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3 Expression of ACE2—a Key SARS-CoV-2 Entry
Factor—Is Not Increased in the Nasal Mucosa
of People with Cystic Fibrosis

To the Editor:

Mutations in CFTR (cystic fibrosis transmembrane regulator) lead
indirectly to impaired innate defense of the respiratory tract, and
people with cystic fibrosis (PwCF) develop a host of bacterial and
fungal infections. The role of viruses in cystic fibrosis (CF) pulmonary
disease has gained increased attention, and multiple studies have
shown that viral infections are common antecedents for pulmonary
exacerbations. Specifically, influenza, respiratory syncytial virus, and
rhinovirus, all RNA viruses, are the most common and are sometimes
associated with precipitous, unrecoverable loss of lung function in
PwCF (1-5). Less well understood is whether PwCF are predisposed
to developing specific viral infections or are more susceptible to
severe complications once infected.

The global coronavirus disease (COVID-19) pandemic has
been caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), a highly contagious RNA virus that has caused
millions of deaths worldwide. SARS-CoV-2 requires ACE2
(angiotensin-converting enzyme 2) and priming protease TMPRSS2
(transmembrane serine protease 2) for entry into epithelial cells, and
studies published early in the pandemic have shown that
inflammation, particularly IFN responses to viruses, can lead to
increased ACE2 expression (6, 7). It has been demonstrated that
ACE?2 expression is highest in the nasal epithelium, which is a
primary site of SARS-CoV-2 infection, and gradually decreases into
the distal airways and parenchyma (8). As PwCF often have mucus
accumulation and neutrophilic inflammation of the upper and lower
airways, we wished to evaluate whether they have increased ACE2
nasal expression. Potentially mitigating this risk is the finding that
chronic inflammation can also induce the expression of a short form
of ACE2 that lacks a receptor-binding domain and may lead to
decreased susceptibility to infection (9). We therefore tested whether
expression of ACE2 and the inflammatory response are different in
the nasal epithelium of PwCF compared with healthy volunteers
(HVs). We reanalyzed our previously published pilot and validation
data sets, for which the study methods and demographics of the
recruited cohort have already been reported (10). (Detailed code for
analysis and reproducibility is available at https://github.com/
NUPulmonary/2021_CF_ACE2.) We separated PwCF into two
cohorts, one consisting of PWCF who were F508del homozygotes and
the second of those who were F508el compound heterozygotes.
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To test whether ACE2 and TMPRSS? are differentially expressed,
we first performed direct pairwise comparison in our pilot cohort,
which consisted of six HVs and seven PwCF, and did not detect
differentially expressed genes between PwCF and HV's (data not
shown). In our larger validation cohort, we compared samples from
HVs (11 subjects) and PwCF homozygous (13 subjects) and
heterozygous (10 subjects) for F508del. We found 709 genes
upregulated in HVs compared with 2,299 genes upregulated in PwCF
homozygous for F508del (false discovery rate [FDR], g < 0.05) and
607 genes upregulated in HVs compared with 2,277 genes
upregulated in PwCF compound heterozygous for F508del (FDR
q < 0.05). Although ACE2 was not among the differentially expressed
genes in any comparison, expression of TMPRSS2 was decreased in
PwCF heterozygous for F508del but not in PWCF homozygous for
F508del (Figure 1A; also see Figures E1B and E1C and Tables E1 and
E2 in the data supplement).

As gene expression profiles in bulk RNA-sequencing (RNA-seq)
samples can be affected by the sample cell composition, we performed
k-means clustering on the basis of highly variable genes (ANOVA-
like test in DESeq2 [11]) and hierarchical clustering on subjects to
better understand sources of variation in our data sets. This analysis
identified three clusters (Figures 1B and E1A and Tables E3 and E4).
We further investigated the larger data set and found that cluster A
included HVs (11 of 11 subjects) and both homozygous (7 of 13
subjects) and compound heterozygous (3 of 10 subjects) PWCEF.
Subject cluster A was characterized by increased expression of genes
related to secretory and ciliated epithelial cells, such as BPIFAI (BPI
fold containing family A member 1), CAPS (calcyphosine), and
TPPP3 (tubulin polymerization promoting protein family member 3)
(Figure 1C). Subject clusters B and C contained both homozygous
and compound heterozygous PwCF but no HVs and were
characterized by genes restricted to neutrophils and genes involved in
immune responses, such as CSF3R (colony stimulating factor 3
receptor), FCGR3B (Fc vy receptor IIIb), and ITGA2 (integrin subunit
a 2) (Figures 1B and 1C). As expected, ACE2 was not among highly
variable genes. TMPRSS2 belonged to gene cluster 1. To better
understand the cellular composition of samples, we then performed
in silico deconvolution of bulk RNA-seq signature using the
AutoGenesS algorithm and publicly available single-cell RNA-seq data
of nasal epithelium as a reference (12, 13). This analysis demonstrated
that cluster A was dominated by an abundance of secretory and
ciliated epithelial cells (Figure 1D; and Table E5). Cluster C in
addition to epithelial cells also contained neutrophils, whereas cluster
B was dominated by neutrophils. To ensure that the sample
composition did not influence our analysis of ACE2 or TMPRS2
expression, we then performed a pairwise comparison using only
samples from cluster A (epithelial cluster), which contained samples
from HVs (n = 11) and PwCF homozygous (n = 7) and heterozygous
(n=3) for F508del. This analysis identified 379 genes upregulated in
HVs and 146 genes upregulated in PWCF homozygous for F508del,
and enrichment analysis for gene ontology biological processes
demonstrated that these genes were related to T-cell activation (see
Tables E6 and E7). When we performed a comparison between HV's
and PwCF heterozygous for F508del with similar cell type
composition, only 44 and 6 genes were upregulated in HVs and
PwCF heterozygous for F508del, respectively (FDR, g < 0.05)

(Figure 1E and Table E8). ACE2 and TMPRS2 were not differentially
expressed in either comparison of cluster A. A similar analysis in the
pilot data set did not detect differential gene expression for ACE2 and
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Figure 1. Expression of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) entry factor ACEZ2 (angiotensin-converting enzyme 2) in
the nasal epithelium in healthy volunteers (HVs) and people with cystic fibrosis (CF) (validation cohort). (A) MA plot demonstrating differentially

expressed genes (FDR, g<0.05) in the nasal epithelium between HVs (blue dots) and people with CF (PwCF) homozygous for F508del
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Figure 1. (Continued). mutation (F508del; red dots) or compound heterozygotes (CompHet; orange dots). (B) Heatmap demonstrating k-means
clustering of highly variable genes (FDR, g <0.05, ANOVA-like test in DESeq2, clusters 1-3). Subjects were hierarchically clustered (clusters
A-C). Column numbers correspond to subjects’ numbers from Sala and colleagues (10). (C) Box plots demonstrating expression of cell
type-specific genes in clusters A-C. (D). Heatmap demonstrating estimated abundance of cell types in the clusters from B. Values are
normalized across columns. (E) MA plot demonstrating differentially expressed genes (FDR, g < 0.05) in the nasal epithelium between samples
from HVs (blue dots) and PwCF from epithelium-rich cluster A: homozygous for F508del mutation (red dots) or CompHet (orange dots).
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Figure 1. (Continued). (F) Mean expression of type | IFN-response genes (left panel; HALLMARK_INTERFERON_a_ RESPONSE M5911) and
type Il IFN-response genes (right panel; HALLMARK_INTERFERON_GAMMA_RESPONSE M5913). Differences in expression between genotypes
are not significant (¢ test). (G) Mean expression of type | IFN-response genes (left panel; HALLMARK_INTERFERON_a. RESPONSE M5911) and
type Il IFN-response genes (right panel; HALLMARK_INTERFERON_GAMMA_RESPONSE M5913) stratified according to clusters from B (t test).
(H) Counts per million (CPM) reads mapped to exon 9 and exon 9a (corresponding to short ACEZ2 isoform) between different genotypes (t test
with Bonferroni multiple-test correction). Differences in reads mapped to exon 9a of ACEZ2 are not significant between subject genotypes. (/) CPM
of reads mapped to exon 9 and exon 9a (corresponding to short ACEZ2 isoform) between HVs and PwCF (F508del and CompHet combined),
stratified between clusters from B (t test with Bonferroni multiple-test correction). Differences in reads mapped to exon 9a of ACE2 are not
significant between genotypes and clusters. BPIFA1 =BPI fold containing family A member 1; CAPS = calcyphosine; cl. = cluster; CSF3R = colony
stimulating factor 3 receptor; FCGR3B = Fc vy receptor lllb; FDR =false discovery rate; ITGA2 = integrin subunit « 2; MA = log ratio-mean average;
n.s. = not significant; TMPRSS2 = transmembrane serine protease 2; TPPP3 = tubulin polymerization promoting protein family member 3.

TMPRS2 in HVs compared with PWCF heterozygous for F508del and pulmonary fibrosis, supporting concerns that PwCF also might
(see Figure E1D). Expression of IFN-response genes was not different  be at increased risk (14). Despite initial fears, as the pandemic has
between HV's and PwCF homozygous and heterozygous for F508del ~ progressed, there have been a number of reports from around the

(Figure 1F) or between HV's and the combined PwCF cohort (see world highlighting the relatively low incidence of SARs-CoV-2
Figures E1E and E1F). However, when we performed this infection or severe complications in PwCF (15, 16). Our analysis
comparison with adjustment for sample composition, expression of provides evidence that expression of ACE2, a key entry factor on

IFN-response genes was significantly increased in cluster B, which is epithelial cells for SARS-CoV-2, is not different in the nasal
characterized by an increased proportion of neutrophils (Figure 1G). epithelium between HVs and PwCF. Other groups have recently
On the basis of a recent report that a short form of ACE2, which lacks  assessed ACE2 expression in the airways of PWCF (17-18). Hou and

SARS-CoV-2 spike high-affinity binding sites, can be induced in colleagues performed single-molecule fluorescence in situ
respiratory epithelia by both IFN and RNA viruses, we assessed hybridization for ACE2 and TMPRSS2 in lungs explanted from PwCF
expression of the short ACE2 isoform in our study cohorts (9). with end-stage disease and control donor lungs but did not quantify
Although we detected reads mapping to an alternative exon 9a across ~ ACE2 expression or assess nasal epithelium (19). In contrast to our
all three groups, its abundance was not different among the groups findings, reanalysis of publicly available data sets from PwCF by
(Figure 1H). Last, as samples from cluster B had evidence of increased ~ Stanton and colleagues demonstrated increased expression of ACE2
IFN signaling, we also compared expression of the short ACE2 and decreased expression of TMPRSS2, but the original studies were
isoform between samples from HVs (cluster A) and from PwCF from  performed on cultured airway cells rather than on primary cells
clusters A, B, and C (Figure 1I) and again found no difference in obtained from PwCF (18). Using quantitative PCR and
expression of the short ACE2 isoform in samples with an increased oropharyngeal swabs, Bitossi and colleagues reported decreased
IFN-response signature. expression of ACE2 in PwCF (17). It is important to note that

A recent analysis demonstrated that risk of severe COVID-19 analysis in both studies was done without adjustment for sample

was increased in patients with chronic obstructive pulmonary disease ~ composition, which, as we have shown in the case of TMPRSS2, can
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affect expression results. Thus, our data set is one of the few to date to
provide a direct assessment of ACE2 and TMPRSS2 in the nasal
mucosa of PWCF and control subjects. Moreover, our data suggest
that expression of ACE2 or its short isoform may not be affected by
IFN signaling in vivo, which differs from the two previous studies
showing that IFNs can increase ACE2 expression in vitro (6, 17).
Nevertheless, an additional validation study using orthogonal
techniques would be required to confirm our findings. In addition,
we also demonstrate a framework for interpretable analysis of bulk
transcriptomic data from clinical samples containing multiple cell
types. Using deconvolution of bulk RNA-seq data and comparing
transcriptomic signatures only across samples with similar cellular
composition (i.e., epithelial cell-rich samples), rather than by
predefined clinical groups alone, we were able to improve the
statistical power and biological significance of our analysis. Using this
approach, we demonstrate that after adjustment for sample
composition expression of TMPRSS2, another important factor
mediating SARS-CoV-2 entry, was also not different across groups,
which prevented us from drawing the erroneous conclusion that it is
downregulated in the nasal epithelium of PwCF who are
heterozygous for F508del.

One limitation of our work is the relatively low read counts for
ACE?2, although this is mitigated to a degree by similar findings in
both the pilot and validation cohorts. A potential confounder of our
work is that a higher proportion of PwCF were prescribed inhaled
nasal steroids, though we cannot ascertain which patients were
actually using them. However, the presence of a neutrophil signature
in clusters B and C was not associated with higher ACE2 or TMPRSS2
expression in PWCEF, suggesting that the presence or absence of
inflammatory cells did not have an impact. In addition, our CF
cohort did not include any patients who underwent transplantation,
although we did include patients with severe pulmonary disease (10).
In addition, we did not measure ACE2 protein expression directly,
though previous data have demonstrated a correlation between
mRNA and protein expression (20).

In conclusion, there are likely multiple reasons why PwCF have
had a relatively low incidence of severe SARS-CoV-2 infection,
including young age, familiarity of socially distancing strategies and
mask wearing, and low incidence of obesity and cardiovascular
disease. Our data suggest that an additional reason may be that PwCF
do not differentially express factors that expose them to higher risk
for SARS-CoV-2 acquisition. This is consistent with multiple reports
of patients with asthma who also did not have elevated ACE2
expression compared with control subjects (21-25). However, in
contrast to most asthma studies, we sampled nasal mucosa, which has
the highest density of ACE2 expression, and patients with CF have
neutrophilic mucosal inflammation, which is seen infrequently in
patients with asthma. ll

Author disclosures are available with the text of this letter at
www.atsjournals.org.

Acknowledgment: The authors thank Rogan A. Grant for providing
and maintaining functions for reproducible common operations for
bulk RNA-seq analysis (https://github.com/NUPulmonary/utils/), which
the authors reused in analysis.

Marc A. Sala, M.D.*
Nikolay S. Markov, M.S.*

136

Yuliya Politanska, B.S.

Hiam Abdala-Valencia, Ph.D.
Alexander V. Misharin, M.D., Ph.D.
Northwestern University

Chicago, lllinois

Manu Jain, M.D., M.Sc.*
Northwestern University
Chicago, lllinois

and

Lurie Children’s Hospital
Chicago, Illinois

ORCID ID: 0000-0003-1534-5629 (M.J.).

*These authors contributed equally to this work and are co—first authors.
*Corresponding author (e-mail: m-jain@northwestern.edu).

References

1. Goffard A, Lambert V, Salleron J, Herwegh S, Engelmann |, Pinel C, et al.
Virus and cystic fibrosis: rhinoviruses are associated with exacerbations
in adult patients. J Clin Virol 2014;60:147—153.

2. Flight WG, Bright-Thomas RJ, Tilston P, Mutton KJ, Guiver M, Morris J,
et al. Incidence and clinical impact of respiratory viruses in adults with
cystic fibrosis. Thorax 2014;69:247-253.

3. Wark PA, Tooze M, Cheese L, Whitehead B, Gibson PG, Wark KF, et al.
Viral infections trigger exacerbations of cystic fibrosis in adults and
children. Eur Respir J 2012;40:510-512.

4. Asner S, Waters V, Solomon M, Yau Y, Richardson SE, Grasemann H,
et al. Role of respiratory viruses in pulmonary exacerbations in children
with cystic fibrosis. J Cyst Fibros 2012;11:433-439.

5. van Ewijk BE, van der Zalm MM, Wolfs TF, van der Ent CK. Viral
respiratory infections in cystic fibrosis. J Cyst Fibros 2005;4:31-36.

6. Ziegler CGK, Allon SJ, Nyquist SK, Mbano IM, Miao VN, Tzouanas CN,
et al.; HCA Lung Biological Network. SARS-CoV-2 receptor ACE2 is an
interferon-stimulated gene in human airway epithelial cells and is detected
in specific cell subsets across tissues. Cell 2020;181:1016—-1035.e19.

7. Sajuthi SP, DeFord P, Li Y, Jackson ND, Montgomery MT, Everman
JL, et al. Type 2 and interferon inflammation regulate SARS-CoV-2
entry factor expression in the airway epithelium. Nat Commun 2020;
11:5139.

8. Sungnak W, Huang N, Bécavin C, Berg M, Queen R, Litvinukova M, et al.;
HCA Lung Biological Network. SARS-CoV-2 entry factors are highly
expressed in nasal epithelial cells together with innate immune genes.
Nat Med 2020;26:681-687.

9. Blume C, Jackson CL, Spalluto CM, Legebeke J, Nazlamova L, Conforti F,
et al. A novel ACE2 isoform is expressed in human respiratory epithelia
and is upregulated in response to interferons and RNA respiratory virus
infection. Nat Genet 2021;53:205-214.

10. Sala MA, Alexander M, Khuder B, Politanska Y, Abdala-Valencia H,
Budinger GRS, et al. The proteostatic network chaperome is
downregulated in F508del homozygote cystic fibrosis. J Cyst Fibros
2021;20:356-363.

11. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol 2014;15:550.

12. Ordovas-Montanes J, Dwyer DF, Nyquist SK, Buchheit KM, Vukovic M,
Deb C, et al. Allergic inflammatory memory in human respiratory
epithelial progenitor cells. Nature 2018;560:649-654.

13. Aliee H, Theis FJ. AutoGeneS: automatic gene selection using multi-
objective optimization for RNA-seq deconvolution. Cell Syst 2021;12:
706-715.e4.

14. Aveyard P, Gao M, Lindson N, Hartmann-Boyce J, Watkinson P, Young
D, et al. Association between pre-existing respiratory disease and its
treatment, and severe COVID-19: a population cohort study. Lancet
Respir Med 2021;9:909-923.

15. McClenaghan E, Cosgriff R, Brownlee K, Ahern S, Burgel PR, Byres CA,
et al.; Global Registry Harmonization Group. The global impact of SARS-
CoV-2 in 181 people with cystic fibrosis. J Cyst Fibros 2020;19:868-871.

American Journal of Respiratory Cell and Molecular Biology Volume 67 Number 1 | July 2022


http://www.atsjournals.org/doi/suppl/10.1165/rcmb.2021-0341LE/suppl_file/disclosures.pdf
http://www.atsjournals.org
https://github.com/NUPulmonary/utils/
http://orcid.org/0000-0003-1534-5629
mailto:m-jain@northwestern.edu

CORRESPONDENCE

16. Corvol H, de Miranda S, Lemonnier L, Kemgang A, Reynaud Gaubert M,
Chiron R, et al. First wave of COVID-19 in French patients with cystic
fibrosis. J Clin Med 2020;9:3624.

17. Bitossi C, Frasca F, Viscido A, Oliveto G, Scordio M, Belloni L, et al.
SARS-CoV-2 entry genes expression in relation with interferon response
in cystic fibrosis patients. Microorganisms 2021;9:93.

18. Stanton BA, Hampton TH, Ashare A. SARS-CoV-2 (COVID-19) and cystic
fibrosis. Am J Physiol Lung Cell Mol Physiol 2020;319:L.408-L415.

19. Hou YJ, Okuda K, Edwards CE, Martinez DR, Asakura T, Dinnon KH llI,
et al. SARS-CoV-2 reverse genetics reveals a variable infection
gradient in the respiratory tract. Cell 2020;182:429-446.e14.

20.LiY,Zeng Z,Cao Y, Liu Y, Ping F, Liang M, et al. Angiotensin-converting
enzyme 2 prevents lipopolysaccharide-induced rat acute lung injury via
suppressing the ERK1/2 and NF-kB signaling pathways. Sci Rep
2016;6:27911.

21. Camiolo M, Gauthier M, Kaminski N, Ray A, Wenzel SE. Expression of
SARS-CoV-2 receptor ACE2 and coincident host response signature
varies by asthma inflammatory phenotype. J Allergy Clin Immunol
2020;146:315-324.¢7.

Correspondence

22. Peters MC, Sajuthi S, Deford P, Christenson S, Rios CL, Montgomery
MT, et al. COVID-19-related genes in sputum cells in asthma:
relationship to demographic features and corticosteroids. Am J Respir
Crit Care Med 2020;202:83—90.

23. Jackson DJ, Busse WW, Bacharier LB, Kattan M, O’Connor GT, Wood
RA, et al. Association of respiratory allergy, asthma, and expression of
the SARS-CoV-2 receptor ACE2. J Allergy Clin Immunol 2020;146:
203-206.€3.

24. Bradding P, Richardson M, Hinks TSC, Howarth PH, Choy DF, Arron JR,
etal. ACE2, TMPRSS2, and furin gene expression in the airways of
people with asthma-implications for COVID-19. J Allergy Clin Immunol
2020;146:208-211.

25. Kimura H, Francisco D, Conway M, Martinez FD, Vercelli D, Polverino F,
et al. Type 2 inflammation modulates ACE2 and TMPRSS2 in airway
epithelial cells. J Allergy Clin Immunol 2020;146:80-88.€8.

Copyright © 2022 by the American Thoracic Society

137



