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Abstract

Background—The Clinical and Functional Translation of CFTR project (CFTR2) classified
some cystic fibrosis transmembrane conductance regulator (CFTR) gene variants as non cystic
fibrosis (CF)-causing. To evaluate this, the clinical status of children carrying these mutations was
examined.

Methods—We analyzed CF disease-defining variables over 2—6 years in two groups of
California CF screen- positive neonates born from 2007-2011: (1) children with two CF-causing
variants and (2) children with one CF-causing and one non-CF causing variant, as defined by
CFTR2.

Results—Children carrying non CF-causing variants had significantly higher birth weight, lower
immunoreactive trypsinogen and sweat chloride values, higher first year growth curves, and a
lower rate of persistent Pseudomonas aeruginosa colonization compared to children with two CF-
causing variants.

Conclusions—The outcomes in children 2—6 years of age with the L997F, G576A, R1162L,
V754M, R668C, R31C, and S1235R variants are consistent with the CFTR2 non CF-causing
classification.

Keywords

Cystic Fibrosis; newborn screening; CFTR2; non CF-causing variants; CF-causing variants;
genotype-phenotype associations

Introduction

Soon after the discovery of the cystic fibrosis transmembrane conductance regulator (CFTR)
gene, it was recognized that in addition to known deleterious variants, there were neutral
variants that differed from wild-type but did not cause cystic fibrosis (CF).! So far, nearly
2,000 CFTRvariants have been described in the CF Mutation Database (http://
www.genet.sickkids.on.ca/cftr/Home.html). A mechanism-based classification system
(classes 1-V1)2 has existed for over a decade and remains relevant for therapy development
but does not differentiate disease liability.3# More recently, the Clinical and Functional
Translation of CFTR project (CFTR2) began to address this gap by using worldwide clinical
data from CF patient registries, functional assays using cell cultures, and population data to
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further characterize CFTR variants into four categories. To date, a total of 206 CFTR
variants have been characterized by CFTR2: 176 are CF-causing, 12 are non CF-causing, 11
have varying clinical consequences, and 7 are still unknown due to inadequate information
(http://lwww.CFTR2.0rg). For variants that had evidence of residual function in experimental
models, CFTR2 used penetrance analysis among families with children with CF to
distinguish non CF-causing variants from those categorized as varying clinical consequence.
Variants seen on the opposite chromosome of the transmitted CF-causing allele in fathers of
CF offspring were classified as non CF-causing on the basis that those variants did not result
in infertility.> The conclusions from the penetrance analysis are somewhat tentative because
the analyses were based on small sample sizes for each non CF-causing variant, and it could
not be confirmed that the fathers studied did not have CF or did not use assisted
reproductive technology.

In this paper, we seek to evaluate variants in the CFTR2 non CF-causing classification
through analysis of various clinical outcomes in a comprehensively genotyped and diverse
newborn screening population followed from birth to age 2—6 years.

This is a retrospective cohort study of cystic fibrosis screening test positive newborns born
in California from July 2007 to July 2011 and followed until August 2013. Newborns were
screened for CF using a unique 3-step model: (1) measuring immunoreactive trypsinogen
(IRT) levels in all newborn blood spot specimens (median age at collection: 30 hours), (2)
testing for 28-40 selected CFTR variants (Figure 1) in specimens with high IRT values (=
62 ng/mL, top 1.6%), and (3) testing by DNA sequencing in specimens found to have only
one variant in Step 2. Infants with 2 or more variants (including any DNA sequence listed in
the CF Mutation Database or published in the literature [except those documented to be
benign polymorphisms], Poly 5T of any TG tract length in intron 9, or any novel variant)
were referred to 17 CF Centers for sweat chloride testing and follow up. Each CF Center
entered clinical and laboratory data into a state database for all referrals in the initial
assessment visits (quarters 1 to 3) until the final diagnosis was established and yearly
thereafter. For this study, the data on study subjects were de-identified, and sent to the
Children’s Hospital Los Angeles (CHLA) research team for analysis. The study was
approved by the CHLA Institutional Review Board and the California Health and Human
Services Agency Committee for the Protection of Human Subjects.

Two genotype groups were created from screen-positive children: 1) those identified with
two CF-causing variants (CF-C) from the California 40 panel or from the panel plus CFTR
sequencing known to be CF-C and 2) those with one CF-causing from the California 40
panel and one or more non CF-causing variants (N-CF) from CFTR sequencing. All but
three of the variants on the panel (F311del, 935delA and Q98R) have been evaluated by
CFTR2 and determined to be CF-causing. Outcome variables included IRT, highest sweat
chloride concentration, pancreatic insufficiency status, growth parameters, and rate of first
acquisition and persistent colonization with Pseudomonas aeruginosa.5-9 If sweat chloride
values were <60 mmol/L at the first visit, repeat tests were done at around 6, 12, and 24
months.”-8 Pancreatic insufficiency was defined as fecal elastase <200 mcg/g8, or use of
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pancreatic enzymes if fecal elastase values were not available. P. aeruginosa infection was
assessed by throat cultures done at every visit. The rate of first acquisition in the first year of
life and persistent colonization (defined as two positive cultures less than 12 months apart)
were recorded.®10 Lost to follow up was defined as =18 months from the last clinic visit.

Comparisons between the two genotype groups were made with t-tests or Wilcoxon rank
sum tests for continuous variables and Chi-square or Fisher’s exact test for categorical
variables. Longitudinal weight-for-height Z scores (based on CDC growth curves from year
2000) were analyzed using quadratic repeated measures mixed models, with CF-C further
divided into pancreatic sufficient (PS) and pancreatic insufficient (P1) and only including
subjects with at least 3 data points. Outlier growth data points were removed if not
biologically plausible as part of the data cleaning process. Dunnett’s post hoc comparisons
of least squares means were made with CF-C-PS children as the reference group. Time to
first positive culture for P. aeruginosa during the first year of life was analyzed with the
Kaplan-Meier method and compared between groups with the log-rank test. Comparisons
between groups were also made adjusting for ethnicity (Hispanic vs. all others) with
Cochran- Mantel-Haenszel test for categorical variables, 2-way ANOVA for continuous
variables and Cox regression for time to fist PSA. Statistical analysis was performed with
SAS/STAT® v9.2 software. Statistical tests were 2-sided with a Type | error of p<0.05.

Among 2,178,829 births from 2007 to 2011, 848 had a positive CF screen (=2 CFTR
variants identified), and 283 met inclusion criteria for the study (CF-C: 226 and N-CF: 57).
There were seven non CF-causing variants identified by the newborn screening program.
Functional data from CFTR2 for these seven variants showed residual function compared to
wild type (Table 1). Altogether these seven variants comprised 6.7% of all CF screening test
positive newborns. Of the seven variants, L997F was found most frequently among
screening test positive newborns (34/848, 4%), with each of the other variants being <1%.

The N-CF group, as a whole, had a higher percentage of Hispanics compared to the CF-C
group, as well as a higher lost to follow up rate. The N-CF group had a more benign
phenotype, including a lower IRT, higher mean birth weight, no cases of meconium ileus,
and no deaths (Table 2).

There were no sweat chloride results meeting CF diagnostic criteria of =60 mmol/L in the
N-CF group, and only one subject with three variants (G542X, G576A, R668C) had values
in the “possible CF” category (=40 mmol/L) beyond 6 months. Median sweat chloride
values were significantly lower in the N-CF versus the CF-C group (Table 2).

Fecal elastase levels were available and used to determine the pancreatic status in 81% of N-
CF and in 79% of CF-C group. Pancreatic status was inferred for the remaining subjects
from use of pancreatic enzymes. Those from CF-C group missing fecal elastase values and
labeled as PI based on enzyme use had genotypes frequently associated with pancreatic
dysfunction (56% were homozygous F508del). Compared to the CF-C group, pancreatic
insufficiency was significantly lower in the N-CF group (Table 2, p<0.0001) as there was
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only one subject in this group classified as PI. This individual had fecal elastase of 196
mcg/g and never received pancreatic enzymes.

Longitudinal analysis of growth data did not include birth measurements, as birth length was
not consistently available. This analysis showed that the N-CF group had normal growth:
weight for height Z scores (WHZ) were similar comparing N-CF to CF-C-PS children
(p=0.851), while CF-C-PI scores were significantly lower than in the CF-C-PS group
(p=0.023; Figure 2).

P. aeruginosa infection rate was assessed by a range of 2—6 throat cultures per subject per
year during 2-6 years of follow up. While the probability of first year acquisition did not
differ between the CF-C and N-CF groups (p=0.54), persistent colonization was observed in
only 5% of N-CF vs. 23% of CF-C children (Table 2).

Secondary analyses - comparing the groups after adjusting for ethnicity (Hispanic vs. others)
- showed that the higher prevalence of Hispanics in N-CF compared to CF-C children did
not explain differences between the groups in CF-related phenotype variables (birth weight,
IRT, meconium ileus, sweat chloride, pancreatic insufficiency, and P. aeruginosa
acquisition; Table 2, footnote).

Discussion

In this 2-6 year follow up study of CF screening positive newborns, those with non CF-
causing variants had a more benign phenotype compared to those with two CF-causing
variants. None of the N-CF subjects met criteria for CF diagnosis based on sweat chloride,
and only one was classified as pancreatic insufficient (although never clinically treated as
such). Additionally, children with non CF-causing genotypes had normal birth weights,
growth, and a lower rate of persistent P. aeruginosa colonization.

Although inconsistent with CF, it is unclear if and how frequently non CF-causing variants
would cause atypical forms of disease or CFTR-related disorders (CFTR-RD).1! This
disorder, associated with CFTR dysfunction causing symptoms that do not fulfill diagnostic
criteria for CF, is manifested by single organ disease such as congenital absence of vas
deferens, recurrent/chronic pancreatitis, rhino-sinusitis, or bronchiectasis.1* All non CF-
causing variants have been previously associated with CFTR-RD,11:12-17 byt have also been
identified in unaffected persons.18-20 As the subjects from our study are still young, it is
difficult to predict which, if any, individuals carrying non CF-causing variants will be at risk
for CFTR-RD. Some variants may alter function in a manner that produces mild or
incomplete forms of disease, while others may cause no discernable change in phenotype.?!

One implication of these findings has been to change the manner that newborns with one
CF-causing and one or more non CF-causing variants are followed up after screening.
Because none to date have had meconium ileus, a positive sweat chloride value or other
frank CF signs or symptoms, the California newborn screening program in May 2014
instituted a genetic-counseling-only follow up protocol for these newborns and their parents.
Unless requested specifically by the family or physician, a physical exam and sweat chloride
test are not routinely conducted. Instead, parents are educated about the CFTR variants of
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the child and given a list of common symptoms associated with CFTR dysfunction to look
out for. Should the child exhibit any of these symptoms in the future, they are instructed to
return immediately to a CF Center for evaluation. The objective is to identify individuals at
risk for CFTR-RD at a younger age so that they may have the benefit of closer clinical
monitoring, more rapid diagnosis, and prompt clinical interventions.

Complex alleles (multiple variants on the same chromosome) may complicate interpretation
of disease liability. The notion of assigning a phenotype to an individual variant needs to
consider other genetic changes that may affect CFTR function. An example of this is the
poly-T repeat within intron 9 that influences the penetrance of R117H.22 In another
example, the combination of R117L and L997F on the same allele causes a more severe
phenotype than L997F alone, though this combination was not observed in this study.23
There could be other reasons that CF cases with non CF-causing variants exist, including
incomplete genotyping of the CFTR gene and gene-gene interactions.

There was a high lost to follow up rate in the N-CF group (54%), and the period of this
study (26 years) provided short follow up. It is unclear why families were choosing not to
continue follow up at the CF centers. One can speculate that the children were clinically
well and only followed by their pediatricians for routine care, which could have potentially
introduced a selection bias towards sicker children in our study. However, eliminating this
bias would only make the N-CF group appear healthier. Longer periods of follow up and
more extensive clinical information such as description of symptoms and chest radiographs
or chest computed tomography are needed for a better understanding of the penetrance of
these variants.

One individual in the N-CF group was labeled as PI based on a borderline fecal elastase.
However, this individual was never prescribed pancreatic enzymes. The use of enzymes
alone as criteria to define pancreatic status can lead to misclassification bias 24, which is
minimized in this study considering that ~80% of children had fecal elastase values
available. Likewise, there may be overestimation of the rate of Pl in the CF-C group. We
can speculate that though fecal elastase measurement is encouraged by guidelines, some
clinicians may choose to start pancreatic enzymes supplementation based on genotype
and/or clinical suspicion of malabsorption.8

Furthermore, the observed rate of persistent P. aeruginosa colonization in N-CF subjects
could be related to frequent surveillance, increased exposure to CF patients, and/or some
degree of CFTR dysfunction. Alternatively, this observation may be a normal phenomenon
as transient colonization has been described in healthy children.2528 Considering the high
rate of “unknown colonization status” among N-CF children (70%), which is explained by a
high rate of lost to follow up and missing culture results, it would be inappropriate to make a
statistical comparison of persistent colonization between groups.

The CFTR2 classification of non CF-causing variants has great relevance in the design of
CFTR mutation panels for carrier and newborn screening programs, making accurate
diagnoses, and prioritizing new therapies. We found that nearly 7% of the newborns with a
positive CF screening test in California had one CF-causing variant and one or more non
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CF-causing variants. The majority of these newborns carried the L997F variant. As more
CFTRvariants are evaluated by CFTR2, an even higher percentage of newborns will likely
have non CF-causing variants. We conclude that the outcomes seen to date in
comprehensively genotyped hypertrypsinogenemic children 2—6 years of age were
consistent with the CFTR2 non CF-causing classification.

However, it is not known how many of these individuals will later develop respiratory,
gastrointestinal, or infertility manifestations. Improved CFTR function assays that more
accurately predict outcomes pre-clinically could be invaluable in advancing our
understanding of these non CF-causing variants.
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Highlights
e CFTR2 non CF-causing variant classification applied to a NBS population
»  Six years of clinical data from 17 California CF centers were analyzed

»  Children carrying non CF-causing variants did not meet diagnostic criteria for
CF

e The outcomes seen are consistent with the CFTR2 non CF-causing
classification.
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Date added

Mutations added or deleted — cDNA name (legacy

name)

No.

July 16, 2007

C.164+2T>A (296+2T>A)
c.254G>A (G85E)
€.274-1G>A (406-1G>A)
c.489+1G>T (621+1G>T)
c.579+1G>T (711+1G>T)
¢.595C>T (H199Y)
€.933_935delCTT (delF311)
¢.1000C>T (R334W)
¢.1519_1521delATC (dell507)
€.1521_1523delCTT (delF508)
c.1585-1G>A (1717-1G>A)
€.1624G>T (G542X)
C.1646G>A (S549N)
€.1652G>A (G551D)
€.1657C>T (R553X)
€.1675G>A (A559T)
c.1680-1G>A (1812-1G>A)

€.1973-1985del13insAGAAA (2105-2117del13insAGAAA)

c.2175_2176insA (2307insA)
€.2988+1G>A (3120+1G>A)
¢.3196C>T (R1066C)
c.3266G>A (W1089X)
c.3485G>T (R1162X)

¢.3611G>A (W1204X [3743G>A])
¢.3717+12191C>T (3849+10kbC>T)

c.3744delA (3876delA)
C.3846G>A (W1282X)
¢.3909C>G (N1303K)

28

October 4, 2007

c.1153_1154insAT (1288insTA)

29

December 12,
2007

c.1475C>T (S492F)

€.1923_1931del9insA (2055del9>A)

¢.223C>T (R75X)
¢.293A>G (Q98R)
¢.3140-26A>G (3272-26A>G)
c.531delT (663delT)

€.54-5940_273+10250del21kb (CFTRdele2,3(21kb))

c.613C>T (P205S)
c.803delA (935delA)

38

August 12, 2008

¢.3659delC (3791delC)

C.3612G>A (W1204X [3744G>A])

c.988G>T (G330X)

Removed c.164+2T>A (296+2T>A) on August 12, 2008

40

Figure 1.

CFTR mutation panel used by the California Newborn Screening Program.
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Figure 2. Predicted Weight for Height Z score (WHZ)
by age in months plotted for 3 groups of patients using coefficients derived from a quadratic

mixed model. WHZ least squares estimated meanszs.e. over 12 months: CF-C-PS
0.11+0.14, CF-C-PI -0.28+0.07, N-CF 0.03+0.13. Analysis by genotype group and
pancreatic status; comparison to CF-C-PS (n=37): CF-C-PI (n=138; p=0.023) and N-CF
(n=46; p=0.851).

CF-C-PS: CF causing variant group and pancreatic sufficiency; Pl=pancreatic insufficiency;
and N-CF = Non CF-causing variant group.
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Table 2

Selected characteristics of two study groups

Population Characteristics

| CF-C&(n=226) | N-CFP(n=57) | p valued

Age at last follow up, mean (SD), months | 49 (14) | 52 (12) | 0.18
Female gender, n (%) | 97 (43) | 31 (54) | 0.14
Race/ethnicity, n (%)
Whites 108 (47.8) 22 (38.6)
Hispanics 90 (39.8) 32(56.1)
N 0.036¢
Non-Hispanics Blacks 12 (5.3) 0 (0.0)
Multiple and others 15 (6.6) 3(5.3)
Missing 1(0.4) 0(0.0)
] : 3.11 (0.59) 3.39 (0.53)
Birth weight, mean (SD), kg n=225 =56 0.004
IRT median (IQR)d, ng/mL 162 (110-241) 75 (70-96) <0.0001
Meconium lleus, n (%) 36 (16) 0(0.0) 0.0002
Highest Sweat Chloride, median (range), mmol/L 95 (25-135) 18 (7-52)
. 184 (89%) 0(0.0) <0.0001
Sweat Chloride = 60 mmol/L, n (%) =207 =56
Pancreatic Insufficiency, n (%) | 180/220 (81.8) | 1/57 (1.8) | <0.0001
P. aeruginosa acquisition in the first year of life, probability * s.e. | 0.18 £0.03 | 0.16 + 0.06 | 0.54
P. aeruginosa Colonization, n (%)
Unknown 39(17.3) 40 (70.2)
Never 84 (37.2) 8(4.0) n/a€
Yes-but not persistent 52 (23.0) 6 (0.5)
Persistent 51 (22.6) 3(5.3)
Lost to follow up, n (%) | 41 (18.1) | 31 (54.4) | <0.0001
Deaths, n (%) | 6 (2.6)f | 0(0.0) | 0.21

a‘l’wo CF-causing variants (Two from the 40-panel or one from the panel and one sequenced)

b . . R .
One panel and one or more non CF-causing variants identified by sequencing

a.bpenominators are the total of subjects per group unless otherwise specified

Ci . A
Hispanics compared to all other race/ethnicities.

leTzImmunoreactive Trypsinogen, IQR=Interquartile Range.

e . . L . . .
Statistical comparison is inappropriate due to a large percentage of missing data in the N-CF group.
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The causes of death were: complications from prematurity including one confirmed case of acute respiratory distress syndrome (n=3),
complications from Biotinidase deficiency (n=1), sepsis post-intestinal perforation repair (n=1), and acute respiratory failure secondary to CF-
related pneumonia and liver disease (n=1).

gp values after adjusting for Hispanic versus all others are as follows: birth weight 0.001, IRT <0.0001, meconium ileus 0.0017, sweat chloride
<0.0001, pancreatic insufficiency <0.0001, P. aeruginosa acquisition 0.56, lost to follow up <0.0001, death 0.23.
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