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Abstract
Correspondence Biallelic pathogenic variants in CFTR manifest as cystic fibrosis (CF) or other
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Francisco, CA, USA. CFTR-related disorders (CFTR-RDs). The 5T allele, causing alternative splicing and
Email: keith.nykamp@invitae.com reduced protein activity, is modulated by the adjacent TG repeat element, though

previous data have been limited to small, selective cohorts. Here, the risk and
spectrum of phenotypes associated with the CFTR TG-T5 haplotype variants
(TG11T5, TG12T5, and TG13T5) in the absence of the p.Arg117His variant are
evaluated. Individuals who received physician-ordered next-generation sequencing
of CFTR were included. TG[11-13]T5 variant frequencies (biallelic or with another
CF-causing variant [CFvar]) were calculated. Clinical information reported by the
ordering provider or the individual was examined. Among 548,300 individuals, the
T5 minor allele frequency (MAF) was 4.2% (TG repeat distribution: TG11 = 68.1%,
TG12 =29.5%, TG13 = 2.4%). When present with a CFvar, each TG[11-13]T5 variant
was significantly enriched in individuals with a high suspicion of CF or CFTR-RD
(personal/family history of CF/CFTR-RD) compared to those with a low suspicion
for CF or CFTR-RD (hereditary cancer screening, CFTR not requisitioned). Com-
pared to CFvar/CFvar individuals, those with TG[11-13]T5/CFvar generally had
single-organ involvement, milder symptoms, variable expressivity, and reduced pe-
netrance. These data improve our understanding of disease risks associated with TG
[11-13]T5 variants and have important implications for reproductive genetic

counseling.
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1 | INTRODUCTION

Cystic fibrosis (CF) and CFTR-related disorders (CFTR-RDs), caused
by biallelic pathogenic variants in the CFTR gene, have a highly
variable clinical phenotypic spectrum (Castellani & Assael, 2017;
Farrell et al., 2017; Sosnay et al., 2016). Pathogenic variants in CFTR
can alter the abundance, stability, or function of the encoded CFTR
protein to varying degrees (Wang et al., 2014). The severity of CF or
a CFTR-RD is largely dependent on the types of pathogenic variants
and the resulting residual CFTR activity. Very low residual, cellular
CFTR activity (<2% of normal), typically leads to a classic CF phe-
notype, characterized by multiorgan involvement, including severe
lung and liver disease, pancreatic exocrine insufficiency, sweat gland
dysfunction, and male infertility due to congenital absence of vas
deferens (CAVD) (Knowles & Drumm, 2012). However, when re-
sidual, cellular CFTR activity ranges between 4% and 25%, nonclassic
CF phenotypes are often observed, such as pancreatic sufficiency
(i.e., CF-PS), isolated recurrent pancreatitis, bronchiectasis, chronic
sinusitis, and/or CAVD (males only) (Castellani & Assael, 2017,
Ramalho et al., 2002). In addition to residual activity, genetic modi-
fiers, and/or environmental factors can also result in variable
expressivity  and CFTR-related
(Cutting, 2010).

As a class, CFTR variants that affect messenger RNA (mRNA)

splicing are often associated with milder symptoms and reduced

penetrance  of symptoms

penetrance due to variable defects in splicing and protein activity.
One example of this is illustrated by the polymorphic repeat region
of intron 9, consisting of a thymidine-guanine (TG) repeat element
(generally  ranging from 10 to 13 successive TGs,
NM_000492.4:c.1210-34TG[10], NM_000492.4:c.1210-34TG[11],
NM_000492.4:c.1210-34TG[12], NM_000492.4:c.1210-34TG[13])
and a thymidine (polyT) tract (most often 9, 7, or 5 uninterrupted
thymidines [T9, T7, T5]; NM_000492.4:c.1210-12T[9],
NM_000492.4:c.1210-12T[7], NM_000492.4:c.1210-12T[5]). The
length of the polyT tract is a major determinant of whether exon 10
is included or excluded in the CFTR mRNA during splicing (Chu
et al.,, 1992, 1993; Cuppens et al., 1998; Mak et al., 1997; Rave-Harel
et al, 1997; Teng et al., 1997). In individuals who are compound
heterozygous for T9 and/or T7 alleles, greater than 75% of the CFTR
mMRNA includes exon 10 and is full length, while the remaining
fraction of mRNA lacks exon 10 and encodes a nonfunctional CFTR
protein (Delaney et al., 1993; Niksic et al., 1999; Strong et al., 1993).
By contrast, individuals who have T5 on one or both chromosomes
express <50% full-length CFTR, but this is further modulated by the
number of TG repeats: the presence of a TG11T5 allele results in
~50% full-length CFTR (NM_000492.4:c.1210-34TG[11]T[5]), a
TG12T5 allele results in ~25% (NM_000492.4:¢c.1210-34TG[12]T[5]),
and a TG13T5 allele results in <25% (NM_000492.4:c.1210-34TG
[13]T[5]) (Chu et al., 1991; Hefferon et al., 2004; Niksic et al., 1999).

Importantly, decreasing residual CFTR protein activity asso-
ciated with the three TG[11-13]T5 haplotypes correlates with in-
creasing severity and penetrance of CFTR-related symptoms. For
example, CF-PS was reported in all children with a TG[11-13]T5 and

a CF-causing variant (CFvar), and ~38% of these children with
TG13T5/CFvar and in ~6% of children with TG12T5/CFvar ended up
with a CF diagnosis (Salinas et al., 2016), though these rates may
change with adolescence or adulthood. This is true for both males
and females with a CFvar (i.e, <2% CFTR activity) on the opposite
chromosome. However, in the same study, children with the
TG11T5/CFvar genotype were not diagnosed with CF in follow-up
evaluations, likely due to the elevated residual CFTR activity in these
individuals (Salinas et al., 2016). CAVD, along with milder CF-related
phenotypes, such as idiopathic pancreatitis, bronchiectasis, chronic
rhinosinusitis, and intermediate sweat chloride levels, has been re-
ported in >95% of males with TG13T5/CFvar, 75%-85% of males
with TG12T5/CFvar, and 35%-55% of males with TG11T5/CFvar
(Groman et al., 2004; Sun et al., 2006). Approximately 5% of females
with a TG11T5/CFvar genotype have been reported to manifest
milder CFTR-RDs (Sun et al., 2006). In addition, the common p.Ar-
g117His variant (NM_000492.4:c.350G>A, p.Arg117His) has been
found to occur on the same chromosome (in cis) as the TG12T5
variant at a low frequency (Kiesewetter et al., 1993; Thauvin-Robinet
et al, 2009). While p.Arg117His may increase the penetrance and
severity of the TG12T5/CFvar genotype, it is not required for the
disease to manifest since overt CFTR-RDs have been associated with
the TG12T5/CFvar genotype in the absence of p.Arg117His (Salinas
et al., 2016).

Considering the relatively high prevalence of the 5T allele (~10% in
the general population), and the wide disparity in clinical outcomes
among individuals with TG11T5 compared to those with TG12T5 or
TG13T5, it has been recommended that clinical interpretation and re-
porting of the 5T variant should be done in the context of the number of
TG repeats, and irrespective of the presence of p.Arg117His (Deignan
et al, 2020; Groman et al., 2004). Accordingly, we custom-developed a
bioinformatics haplotype caller to accurately determine the T/TG geno-
type for each individual who had CFTR sequencing analysis performed.
Here, we report our findings from more than 500,000 individuals tested
through Invitae Corporation (“Invitae”), a commercial genetic testing la-
boratory, including the likelihood that individuals with TG[11-13]T5
genotypes are affected with CF and CFTR-RDs.

2 | MATERIALS AND METHODS

2.1 | Genetic testing panels and study population
Individuals tested through Invitae between 2014 and 2019 with
CFTR sequencing results were included. CFTR sequencing is per-
formed using targeted hybrid capture next-generation sequencing
(NGS) assays designed for preconception carrier screening and di-
agnostic testing for pediatric disorders and for hereditary cancer
syndromes. In cases where CFTR sequencing was included in an assay
but not ordered by the referring clinician, the results were not re-
ported to the clinician, even though the sequencing data was gen-
erated. Review and analysis of fully deidentified data were approved
by the Western Institutional Review Board (WIRB 1167406).
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2.2 | Genetic testing and variant interpretation
Genetic testing was conducted using targeted gene panels via short-
read NGS as described previously (Lincoln et al., 2015; Truty
et al, 2019). The homopolymer polyT and dinucleotide TG repeat
region in CFTR can be difficult to accurately disambiguate using
standard NGS bioinformatics tools. Therefore, an algorithm was
developed and validated to specifically call the T/TG haplotypes.
Interpretation of the T/TG haplotypes and all CFTR variants was
performed as previously described (Hannah et al., 2019), using the
proprietary Sherloc variant interpretation framework (Nykamp
et al., 2017), which was based on guidelines from the American
College of Medical Genetics and Genomics and the Association of
Molecular Pathology (ACMG/AMP) (Richards et al., 2015). Notably,
the T9 and T7 alleles and the TG10T5 variant have been classified as
benign since they are not associated with the disease. The TG13T5
and TG12T5 variants are classified as pathogenic variants since they
are associated with CF-PS or other CFTR-RDs in the majority of
individuals with a CFvar on the opposite chromosome. The TG11T5
variant has been classified as pathogenic (low penetrance) due to
much lower penetrance for CFTR-RDs compared to TG13T5 and
TG12T5 alleles.

2.3 | CFTR cohorts and data analysis

All analyses were conducted on deidentified data sets. Three ana-
lyses were conducted within the study population. First, individuals
were divided into those who had requested CFTR sequencing results
in a clinical report (CFTR requested) and those who did not (se-
quencing of CFTR was performed but results were not requested or
analyzed). The allele frequency for each of the TG[11-13]T5 variants
was calculated for the total population and for each of the two
subgroups individually. T tests were performed to determine if the
MAF was different between these two groups (p <.05 considered
significant).

Second, individuals were defined as having a “high suspicion” or
“low suspicion” of CF or a CFTR-RD. The high suspicion cohort in-
cluded individuals for whom a personal and/or family history of CF or
a CFTR-RD was reported by the ordering physician on the test re-
quisition form, regardless of whether CFTR testing was ordered by
the clinician, using the following keywords: CF, sweat chloride, im-
munoreactive trypsinogen, CAVD, meconium ileus. The low suspicion
group included individuals referred for hereditary cancer testing and
did not request CFTR analysis as part of the test. All other individuals
in the study population were excluded from this analysis. Within
each of these groups, the proportion of individuals with each of the
following genotype combinations was calculated: CFvar/CFvar,
CFvar/TG[11-13]T5, TG13T5/TG13T5, TG12T5/TG12T5, TG11T5/
TG11T5, TG13T5/TG12T5, TG13T5/TG11T5, TG12T5/TG11T5. The
phase of the various allele combinations was not determined in all
individuals in this study, though it is very likely that the vast majority
of individuals in this study with CFvar/CFvar or CFvar/TG[11-13]T5
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genotypes had one variant on each chromosome, given that none of
the CFvar observed have been reported to be in cis with each other
or with the TG[11-13]T5 alleles. The common p.Arg117His variant is
classified as a variant of uncertain significance (VUS), and individuals
with this variant were excluded from the analysis, due to uncertainty
regarding the pathogenicity of this variant alone (de Nooijer
et al., 2011; Thauvin-Robinet et al., 2009). Furthermore, since the
p.Arg117His variant has been reported to modulate the severity of
the TG12T5 variant but not the TG13T5 or TG11T5 variants
(Kiesewetter et al., 1993; Waller & Simmonds, 2016), including in-
dividuals with the p.Argl17His variant would confound analyses
comparing TG13T5, TG12T5, and TG11T5 alleles. Odds ratios (ORs)
comparing the high and low suspicion groups were calculated for
each genotype. Confidence intervals and p values were calculated for
each OR with the MedCalc's OR online calculator (see Web Re-
sources section). Pearson's ;(2 analysis compared OR effect across
the different genotypes.

Third, phenotypic variability and severity associated with the
CFvar/TG[11-13]T5 genotypes were assessed by reviewing CFTR-
related symptoms (Table S1) in individuals with CFvar/CFvar or one
of the CFvar/TG[11-13]T5 genotypes. Clinical information included
in the analysis was provided either at the time of requisition by the
referring clinicians or during a consultation with an Invitae genetic
counselor by the tested individual. All clinical information was pro-

vided at the discretion of the ordering clinician or of the tested

individual.
3 | RESULTS
3.1 | Summary of the study population

In total, 548,300 individuals had CFTR sequencing performed
between 2014 and 2019 (~1.1 million alleles); CFTR sequencing
results were specifically requisitioned for 34,195 individuals. The
mean age at testing was 47.0 years and the majority of in-
dividuals were female (78.3%) and of self-reported White/Cau-
casian ethnicity (61.3%) (Table 1). The MAF of the T5 allele
(4.2%) and the distribution of the TG repeats were consistent
with previous reports (Groman et al., 2004; Sun et al., 2006) and
similar regardless of whether CFTR results were requisitioned for
the individual (Table 2).

3.2 | Distribution of T5 alleles in individuals with a
high suspicion of a CFTR-related disorder

Individuals in the high suspicion group were more evenly split among
males and females (48.0% vs. 52.0%, respectively) compared to the
low suspicion group (15.8% vs. 84.2%). Age at time of testing was
younger in the high suspicion group versus low suspicion group
(mean 24.7 years vs. 52.6 years) (Table 1). When present with a
CFvar (Table S2), each of the TG[11-13]T5 variants were significantly
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enriched in individuals with a high suspicion of CF or a CFTR-RD
compared to those with very low suspicion for CF or a CFTR-RD
(Table 3). Enrichment was significantly lower (p<.001) for the
CFvar/TG11T5 genotype (OR = 6.9) than for CFvar/TG12T5 (OR =

TABLE 1 Demographic characteristics of study population
CF/CFTR-
RD “high” CF/CFTR-RD
Total suspicion “low” suspicion
Characteristic (n =548,300) (n=860) (n=439,331)
Sex, n (%)°
Female 429,414 (78.3) 447 (52.0) 369,699 (84.2)
Male 118,871 (21.7) 413 (48.0) 69,620 (15.8)
Age (years)
Mean 47.0 247 52.6
Median 49 25 53
Race/ethnicity”
White/Caucasian 335,955 (61.3) 523 (60.8) 284,579 (64.8)
Hispanic 46,640 (8.5) 138 (16.0) 30,776 (7.0)
Black/African- 34,497 (6.3) 30 (3.5) 27,804 (6.3)
American
Asian 24,019 (4.4) 37 (4.3) 16,328 (3.7)
Askenazi Jewish 20,373 (3.7) 9 (1.0) 18,183 (4.1)
French Canadian 2626 (0.4) 2 (0.2) 2412 (0.5)
Native American 1878 (0.3) 2(0.2) 1486 (0.3)
Mediterranean 1636 (0.3) 3(0.3) 1020 (0.2)
Sephardic Jewish 1269 (0.2) 1(0.1) 876 (0.2)
Pacific Islander 1233 (0.2) 0 837 (0.2)
Multiethnic 11,632 (2.1) 23 (2.7) 9566 (2.2)
Other/unknown 66,542 (12.1) 92 (10.7) 45,464 (10.3)

aSex was unknown for 15 individuals in the overall population. Sex was
unknown for 12 individuals included in the CFTR “low” suspicion group.

PRace and ethnicity was self-reported by the individuals receiving testing.

CFTR analysis not requested CFTR analysis requested
(total alleles = 1,028,364) (total alleles = 69,956)

29.0) and CFvar/TG13T5 (OR=78.8) genotypes. TG11T5 and
TG12T5 homozygotes were absent from the high suspicion group. By
contrast, TG13T5 homozygotes were significantly enriched (OR =
255.7) in the high suspicion group, similar (p=.56) to the CFvar/
CFvar genotype (OR =581.7), though it should be interpreted with
caution as only three individuals in the cohort were homozygous for
TG13T5.

3.3 | Genotype-phenotype associations

Of the individuals with a CFvar/CFvar genotype, phenotype in-
formation was provided by the clinician in ~59% of cases. Pheno-
type information was available for 67% of individuals with a CFvar/
TG13T5 genotype, for 28% of those with a CFvar/TG12T5 geno-
type, and for 39% of those with a CFvar/TG11T5 (n = 46 overall for
CFvar/TG[11-13]T5). In this group, the chronic sinopulmonary dis-
ease was the most commonly observed category of symptoms, with
14 (30.4%) individuals listing this as a primary indication, which is
similar to the percentage of CFvar/CFvar individuals (28.2%) re-
porting chronic sinopulmonary complications (Table 4). Recurrent
pancreatitis was the next most common phenotypic category for
CFvar/TG[11-13]T5 individuals (n=10, 21.7%). Interestingly, the
majority of these individuals (8/10) had the TG11T5 allele (Table 4),
whereas recurrent pancreatitis was very rarely reported (1.3%) for
CFvar/CFvar individuals. Eight of the individuals (17.4%) with the
CFvar/TG[11-13]T5 genotype were reported to have intermediate
sweat chloride levels (30-60 mEq/L), while none had diagnostically
elevated levels (>60 mEq/L). This was in contrast to CFvar/CFvar
individuals, among whom 28 (18.8%) had clinician-reported, diag-
nostically elevated sweat chloride levels and a much smaller frac-
tion (6.0%) had intermediate levels. The remaining CFvar/CFvar
individuals (75.2%) are expected to have elevated sweat chloride
levels, although this information was not indicated by the ordering
provider. Finally, 2 of 19 (10.5%) males with a CFvar/TG[11-13]T5
genotype reported obstructive azoospermia CAVD, which was
slightly less common than in males with CFvar/CFvar genotypes
(n=6/42, 14.3%).

Haplotype Alleles MAF Alleles MAF
TG[11-13]T5 42,448 0.0413 3011 0.0430
TG11T5 29,189 0.0284 1753 0.0251
TG12T5 12,280 0.0119 1126 0.0161
TG13T5 979 0.000952 132 0.00189

TABLE 2 Minor allele frequencies of
Total (total .
alleles = 1,098,320) CFTR TG[11-13]5T variants
Alleles MAF
45,936 0.0418
31,266 0.0285
13,550 0.0123
1120 0.00102

Abbreviations: MAF, minor allele frequency; TG[11-13]T5, individual with one of the following
genotypes: NM_000492.4:¢.1210-34TG[11]T[5], NM_000492.4:¢.1210-34TG[12]T[5], or
NM_000492.4:¢.1210-34TG[13]T[5]; TG11T5, NM_000492.4:c.1210-34TG[11]T[5]; TG12T5,
NM_000492.4:¢.1210-34TG[12]T[5]; TG13T5, NM_000492.4:¢c.1210-34TG[13]T[5].
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TABLE 3 Frequency distribution of
individuals with CFTR causative variants
(CFvar) and TG[11-13]T5 variants for
groups with a high suspicion and low
suspicion of CF or CFTR-RD

TABLE 4 Distribution of CFTR-
related symptoms for TG[13-11]T5
variants

4 | DISCUSSION

Genotype

2xCFvar
CFvar/TG13T5"
CFvar/TG12T5°
CFvar/TG11T5%*
Homozygous TG13T5
Homozygous TG12T5°
Homozygous TG11T5°
TG13T5/TG12T5°
TG13T5/TG11T5°
TG12T5/TG11T5°

High suspicion
(total n =860)

97
2
13
7
1

0
0
0
0
2

Low suspicion
(total n=439,331)

96
18
229
523

108
461
17
11
285
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OR (95% ClI)
582 (435, 778)
79 (18, 349)
29 (17, 52)

7 (4, 15)

256 (23, 2823)
2 (0.2, 38)

0.5 (0.04, 9)
15 (0.9, 243)
22 (1, 377)

4 (0.9, 14)

Abbreviations: CFvar, cystic fibrosis causing variant; Cl, confidence interval; TG11T5,
NM_000492.4:¢.1210-34TG[11]T[5]; TG12T5, NM_000492.4:¢.1210-34TG[11]T[5]; TG13T5,
NM_000492.4:c.1210-34TG[13]T[5].

*p < .05, vs. 2xCFvar.
§p <.01, vs. 2xCFvar.

*p<.01, vs. CFvar/TG13T5 and CFvar/TG12T5.

Symptoms

Chronic sinopulmonary
Pancreatic insufficiency
Recurrent pancreatitis
Gastrointestinal
Elevated sweat CI
Intermediate sweat Cl
Stated CF Dx

CAVD

Not affected

Patient responses
Provided indications
No information provided

Total individuals

CFvar/
CFvar

42

22

28

75

149 (59%)
102 (41%)
251

CFvar/ CFvar/
TG13T5 TG12T5
1 6

0 0

1 1

0 5

0 0

2 3

0 8

0 2

0 8

4 (67%) 19 (28%)
2 (33%) 50 (72%)
6 69

CFvar/
TG11T5

O O w O O ®w o

o

23 (39%)
36 (61%)
59

p value
<.0001
<.0001
<.0001
<.0001
<.0001
.55
.68
062
.032
.072

Total

56

12
27
28
17
78

195 (51%)

190 (49%)

385

Abbreviations: CAVD, congenital absence of the vas deferens; Cl, Chloride; CFvar, cystic fibrosis
causing variant; Dx, diagnosis; TG11T5, NM_000492.4:¢.1210-34TG[11]T[5]; TG12T5,
NM_000492.4:¢.1210-34TG[11]T[5]; TG13T5, NM_000492.4:¢c.1210-34TG[13]T[5].

In the largest cohort to date, we describe the significant complexities

underlying the clinical interpretation of genotypes involving the
CFTR T/TG tract in the absence of the p.Arg117His variant based on

evidence from a diverse population of unaffected and affected in-

dividuals. In addition, this study included a large population of in-

dividuals who presented with a range of clinical symptoms within the

full spectrum of CFTR-RDs, providing further insight into the clinical

outcomes for T/TG alleles. The data reported here demonstrate that
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while each of the TG[11-13]T5 genotypes are associated with a
milder spectrum of symptoms compared to the CFvar/CFvar geno-
type, the risk of disease increases with the number of TG repeats.
In a recent update to the technical genetic testing standards for
CFTR, the ACMG suggested that clinical reporting of the 5T allele
should include the number of adjacent TG repeats if possible, given
the relatively high frequency of 5T in the population (about 1 in 12
are carriers) and the wide disparity in disease risk associated with
TG11T5 carriers compared to TG12T5 or TG13T5 carriers (Deignan
et al., 2020). Studies of the clinical implications of TG[11-13]T5
variants illuminate the significant nuances in correlations between
these variants and associated clinical symptoms (Groman
et al., 2004), and our study further provides important clarity for
interpreting the clinical significance of the T/TG haplotypes in the
absence of the p.Arg117His variant. In addition to providing useful
information for diagnostic testing, the data here may help to inform
counseling to individuals and couples pursuing carrier screening, as it
is clear that the number of TG repeats may influence the risk of
developing CF or CFTR-RDs.

In comparing individuals with a high or low suspicion of CF or a
CFTR-RD, enrichment in the high suspicion group was statistically
lower for the CFvar/TG11T5 genotype compared to CFvar/TG12T5
and TG13T5 genotypes, consistent with reduced penetrance for
TG11T5. Interestingly, TG11T5 and TG12T5 homozygotes were
absent from the high suspicion group, suggesting that these geno-
types rarely cause CF or CFTR-RDs. By contrast, TG13T5 homo-
zygotes were statistically enriched in the high suspicion group and
their clinical phenotype was not significantly different from that of
individuals with a CFvar/CFvar genotype. In examining the re-
lationship between TG[11-13]T5 variants and clinical indications for
testing, we observed an increased but variable risk for disease as-
sociated with all three TG[11-13]T5 variants when they were pre-
sent with a CFvar. Importantly, individuals with a CFvar and TG13T5
or TG12T5 were more likely to have CFTR-related symptoms than
those with CFvar in combination with TG11T5. Moreover, the phe-
notypes in TG[11-13]T5 individuals were much less severe and often
affected a single organ compared to individuals with CFvar/CFvar
variants, consistent with previous reports. Interestingly, we found
that pancreatitis and chronic sinopulmonary disease were most
commonly reported among CFvar/TG11T5 individuals while chronic
sinopulmonary disease, intermediate sweat chloride levels, and a
suspected diagnosis of CF were most commonly reported among
CFvar/TG12T5 individuals. Unfortunately, the total number of in-
dividuals with a CFvar/TG13T5 genotype who reported a phenotype
was very low (n =4), which limits the spectrum of findings for these
individuals. Nevertheless, these results are also consistent with
previous reports. Among individuals with clinical information, the
observed phenotypic spectrum for those with TG[11-13]T5 alleles
illustrates the wide variability and milder severity associated with
these alleles compared to CFvar/CFvar individuals.

While phenotypic analyses in individuals with CFvar/TG[11-13]
T5 genotypes have been reported in the published literature, there

has been limited information available on individuals who are

homozygous or compound heterozygous for the TG[11-13]T5 var-
iants. One case report of a male individual homozygous for TG12T5
demonstrated that this genotype may be associated with CFTR-RD
(Montagnani et al., 2013), specifically exhibiting recurrent episodes
of pancreatitis and elevated sweat chloride levels, but the likelihood
with which TG12T5 homozygous individuals suffer from disease was
not clear from this study. With the large population of sequenced
individuals in our study, we were able to conclude that TG11T5 and
TG12T5 individuals are quite unlikely to experience symptoms. Un-
fortunately, the small number of individuals in the population with a
TG13T5 variant limited the number of homozygous individuals
available for assessment, although these individuals showed a trend
in enrichment similar to patients with CFvar/CFvar genotypes. In-
terestingly, although only 2 of 287 TG12T5/TG11T5 individuals re-
ported CFTR-related symptoms at the time of testing (high suspicion
group), one individual who was not initially included in the high
suspicion cohort reported chronic sinopulmonary disease upon
follow-up with our genetic counseling team. Therefore, the number
of patients with CFTR-related symptoms, and corresponding ORs,
particularly with milder, single-organ symptoms, is expected to be
higher than observed in this study.

Additional studies utilizing more complete medical histories
among individuals with CFvar and TG[11-13]T5 variants in larger
sample sizes will provide additional insights into the variable
expressivity and severity of symptoms associated with CF and
CFTR-RDs. Further, population-based studies will be necessary to
obtain a more precise understanding of the penetrance and likely
course of disease for T/TG carriers.

This study is limited by the amount of clinical information
available for individuals who have received CFTR testing. For ex-
ample, only 59% of ordering clinicians provided any clinical in-
formation about the patient's disease when a CFvar/CFvar
genotype was observed. Phenotypic information for individuals
with a CFvar and a TG[11-13]T5 allele was reported less fre-
quently (34%). It is unclear if this means individuals with CFvar/TG
[11-13]T5 genotypes are more likely asymptomatic, or more likely
to have milder symptoms that were overlooked by the referring
clinician. Importantly, this limitation highlights both the challenge
with interpreting variants with partial functional activity and the
importance of having complete information on a patient's pheno-
type when trying to understand the expressivity and penetrance
of mild variants. These limitations should be considered in the
context of counseling individuals undergoing either diagnostic
testing or carrier screening. Future studies will help to clarify the
findings here.

The results from this study complement the recent technical
standards from the ACMG (Deignan et al., 2020) by describing a very
large cohort of individuals with CFTR sequencing results and de-
scribing the spectrum of clinical symptoms observed in individuals
with various TG[11-13]T5 genotypes. These data support improved
counseling of individuals who have one or more T/TG alleles and
highlight the need to include polyT tract and TG repeat analysis in
routine CFTR testing, regardless of p.Arg117His status.
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