.1)
3.5 (1- 4.5)
48.9 (6.2-29.3)
0 (270-860)
144 (80-600)

PHA 64,562 (113,646) 56,218 (111,191)

Anti-CD3+Anti-CD28 20.650 (78,008) 35,638 (72,876)

Media 1,905 (1504) 195 (145)
ND, not done
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