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Summary

« Towardthe goal of equitable cysticfibrosis (CF) testingand improved outcomes for minority patients, the
ACMG recently updatedthe recommended numberof CFTR variantsfor CF carrier screening(CS)to 100
variants ("ACMG-2023") by filtering candidates through the CFTR2 and gnomAD (v2.1.1 plusv3.1.2)
databasesand combiningthem to cover 95% of carriers across ancestries

* However, thisapproach omitted variants of varying clinical consequence (VWCC) and pathogenic structural
variants (SVs) shown in recent US population-level NGS studies to have high prevalence in minority
populationswhere delayed diagnosis and treatmentlead to worse clinical outcomes

* Here,weleveraged pathogenicity scores calculated from ClinVar as a metric for scrutinizing VVCCto
identify likely pathogenicvariants, showingthat VVCCabove the threshold represent 25-45% of carriersin
African, East Asian, and South Asian ancestriesand remainunderrepresented on most CFTR panels

* Inclusion of WCC and SV with strong pathogenic evidence in targeted panels may furtherimprove
detection ratesin minority populations towardthe goal of equitable CF testingand screening

Introduction

Cystic Fibrosis (CF), a progressive autosomal recessive disease, is caused by pathogenicvariantsinthe CFTR gene.
CF carrier screening(CS) is the most common CS test performed, recommended by both the ACMG and ACOG for
allwomen considering pregnancy.’ Over 2,000 CFTRvariants have been identified, but most are benign or have
unknown significance, and variant frequencies differ significantly between ancestries. Historically, CS
recommendationsexaminedonly 23 pathogenicvariantsin CFTR. In the last4 years, several studiesin the diverse
US population showedthat 31-44% of carriers were missed by this panel, with outsized impacton minority
groups?3. In response, the ACMG recentlyupdated recommendations to include 100 variants (“ACMG-2023"),
selected by filtering candidatesthrough the CFTR24and gnomAD (v2.1.1 plusv3.1.2) databases and combining
them to cover 95% of the total US carrier frequency. By requiringvariants to be CF-causingin CFTR2, however, all
variants of varying clinical consequence (VWCC) were excluded. Further, the use of gnomAD to filter variants also
excluded most structural variants (SV), as current population databases such as gnomAD lack sufficientsample
size to prioritize SVs involved in CF and other recessive geneticdisorders. Becauserecentstudies haveshown that
a small subset of CFTR VVCC and SV are highly prevalentin minority populations,?3this approach excludes key
variants criticalfor equitable pan-ancestral coverage, resultingin reduced coverage in reduced populations.>

Here, we derived a method for calculating pathogenicity ratings (PR) from ClinVar, a frequentlyupdated database
thataggregates pathogenicity data from broad sources. We show that PR can be used to identify pathogenic VWCC
in CFTR2, representing 24-45% of carriersin African, East Asian, and South Asian ancestries. We found a small set
of 14 VWCC with both high pathogenicity ratings (PR > 75%) and high prevalence (MAF > 5e-5) in at least one of six
ancestry groups. We demonstrate that most panels detectedless than halfof carriersin at least one ancestry
when includingthese pathogenicVVCCin carrier frequency estimations from gnomAD. These data suggest that the
inclusion of VWCC with strong pathogenic evidence in CFTR testing and screening panels would improve pan-
ancestral coverage, consistentwith recent UK biobank studies showing that patients with one CF-causingvariant
and one VWCC are 10-fold more prevalent than those with two CF-causingvariants.®

Methods

Mirroringthe ACMG 2023 guidelines, we generated a base set of pathogenic CFTR variants consisting of all variants
listed as CF-causingvariantsin CFTR2 (April 7th, 2023 release) and all variants previously in the recommended
ACMG CF23 panel. Next, we filtered the pathogenicvariantset based on theirinclusionin gnomAD (v2.1.1/v3.1.2)
in 6 ancestries: African/African American (AFR), Latino/Admixed American (AMR), Ashkenazijewish (AS)), East Asian
(EAS), non-Finnish European (NFE), and South Asian (SAS). Twovariants (R117H, T338l)weremanuallyincluded and
two (5434X, 4209TGTT->AA) were manually excluded to mirror the ACMG 2023 guidelines.' However, because
ACMG data referenceda previousversion of CFTR2 (April 29th, 2022 release), our list contained one additional
variantcompared to their list resultingin a set of 198 pathogenicvariants (CFTR2-198).

Next, we generated a set of variantsthatincluded both pathogenic/likely pathogenicand VVCCwith pathogenic
evidence of CF or CFTR-related disorders using ClinVar by calculating a pathogenicity rating:

PR=N, / Ng* 100
where PR is pathogenicity rating calculated from ClinVar submissions reported as a percentage, N is the number
of ClinVar submissions that are pathogenic, likely pathogenic, or drug response, and N¢is the total number of
ClinVar submissions reporting clinical significance.

To establish an appropriate thresholdfor PR, we compared clinical significance determinations from CFTR2 and
ClinVar to PR, determining that 75% sufficiently distinguished established benign and pathogenicvariantsin both
databases(Figure 1). We also evaluated differentthresholds for number of submissionsin ClinVarand chose>5
submissionsto preventbias from a small number of submissions. Variants meeting both PR and submission
thresholds werecombined generating a total of 247 variants (“ClinVar-247"). The independent ClinVar-247 variant
setincludedall pathogenicvariantsinthe CFTR2-198 variant set, and a subset of VWCC from CFTR2. We compared
percent coverage of nine commercially available panelsand the ACMG 2023 panel of 100 variants with both
ClinVar-247 and CFTR2-198 usingvariantfrequenciesin six major ancestries estimated from gnomAD
(v2.1.1/v3.1.2).
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Figure 1. Pathogenicity Ratings are Strongly Correlated with Clinical Significance in CFTR2 and ClinVar. Data includes
all variants that are present in CFTR2, ClinVar, and gnomAD. CFTR2 clinical significance indicated at top.# ClinVar clinical
significance indicated by color, see legend. CF-causing variants had 100% agreement between CFTR2 and ClinVar, with PR =
50-100%. Benign variants had 100% agreement between CFTR2 and ClinVar, with PR =0-27%. VVCC in CFTR2 included
variants listed in ClinVar as conflicting interpretations, drug response, and pathogenic/likely pathogenic, with a broad range
for PR = 9-100%. For variants listed as pathogenic/likely pathogenic or drug response in ClinVar, 97.7% (210/215) had PR 2
75%. For variants listed as CF-causing in CFTR2, 98.5% (199/202) had PR > 75%. Based on these data, we set a PR threshold
of 75% to establish pathogenicity of CFTR2 VVCC.
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Figure 2. Percentage of Allele Frequencies Represented by CFTR2 VVCC’s in gnomAD are Highest in Minority
Ancestries. The percentage of overall allele frequencies represented by CFTR2 VVCC relative to the 240 variants considered
CF-causing or VWCC by CFTR2 in each of six ancestries: African/African American (AFR), Latino/Admixed American (AMR),
Ashkenazi Jewish (AS)), East Asian (EAS), non-Finnish European (NFE), and South Asian (SAS). Data shown including all CFTR2
VVCC (teal)* and those with PR > 75% (orange). The most prevalent VVCC and percent of total AF is indicated in parentheses
for each ancestry. R117H is not considered as a VVCC in these calculations despite being included as such in CFTR2 because
it is considered pathogenic by the ACMG." While VWCC represent a high percentage of variants when ignoring pathogenicity
in most ancestries, three ancestries considered minorities in the US (AFR, EAS, SAS) have high VWCC representation (25-45%)
when applying pathogenicity thresholds. Surprisingly, only 14 VVCC had high pathogenicity ratings (PR > 75%) and high
prevalence (MAF > 5e-5) in one or more ancestries: D443Y, D614G, D1152H, F312del, G622D, 1618T, P5L, Q1476X, R117G,
R117H, R1070Q, R1070W, S977F, and S1455X. Based on cell line studies, the average CFTR function as a percent of wildtype
CFTR was 32.8% where data was available (8/14), including G622D (18.2%) and R1070Q (20.6%).” A single VVCC accounts for
7-42% of all carriers (CF-causing and VVCC with PR > 75%) in each ancestry except non-Finnish Europeans. Critically, a single
VVCC also explained 43-98% of carriers with VWCC in each of these minority groups.
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Figure 3. Incorporation of VVCC with High Pathogenicity Ratings in Clinvar Highlights Ancestry-specific Coverage
Differences Between Panels. CFTR2-198 represents only pathogenic CFTR variants from CFTR2 (n = 198).4 ClinVar-247
includes all variants in CFTR2-198 and includes VVCC in CFTR2 by assigning pathogenicity based on variants in ClinVar with
>5 submissions and PR > 75% (n = 247). Variant frequencies were estimated globally and across each ancestry using
gnomAD (see Methods). Nine commercially available panels and the ACMG 2023 minimum 100 variant list are labeled as
shown. Panels with the best overall coverage for each variant set indicated (ACMG-2023 for CFTR2-198, triangle; Asuragen
for ClinVar-247, diamond). Of the ten panels evaluated, nine had at least one ancestry with <50% coverage when including
VWCC with high pathogenicity scores (ClinVar-247). Only the Asuragen panel had >65% coverage in all ancestries when
evaluated with ClinVar-247. All assays had 100% coverage for Ashkenazi Jewish ancestry with the CFTR-198 set.

Table 1. Pathogenic CFTR Structural Variants (SVs) with High Prevalence. Because gnomAD contains SV data for only a
small subset of individuals, it is not sufficiently powered for calculating SV frequencies.’ Only a single SV was considered by
ACMG (c.1820_1903del), which did not meet their frequency threshold for inclusion.” However, two SVs listed as CF-causing
in CFTR2 represent >0.2% of total alleles in CFTR2,4 recent US population studies,? or both. Frequency is indicated as
percent of total pathogenic alleles. SVs are listed as a sum of allele frequencies with a common deletion region; CFTRdele2,3
represents all exon 2-3 deletions, CFTRdele20 represents exon 18-20, 19-20, and 19-21 deletions. Other pathogenic large
exon deletions were observed in both data sources, but not at a frequency >0.2%.

Variant Clinical Significance, CFTR2 Frequency, CFTR2 Frequency, US Population?
CFTRdele2,3 CF-causing 0.01% 0.48%
CFTRdele20 CF-causing 0.29% 0.38%

Conclusions

« Pathogenicityratings (PR) provide a useful means for scrutinizing pathogenicity of VVCC. PR is a ratio of ClinVar
submissions listed as pathogenic, likely pathogenic, or drug response vs total submissions expressed asa
percentage. CF-causingvariants were correlated with PR in both variant databases: CFTR2 (98.5% CF-causing
have PR > 75%) and ClinVar (97.7% have PR > 75%).

«  WCCwith PR >75% represented a large proportion of carriers (25-45%) in ancestries considered minoritiesin
the US (AFR, SAS, EAS) where delayed diagnosis leads to worse clinical outcomes;®a single VWCC explained 43-
98% of carrierswith VWCCin each of these minority groups

« Of ninecommercial panelsandthe 100 variant ACMG 2023 list evaluated, only the 65-variant Asuragen panel
had >65% coverage in all ancestries when VWCCwith PR > 75% were included in estimates (87% global
coverage)

« Thesedatasuggestthattest panelsincludingjust 14 VWCC with strong pathogenicevidence and high
prevalencein one or more ancestries would improve equitable coverage; inclusion of pathogenic SVs with high
prevalence (Table 1)2would furtherimprove coverage
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