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Efficient Transduction of Alveolar Type 2 Cells with
Adeno-associated Virus for the Study of Lung
Regeneration

To the Editor:

Gene transfer to alveolar type 2 (AT2) cells provides unique
opportunities to study and correct monogenetic interstitial lung
diseases (ILDs); however, efficient and cell-selective gene transfer to
AT2 cells has proven challenging. The most effective and commonly
used gene delivery vectors are those based on adeno-associated virus
(AAV). AAVs are small, nonenveloped, single-stranded DNA
parvoviruses capable of transducing nondividing cells (1, 2), making

them ideal candidates to target the alveolar epithelium,wherein,0.5%
of alveolar cells are actively dividing (3). AAV capsid binding to cell
surface receptors on target cells mediates the cell selectivity of AAV
serotypes 1–9. AAV6 bindsN-linked sialic acid (1, 2). Sialic acid sugars
areabundanton theapical surfaceof airwaycells, consistentwithAAV6
being highly effective in transducing airway epithelial cells (1, 2, 4, 5).

Phosphorylationof tyrosine residues in endocytosedAAVcapsids
by epidermal growth factor receptor protein tyrosine kinase is a
prerequisite forubiquitination,whichmarks capsids fordegradationby
cytoplasmic proteasomes (6). However, mutation of exposed capsid
tyrosine residues blocks ubiquitin-mediated degradation, leading to
enhanced transgene expression (6, 7). To increase lung specificity and
enhance transgene expression, we engineered mutation of tyrosine
residues 445 and 731 to phenylalanine (Y445F and Y731F) in the
AAV6.2 capsid, termed “AAV6.2FF” (F129L, Y445F, and Y731F). Our
recent data indicate that AAV6.2FF capsid enhanced transgene
expressionnearly10-foldcomparedwithAAV6andenabledcorrection
of lethal surfactant protein B deficiency in vivo (8, 9).

To identify the cell-type specificity of AAV6.2FF, we produced an
AAV6.2FF-expressing mCherry (AAV6.2FF-mCherry). After
intranasal administration, AAV6.2FF-mCherry transduced�50–90%
of CD3261 epithelial cells over a wide range of doses 2 weeks after
infection, whereas it only transduced�20% of CD451 immune cells
(Figures 1A, E1A, and E1B). By immunofluorescence,�80% of
mCherry1 cellswereproSPC1NKX2.11HOPX2AT2cells (Figure 1B,
E1C,andE1D).Lessthan0.5%ofmCherry1 cellswereHOPX2alveolar
type 1 cells (Figures E1 C and E1D), and,5% of mCherry1 cells were
CD451 immunecells (FiguresE1CandE1D).ThemCherry1 cellswere
not identifiedbyantibodystaining inproximalairwayciliated, club, and
goblet cells; however, mCherry1 cells were identified in terminal
bronchioles and alveoli 2 weeks after transduction (Figure E2).
Conversely, LacZ1 epithelial cells in proximal epithelial cells of Rosa-
LacZmice were observed after AAV6.2FF-Cre administration (8),
suggesting that AAV6.2FF-driven transgenes are expressed at lower
concentrations inproximal epithelial cells comparedwithAT2cells and
therefore require enzyme/substrate-based signal amplification systems
for detection.

To test whether the efficiency of AT2 cell targetingwas influenced
by the transgene cassette, we developed AAV6.2FF-GFP, which
transduced 75% of CD3261 epithelial cells (Figure E3). AAV6.2FF
targetingof alveolarAT2cells didnot alter lunghistopathologyorcause
alveolar inflammation (Figure E4). Taken together, these data
demonstrate that AAV6.2FF efficiently and selectively transduced
�80% of alveolar AT2 cells in peripheral mouse lung without causing
lung injury 2 weeks after transduction.

The study of monogenetic disorders affecting AT2 cell function
and causing ILD is limited by the time and expense needed to produce
transgenicmicebearingAT2cell–specificpromoterconstructs todelete
ormutategenesof interest.Toeliminate theneed forbiallelic transgenic
mice, we produced an AAV6.2FF-Cre to express Cre-recombinase in
AT2cells.Totest theefficacyofAAV6.2FF-Creinmouse lungAT2cells,
floxed-tdTomato reporter mice [Gt(ROSA)26Sortm14(CAG-tdTomato)Hze;
007909; Jackson Labs] were treated with AAV6.2FF-Cre. Two weeks
after transduction with AAV6.2FF-Cre, Cre-mediated activation of
tdTomatowas identified in 60–80% ofCD3261 epithelial cells (Figures
1C and E5A), consistent with our previous data using a LacZ reporter
(8). AAV6.2FF-Cre–mediated activation of tdTomato in AT2 cells did
not cause adverse lung histopathology (Figure E5B). After AAV6.2FF-
Cre transduction, tdTomato1 cells were quantitated by

Supported by National Institutes of Health HL131634 (J.P.B.) and
HL13475 (J.A.W.)

This letter has a data supplement, which is accessible from this issue’s
table of contents at www.atsjournals.org.

CORRESPONDENCE

118 American Journal of Respiratory Cell and Molecular Biology Volume 65 Number 1 | July 2021

http://crossmark.crossref.org/dialog/?doi=10.1165/rcmb.2021-0049LE&domain=pdf&date_stamp=2021-07-09
http://www.atsjournals.org


70

80

90

100

110

Days after AAV6.2FF-Cre

P
er

ce
nt

 B
od

y 
W

ei
gh

t

Abca3WT/WT

Abca3Flox/Flox

*
$

Abc
a3

W
T/W

T

Abc
a3

Flox
/F

lox

0.0

0.5

1.0

1.5
R

el
at

iv
eA

bc
a3

 m
R

N
A

 *

A

C

Untreated 2×1011 vg AAV6.2FF-mCherry

CD45/mCherry/proSPC

tdTomatoWT

4×1012 vg AAV6.2FF-Cre

proSPC/Cre/Tomato

B

D

E

H

Abca3WT/WT

2-week

4×1012 vg AAV6.2FF-Cre

Abca3Flox/Flox Abca3WT/WT Abca3Flox/Flox

1-week

1 week

0 1 4 6 70 5 10 15
50

75

100

Days after AAV6.2FF-Cre

P
er

ce
nt

 s
ur

vi
va

l

Abca3WT/WT (n=11)

Abca3Flox/Flox (n=18)

p=0.033

I

Abca3Flox/Flox

A
B

C
A

3/
pr

oS
P

C
/C

re

4×1012 vg AAV6.2FF-Cre

Abca3WT/WT

1-
w

ee
k

2-
w

ee
k

GF

0

50

100

%
C

D
32

6+
/T

om
at

o+

E
pi

th
el

ia
l C

el
ls

AAV6.2FF-Cre (vg)

#
# # #

*

Unt
re

at
ed

4×
10

12

2×
10

11

1×
10

12

2×
10

12
0

50

100

%
 C

D
32

6+
/m

C
he

rr
y+

E
pi

th
el

ia
l c

el
ls

AAV6.2FF-mCherry (vg)

# # #
$

Unt
re

at
ed

4×
10

12

5×
10

11

1×
10

12

2×
10

12

Figure 1. AAV6.2FF transduction of pulmonary epithelial cells. (A and B) C57Bl/6 mice were administered 23 1011 – 43 1012 viral genomes (vg)
of AAV6.2FF-mCherry intranasally, and mCherry expression was analyzed in whole lungs 2 weeks later by flow cytometry identifying CD3261

epithelial cells (A) and confocal immunofluorescence staining (B) for CD45 (green), mCherry (red), and proSPC (white). Data are expressed as
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immunofluorescence staining;�80% of proSPC1 AT2 cells were
tdTomato1 (Figures 1D and E5C). Taken together, these findings
indicate thatAAV6.2FF-Cre ishighly effective in causingCre-mediated
recombination of reporter genes in AT2 cells in vivo.

Mutation of human ABCA3 or deletion of Abca3 in mice
causes alveolar injury and remodeling, leading to respiratory
failure and death (3). To determine whether AAV6.2FF-Cre could
efficiently delete a disease-linked gene in AT2 cells, we transduced
Abca3Flox/Flox mice with AAV6.2FF-Cre. Abca3Flox/Flox mice
administered AAV6.2FF-Cre intranasally developed signs of
respiratory failure, including dehydration, dyspnea, and hunched
appearance, accompanied by significant weight loss 7 days after
transduction, requiring euthanasia or causing death within 5–14
days (Figure 1E-F). These pathophysiological effects were
comparable with those observed using a genetic deletion approach
with a SftpcCreER allele (3). ABCA3 staining of Cre1 AT2 cells
(proSPC1) after AAV6.2FF-Cre administration was markedly
decreased inAbca3Flox/Flox mice (Figure 1I), consistent with a 70%
loss of Abca3mRNA in whole lung 1 week after transduction
(Figure 1G). The loss of ABCA3 was accompanied by pulmonary
inflammation and septal wall thickening 1 and 2 weeks after
transduction (Figure 1H). After extensive loss of Abca3,mice
developed respiratory failure and death, consistent with the
requirement of ABCA3 for lung function in newborn infants (3).
These findings demonstrate the efficacy of AAV6.2FF-Cre to
model monogenetic disorders of surfactant deficiency, bypassing
the need for conditional AT2-specific Cre transgenic mouse lines.
Some inducible Cre transgenic mouse lines produce tamoxifen-
independent recombination events that are not tightly controlled
(3); however, AAV6.2FF-Cre permits tightly controlled temporal
expression of Cre-recombinase in AT2 cells in vivo.

To determine whether the AAV6.2FF system could be used to
inhibit gene expression inAT2 cells, we generated a cassette containing
three unique microRNAs (miRs) in tandem that target SftpcmRNA.
Western blot analysis of whole lung 7 days after transduction showed a
.90% reduction of pro-SFTPC protein, demonstrating the efficacy of
the miR-based system to target gene expression in AT2 cells in vivo
(Figure E6).

In summary, we identified cell-type selectivity of the AAV6.2FF
capsid inmouse lung, demonstrating transgene expression in epithelial

cells of terminal bronchioles and alveoli,with lower expression in larger
airways 2 weeks after transduction. In peripheral lung, AAV6.2FF-
driven transgenes were expressed in�80% of CD3261 epithelial cells
without alveolar inflammation or adverse lung histopathology. At
present, the mechanisms underlying higher transgene expression in
peripheral versus proximal epithelial cells is unknown. AAV6.2FF is a
useful tool for gene transfer and inhibition for the study of lung
formation and disease pathogenesis.

Author disclosures are available with the text of this letter at
www.atsjournals.org.
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Figure 1. Continued. mean6SE; n=3–6 mice/group. $P, 0.001 and #P,0.0001 as determined by one-way ANOVA. (C and D)
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze (tdTomato) mice were administered 53 1011 – 431012 vg AAV6.2FF-Cre intranasally, and expression of
tdTomato was analyzed in whole lungs 2 weeks later by flow cytometry identifying CD3261 epithelial cells (C) and confocal immunofluorescence
staining (D) for proSPC (green), tdTomato (red), and Cre (white). Data are expressed as mean6SE; n=3–5 mice/group. *P,0.05 and #P,0.0001
as determined by one-way ANOVA. (E–I) Abca3WT/WT or Abca3Flox/Flox mice were administered 431012 vg of AAV6.2FF-Cre intranasally, and lungs
were analyzed histologically 1 and 2 weeks later. (E) Kaplan-Meier curve for survival and statistical analysis (Wilcoxon-Gehan test). (F) Percentage
body weight after AAV6.2FF-Cre administration. Data are expressed as mean6SE; n=4–5 mice/group. *P,0.05 and $P,0.001 as determined by
one-way ANOVA. (G) Quantitative PCR of Abca3 mRNA in whole lung at 1 week after transduction. Data are expressed as mean6SE; n=2–6 mice/
group. *P, 0.05 as determined by unpaired Student’s t test. (H) Representative lung histology is shown. (I) Representative confocal
immunofluorescence staining for ABCA3 (green), proSPC (red), and Cre (white). Scale bars: A and I, 50 mm; insert scale bars, 5 mm; D, 100 mm;
insert scale bars, 10 mm; H, 500 mm; insert scale bar, 250 mm.
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Erratum: Lung Expression of Human Angiotensin-
Converting Enzyme 2 Sensitizes the Mouse to SARS-
CoV-2 Infection

There isanerror inthearticlebyHanandcolleagues(1), published
in the January 2021 issue of the Journal. The authors inadvertently
omitted the following text, which should have appeared in an
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