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Abstract

Background: Mutations affecting DNA polymerases have been implicated in genomic instability
and cancer development, but the mechanisms by which they may impact the immune system
remain largely unexplored.

Objective: To establish the role of POLD1, encoding the DNA polymerase & 1 catalytic subunit,
as the cause of a primary immunodeficiency in an extended kindred.

Methods: We performed whole-exome and targeted gene sequencing, lymphocyte
characterization, molecular and functional analyses of the DNA polymerase delta (Pol8&) complex,
and T and B cell antigen receptor repertoire analysis.

Results: We identified a missense mutation (c. 3178C>T; p.R1060C) in POLDZ in three related
subjects who presented with recurrent, especially herpetic, infections and T cell lymphopenia with
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impaired T cell but not B cell proliferation. The mutation destabilizes the Pols complex, leading to
ineffective recruitment of replication factor C to initiate DNA replication. Molecular Dynamics
simulation revealed that the R1060C mutation disrupts the intramolecular interaction between the
POLD1 CysB motif and catalytic domain, and also between POLD1 and the DNA polymerase &
subunit POLD2. The patients exhibited decreased naive CD4 and especially CD8 T cells in favor
of effector memory subpopulations. This skewing was associated with oligoclonality and restricted
T cell receptor beta chain V-J pairing in CD8" but not CD4™ T cells, suggesting that POLD1R1060C
differentially impacts peripheral CD8*T cell expansion and possibly thymic selection.

Conclusion.—These results identify gene defects in POLD1 as a novel cause of T cell
immunodeficiency.

Graphical Abstract

A human | fici ing POLD1 ien disrupts the Pol complex and
ly icts poly CD38" T cell resp
i .y Polyclonal T cell response

Infections

PCNA: Proliferating Cell Nuclear Antigen
Polé: DNA polymerase delta
POLD1: DNA polymerase delta icawybcsubuw;\"—-___ =
POLDT I : POLD1# e
RFC: Replication Factor C

/ Oligoclonal CD8* T Cell response
E= Pan T cell lymphopenia

— Recurrent viral infections

Capsule Summary

A Loss of function mutation in POLD1 causes impaired assembly and function of the DNA
polymerase delta (Pol8&) complex, resulting in a T cell immunodeficiency.
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Introduction

DNA replication is a fundamental process for maintaining cellular homeostasis 1. DNA
polymerase & (Pol8), one of the three family B polymerases in eukaryotes, is essential for
the leading and lagging strand synthesis 2-4. In mammals, Polymerase & is a heterotetramer
that includes four subunits: POLD1-4 ®. POLD1 functions as the catalytic subunit, which is
endowed with both polymerase and exonuclease activities and which plays a critical role in
several synthetic and DNA-repair processes 8 7. Total POLD1 deficiency is embryonic lethal
in mice, while deficiency of POLD1 exonuclease activity in Po/dZEX°/€X0 mice (mutator
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mice), results in a high rate of DNA replication errors 8, POLD2, POLD3, and POLD4 are
accessory subunits that interact with other nuclear proteins to regulate the activity and
stability of the Pol& complex 911, In particular, POLD2 serves as a scaffold by interacting
with POLD1 and the other Pol8 subunits 12. Additionally, the Pol& complex coordinately
interacts with a number of proteins that enable its function, including DNA replication factor
C (RFC) and Proliferating Cell Nuclear Antigen (PCNA) 13,

Studies have shown that mutations in POL D1 in mice and humans lead to genomic
instability, hypermutator phenotype and carcinogenesis 14-16. Damaging heterozygous
mutations in POLD1 proof-reading (exonuclease) domain have been identified in inherited
colorectal cancers 17. A POL DI heterozygous single amino acid deletion that maps to the
catalytic domain and which abrogates the DNA polymerase but not the exonuclease activity
has been identified in a developmental disorder of mandibular hypoplasia, sensorineural
hearing loss, progeroid features and lipodystrophy with insulin resistance 18: 19, Thus,
mutations affecting different domains of POLD1 give rise to distinct disorders and
phenotypes.

Here we identify a novel POLD1 mutation that affects the stability of the Pol& complex,
resulting in a disorder distinct from those caused by other POLD1 mutations. The patients
presented with a combined immunodeficiency disorder associated with T cell lymphopenia,
CDS8™ T cell oligoclonality and repertoire restriction, indicative of a particularly important
role for POLD1 in CD8 T cell expansion.

Patient Studies.

All study participants were recruited after obtaining informed consent at the referring
institution (Necmettin Erbakan University, Meram Medical Faculty, Konya, Turkey), and the
studies were conducted at the Boston Children’s Hospital under approved protocol
#04-09-113R.

Whole exome sequencing (WES).

WES was performed on genomic DNA of 2 affected siblings (P1 and P2), their parents, and
their healthy sister through Axeq (Rockville, Md). The Agilent SureSelect Target enrichment
kit was used for exon capture (Agilent Technologies, Santa Clara, Calif). Paired-end
sequencing was performed with an Illumina HiSeg2000 instrument (Illumina, San Diego,
Calif), which generated 150 base pair reads. Average coverage in WES was 53X, covering
96% of the coding regions. Analysis of WES data was performed using “Variant Explorer
Pipeline” (VExP)20 to narrow down potential candidate variants. VEXP is a validated
comprehensive system that integrates existing methods, genetic information, and
probabilistic models into an automated pipeline for the identification of disease genes. Raw
data were processed, filtered and analyzed according VEXP recommendations (see
supplementary information). Candidate genes that passed the criteria for the 2 affected
samples were further evaluated by our research team (Table E1 in the Online Repository).
The identified POLDI c. 3178C>T mutation was confirmed by Sanger sequencing by first
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generating a 404 base pair amplicon from genomic DNA using the following primers:
forward primer 5'-AGAAGCTGGGATTGGCAGT-3' and reverse primer 5'-
GAGAGGCCTTGGAGTCAGAG-3'. The amplicon was then sequenced for the presence of
the mutation using the following primer: 5'-GCCTACATGAAGTCGGAGGA-3'. Sanger
sequencing analysis was also used to screen other family members for the POL DI mutation.

Antibodies and flow cytometry.

Anti-human monoclonal antibodies (mAbs) to the following antigens were used for staining:
CD3 (SK7), CD4 (SK3), CD8 (SK1), CD45RA (HI1100), CD45RO (UCHL1), CCR7
(150503), CD31 (L133.1), TCR A/B (WT31) and TCR G/D (11F2), CD16+56 (B73,
1MY3I), CD19 (S125C1), IgD (1A6-2), CD27 (L128) (BD Biosciences) and the appropriate
isotype controls. The monoclonal antibody against POLD1(sc-17776) was obtained from
Santacruz. Antibodies against V5 was purchased from Biolegend (903801), POLD2
(HPA026745) and RFC1 (HPA046116) were purchased from Sigma-Aldrich, POLD3
(A301-244A-M) was from Bethyl Laboratories and p-actin was from Cell Signaling
Technology. Whole blood was incubated with mAbs against surface markers for 30 min on
ice. Intracellular staining with FOXP3 was performed using eBioscience Fixation/
Permeabilization buffer according to the manufacturer’s instructions. Data were collected
with a Fortessa cytometer (BD Biosciences) and analyzed with FlowJo software (TreeStar).

Cell culture and transfection.

HEK?293T (American tissue culture collection), and Fibroblast cells were cultured using
DMEM (Invitrogen) plus 10% FBS (Gibco), supplemented with 1% penicillin-streptomycin
(Invitrogen). Peripheral blood samples (5 ml) were collected from each subject and stored in
tubes containing EDTA. PBMCs were isolated by Ficoll-Paque PLUS (GE Healthcare)
gradient centrifugation, and cultured in RPMI 1640 with 10% FBS and 1% pen-strep (with
Non-Essential Amino Acid, Sodium Pyruvate) with anti-CD3/CD28 beads (from
Invitrogen). B cell proliferation was quantified by culturing PBMCs after stimulation with
anti-CD40 mAb (10 pg/mL; R&D, 6245-CL-050) plus IL-21 (30 ng/mL; Peprotech, 200-21)
for 5 days. Lipofectamine 2000 (Invitrogen) was used for transient transfection of HEK293T
Cells according to the manufacturer’s instructions.

BrdU cell proliferation assay.

Bromodeoxyuridine / 5-bromo-2'-deoxyuridine (BrdU) incorporation assay in patient
peripheral blood mononuclear cells (PBMCs) was performed with the Phase-Flow™ FITC
BrdU Kit from Biolegend (Catalog No. 370704) following the manufacturer’s instructions.
The same kit included 7-aminoactinomycin D (7-AAD) for staining for total DNA.

Lentiviral transfections.

HEK?293T cells plated on 100-mm dishes were transfected with the indicated lentiviral
expression plasmid (14ug) together with the GAG (10ug), the REV (5ug) and the VSV
(2ug). After 48h, the viral particles were collected, filtered by 0.45um membrane filter and
used to infect the indicated cells in the presence of polybrene (6 ug/ml). After transfection
for 48h, cells were cultured in complete RPMI 1640 medium and ready for BrdU assay.
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POLDI plL X307 and pLX307 vector were purchased from Addgene. The POLD1 C3178T
mutation was introduced into the POL D1 plasmid with the Q5 Site-Directed Mutagenesis
Kit (NEB) using the following primers: 5-GCAGTGCCAGIGCTGCCAGGG-3' Forward
primer and 5GTCCAGAGGCGCGAGAAGC-3' Reverse primer. POL DI mutants were
confirmed using Sanger sequencing.

Immunoprecipitation assay and immunoblot analysis.

For immunoprecipitation assay, cells extracts were prepared by using RIPA buffer (50 mM
Tris-HCI pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.5%
deoxycholate) supplemented with a complete protease inhibitor cocktail (Roche), a
PhosSTOP phosphatase inhibitor cocktail (Roche). Lysates were incubated with the
appropriate antibody for four hours to overnight at 4°C before adding protein A/G agarose
for 2 hr. The immunoprecipitates were washed three times with the same buffer and eluted
with SDS loading buffer by boiling for 5 min.

For immunoblot analysis, the samples were subjected to SDS-PAGE. The resolved proteins
were then electrically transferred to a PVDF membrane (Millipore). Immunoblotting was
probed with indicated antibodies. The protein bands were visualized by using a SuperSignal
West Pico chemiluminescence ECL kit (Pierce). Signal intensities of immunoblot bands
were quantified by Image J software.

Molecular Modeling and Simulation.

We performed molecular dynamics (MD) simulation for the WT and mutant POLD1 to relax
the protein structure obtained from homolog modeling. The simulation region starts from the
795™ residue. All MD simulations were performed using the AMBER 14 suite of programs
21 pOLD1 protein was immersed into a simulated water box with the initial structure taken
from molecular docking. The force field for protein is AMBER parm10 force field 21, and
the SPC/E model was adopted for water 22. Chloride ions were added to neutralize the
system whose force field is obtained from Joung er a/.?3 The sizes of the simulation boxes
are about 81 A *65 A *93 A. For the WT and mutant POLD1, we carried out NPT ensemble
simulation with a 10 ns long trajectory after the initial equilibration. The Berendsen weak-
coupling barostat was used to control the pressure at 1 bar 24. The temperature was
controlled using Langevin dynamics at 300 K. SHAKE algorithm was used to constrain all
bonds involving hydrogen atoms 25. A cutoff of 10.0 was adopted for nonbonding
interactions. For the long-range electrostatic interactions, the Particle Mesh Ewald method
was applied.

The overall protein secondary and tertiary structure persist during the simulation, suggesting
that homolog modeling gives a good prediction of POLD1 structure. A hydrogen bond is
considered formed only if the distance between the heavy atom of hydrogen bond donor and
acceptor is less than 3.5 A and the N-H-O angle is greater than 135°.
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Repertoire analysis.

CD4* T(CD3*CD4") cells, CD8* (CD3*CD8™) T cells and B (CD3~ CD19™%) cells were
isolated from fresh PBMCs obtained from POLD1R1060C patients and healthy controls.
Genomic DNA was isolated with QlAamp DNA Blood Mini Kit (QIAGEN) and sent to
Adaptive Biotechnologies (Seattle, WA) for immune repertoire analysis. A multiplex PCR
protocol was used to amplify the CDR3 of the sorted lymphocytes using a standard quantity
of DNA as the template. The Illumina platform was used for sequencing of the PCR
products. The sequences were aligned to a reference genome, and T cell receptor  chain
(7RB) and Immunoglobulin heavy chain (/GH) variable, diversity, and joining (VDJ) gene
definitions were based on the International ImMunoGeneTics system (IMGT)Z5. The data
were filtered and clustered using the relative frequency ratio between similar clones and a
modified nearest neighbor algorithm to merge closely related sequences and remove both
PCR and sequencing errors, as described 27: 28, Productive unique and total sequences were
analyzed for TCR and BCR V, D, and J usage with ImmunoSEQ Analyzer™ set of online
tools and with R (version 3.6.1). Physicochemical properties of amino acid sequences were
analyzed using the Alakazam package??.Sequencing of the 7RBand /GH rearranged
products was completed successfully in all samples (Table E3 in the Online Repository).
The primary sequencing data are available at https://clients.adaptivebiotech.com/pub/
Cui-2019-jaci.

Statistical Analysis.

Aggregate results are presented as means + S.E.M.. Comparison between groups was carried
out with 1-way ANOVA with Bonferroni post-test analysis, as indicated. Differences in
mean values were considered significant at a P value of less than 0.05.

Results

Identification of a novel immunodeficiency associated with a novel POLD1 mutation.

P1is a 14 years old female, born to consanguineous (first cousins) Turkish parents (Fig 1,
A), who suffered from recurrent upper and lower respiratory tract infections (URTI and
LRTI, respectively) starting early in life. At 3 years of age she was diagnosed with
sensorineural hearing loss following evaluation for language delay. She underwent
adenotonsillectomy at 5 1/2 years of age because of recurrent URTI and serous otitis media.
She suffered from severe Chickenpox at 6 years of age that eventually resolved. Thereafter,
she started experiencing LRTI at a frequency of 4-5 times/year, mainly in winter, requiring
intravenous antibiotic therapy. Starting age 9 years, she had recurrent oral herpes infections
every 1-2 months as well as several episodes of recurrent herpes zoster for which she
received acyclovir therapy. Investigation into her recurrent herpetic infections revealed
marked lymphopenia, for which she was referred for immunological evaluation at 12 years
of age. Her immunological workup was particularly notable for profound CD3*CD4*
lymphopenia. She had mildly decreased serum 1gG and low IgA and IgM antibody
concentrations, while her tetanus vaccine-related antibody responses were absent despite
having been fully vaccinated (Table 1). She was started on immunoglobulin replacement
therapy, which resulted in the resolution of LRTI and markedly decreased herpetic
infections.
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Patient P2 is the younger sister of P1 and presented at age 3 with history of fever and cough.
Her weight (12,3kg; 10!-25! percentile) and height (98 cm; 501-75t" percentile) were in
normal range for her age. Her laboratory results revealed marked lymphopenia,
hypogammaglobulinemia and low CD3*CD4* T cell number similar to her older sister
(Table 1). She also had an unprotective tetanus antibody response on initial presentation
despite her prior vaccination that normalized on booster vaccination. She is currently 5 years
of age and still suffers from recurrent croup and oral herpes infections, for which she is
treated symptomatically. Auditory testing revealed normal hearing.

P3 is a 29 years old paternal aunt of P1 and P2 (Fig 1, A). She had encephalitis following a
primary varicella infection at 3 years of age, from which she was left with mental
retardation, hearing deficit and speech delay. In the ensuing years, she has had recurrent oral
herpetic infections, for which she is treated symptomatically. She also has URT]I in winter,
requiring oral antibiotic therapy.

Pedigree analysis suggested an autosomal recessive inheritance of the disease. To identify
the underlying gene defect, we performed whole exome sequencing for the whole family.
Knowing that the family is consanguineous, we executed homozygosity mapping using their
WES data (see Supplementary Methods for more information). Five regions of
homozygosity were identified, and only the largest one found on chromosome 19, 14Mb in
size, contains mutations with a minor allele frequency <0.01 that segregate within family
(Fig E1 and Table E2 in the Online Repository). Of the nine genes thus identified in this
region, including six candidate genes with homozygous recessive mutations, the most
promising was a homozygous C>T substitution in exon 26 of POL D1 was identified (c.
3178C>T; p.R1060C; based on POLD1 isoform 1, NM_001256849.1) (Table E1 in the
Online Repository). This missense homozygous mutation has not been previously reported
in genomAD, EXAC, dbSNP or 1000Genome and was confirmed by Sanger sequencing (Fig
1, B). Both parents were heterozygous for the mutation. Her sister P2, who also suffered
from recurrent infections, was found homozygous for the same mutation by Sanger
sequencing, as was a paternal aunt P3, who suffered from an early childhood encephalitis
post varicella infection. A number of extended family members had colon and rectal cancers
but did not carry the mutant allele.

The R1060C substitution localizes to the CysB motif at C-terminus of POLD1, away from
the exonuclease and polymerase domains (Fig 1, C). Immunoblot analysis revealed
decreased POLD1 expression in P1 and P2 compared to healthy sibling in PBMCs and
fibroblasts (Fig 1, D and E). Other components of the Polé complex are also decreased,
including POLD2 and POLD3. Thus, the POLD1R1960C mytation exerted a global effect on
the Pols complex.

POLD1R1060C ffects the stability of polymerase 6 complex.

DNA polymerases have been classified into several families based on their amino acid
sequences. In polymerase family B, both Pola and Pol5 are key enzymes for eukaryotic
nuclear DNA replication3C. The structure of the family B DNA polymerases has been
conserved throughout evolution, although their primary sequence varies. The structure of
DNA polymerase alpha 1, catalytic subunit (POLA1) is well studied3L. To clarify the role of
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the R1060C missense substitution in POLD1 from the family with immunodeficiency
syndrome, we generated the model of full-length POLD1 using Swiss modeling based on the
crystal structure of POLA1, which has a sequence identity of 25.9%. Most of the structural
elements aligned well between the POLD1 model and the POLAL structure, with an average
root-mean-square deviation (RMSD) of 0.315 A (Fig 2, A). Based on the POLD1 model, we
introduced the R1060C mutation in PyMol followed by molecular dynamics (MD)
simulation for the wild-type and mutant POLDL1 to relax the protein structure obtained from
homolog modeling with a time scale of 10 ns. The simulation region starts from the residue
795 in consideration of domain of interests and computational cost. After we extract 10-ns
snapshots of wild-type POLD1 and the R1060C mutant protein, we found a significance
distance change between the CysB motif and the DNA polymerase type B family catalytic
subunit (POLBc) delta domain (Fig 2, B). The CysB motif in POLD1 shows an intact
interaction with the POLBc delta domain while the C1060 mutant lost the interaction.
Detailed interface analysis showed the hydrogen bonds between E830 and R1060, R968 and
R1060 backbone, R808 and Q1059, and the hydrophobic interaction between V832 and
11078 dominate the mutual interaction between these two domains (Fig 2, C). By calculating
the distance between residue 1060 and 830 in WT and mutant POLD1, we found that the
R1060-E830 interaction maintains a shorter distance than C1060-E830 after the structural
relaxation (Fig E2, A in the Online Repository), indicating that this interaction pair may be
critical to maintain the CysB- POLBc_delta interaction. Also, hydrogen bond tracing
revealed that the interaction between R1060 and E830 is highly stable during the whole
simulation trajectory (Fig E2, B in the Online Repository), which provided further
evidence that R1060 is critical for the intramolecular interaction of POLD1. Because of the
decrease expression of POLD?2 in patient’s polymerase &, we hypothesized that the
POLD1R1060C muytation affects the stability of polymerase & complex. Considering that the
weaker intramolecular interaction in the mutant protein may further affects the recruitment
of downstream POLD subunits, we built both the wild-type and mutant model of POLD1 10
ns snapshots/POLD2 complex based on the crystal structure of the POLA1/POLA2 complex
(PDB ID: 5EXR). Overall, the docking model clearly indicated the cooperation between the
CysB motif and the POLBc_delta domain in recruiting POLD2. This cooperative interaction
is weakened by the R1060C mutant, which may disrupt POLD1:POLD2 complex formation
(Fig 2, D).

To validate the results obtained with molecular modeling, we examined the capacity of
recombinant tagged WT and mutant POLD1 expressed in HEK293T cells to interact with
the endogenous POLD2. Co-immunoprecipitation studies showed that the R1060C mutation
interfered with the formation of the POLD complex, as indicated by the capacity of WT
POLD1 but not the POLD1R1960C muytant protein to co-precipitate with POLD2 despite
equal expression of the respective POLD1 proteins (Fig 2, E, F). Furthermore, we examined
the capacity of POLD1R1060C mytant protein to interact with other components of the DNA
replication complex. During DNA replication, Pol8 associates with replication factor C
(RFC), a step necessary for loading Proliferating Cell Nuclear Antigen (PCNA) onto DNA
to initiate DNA replication. However, unlike WT POLD1, POLD1R1060C fajled to
effectively coprecipitate with RFC, indicative of poor association (Fig 2, E). Overall, these

J Allergy Clin Immunol. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cuietal.

Page 9

results indicate that that the POLD1R1060C mytation interfered with molecular interactions
involved in Pol8 assembly and the formation of the overall DNA replication complex.

POLD1R1060C regults in lower cell proliferation.

To determine whether the R1060C mutation in POLD1 impacted DNA replication and cell
proliferation, we analyzed the proliferative activities of control and patient T cells upon
treatment of PBMC with anti-CD3+anti-CD28 mAb for 3 days followed by a 4-hour
stimulation with phorbol myristate acetate (PMA) and ionomycin32. The cells were pulsed
with BrdU, which labels newly synthesized DNA characteristic of the cell cycle S phase 33,
Results showed that patient T cells, but not B cells, were profoundly deficient in BrdU
labeling following stimulation, indicative of poor S phase DNA replication (Fig 3, A-D). To
determine whether the poor proliferation of patient T cells was directly related to the
POLD1 defect, we undertook rescue experiments in which patient T cells were expanded
with anti-CD3+anti-CD28 mAb treatment, followed by transfection with a lentiviral vector
encoding either wild-type (WT) POLD1 or the POLD1R1060C mytant. Both the WT POLD1
and the POLD1R1060C mytant were equally expressed in the transfected cells (Fig 3, E).
Results showed that DNA replication was rescued in WT POLD1~transduced patient cells,
with a significant increase in the frequency of cells in the S phase, whereas the
POLD1R1060C fajled to do so (Fig 3, F, G). Collectively, our studies indicate that the
POLD1R1060C muytant severely decreased DNA replication.

Increased frequency of memory T cells in POLD1R1060C gypjects.

In view of their recurrent infections and immune disorder phenotypes, we further examined
the cohort of POLD1R1060C gybjects for cell abnormalities. Consistently, all three
POLD1R1060C g hjects showed sharp skewing of peripheral CD4 and CD8 T cell towards a
memory (CD45RA-CD45R0O") phenotype (Fig 4, A-D). The frequencies of naive CD45RA
*CCR7* CD4*T cells and especially CD8*T cells were profoundly decreased in
POLD1R1060C ghjects, whereas the frequencies of CD45RA"CCR7-CD4* and CD8* T
cells [CD45RA™ effector memory (Tgpm)] were increased. The frequencies of CD45RA
*CCR7~ CD8* [CD45RA" effector memory (Tgmra)] T cells were similar in patient and
control subjects, while the CD4* Tgmra Were marginally increased in patients. The
frequencies of CD45RA"CCR7* CD4™ [central memory (Tcwm)] T cells and CD8* T cells
were mildly decreased compared to healthy control group without achieving statistical
significance. (Fig 4, E-H).

Flow cytometric analysis of the regulatory T cells (Tyeg) in the peripheral blood of
POLD1R1060C patients showed a mild but non-significant increase in the distribution of
CD4*CD25MCD127'° T cells (Fig E3, A and B in the Online Repository). The percentage
of induced Tyeg Was found similar in POLD1R1080C patients and controls (Fig E3, C and D
in the Online Repository). The expression of several canonical Tyeq cell markers, including
Foxp3, CTLA-4, and Helios, was normal in patients compared to controls (Fig E3, E and F
in the Online Repository). Overall, these results establish a predominance of effector
memory T cell subpopulations in POLD1R1060C gybjects in the context of T cell
lymphopenia.
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Restricted T cell receptor (TCR) V-J pairing in POLD1R1060C CD8*T cells.

Given that the POLD1R1080C mytation gave rise to severe T lymphopenia with effector T
cell skewing, we examined the patient CD4 and CD8 T cell populations for evidence of
abnormalities in their T cell receptor repertoire. Specifically, we asked if POLD1 may play a
role in the nonhomologous end joining as reflected in VDJ recombination. Accordingly, we
analyzed 7RB of cell-sorted CD4* and CD8* T cells, and /GH of CD19* B cells for
evidence of VDJ recombination defects and oligoclonality. Repertoire analysis showed that
the V-J pairing patterns and productive entropy (a measure of clonal diversity) were similar
between POLD1R1060C and control CD4* T cells and B cells (Fig 5, A and B, and Fig E4,
A and B in the Online Repository). In contrast, the POLD1R1060C CD8*T cell subset
displayed restricted V-J gene combinations and lower productive entropy (Fig 5, A and B).
Analysis of the productive frequencies of top 100 as well as the total clonotypes further
revealed severe oligoclonality among patient CD8* but not CD4* T cells (Fig 5, C and D).
Altogether, these observations suggested a selective impact of POLD1R1060C on CD8 T cell
clonal expansion in the periphery and possibly an additional effect during thymic
development.

To determine whether POLD1 is involved in somatic hypermutation (SHM), we analyzed
SHM patterns in B cells. We found no difference between patients and controls in the IGHV-
IGHJ pairing, D gene usage, productive entropy and the proportion of unique /GH
rearrangements carrying at least one mutation (Fig E4, A-D in the Online Repository). The
rate of SHM in the V segment was similar in both of the productive /GH rearrangements and
non-productive /GH rearrangements of POLD1R1060C patients (Fig E4, E in the Online
Repository). Finally, the /n silico translated amino acid sequences of the /GH CDR3 region
no differences in length and tyrosine contents between POLD1R1060C patients and healthy
controls (Fig E4, F and G in the Online Repository), whereas the hydrophobicity analysis
showed a borderline statistically significant marginal difference between POLD1R1060C
patients and healthy controls (p=0.049, Fig E4, F in the Online Repository). These
findings, together with the normal B cell proliferation shown earlier, confirmed that the
POLD1R1060C muytation spared the B cell compartment.

Discussion

In this study, we report a homozygous missense mutation in POLD1, encoding the catalytic
subunit of the ubiquitous DNA polymerase Pol8, in three patients from an extended
consanguineous kindred who presented with recurrent infections with T cell lymphopenia
and poor antibody responses. Functional and structural analysis indicated that the mutation
impaired the interaction of POLD1 with other Pol& subunits, resulting in poor Pol& complex
formation and defective DNA replication. Our results thus establish this mutation as a novel
cause of primary combined immunodeficiency.

The mutant POLD1R060C protein failed to associate with Pols accessory subunit POLD2 or
with the DNA replication complex component RFC, necessary for loading PCNA onto DNA
to initiate DNA replication34. Structural modeling revealed the mutation disrupted a critical
molecular interaction between POLD1 and POLD?2, in agreement with the co-precipitation
studies showing failure of the mutant POLD1R0960C protein to associate with POLD2. While
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the mutation is located at the C-terminus of POLD1 away from the catalytic and DNA
exonuclease domains, a secondary effect of the mutation on the catalytic function of POLD1
cannot be excluded and requires further investigation. Analysis of patient T cells indicated
the POLD1R1060C mytation impaired DNA replication and cell proliferation, an effect that
was rescued by lentivirus-mediated expression of a WT but not the mutant POLD1R1060C
protein. In contrast, B cell proliferation was spared.

A key finding in our studies is that the POLD1R1060C mytation not only impaired T cell
proliferation but was also associated with restricted TCR V-J pairing and severe
oligoclonality in CD8* T cells. Importantly, these abnormalities appeared limited to the
CD8* T cell compartment, and did not involve the CD4* T cells or the B cells. These
findings suggest that Pols differentially impact CD8 T cells, severely limiting their
peripheral expansion and possibly affecting their thymic development. A differential impact
of POLD1R1060C on the CD8* T cell compartment would be consistent with the heightened
susceptibility of the patients to herpetic and respiratory viral infections. In contrast, the
patients have so far been spared infections associated with severe CD4* T cell depletion
such as Pneumocystis firoveci. This sparing may reflect the continued presence of diverse,
albeit profoundly lymphopenic, CD4 T cell populations and the absence of concurrent
debilitating disease(s).

In contrast to the T cell defects noted in the patients, the B cell compartment appeared to be
completely spared in terms of B cell proliferation, /gH V-J pairing, D gene usage and
somatic hypermutation. Furthermore, indices such as the proportion of tyrosine residue of
the IGH-CDR3 region and the /gH hydrophobicity profile, both associated with B cell self-
reactivity, were either similar (the former) or marginally affected (the latter). In view of
these findings, the presence of mild hypogammaglobulinemia in the patients with waning
antibody responses to vaccines that can be rescued by booster immunization is best
explained by suboptimal T cell help.

Previous studies have identified different heterozygous mutations affecting the catalytic and
exonuclease domains of POLD1 173536 The former gives rise to a distinct multisystem
developmental characterized by subcutaneous lipodystrophy, deafness, mandibular
hypoplasia, while the latter results in familial colorectal cancers. Interestingly, neither of
these two types of POLD1 mutations resulted in immunodeficiency. In contrast, the kindred
reported herein had very minimal manifestations aside from the immunodeficiency, notably
partial sensorineural hearing loss in P1. This sharp segregation of disease phenotypes as a
function of the respective domains targeted by mutations suggests the POLD1R1060C
mutation, which locates away from the enzymatic domains, may allow for residual Pols
activities to rescue the multisystem and mutator phenotypes associated with the catalytic and
proof-reading activities in different tissues. However, the Pol6 complex may play a non-
redundant role in protein-protein interactions with other components of the double stranded
break repair (DSBR) relevant to VDJ recombination in CD8*T cells. The nature of such
interactions involving the Pols complex in DSBR and their role in T cell development
requires further investigation.
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In addition to the POL DI mutation reported herein, a splice junction mutation in POLEZ,
encoding the DNA polymerase epsilon subunit 2 (POLE2) has been described in a child with
dysmorphic features and combined immunodeficiency and autoimmunity, with absence of
circulating B cells, T cell lymphopenia and neutropenia 37. POLE2 is an accessory subunit
in the Pole complex38, and while the protein expression of mutant POLE2 was unaffected in
the child, the mutation may adversely affect the Pole complex assembly and/or its
interactions with other proteins relevant to DNA replication. The 7RB repertoire in the
POLE?2 patient appeared largely normal, indicating that the restricted V-J pairing in the 7RB
of CD8* T cells in the POLD1R1960C patients was specific to this gene defect. Overall, these
results point to an emerging subgroup of primary immunodeficiency disorders caused by
genetic lesions in different DNA polymerases. The full spectrum of these disorders and their
unique and shared attributes require further investigation.
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Abbreviations.

BrduU Bromodeoxyuridine / 5-bromo-2'-deoxyuridine
LRTI lower respiratory tract infection

PCNA Proliferating Cell Nuclear Antigen

Polé DNA polymerase delta

POLA1 DNA polymerase alpha 1 catalytic subunit
POLBc DNA polymerase type B family catalytic domain
POLD1 DNA polymerase delta 1 catalytic subunit
RFC Replication Factor C

TCR T cell receptor

IGH Immunoglobulin heavy chain

Tetf T effector cells

Treg Regulatory T cells

URTI upper respiratory tract infection

WES Whole exome sequencing
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Key Messages:

. A POLD1 mutation disrupted the assembly of the Pol& complex and resulted
in T cell immunodeficiency.

. Patient CD8™ T cells exhibited severe oligoclonality and restricted T cell
receptor beta chain V-J pairing.
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Figure 1. Characterization of a POLD1 mutation in kindred with combined immunodeficiency.
A. Patient Pedigree and familial segregation of the mutant POL D1 allele. Double lines

connecting parents indicate consanguinity. Probands are indicated as P1-P3. Squares, Male
subjects; circles, female subjects; solid symbols, patients; half-filled symbols, heterozygous.
B. Sanger sequencing fluorograms of the germline c. 3178 C>T POL D1 mutation in patients
P1-P3 and the parents of P1 and P2 compared with the equivalent DNA sequences in an
unaffected healthy sibling (HS). C. Schematic representation of POLD1 protein. The
different domains are depicted as follows: the nuclear localization signal (NLS) in red, the
exonuclease in light green, the polymerase domain in light blue and the cysteine-rich metal-
binding domains (CysA/B) in orange. The identified R1060C mutation and its position
within the CysB polypeptide sequence is indicated by red star. D. Immunaoblot analysis of
POLD1/2/3 protein expression in PBMCs (left) and primary fibroblasts (right) of P1, P2 and
a healthy control subject (HC). E. Quantitation of POLD1/2/3 protein expression in primary
fibroblasts of P1 and P2, normalized for B-actin expression and expressed as fold change
compared to that of HC fibroblasts (n=3; open circles). Results represent means +
S.E.M.**p<0.01; ***, p<0.001; **** p<0.0001, by one-way ANOVA with Bonferroni post-
test analysis.
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Figure 2. POLD1R1060C mytation disrupts POLD1-intrinsic and POLD1-POLD2 molecular

interactions.

A. The protein structure model of full-length POLD1 using Swiss modeling based on the
crystal structure of POLAL. B. Distance between the CysB motif and POLBc_delta domain
in WT POLD1 and the POLD1R1060C mytant protein are measured by 10-ns snapshots. C.
Detailed interface analysis of POLD1 structure. The hydrogen bonds between E830 and
R1060, R968 and R1060 backbone, and R808 and Q1059 were in blue and red. D. Docking
model showing the cooperation between the CysB motif and the POLBc_delta domain in
recruiting POLD2 and its disruption by the R1060C mutation. E. HEK293T cells were
transfected with the indicated plasmids. Twenty-four hours after transfection, cell lysates

were immunoprecipitated with an anti-V5 antibody and then immunoblotted with the

indicated antibodies. F. Quantitation of co-immunoprecipitated POLD2 protein by Empty
vector, WT POLD1 and POLD1R1960C jn E expressed as fold change compared to that of
WT POLDZ1 (n=3; open circles). Results represent means £ S.E.M. *** p<0.001; ****

p<0.0001, by one-way ANOVA with Bonferroni post-test analysis.
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Figure 3. Defective proliferation of POLD1R1060C T ¢ells and its rescue by WT POLD1
expression.

A. Representative flow cytometric analysis of BrdU* P1 and P2 T cells versus those of a
healthy control (HC) and healthy sibling (HS). B. Frequencies of BrdU* T cells in healthy
control versus P1-P3 cell cultures (n=3; open circles). C. Representative flow cytometric
analysis of BrdU* patient (Pt) B cells versus those of a healthy control (HC). D. Frequencies
of BrdU* B cells in healthy control versus P1-P3 cell cultures (n=3; open circles). E.
Immunoblot analysis of POLD1 expression in transduced cells. F. Representative dot plot
analysis of T cells transfected with either Empty vector, POLD1IWT or POLDI R1060C
lentiviral plasmid. Data are representative of three experiments. G. Frequencies of BrdU* T
transfected with either Empty vector, POLD1WT or POLDI R1060C lentiviral plasmid in
F. (n=3; open circles). Results are means = S.E.M. **** p<0.0001; ns, not significant, by
unpaired t test in B and D; *, p<0.05; ns, not significant, by one-way ANOVA with
Bonferroni post-test analysis in G.
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Figure 4. Increased frequency of memory T cells in POLD1R1060C subjects.
A. Flow cytometric analysis of circulating CD45RO™CD45RA* and CD45RO*CD45RA™

CD4* T cells in a control and a POLD1R1060C gybject. B. Frequency of activated CD45RO
*CD45RA™ within the peripheral blood CD4* T cell pool of controls and POLD1R1060C
subjects. C. Flow cytometric analysis of circulating CD45RO™CD45RA* and CD45RO
*CD45RA™ CD8* T cells in a control and a POLD1R1060C sypject. D. Frequency of
activated CD45RO+CD45RA™ within the peripheral blood CD8+ T cell pool of controls and
POLD1R1060C g bjects. E. Flow cytometric analysis of circulating Tepra CD45RATCCR7™
and naive CD45RA*CCR7* CD4* T cells in a control and a POLD1R1060C gbject. F.
Frequency of circulating naive CD45RA*CCR7*, central memory CD45RACCR7*,
effector memory CD45RACCR7~ and Tgpmra CD45RATCCR7™ within the peripheral
blood CD4* T cell pool of controls and POLD1R1060C gbjects. G. Flow cytometric analysis
of circulating Tepra CD45RA*CCR7™ and naive CD45RA*CCR7* CD8* T cells in a
control and a POLD1R1060C gbject. H. Frequency of circulating naive CD45RA*CCR7™,
central memory CD45RA-CCR7™, effector memory CD45RACCR7™ and Tepmra
CD45RA*CCR7~ within the peripheral blood CD8* T cell pool of controls and
POLD1R1060C gbjects. ns, not significant; *, p<0.05; *** p<0.001 by Student’s unpaired
two tailed t test.
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Figure 5. Restricted usage of VB and JB genes in POLD1R1060C T celfs,
A. Frequencies of specific VP and JB pairing in unique 7B clonotypes of CD8*T cells and

CD4*Tcells from healthy controls and patients. White represents the absence of a given VB
and Jp pairing. Blue reflects a low frequency while red represents a higher frequency of
usage. B. Productive entropy of CD8* and CD4* T cells in healthy controls versus patients
(n=3; open circles). C. Productive frequencies of top 100 most abundant clonotypes of CD8*
and CD4* T cells in healthy controls versus patients. D. Tree map of clonality in CD8* and
CD4* T cells. Each square represents a specific V-J pairing. The area of each square is
proportional to the total frequency of the corresponding 7/B clonotypes in each sample. ns,
not significant; *, p<0.05; **, p<0.01 by Student’s unpaired two tailed t test.
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