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Figure 2. Percentage improvement in the visual analog scale for symptoms of cough, dyspnea, and wheeze after benralizumab administration. The
vertical dashed line indicates the time of benralizumab administration. The vertical solid line indicates the time of hospital discharge.
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W) Check for updates

Ineffectual Type 2-to-Type 1 Alveolar Epithelial Cell
Differentiation in Idiopathic Pulmonary Fibrosis:
Persistence of the KRT8" Transitional State

To the Editor:

During physiologic regeneration after injury, type 2 alveolar epithelial
cells (AEC2s) proliferate and then differentiate into AECls to restore
normal alveolar architecture and function. Although mechanisms that
promote AEC2 proliferation have been identified, the mechanisms by
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Figure 1. Physiologic differentiation of type 2 alveolar epithelial cells (AEC2s) into AEC1s proceeds via early KRT8/KRT1 gh TGF-B (transforming growth
factor B)-activated and late KRT8/KRT18"°, TGF-B—deactivated transitional cell states. (A and B) SftocCreERT2™~;mTmG™~ mice previously
administered tamoxifen were exposed to intratracheal LPS (40 wg Escherichia coli 0111:B4) or intranasal H1N1 influenza virus (100 plaque-forming units,
strain A/PR/8/34) or left untreated. At Day 7, green fluorescent protein (GFP)™ Tomato™ cells isolated from naive and LPS-treated mice and GFP~
Tomato™ EPCAM™ PDPN™* cells isolated from naive mice were subjected to single-cell RNA sequencing (scRNAseq). Unsupervised clustering was
performed and the cell types and states shown on t-distributed stochastic neighbor embedding (tSNE) plots were identified using known markers (4). (The
tSNE plot was reprinted by permission from Reference 4.) Expression of the indicated AEC1 markers and Krt8 and Krt18 is shown on the graph; n =2 mice
per group; Wilcoxon rank sum test with Bonferroni correction. *P < 0.01 for Krt8, Krt18, Pdpn, Emp2, Akap5, and Hopx in the early differentiation state
compared with all other cells sequenced. *P < 0.01 for Pdpn, Emp2, Akap5, and Hopx in the late differentiation state compared with all other cells
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which AEC2s differentiate into AECls remain poorly understood.
Idiopathic pulmonary fibrosis (IPF) is a progressive scarring disease
that arises from ineffectual regeneration of the injured epithelium and
unchecked TGF-B (transforming growth factor ) signaling (1).
However, the specific manner in which alveolar regeneration goes
awry in the pathogenesis of IPF is unknown. Because the IPF
epithelium is characterized by hyperplasia of AECs with a transitional
morphology and gene expression profile (2, 3), some investigators
have speculated that the regenerative defect in IPF may be ineffectual
AEC2-to-AECI differentiation. However, the specific defect in AEC2-
to-AECI differentiation in IPF and its relationship to the
differentiation lineage trajectory in physiologic regeneration have not
been characterized. An improved understanding of the mechanisms
underlying physiologic AEC1 differentiation and how it goes awry in
fibrosis may ultimately lead to the development of novel therapies to
promote physiologic regeneration in IPF.

Our recent single-cell RNA sequencing study of lineage-labeled
AEC2s during physiologic regeneration after lung injury induced by
LPS uncovered two discrete transitional states of AEC2-to-AEC1
differentiation, early and late, which are characterized by moderate
and high expression of AECI markers, respectively (Figure 1A), and
downregulation of AEC2 markers (webtool available at https://
rnabioco.github.io/lung-scrna/) (4). TGF-$ signaling is highly
activated during early differentiation, and subsequent TGF-f3
deactivation promotes late differentiation (4). Here, using
previously described methods (4), we found that Krt8 (keratin 8)
and Krt18 were highly upregulated during early differentiation and
downregulated during late differentiation (Figure 1A).
Immunostaining of lung sections from the LPS and influenza
models of lung injury confirmed that although KRT8 expression
was diffusely upregulated in AEC2s and AECIs after injury (data
not shown) (5), its expression was particularly high in lineage-
labeled AEC2s with a partially spread, transitional morphology
consistent with the early differentiation state (Figure 1B). KRT8
was then downregulated in lineage-labeled cells with a squamous,
AECI1 morphology suggesting that they had fully differentiated.
TGEF-B activation in transitional cells was confirmed by in situ
hybridization for integrin 36 (data not shown).

Keratins provide mechanical strength to epithelia but also have
signaling functions such as regulating differentiation (6, 7). KRT8/KRT18
is the primary keratin pair expressed by simple epithelia, but its
signaling function in the alveolar epithelium is unknown. To determine

whether KRT8/KRT18 initiates AEC2-to-AECI differentiation, we used
an in vitro assay of differentiation (Figure 1C). We previously
demonstrated that TGF-B signaling is activated during early
differentiation (4) and here we found that Krt8 and Krt18 were
upregulated during AEC1 differentiation in culture (Figure 1C) (8),
recapitulating the TGE-B-activated Krt8/Krt18" early differentiation
state observed in vivo. Inhibition of TGF-B signaling attenuated
Krt8/Krt18 upregulation (Figure 1C). Finally, shRNA-mediated
Krt8 knockdown attenuated AEC1 differentiation (Figure 1C).
Thus, TGF-B-dependent KRT8/KRT18 expression was necessary
to initiate differentiation in vitro.

However, subsequent TGF-f deactivation promotes late AEC2-
to-AEC1 differentiation (4). Because fibrosis is characterized by
hyperplasia of transitional AECs with a paucity of mature AECls and
unchecked TGF-3 signaling, we hypothesized that the transitional
KRT8/KRT18™ early differentiation cell state may persist in fibrosis
owing to persistent TGF- activation. We observed abundant
epithelial cells with a transitional morphology and high KRT8
expression in the fibrotic lungs of mice treated with bleomycin
(Figure 2A). A previous single-cell RNA sequencing study revealed a
unique cell state of AEC2s present in IPF but not normal human lungs
(cluster 3 in Figure 2B) (9). Here, we found that AEC2s in that cell
state expressed high levels of KRT8 and KRT18 and TGF-f3 pathway
genes (Figure 2B). Immunostaining of IPF lungs revealed hyperplastic
AECs, some with a spread morphology, expressing high levels of
KRT8 (Figure 2C). These cells were found in clusters in fibrotic
regions, lining dilated airspaces and overlying fibroblastic foci
(Figure 2C). The abundance of KRT8/KRT18™ TGF-B-activated
AECs observed in both murine and human fibrotic lungs suggests that
these cells may be paused or arrested in the early differentiation cell
state (Figure 2D). Because TGF-3 and KRT8/KRT'18 are downregulated
during late differentiation, TGF-f3 deactivation promotes late
differentiation, and KRT8/KRT18 expression is TGF-B dependent, we
speculate that although KRT8 upregulation initiates early differentiation,
in IPF a failure of TGF-B deactivation and KRT8 downregulation may
result in persistence of the early differentiation state.

Future investigation is warranted to confirm that KRT8 plays
a functional role in AEC2-to-AECI differentiation in vivo and to
dissect underlying mechanisms. Because small-molecule
inhibitors can have nonspecific effects, the regulation of
Krt8/Krt18 expression by TGF-f should be confirmed using
genetic methods in vivo. Exactly how similar the KRT8™ cells in

Figure 1. (Continued). sequenced. *P < 0.01 for Pdpn, Emp2, Akap5, and Hopx in naive AEC1s compared with all other cells sequenced. (B) Lung
sections were stained with the indicated antibodies. Insets 1-4 are enlarged below. Arrows indicate cuboidal AEC2s with KRT8 expression that was low or
undetectable at the exposure settings used (KRT8 was detected in cuboidal AEC2s with higher exposure [data not shown]). Open arrowheads indicate
lineage-labeled cells with a transitional, spread morphology but no detectable PDPN, consistent with early differentiation. These cells express high
levels of KRT8. Solid arrowheads indicate lineage-labeled cells with a squamous morphology that express PDPN, consistent with late differentiation,
but have low KRT8 expression. DAPI is represented by the dark blue stain. The fluorescence intensity of KRT8 was measured in the injured areas
using LCmicro software (Olympus), and the average intensity of cuboidal, partially spread, or squamous cells per mouse is shown; n =4 mice/group;
*P < 0.05 by Kruskal-Wallis test with Dunn’s multiple comparisons. (C) Rat AEC2s were isolated as previously described (4) and cultured in Dulbecco’s
modified Eagle medium + 10% fetal bovine serum. Quantitative PCR and Western blotting were performed. Differentiation, Krt8/Krt18 upregulation:
AEC1 markers, Krt8, and Krt18 are upregulated by Day 3 of culture. Data are shown as the fold change compared with expression levels at Day O for
each gene. TGF- inhibition: the TGF-BRI kinase inhibitor LY364947 attenuated Krt8/Krt18 upregulation. Data are shown as the fold change
compared with expression levels without the inhibitor for each gene. Krt8 shRNA: cells were transduced with lentivirus (prepared by the University of
Michigan Vector Core) containing one of two distinct shRNA constructs (TRCN0000325589 and TRCN0O000091874) cloned into the pLKO.1 vector
(Sigma). Data are shown as the fold change compared with expression levels with the scrambled shRNA for each gene. Krt8 knockdown attenuated
upregulation of AEC1 markers. Fold change was calculated by the 299! method using PPIB as the housekeeping gene. Each data point represents
one experiment performed on cells isolated from one animal; the data point is the average of two technical replicates. “P < 0.05 by two-tailed ¢t test.
Mean = SEM is shown. EPCAM = epithelial cell adhesion molecule; PDPN = podoplanin.

Correspondence 1445


https://rnabioco.github.io/lung-scrna/
https://rnabioco.github.io/lung-scrna/

>

Normal

Bleomycin Model

2 Al .

Normal AECs IPF Dilated Airspaces

> [ )
2 10 :
2
= 4
25 [ Hematoxylin and Eosin_]
o
X [ ] A )
I'Ways  Normal Airways IPF Honeycomb Cysts
E8% [ KRT8 proSPC D
885 A Fibrosis Normal
L3) 5 @ Regeneration
T ® o JTGFp
0 14 ® ® ®
Day CJ Late Differentiation
AEC2 Early Differentiation MAEC1 Markers
JAEC1 Markers TAEC1 Markers LTGFB
ITGFB TTGFB UKRT8/KRT18
IKRT8/KRT18 TKRT8/KRT18
B m Normal Human IPF
SFTPC m PF KRT8 KRT18 FN1 ITGB6
o | 0.8 ) 0.9 4y 05 . 4 i 0.6
; o 44 i | - 42
*

Figure 2. Alveolar epithelial cells (AECs) in the bleomycin mouse model of pulmonary fibrosis (PF) and human idiopathic PF (IPF) have a transitional
morphology and express high levels of KRT8. (A) Mice were treated with 0.025 U intratracheal bleomycin. At Day 14, lung sections were stained with the
indicated antibodies. Shown are insets 1-7 enlarged. Compared with cuboidal proSPC* PDPN™ cells in the control (insets 1 and 2) and bleomycin-treated
(inset 7) lungs, KRT8 is upregulated in cells with a transitional morphology and varying levels of proSPC and PDPN expression in the bleomycin-treated
lungs (insets 3-6). The KRT8" cells are found in the fibrotic areas of the bleomycin-treated lungs; KRT8 expression by type 2 AECs (AEC2s) in the
uninjured areas of bleomycin-treated lungs is similar to that observed in control mice (data not shown). The fluorescence intensity of KRT8 in the cuboidal
and partially spread cells was measured in control lungs and the injured areas of bleomycin-treated lungs, and the average KRT8 intensity per mouse is
shown; n = 4 mice per group; “P < 0.05 by Kruskal-Wallis test with Dunn’s multiple comparisons. Mean = SEM is shown. (B) An existing dataset of single-
cell RNA sequencing performed on normal human subjects and patients with PF (9) revealed the presence of six epithelial cell clusters, three of which were
AEC2s. Cluster 3, which was present only in patients with IPF, displayed high expression of KRT8 and KRT18 and the TGF-B (transforming growth factor
B) pathway genes FN1 (fibronectin) and ITGB6 (integrin B6). P < 10722 for expression of these genes in cluster 3 compared with other epithelial cells. The t-
distributed stochastic neighbor embedding plots were obtained from UCSC Cell Browser (https://www.nupulmonary.org/resources/?ds=figé) on August
1, 2019. (C) Lung sections from normal human subjects (obtained from Gift of Life Michigan) or IPF explants were stained for KRT8, proSPC, and KRT5.
Normal AEC2s and AEC1s expressed low levels of KRT8. White arrows indicate cuboidal AEC2s with KRT8 expression that was low or undetectable at
the exposure settings used (KRT8 was detected in cuboidal AEC2s with higher exposure [data not shown]). In the IPF lung, there were clusters of cuboidal
KRT8" proSPC* cells (asterisks). There were also dilated airspaces lined by KRT8" KRT5™ cells with a more spread morphology; most of these were
proSPC™ (pink arrows), but some expressed lower levels of proSPC (orange arrows). The fibroblastic foci were covered KRT8" KRT5 ™ cells; most of these
were proSPC™ (red arrows), but some were proSPC™ (yellow arrows). Thus, these clusters, dilated airspaces, and fibroblastic foci contain hyperplastic
AEC2s (some with a transitional morphology) that have upregulated KRT8. Luminal cells of the pseudostratified airways of normal lungs (solid white
arrowheads) and simple (open white arrowheads) and pseudostratified (solid white arrowheads) honeycomb cysts of IPF lungs were KRT8", proSPC ™,
and KRT5™. The basal cells of normal airways and pseudostratified honeycomb cysts of IPF lungs were KRT5™ (solid pink arrowheads), consistent with
previous reports (11) and were KRT8™. DAPI is represented by the dark blue stain. The images shown are representative of n =4 humans per group.
Although lineage tracing of human cells cannot be performed, our data taken together with the literature suggest that the hyperplastic KRT8" AECs that
are proSPC™ and nearby proSPC™ cells in the clusters, cysts, and fibroblastic foci are derived from AEC2s, whereas the KRT8™ luminal cells of the
honeycomb cysts are airway derived. (D) During normal epithelial regeneration, AEC2s differentiate into AEC1s via two discrete transitional states: 7) early
differentiation characterized by upregulation of AEC1 markers and KRT8 and activation of TGF-B signaling, and 2) late differentiation characterized by
further upregulation of AEC1 markers, KRT8 downregulation, and deactivation of TGF-B signaling. TGF- deactivation promotes late differentiation. In IPF,
there is persistence of the TGF-p-activated, KRT8" early differentiation state. PDPN = podoplanin.
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the animal models are to the KRT8" cells in IPF should be
assessed. We must also determine whether AECs permanently
arrest or just pause in the early differentiation state, and whether
a failure of KRT8 downregulation is causally related to this. Finally,
although we propose that persistence of the early differentiation state
may represent the ineffectual epithelial regeneration that is widely
believed to promote fibrogenesis, whether KRT8/KRT18™

AEC2s activate fibroblasts should also be examined. During the
preparation of this work, an unpublished preprint reported the
emergence of a transitional Krt8/Krt18", TGF-B-activated state after
lung injury induced by bleomycin (10), which is strikingly similar to the
TGF-B-activated Krt8/Krt18" transitional cell state we previously
identified in the LPS model (4). The upregulation of TNF, MYCN, and
NREF2 target genes reported in the bleomycin model was also observed
in the LPS model (4). Although bleomycin induces fibrosis, the fibrosis
eventually resolves and late differentiation, with Krt8/Krt18
downregulation and TGF- deactivation, ensues (10).

The mechanisms underlying AEC2-to-AEC1 differentiation
during physiologic regeneration and the manner in which alveolar
regeneration may go awry during the pathogenesis of fibrosis have
remained fundamental unanswered questions in the field. Here,
we demonstrate that physiologic AEC2-to-AECI differentiation
proceeds via an early differentiation state characterized by TGF-
B-dependent KRT8/KRT18 upregulation and a late differentiation
state characterized by TGF-f deactivation and KRT8/KRT18
downregulation. This regenerative lineage trajectory appears to be
conserved in three injury models, which is a significant finding with
therapeutic implications. However, in fibrosis, likely owing to
persistent TGF-3 activation, regenerating AEC2s persist in the
KRT8/KRT18™ early differentiation state. These findings may
ultimately lead to novel therapies to promote physiologic
regeneration and suppress fibrogenesis in IPF.
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W) Check for updates

Asthma and Obstructive Sleep Apnea: Taking It a
to Heart

To the Editor:

In a recent article, Prasad and colleagues eloquently consolidated
the current evidence regarding the bidirectional interaction

8This article is open access and distributed under the terms of the Creative
Commons Attribution Non-Commercial No Derivatives License 4.0
(http://creativecommons.org/licenses/by-nc-nd/4.0/). For commercial
usage and reprints, please contact Diane Gern (dgern@thoracic.org).
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