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Background: Cystic fibrosis (CF) is one of the most common
life-limiting autosomal-recessive disorders and is caused by
genetic defects in the CF transmembrane conductance regulator
(CFTR) gene. Some of the features of this multisystem disease
can be present in primary immunodeficiency (PID).

Objective: We hypothesized that a carrier CFTR status might be
associated with worse outcome regarding structural lung
disease in patients with PID.

Methods: A within-cohort and population-level statistical
genomic analysis of a large European cohort of PID patients was
performed using genome sequence data. Genomic analysis of
variant pathogenicity was performed.

Results: Compared to the general population, p.Phe508del
carriage was enriched in lung-related PID. Additionally,
carriage of several pathogenic CFTR gene variants were
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increased in PID associated with structural lung damage
compared to PID patients without the structural lung damage.
We identified 3 additional biallelic cases, including several
variants not traditionally considered to cause CF.

Conclusion: Genome sequencing identified cases of CFTR
dysfunction in PID, driving an increased susceptibility to infection.
Large national genomic services provide an opportunity for
precision medicine by interpreting subtle features of genomic
diversity when treating traditional Mendelian disorders. (J Allergy
Clin Immunol 2023;152:257-65.)

Key words: Bronchiectasis, CFTR, cystic fibrosis, genomics, pri-
mary immunodeficiency

Cystic fibrosis (CF) is one of the most common life-limiting
autosomal-recessive disorders, with a prevalence of 1 in 2500 in
European people. The causative gene, identified in 1989, is referred to
as the CF transmembrane conductance regulator (CFTR)." The most
common pathogenic variant in the CFTR gene is the 3-nucleotide
deletion NM_000492.3(CFTR):c.1521_1523del  (p.Phe508del)
(often called delta F508).! Today, more than 2000 different variants
have been identified in the CFTR gene, many of which cause CE’
It is estimated that 1 in 25 individuals of European descent carries
a heterozygous CF-causing gene variant. Previous studies have as-
sessed the effect of heterozygous variants in the general population.
Colak et al’ screened 108,034 individuals (3% heterozygous car-
riers), and using multivariable adjustment, they determined that car-
riers had increased risk for chronic bronchitis, bronchiectasis, and
lung cancer despite similarities in lung function and other morbidity
outcomes. Overall survival was similar between those who did and
did not carry the CFTR gene. A number of studies have previously
reported phenotypic associations for heterozygous carriage. Howev-
er, few studies have used statistically robust analysis methods.

We wondered whether carrier CFTR status might be associated
with worse outcome regarding structural lung disease in patients
with primary immunodeficiency (PID). To test our hypothesis, we
included a cohort of patients recruited into the National Institute
for Health Research (NIHR) BioResource—Rare Diseases (NIHR
BR-RD) study. This UK NIHR BR-RD study was set up with the
aim of improving the clinical management of patients with rare
diseases and gathering insight through large-scale genomics
based on disease cohort phenotypes. At the time of this study,
whole genome sequence data from about 8000 individuals had
been collected. We focused on a cohort of 1046 PID patients
and their relatives. We investigated the presence of CFTR carriage
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Abbreviations used
CF: Cystic fibrosis
CFSPID: CF screening positive, inconclusive diagnosis
CFTR: CF transmembrane conductance regulator
CFTR2: Clinical and Functional Translation of CFTR
database (cftr2.org)
ENaC: Epithelial sodium channel
gnomAD: Genome Aggregation Database
(gnomad.broadinstitute.org)
LD: Linkage disequilibrium
LoF: Loss of function
NIHR BR-RD PID: NIHR BioResource—Rare Diseases PID cohort
NIHR: National Institute for Health Research
PID: Primary immunodeficiency

for known CF variants in PID patients with and without structural
lung disease and assessed global allele frequencies; we screened
for additional biallelic variants that have been associated with
mild disease; and we assessed clinical features for confirmed
cases. Our analysis also included related genes—SCNNIA,
SCNNIB, and SCNNI1G—that encode the alpha, beta, and gamma
subunits of an epithelial sodium channel complex (ENaC). Like
CFTR, these epithelial cell surface sodium transport channels
are found in many tissues, including kidneys, lungs, and sweat
glands. Damaging variants causing residual function lead to a
phenotype that has an overlap with CF, including bronchiectasis
with or without elevated sweat chloride.

We were also interested to know if subclinical/undiagnosed
antibody deficiency is associated with worse outcomes in patients
with CF. For this purpose, we reinvestigated 574 clinically
validated CF cases in our single-center local cohort by assessing
complete immunoglobulin profile and long-term outcomes, such
as survival and need for a lung transplant.

METHODS
Ethics

The study was performed in accordance with the Declaration of Helsinki.
The NIHR BioResource projects were approved by research ethics commit-
tees in the United Kingdom.

Whole genome sequencing

As part of the NIHR BR-RD study, 1046 PID patients and relatives had their
genomes sequenced, as described elsewhere.”” Briefly, paired-end whole
genome sequencing was performed by Illumina’s HiSeq X Ten system
(Illumina, San Diego, Calif); 95% of bases were covered by at least 15 reads.
Substitutions and indels up to 50 bp were called by Isaac, then merged using
the AGGS3 tool, while structural variants were called by Manta and Canvas (all
software by Illumina). Only variants with an overall pass rate of >80% were
considered for further analysis. Additionally, structural variants were analyzed
for gene deletions, but none was identified.

Sanger sequencing

Genomic DNA was prepared from peripheral blood by spin column
purification (QIAamp DNA Blood Mini Kit; Qiagen, Hilden, Germany).
Amplification of genomic DNA for Sanger sequencing was performed by the
standard PCR method. PCR cleanup was performed by ExoSAP-IT (Affyme-
trix, Santa Clara, Calif). Sanger sequencing used the BigDye Terminator Cycle
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Sequencing Kit 3.1 (Applied Biosystems; Thermo Fisher Scientific, Waltham,
Mass) and analysis on an ABI 3130XL DNA analyzer (Applied Biosystems).

Variant filtration

PID cohorts were assessed for the regions of GRCh37 as follows: CFTR,
7:117118017-117310718; SCNN1A,  12:6454009-6488523; SCNNIB,
16:23311591-23394620; and SCNNIG, 16:23192040-23230200 (approxi-
mately 2 kb of flanking sequences were included for analysis). Filtering and
predicting functional consequences were performed by Variant Effect Predic-
tor (VEP),® Exome Variant Server,” the Single Nucleotide Polymorphism data-
base,® ClinVar,” the Exome Aggregation Consortium, and the Genome
Aggregation Database.'’ Filtering of common variations and annotation was
performed using ‘vefhacks’'! and in-house scripts. Candidate variants were
required to pass the following filtering conditions: frequency (count/coverage)
between 20% and 100%. According to VEP annotation, at least 1 canonical
transcript is affected with 1 of the following consequences: variants of the cod-
ing sequence, frameshift, missense, protein altering, splice acceptor, splice
donor, or splice region; an in-frame insertion or deletion; a start lost, stop
gained, or stop retained, or (according to VEP) an EXAC frequency of un-
known, of 0.01 or less, or with clinical significance flagged “pathogenic.”

Data preparation for analysis

Candidate variants were identified only in CFTR requiring further statistical
analysis but not in SCNNIA, SCNNIB, or SCNNIG. The NIHR BR-RD PID
cohort data were prepared by conversion of VCF to a data frame with annotation
headers matching reference population data from the Genome Aggregation Data-
base (gnomAD; gnomad.broadinstitute.org) and the CFTR2 database (cftr2.org/).
gnomAD (version 12.0.2) was queried for the canonical transcripts of CFTR from
population genetics data of approximately 146,000 individuals as well as
ENSG00000001626, GRCh37 7:117118017-117310718 (including flanking
sequence padding). Data were filtered to contain the variant effect identifiers:
frameshift, in-frame deletion, in-frame insertion, missense, stop lost, or stop
gained. Reference transcripts were sourced from Ensembl in the FASTA-format
amino acid sequence for transcript CFTR ENST00000003084 [HGNC:1884].
Data were exported to CSV format and imported into R software (R Project;
www.r-project.org) for combined analysis with cohort variant data. A CFTR2
database variant list (current version during data collection 08Dec2017) was pre-
pared in the same format as the gnomAD and NIHR BR-RD PID cohort data. For
all 3 data sets, cohort-specific allele frequencies were calculated.

Statistical analysis

To test for the frequency of variants within cohorts and compared to the
general population, we used routine genomic analysis and filtering to produce
a list of candidate variants. A total of 3160 variants that met quality-control
criteria were identified in CFTR. Because CF-causing variants are well char-
acterized, we used 374 known variants from the CFTR2 database to filter qual-
ifying variants. This database also lists variants of unknown consequence. We
found 118 qualifying variants in our cohort. Qualifying variants were required
to be present in index cases from our cohort and present in those with lung dis-
ease. Seven variants were tested for enrichment in PID cases for those with and
without lung disease. These were also compared to the allele frequency in the
general population. The Fisher exact test with multiple test correction was
used. Although at least 2 variants were in linkage disequilibrium (LD)
(D' = 1.0, R* = 0.4975), all variants were tested individually, and Bonferroni
correction was applied for all to reduce false-positive results. The significant
threshold after multiple testing correction was (.05/7) = .007. CFTR genotype
(homozygous, heterozygous, or other, coded as 2, 1, and 0, respectively) and
immunoglobulin responses were assessed using a least squares regression with
weights for repeated measures and Bonferroni correction for multiple testing.

RESULTS
Gene structure and variant frequency in CFTR

The genomic structure of CFTR coding exons was mapped to
functional domains on cDNA in Fig E1, A (available in this article’s
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Online Repository available at www.jacionline.org) on the basis of
canonical ENST00000003084.11, 6070 nt, 1480 aa, and 27 exons.
CF-related CFTR variants are listed in the CFTR2 database.'” By
comparing CF-related variants to the normal background allele fre-
quency within in the population, we ranked potential candidate var-
iants by importance for public health. The population allele
frequencies of variants reported on gnomAD are shown (Fig El,
B), followed by allele frequencies of known damaging variants in
the CFTR2 database. Combining these data sets reveals variants
that are known determinants of disease and are present at the highest
frequency in the population, thus constituting the largest public
health concern. In Fig 1, E, and Fig E1, C, the CFTR protein is
shown in its role acting as a transmembrane, phosphorylation,
and ATP-gated anion channel that provides increased conductance
for anions, including Cl—, according to their electrochemical
gradient. The “opening” and “closing” of CFTR conformational
change provides a transmembrane flow of anions.'” Although
CF-specific variant enrichment is noted for some protein domains,
damaging variants can present throughout the gene and can occur as
several classes of mutation—for example, nonfunctional
(nonsense, deletion, ie, p.Gly542Ter), expressed misfolded
(p-Phe508del, p.Asnl1303Lys), gate function variants
(p-Gly551Asp), channel conduction variants (p.Argl17His), or ex-
pressed truncated or splice variant (¢.2657+5G>A). The function
of the ENaC complex, the subunits of which are encoded by
SCNNIA, SCNNIB, and SCNNI (as illustrated in Fig 1, E), is selec-
tively permeable to sodium ions (Na™).

NIHR BR-RD PID cohort

We investigated the role of CFTR on PID in a large European
cohort using statistical genomic analysis. We included the genome
sequences of 1046 participants from the cohort of PID patients
who had their genomes sequenced as part of the NIHR BR-RD
PID study.*"5 Within our cohort, 66.5% (n = 696) were enrolled as
index patients with unknown PID, 7.7% (n = 81) were relatives of
index patients who also had a PID, and 25.7% (n = 269) were non-
index relatives with no features of PID reported. We subgrouped
the cohort first into index versus nonindex cases of PID, and sec-
ond into those with and without evidence of lung disease (Fig 1,
A). The subgroups were categorized as follows: 12.2% (n =
128) PID lung related, 54.3% (n = 568) PID non-lung related,
0.7% (n = 7) relatives’ lung related, and 32.8 (n = 343) relatives’
non-lung related. We specify the latter group (269 of 343 relatives
who also have PID) to confirm that analysis does not mistakenly
count in duplicate a variant that is shared among 2 siblings with
the same phenotype. Our routine analysis pipeline, described else-
where,*” identified 3125 variants for the CFTR gene (GrCh37
7:117118017-117310718). Tailored analysis with the predefined
criteria described in the Methods section permitted us to reduce
this set to a short list of rare candidate variants. We identified
118 functional coding variants. We screened our results against
areliable source of known damaging (or candidate) variants using
the CFTR2 database. This contained 374 variants that occur in
89,052 confirmed cases of CF. Of these, 35 variants were shared
within the NIHR-PID cohort (Fig 1, B). According to our prede-
fined criteria, candidate variants were restricted to those that
were (1) reported in the CFTR2 database, (2) occurred in NIHR-
PID index cases, and (3) occurred in is those with lung disease.
Our within-cohort testing therefore consisted of 7 functional var-
iants passing the qualifying inclusion criteria.

LAWLESS ET AL 259

p-Phe508del carriage is enriched in lung-related PID

We performed a within-cohort association test for variants
occurring in PID cases with and without lung disease. We found
that only p.Phe508del carriage was significantly enriched in PID-
related lung disease, with xz(l, N = 258) = 7.8994, P =.004945;
and a Bonferroni correction for multiple testing significance
threshold of .007 (P,q; = .035) (Fig 1, C). The remaining 6 vari-
ants were also present at higher-than-expected frequencies based
on the European and global allele frequencies reported in gno-
mAD. According to our analysis plan, these were subsequently
tested against the background population frequency.

Pathogenic CFTR variant carriers are enriched for
PID-related lung disorder

We tested variant carriage enrichment in PID-related lung
disorders compared to background population frequencies. From
the 7 functional variants found in both PID-related lung disease
cases and the CFTR2 database, we identified 2 significantly
enriched variants that are known to be pathogenic (as a recessive
disorder), NM_000492.3(CFTR):c.1521_1523del (p.Phe508del)
and NM_000492.4(CFTR):c.3276C>A (p.Tyr1092Ter), and 1
variant that is not reported as known pathogenic:
NM_000492.4:¢.3080T>C (p.1le1027Thr) (Fig 1, D). Three addi-
tional variants that were significantly enriched in our cohort that
did not meet criteria defining pathogenicity according to the
CFTR2 database are NM_000492.4:c.91C>T (p.Arg31Cys),
NM_000492.4:c.[1727G>C (p-Gly576Ala);2002C>T
(p-Arg668Cys)], and NM_000492.4:¢.3705T>G (p.Ser1235Arg).
The latter 3 were significantly increased in general PID (PID lung
disease and nonlung PID) (Fig 1, C and D). We note that
p-Gly576Ala is correlated with p.Arg668Cys, and neither is
likely to be inherited independently (LDlink'‘-measured
degree of correlation is D' = 1.0, R® = 0.4975—compared, for
example, to p.Ser1235Arg, with D’ = 1.0, R> = 0.0001'%).
However, for accuracy, multiple test correction was applied for
all variants.

Normalized pathogenic variant frequency

We were interested in the most common CF-causing variants
(based on the CFTR2 database) compared to the global carriage
frequency (gnomAD). Accounting for both population and dis-
ease frequency, the most clinically relevant variants were mapped
according to their normalized frequency rank (see Fig E2, A, in the
Online Repository available at www.jacionline.org). A small
number of residues were evident as a top priority; variants at
p-Ser18ArgfsX16, p.Phe508del, p.Gly542Ter, and p.Arg553Ter
have normalized frequencies of >0.4, making them most likely
to be seen clinically. A concentration of pathogenic variants is
seen in nucleotide binding domains 1 and 2 (aka NBD1/2). There
were 150 variants of normalized frequency 0-0.2 that are known to
be pathogenic but will be seen less frequently in patients. The top
13 of 14 residues (p.Leu671 is not available on structure) were
mapped onto the CFTR protein structure (RCSB Protein Data
Bank, www.rcsb.org, entry SUAK)'S in Fig E2, B. The less
commonly reported variants are colored black on the ribbon
structure. Annotation was limited to variants with the highest
normalized frequency after binning into 5 groups, as shown in
Fig E2, C.
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FIG 1. NIHR BR-RD PID candidate variants. (A) Number of PID patients reported as having lung-related dis-
ease status; index patients versus nonindex patients recruited either as healthy relative or with shared
phenotype. Nonindex relatives unaffected by lung disease are illustrated as those with (n = 269) and
without (n = 74) PID. (B) Routine analysis of variants produced 3160 total CFTR variants within the NIHR
BR-RD PID cohort (pink). One hundred eighteen functional variants passed our filtering criteria (purple).
The CFTR2 database listed variants affecting 374 coding residues (yellow), 35 of which were present as
candidate variants in our cohort after filtering. Seven of these 35 met our inclusion criteria for subsequent
testing. (C) p.Phe508del was significantly enriched for PID patients with lung-related disease (P = .00495,
P.qj = .035). (D) Enrichment for variants in lung-related PID versus background population. p.Gly576Ala
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Newly identified compound heterozygous cases

During investigation of the NIHR BR-RD PID cohort, we
identified several potential cases of compound heterozygous
pathogenic variants. Three sodium channel complex genes of
ENaC were included in our screening as phenocopies of CFTR
because they may produce an overlapping phenotype. A total of
6227 functional variants were identified in the cohort for the 4
screened genes: SCNNIA, SCNNIB, SCNNIG, and CFTR. For
patients with more than 1 variant, we estimated the probability
of cis and trans inheritance; we followed up to confirm and assess
clinical relevance. Potentially pathogenic compound heterozy-
gous variants were filtered if they were predicted to be nonbenign
by at least 1 annotation tool including SIFT, PolyPhen, or Condel
and if they occurred in combination with a second variant, result-
ing in a candidate list of variants: 25 in SCNNIA, 6 in SCNNIB,
none in SCNNIG, and 52 in CFTR.

For all SCNNIA, SCNNIB, and SCNNIG, trans-inherited
variant pairs were only found when including 1 common
within-cohort variant that was not considered damaging for either
gene, and therefore none of these was considered to be a cause of
autosomal-recessive disease. Fifty-two candidate CFTR variants
were filtered by allele frequency, LD, and functional annotation,
and thereby reduced to a list of 5 candidate compound heterozy-
gous variants from 5 families. After assessing pathogenicity po-
tential based on functional annotation, population genetics,
variant effect, and phasing estimate, the consulting physicians
for each patient were contacted for detailed investigation of their
history and follow-up testing. Two patients were excluded on the
basis of these data, resulting in a final set of 3 newly identified
biallelic cases of damaging CFTR variants from 3 families
(Table I).

Several additional cases were ruled out as being CF-related
disease after being thoroughly assessed for variants of unknown
significance. Some patients who carried at least 1 known CF-
causing variant were offered genetic consultation. A pair of
variants within our cohort, p.Gly576Ala and p.Arg668Cys,
occurs within a single haplotype block in LD that is not enriched
in lung disease cases. However, we did find that this pair of
variants occurred in combination with a third variant (ostensibly
in trans). Table I lists the variants identified in our study along
with supporting phenotype information; we also show the
CFTR2 database labeling for each variant. Several variants are
not considered CF causing and therefore would likely remain un-
identified with a traditional, single-case approach. Table II sum-
marizes the clinical features for each patient. More extensive
information is reported in Table El in the Online Repository
available at www.jacionline.org.

As shown in Table II, patient 1 had severe combined immunode-
ficiency with antibody deficiency, T-cell lymphopenia, recurrent in-
fections, and lymphoma, and treatment included chemotherapy,
radiotherapy, autologous immune enhancement therapy, and IgG
replacement. Patient 1 had the wvariants NM_000492.
4(CFTR):c.[91C>T  (p.Arg31Cys)];[1521_1523del  (p.Phe508-
del)]. Patient 2 had severe autoimmunity syndrome as well as
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recurrent infections including cytomegalovirus and Candida infec-
tion, and was treated with prednisolone and hydrochloroquine.
Patient 2 had the variants NM_000492.4(CFTR):c.[220C>T
(p.Arg74Trp);3808G>A  (p.Aspl1270Asn)[;[293A>G  (p.GIn98
Arg)]. Patient 3 had unclassified antibody deficiency (mild panhy-
pogammaglobulinemia) and recurrent infections. Patient 3 had the
variants NM_000492.4(CFTR):c.[3705T>G  (p.Ser1235Arg)];
[2900T>C (p.Leu967Ser)]. Presentation occurred at ages 13 (fe-
male), 12 (male), and O (male) for patients 1, 2, and 3, respectively.

Immunoglobulin levels in clinically confirmed CF

To investigate if lower serum immunoglobulin levels are
associated with worse clinical outcomes in CF, we analyzed a
cohort of 574 clinically and genetically confirmed cases of CF
from a single center. We retrospectively collected serum immu-
noglobulin level data, including IgG, IgM, and IgA. The serum
levels for all immunoglobulin classes were typically within
reference ranges (Fig 2, A). High immunoglobulin levels
observed during individual clinic visits typically returned to
within reference ranges by the time of the patient’s next visit.

We tested outcomes for patients with reduced immunoglobulin
levels (IgM < 0.5 and IgA < 0.8). Adult and pediatric population
immunoglobulin levels were available for 574 subjects (381 and
193 subjects with normal and low immunoglobulin, respectively).
There were 58 non-transplant-related deaths and 60 transplant-
related deaths with normal IgA/IgM compared to 16 nontrans-
plantation deaths and 9 transplant deaths with low IgA/IgM.
Patents found to have a reduction in at least 1 immunoglobulin
class did not have worse outcome when it came to survival with or
without lung transplant [x*(1, N = 143) = 1.8, P = .2]. We note
that fewer deaths occurred for those with low immunoglobulin;
however, this ought not suggest that low immunoglobulin is
protective.

DISCUSSION

Newborn screening for CF is generally successful in high-
prevalence areas, although the specific protocols may differ
between countries.'®'’ An approximate measure of newborn
screening across Europe is shown in Fig E2. Diagnosis usually fol-
lows newborn screening or occurs during early life; late diagnosis
more often involves less damaging variants (eg, p.Argl17His)."®
A CF diagnosis can be designated as CFTR-related metabolic syn-
drome or CF screening positive, inconclusive diagnosis
(CFSPID)."” This definition may be applied for positive newborn
screening results for CF and includes either (1) sweat chloride
<30 mmol/L. when at least 1 of 2 CFTR variants does not cause
any physical symptoms; or (2) intermediate sweat chloride (30-
59 mmol/L) with 1 or no CF-causing variants. As a CF-related dis-
order, CFTR-related metabolic syndrome or CFSPID may be an
important factor that is overlooked when a more prominent deter-
minant of PID is found.”” Similarly, carrier screening does not
routinely identify carrier status, which itself may be a gene

o
<

is strongly correlated with p.Arg668Cys (LDlink: D' = 1.0, R? = 0.4975). **P = .000348 (Pagj = .0024), ***P <
.00001 (P,q; < .0001); ns, does not pass significance threshold after multiple test correction, P> .007 (P,q; >
.05). (E) Gene and protein structures. Left, CFTR protein acting as a transmembrane channel where it moves
chloride ions (Cl—) to the outside of the cell. Right, SCNN1A, SCNN1B, and SCNN1G encode subunits of
ENaC, which is selectively permeable to sodium ions (Na™). Colors match those on cDNA structure map.
MSD1/2, Membrane spanning domain; NBD1/2, nucleotide binding domain; R, regulatory domain.
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TABLE I. Additional CFTR variants in NIHR BR-RD PID cohort
Patient no.
Characteristic 1 3
Family no. 1 2 3
Member Proband Proband Mother Proband Mother
Phenotype Combined immunodeficiency Autoimmunity NA Unclassified antibody NA
deficiency
Sex F M F M F
Variant A B A B C C A B B
Variant effect Missense In-frame Missense Missense Missense Missense Missense Missense Missense
deletion
cDNA c.91C>T c.1521_ ¢.220C>T ¢.3808G>A ¢.293A>G ¢.293A>G ¢.3705T>G ¢.2900T>C ¢.2900T>C
1523delCTT
Amino acid p.R3IC p.IF5081 pR74W p.D1270N p.Q98R p.Q98R p.S1235R p.L967S p.L967S
Variant phase Al* A2* AlT Alt A2} A2} Al§ A28 A2
SNP ID rs1800073 rs113993960 rs115545701 rs11971167 rs397508464  rs397508464  1s34911792 rs1800110 rs1800110
GRCh37 7:117144344  7:117199644 7:117149143 7:117282582 7:117170972  7:117170972  7:117267812  7:117243828 7:117243828
position
Exon 2127 11727 3/27 23/27 4/27 4/27 22/27 17/27 17127
gnomAD
Frequency 0.00164 0.00717 0.00172 0.00151 0.00001 0.00001 0.00504 0.00070 0.00070
Heterozygous 463 2027 485 427 2 2 1409 199 199
count
Homozygous 1 1 3 3 0 0 4 0 0
count
Allele no. 282310 282630 282362 282350 251054 251054 279632 282620 282620
CFTR2
database
Allele count 23 99061 36 55 16 16 108 20 20
Allele 0.00016 0.69744 0.00025 0.00039 0.00011 0.00011 0.00076 0.00014 0.00014
frequency
Pancreatic 30% 98% 15% 17% 33% 33% 38% 0 0
insufficient
Final Non-CF CF Varying Varying CF causing CF causing Non-CF Varying Varying
determination causing causing clinical clinical causing clinical clinical
consequence consequence consequence consequence

In addition to assessing the association between heterozygous carriage of known CFTR variants and lung disease, we screened the cohort for additional recessive disease. We

identified 5 families with candidate CFTR variants. Currently variants of unknown significance cannot be assessed for their effect on lung function or treatment. Linkage was

estimated before follow-up. SNP, Single nucleotide polymorphism.

#p.R31C and p.IF5081. LDlink: D’ = 1.0, R* = 0.0001, x> = 0.0207, P = .8855. rs1800073 and rs199826652 are in linkage equilibrium. Estimated gnomAD probability that these
variants occur in different haplotypes is 74%.

Tp.R74W and p.D1270N. LDlink: p.Q98R (chr7:117170972) rs397508464 is not in 1000G reference panel. Different allele frequencies on gnomAD than p.R74W rs115545701

(chr7:117149143) and p.D1270N rs11971167 (chr7:117282582), estimated compound heterozygous in combination with maternal genotype evidence. Estimated gnomAD

probability that these variants occur in different haplotypes is <1%.

1[p.R74W/p.D1270N] and p.Q98R. LDlink: p.Q98R (chr7:117170972) rs397508464 is not in 1000G reference panel. Estimated gnomAD probability that these variants occur in

different haplotypes is 100%.

§p.L967S and p.S1235R. LDlink: D' = NA, R* = NA, x*> = NA, P = NA. 151800110 and rs34911792 are in linkage equilibrium. Estimated gnomAD probability that these

variants occur in different haplotypes is 83%.

modifier for diseases such as PID. In this cohort, we observed that
p-Phe508del carriage was significantly enriched in PID lung dis-
ease compared to nonlung PID. Additionally, compared to the gen-
eral population, 3 variants (p.Phe508del, p.Ile1027Thr, and
p-Tyr1092His/Ter) were significantly increased in PID lung dis-
ease, and 3 variants (p.Arg31Cys, p.Gly576Ala-p.Arg668Cys,
and p.Ser1235Arg) were increased in general PID (PID lung dis-
ease and nonlung PID). For the latter, these variants were signifi-
cantly enriched with general PID but not exclusively in lung
disease and were more difficult to interpret than those exclusive
to lung disease. We observed no significant difference in serologic
markers between genotypes, although other contributing factors
that we could not control for may preclude the clinical application
of association. We also compiled a list the most common CF-
causing variants, which should be prioritized for analysis.
Individuals with hypomorphic variants may present with
CFSPID or as a mild phenotype in childhood, and may in time
develop typical features of bronchiectasis, pancreatitis, or
infertility.”"”” The survival rate in late diagnosis indicates a

higher prevalence of hypomorphic variants and a phenotype of
reduced severity.'”*'*** The presence of damaging heterozygous
variants in CFTR are closely associated with a wide spectrum of
disease, including disseminated bronchiectasis, > allergic bron-
chopulmonary aspergillosis,”* colorectal carcinoma, congenital
bilateral absence of the vas deferens,”” and chronic pancreatitis.z(’
Examples of increased heterozygous variant carriage have been
reported in children with chronic rhinosinusitis>’ and lung infec-
tion.”® This impact of heterozygous variants in otherwise healthy
individuals remains unclear.

A number of population-based publications have reported
carrier status risk using unsatisfactory statistical methods (ie,
failing to account for multiple testing or cherry-picking false
discovery rate values). In time, large, well-curated cohort studies
using natural quasi-random events may permit us to study the
effect of CFTR on infection and/or lung disease in a randomly
sampled population.

Our study relied on a well-curated cohort of PID cases—which,
despite being a best-case scenario for a rare diseases study,
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TABLE Il. Characteristics of NIHR BR-RD PID subjects with additional CFTR variants

Patient no.

Characteristic 1 2 3
Genotype p-R31C, p.IF5081 p-R74W / p.D1270N, p.Q98R p-L967S, p.S1235R
Sex F M M
Age at presentation (years) 13 12 0
Current age 40 24 15
Phenotype Combined immunodeficiency Autoimmunity syndrome Unclassified antibody deficiency
Severity Severe Severe Mild
Antibody deficiency Yes Yes Yes
CD4 lymphopenia Yes Yes Unknown
Autoimmunity No Yes No
Malignancy Yes No No
Pediatric onset Yes Yes Yes
Immunoglobulin count Low IgE Low IgA Panhypogammaglobulinemia
Cell count Low CD4, high CDS, low B Low CD4, low B Unknown
Treatment

IgG Yes No Yes

Other Chemotherapy, radiotherapy, ASCT, IgG Prednisolone, hydrochloroquine NA

Abpro Yes No No

HSCT No No No

GF No Yes No
Recurrent infection Yes Yes Yes

Bacteria Yes No Yes

Fungus No Yes No

Parasite No No No

Virus Yes Yes Yes

Infectious species Unknown CMYV, Candida Unknown

Lymphoma Yes No No

A range of additional features of autoimmune, tissue abnormality, and neoplasm were negative for all 3 patients. Clinical features were reported by the original contributing
physician. An extended reported is included in Table E1. Abpro, Antibody production; ASCT, autologous stem cell transplantation; CMV, cytomegalovirus; GF, graft failure; HSCT,

hematopoietic stem cell transplantation.

demonstrates the difficulty in accumulating sufficient numbers of
cases for statistical analysis. Gene candidate studies are by
definition prone to detect false-positive results as a result of a
preenrichment of genes or candidate variants. We report our
findings with optimistic caution that further validation will be
reported from other cohorts. The adoption of national-scale
genomic services will in time increase the number of individuals
with shared phenotypes and will permit novel discoveries that are
otherwise not possible to detect.

The population genetics measure of LoF observed/expected
upper bound fraction (aka LOEUF) for CFTR is 1.09 (0.91-1.31)
—that is, more observed loss of function (LoF) than expected.
Indeed, with 153 different LoF variants from 785 individuals,
0.64% of the global population sample (gnomAD) are heterozy-
gous carriers:

Heterozygous LoF alleles 785 het LoF

XIOO—WX 100 = 064%

Number of individuals

Despite the relatively high frequency of LoF variants in gnomAD,
no homozygous LoF variants are reported that would certainly
manifest with CF and not be included in this database. While
the distribution of variants changes according to population, the
frequency of LoF variants is high enough to be considered an
important factor for disease modulation in those already at risk
of infection. Several interesting articles describe the potential

selective advantage of heterozygous carriage of damaging vari-
ants in CFTR.””"'

The association between heterozygous carriage and lung
disease in PID may reflect subtle changes in the host immune
and inflammatory response, which have been described in CF and
which may accentuate progression of lung disease. Recognizing
pathogenic heterozygous CFTR variants as part of a PID diag-
nosis may help us identify individuals who would benefit from
proactive, prophylactic clinical interventions to reduce disease
progression. The effect of heterozygous CFTR variants in other-
wise healthy individuals is usually mild or is not observed. Large
cohort sizes are required to quantify an effect from heterozygous
LoF in CFTR in addition to underlying PID. Untangling a com-
pounded pathology is currently not possible, but with the increase
of large population studies, a statistical genomics approach may
elucidate the risk of lung disease introduced by a CFTR covariate
in PID or other related genetic conditions. Other cohorts of
genome sequencing in PID exist that may provide validation for
our initial report; we estimate that at least >500 cases in a cohort
with 1-2% heterozygous carriage would be required for sufficient
power. We hope our report can contribute to improving prepared-
ness for diagnosis of complex PID.

We gratefully acknowledge the participation of all NIHR BioResource
volunteers and thank the NIHR BioResource centers and staff for their
contribution. We thank the NIHR and NHS Blood and Transplant.
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FIG 2. Serum immunoglobulins measurements in 574 confirmed CF cases. (A) Serum immunoglobulin
levels for IgG, IgM, and IgA were retrospectively analyzed for all patients. Dotted line indicates reference
ranges. (B) Immunoglobulin levels were assessed over time, as shown by a single point for each measure-
ment and dotted lines joining each individual. Values outside the reference range are indicated by color. We
subsequently tested for association between repeatedly low immunoglobulin and clinical outcomes. Pa-
tients with low immunoglobulin that otherwise returned to within reference ranges are additionally labeled
as “any low.” Asp, Aspergillus.
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Clinical implication: CFTR genetic status should be included in
diagnostic assessment of patients with PID because carrier sta-

tus is associated with increased risk of developing structural
lung damage.
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