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Correction

MICROBIOLOGY
Correction for “Regenerative therapy based on miRNA-302
mimics for enhancing host recovery from pneumonia caused by
Streptococcus pneumoniae,” by Yan Wang, Yong Li, Peggy
Zhang, Sandy T. Baker, Marla R. Wolfson, Jeffrey N. Weiser,
Ying Tian, and Hao Shen, which was first published April 10,
2019; 10.1073/pnas.1818522116 (Proc. Natl. Acad. Sci. U.S.A.
116, 8493–8498).
The authors note that Fig. 3 appeared incorrectly. The authors

note, “In the FEV0.1/FVC ratio measurement experiment shown
in Fig. 3G, the miR-302b/c group should be 87.3% and the Ctrl
group should be 93.3%. However, the two values were swapped
in the graph.” The corrected figure and its legend appear below.
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Fig. 3. Effects of miR-302b/c mimics treatment on SpT4-infected mice. (A) Schematic of experimental design. Mice were infected with SpT4 on day 0 and then
treated with either miR-302b/c or Ctrl mimics at 5 and 6 dpi and monitored daily for survival (B), gain of body weight (C), and blood oxygen levels (F). Total
protein levels (D) and LDH activities (E) in BALF at indicated dpi. Pulmonary functions (G) were analyzed at 21 dpi for compliance, forced expiratory volume in
0.1 s (FEV0.1), and forced vital capacity (FVC). (H) Immunostaining of lung sections with antibodies to T1α and to SPC. (Scale bars: 50 μm.) (I) qRT-PCR of T1α
and SPC mRNA in lung tissues. Normal: uninfected/untreated control. Data in B were analyzed using the Gehan–Breslow–Wilcoxon test of cumulative data
(n = 14 for miR-302b/c; n = 16 for Ctrl mimics). Data shown are means ± SEM (C–G, n = 4 per group; I, n = 10 per group). *P < 0.05; **P < 0.01; ***P < 0.001.
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Edited by John J. Mekalanos, Harvard Medical School, Boston, MA, and approved March 19, 2019 (received for review October 28, 2018)

Bacterial pneumonia remains a leading cause of morbidity and mor-
tality worldwide. A defining feature of pneumonia is lung injury,
leading to protracted suffering and vulnerability long after bacterial
clearance. Little is known about which cells are damaged during
bacterial pneumonia and if the regenerative process can be harnessed
to promote tissue repair and host recovery. Here, we show that in-
fection of mice with Streptococcus pneumoniae (Sp) caused sub-
stantial damage to alveolar epithelial cells (AEC), followed by a
slow process of regeneration. Concurrent with AEC regeneration,
the expression of miRNA-302 is elevated in AEC. Treatment of Sp-
infected mice with miRNA-302 mimics improved lung functions,
host recovery, and survival. miRNA-302 mediated its therapeutic
effects, not by inhibiting apoptosis and preventing damage, but
by promoting proliferation of local epithelial progenitor cells to re-
generate AEC. These results demonstrate the ability of microRNA-
based therapy to promote AEC regeneration and enhance host
recovery from bacterial pneumonia.

pneumonia | bacteria | alveolus | regeneration | miRNA

Pneumonia is a major cause of severe morbidity, often
resulting in hospitalization, admission to intensive care units,

long recovery, and a high rate of mortality (1). Streptococcus
pneumoniae (Sp) is the leading cause of bacterial pneumonia and
secondary pneumonia following flu infection (2). The pathobiology
of pneumonia is characterized by robust host immune responses
that cause lung damage (2–4). Studies of microbial infection have
mostly focused on bacterial virulence and host immune responses,
with the goal of developing interventions based on antimicrobials or
vaccines. However, full recovery from bacterial pneumonia is de-
pendent not only on clearance of microbial pathogens but also on
regeneration of the damaged airway epithelium. Failure to repair
epithelial damage can disrupt the epithelial barrier that protects the
lung from external insults, leading to susceptibility to recurring in-
fections and development of chronic and progressive lung diseases,
which include chronic obstructive pulmonary disease (COPD), id-
iopathic pulmonary fibrosis, and emphysema (5, 6).
It is now well established that regulatory pathways involved in

tissue growth and differentiation during embryogenesis are
reactivated in the process of regeneration following injury in
adults (7, 8). microRNAs (miRNAs) have emerged as key
modulators of the regeneration process by controlling expression
of signaling and transcription factors involved in multiple facets
of tissue development and regeneration (9, 10). The miRNA
cluster miR-302–367, known as the miR-302 family, is highly
expressed at early stages of fetal mouse lung development and
contributes to enhanced proliferation of lung progenitor cells
during embryogenesis (11). However, the miR-302–367 gene
cluster is not actively expressed in healthy adult lungs (https://

lungmap.net/). Studies using mouse models with physical and
chemical injuries have shown that the regenerative process in the
lung parenchyma depends on proliferation and differentiation of
local stem or progenitor cell populations, which include the al-
veolar epithelial cells (AEC) and bronchiolar Club cells (12–14).
It remains largely unknown what role the miR-302 family and
epithelial regeneration play in repair and recovery from lung
injuries due to infection by microbial pathogens.
In this study, we established a murine pneumonia model with

diffuse bacterial infection of alveolar spaces, resulting in acute
inflammation and substantial damage to AEC, followed by a
slow process of regeneration over an extended period (>30 d).
We found the expression of miR-302 was up-regulated in AEC
and coincided with AEC regeneration. We hypothesized that
transient expression of miR-302 genes critical for fetal lung de-
velopment would stimulate local stem cells in the lung paren-
chyma to regenerate epithelium and promote animal recovery
following Sp infection. Here, we showed that treatment of Sp-
infected mice with miR-302 mimics improved lung functions,
host recovery, and survival by promoting proliferation of alveolar
epithelial progenitor cells to regenerate AEC and repair dam-
aged alveolar epithelium. These findings suggest that miRNA-
based therapy may be used as a powerful therapeutic to promote
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pathway important in embryogenesis that can be exploited to
promote tissue repair and help host recovery from bacterial
pneumonia. Although this approach of regenerative medicine
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in the treatment of microbial infections using microRNA-based
regenerative therapy.
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AEC regeneration and enhance host recovery from bacterial
pneumonia.

Results
AEC Damage and Regeneration in Sp-Infected Mouse Lung. C57BL/6
mice were infected intranasally (i.n.) under anesthesia with ∼5 ×
106 colony-forming units (cfu) of the Sp TIGR4 strain (SpT4),
resulting in direct infection of the lower respiratory tract and
acute bacterial pneumonia with an ∼40% mortality rate (15, 16).
Histology of lung sections of surviving mice showed numerous
foci of inflammatory lesions starting at 2 d post infection (dpi),
peaking at 7 dpi, and returning to normal state by 30 dpi (Fig.
1A). Bacterial loads in the lung were determined by cfu plating
and visualized by immunostaining of lung sections with anti-
bodies specific to the type 4 capsule on the surface of SpT4 (Fig.
1 B and C). Both cfu plating and immunostaining showed high
levels of bacteria in the lung at 2 dpi that were cleared by 7 dpi,
while immunostaining showed that most bacteria were localized
to the alveolar spaces. Thus, this infection model recapitulates
pathological and clinical features of severe acute pneumonia
with extensive inflammation in the lung and infected mice either
succumbing to infection or clearing bacteria.
Lung alveoli are primarily composed of alveolar epithelial type

I cells (AECI) that mediate the key function of gas exchange and
alveolar epithelial type II cells (AECII) that produce antimi-
crobial peptides and surfactant proteins and lipids for reducing

alveolar surface tension. Flat-shaped AECI cover more than
90% of the alveolar surface and can be visualized by staining for
the cell-type–specific marker T1α. Cuboidal-shaped AECII in-
terdigitate between AECI and can be visualized by staining for
the cell-type–specific marker SPC. Substantial destruction of
AECI and AECII was observed after SpT4 infection, as evi-
denced by significant loss of cell-type–specific markers for AECI
(T1α) and AECII (SPC) at both mRNA and protein levels (Fig.
1 D–G). The kinetics of AECI and AECII loss and regeneration
were similar, with dramatic loss at 2 and 7 dpi and recovery
starting after 7 dpi, as visualized by immunostaining of T1α
(AECI) and SPC (AECII) (Fig. 1 D and F). Similarly, gene ex-
pression analyses of cell-type–specific markers by qRT-PCR for
mRNA from the lung tissue showed decreased levels of T1α and
SPC at 2, 7, and 14 dpi (Fig. 1 E and G). By 30 dpi, there was
substantial recovery of AECI and AECII, although T1α and SPC
mRNA levels were still reduced compared with those before
infection (Fig. 1 E and G). In contrast to AEC, epithelial cells in
the bronchiolar regions, such as Club cells (CC10), were unaf-
fected (Fig. 1F) and neither were other cells in the lung, in-
cluding basal cells, ciliated cells, smooth muscle and fibroblasts,
and vascular endothelial cells at 7 dpi (SI Appendix, Fig. S1A).
Modest levels of intra-alveolar fibrotic lesions were observed, as
characterized by collagen fiber deposition and inflammatory cell
accumulation in alveolar spaces, which subsequently resolved be-
tween 7 and 14 dpi (SI Appendix, Fig. S1B). These results showed

Fig. 1. Bacterial clearance and alveolar epithelial damage and repair in SpT4-infected mice. Lung tissues were collected on 2, 7, 14, and 30 dpi with SpT4. (A)
H&E staining. (B) Immunostaining with antibodies to the type 4 capsular of SpT4 (green). (C) Bacteria loads in lung homogenate measured by cfu plating
(LOD: limit of detection). (D and F) Immunostaining with mAb to T1α (D, green), SPC (F, red), and CC10 (F, green). DAPI: blue in B, D, and F. [Scale bar: 500 μm
(A); 50 μm (B, D, and F).] (E and G) qRT-PCR of T1α and SPC mRNA in lung tissue. Data are mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 versus
noninfected normal lungs (0 dpi).
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that mice with SpT4 infection exhibited extensive lung paren-
chyma injuries that impaired alveolar architecture with specific
damage to AECI and AECII, rather than broad injury to all cell
types. The regeneration and repair processes were slow and took
more than 30 d for full recovery.

miRNA-302 Expression Is Elevated in AEC After Sp Infection. It is
known that regulatory pathways important for tissue growth and
differentiation during embryonic development can be reactivated
in the process of regeneration to promote tissue repair (7, 8).
The miRNA cluster miR-302–367 is important for lung epithelial
progenitor cell proliferation during embryonic development
(11). We explored a potential role of miR-302–367 by asking if
their expression is reactivated in the lung epithelium following
injuries caused by bacterial pneumonia. While the expression of
miR-302–367 was undetectable in the normal adult mouse lung
epithelium, two members (miR-302b and miR-302c) of the miR-
302–367 cluster were induced by SpT4 infection at 2 dpi, peaked
at 7 dpi, and returned to the basal level by 30 dpi (Fig. 2A). Cells
expressing miR-302c were evident in the alveolar epithelium by in
situ hybridization at 7 dpi, but not before infection (Fig. 2B).
Together, these data indicated that expression of miR-302b and
miR-302c was reactivated in the adult lung epithelium after SpT4
infection, suggesting a potential role of miR-302b/c during tissue re-
generation/repair in response to SpT4 infection-induced lung injury.

miRNA-302 Mimic Treatment Improves Lung Function, Host Recovery,
and AEC Regeneration in Sp-Infected Mice. We next tested the role
of miR-302b/c using in vivo administration of miRNA mimics with
the goal of developing novel therapeutics to improve recovery
from bacterial pneumonia. To determine whether i.v. administration
of miR-302b/c mimics led to accumulation of these miRNAs in the

lung, we examined lung tissues and observed that miR-302b/c levels
peaked at 4 h and returned to baseline 24 h after injection (SI
Appendix, Fig. S2A). We then treated SpT4-infected mice at 5 and 6
dpi with miR-302b/c mimics (miR-302b/c) or negative control
mimics (Ctrl) by tail-vein injections (Fig. 3A). Treatment with miR-
302b/c increased survival following infection compared with un-
treated, infected mice (Fig. 3B), and surviving treated mice regained
body weight more rapidly than surviving untreated controls (Fig.
3C). Mice treated with miR-302b/c had lower levels of total protein
and lactate dehydrogenase (LDH) activities in their bronchoalveolar
lavage fluid (BALF) relative to the Ctrl group (Fig. 3 D and E),
indicating less damage to lung tissue integrity in miR-302b/c–treated
mice. Assessment of gas exchange by pulse oximetry (SpO2) showed
accelerated recovery of oxygenation in the miR-302b/c-treated
compared with the Ctrl-treated group (Fig. 3F). Analysis of lung
mechanics by flexiVent revealed significant improvements in com-
pliance, forced expiratory volume (FEV0.1), and forced vital ca-
pacity (FVC) in miR-302b/c–treated animals compared with Ctrl
(Fig. 3G). The FEV0.1/FVC ratio was not significantly affected,
consistent with only modest levels of lung fibrotic lesion formation
induced by SpT4 infection that was not affected by miR-302b/c
treatment (SI Appendix, Fig. S2B). Collectively, these data show
that treatment with miR-302b/c mimics improved pulmonary func-
tion and recovery from bacterial pneumonia.
We next evaluated the effect of miR-302 mimics treatment on

the process of lung AEC regeneration. Analyses of lung sections by
immunostaining (Fig. 3H) and qRT-PCR (Fig. 3I) of the T1α and
SPC markers showed that miR-302b/c mimics-treated mice had a
significant increase of AECI (T1α) and AECII (SPC) at 7, 14, and
30 dpi compared with the Ctrl group. By 30 dpi, the Ctrl mice still
had lower expression of T1α and SPC markers compared with
uninfected controls. In striking contrast, miR-302b/c mimics-treated
mice fully recovered as there were no significant differences in
expression of T1α and SPC markers between miR-302b/c mimics-
treated and uninfected mice (Fig. 3I). Thus, therapeutic treatment
with miR-302b/c mimics at 5 and 6 d post SpT4 infection promoted
regeneration of AEC and repair of damaged alveolar epithelium,
resulting in improved pulmonary function, lower mortality rate, and
faster recovery of surviving animals from pneumonia.

miRNA-302 Mimic Treatment Increases AEC Proliferation in Vivo. To
study the mechanisms by which miR-302 mimics treatment might
help recovery at cellular and molecular levels, we examined its
effect on apoptosis and proliferation of lung epithelial cells and
on expression of genes associated with these processes. TUNEL
staining of lung sections showed no significant difference in the
number of apoptotic cells between miR-302b/c and Ctrl groups at 7,
14, and 21 dpi (SI Appendix, Fig. S3 A and B). Similarly, flow
cytometry detecting cleaved caspase 3 from EpCAM+ epithelial
cells showed no significant difference (SI Appendix, Fig. S3 C and
D). Furthermore, expression of apoptosis-associated genes (Dapk1,
Stk17B, Bax) (17–19) in lung epithelial cells as determined by qRT-
PCR was not affected at 7, 14, and 21 dpi, except increased level of
Stk17B at 7 dpi in miR-302b/c–treated mice (SI Appendix, Fig.
S3E). These results indicate that inhibition of apoptosis was un-
likely to explain the effect of miR-302b/c mimics in reducing tissue
injury during bacterial pneumonia.
An alternative mechanism of miR-302b/c mimics treatment

was stimulating proliferation of local progenitor cells and, thereby,
enhancing regeneration of AEC, tissue repair, and recovery (20).
To examine cell proliferation in vivo following bacterial pneu-
monia, SpT4-infected mice, either treated with miR-302b/c or Ctrl
mimics at 5 and 6 dpi, were pulsed with 5-ethynyl-2′-deoxyuridine
(EdU) for 3 h at 7 dpi (Fig. 4A). Proliferating epithelial cells were
quantified by visualizing EdU-labeled cells coimmunostained with
markers of AECI (Hopx) and AECII (SPC) (12, 13). There was a
significant increase in AECI and AECII proliferation detected in
the miR-302b/c–treated compared with the Ctrl-treated group (Fig.

B

A                           

Fig. 2. miR-302 expression in AEC after SpT4 infection. (A) qRT-PCR analysis
of miR-302–367 polycistron (miR-302b/c/a/d family and miR-367) from iso-
lated lung epithelial cells of mouse distal lungs at 0, 2, 7, 14, and 30 dpi. (B) In
situ hybridization of digoxigenin-labeled LNA miR-302c antisense probe and
LNA-scrambled control probe (Exiqon) on lung tissue sections at 0 and 7 dpi.
Arrowheads point to the alveolar epithelial cells. (Scale bars: 50 μm.) Data
shown are means ± SEM (A, n = 4 per group). *P < 0.05; **P < 0.01.
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4 B and C). Gene expression analyses using qRT-PCR showed that
lung epithelium of miR-302b/c–treated mice had increased ex-
pression of genes associated with positive regulation of cell pro-
liferation, including Ccnd1, Ccnd2, Ctgf, Cyr61, Nusap1, Myh10,
Cks2, and Brca2 (21–28), compared with Ctrl-treated mice (Fig.
4D). In addition, expression of Cdkn1a, a cell-cycle inhibitor gene
(29), was reduced by miR-302b/c treatment (Fig. 4D). These results
show that local epithelial cell proliferation, especially AECI and
AECII, accounted for the accelerated repair in lung alveoli after
miR-302b/c treatment following acute Sp-induced lung injury.
To determine the possible effects of miR-302b/c treatment on other

cells in the lung, we assessed cell proliferation by coimmunostaining of
various cell-type–specific markers and incorporation of EdU among

different cell populations. We detected no proliferation in bronchial
basal cells (p63) or ciliated cells (β-tubulin IV) in either miR-302b/c
or Ctrl groups (SI Appendix, Fig. S4 A and B). On the other hand,
we observed proliferating bronchiolar Club cells (CC10), smooth
muscle cells (αSMA), vascular endothelial cells (PECAM1), and
macrophages (F4/80) at 7 dpi in both groups (SI Appendix, Fig. S4
C–J). Further quantification revealed 3.4-fold more proliferating
bronchiolar Club cells in the miR-302b/c–treated group (SI Appen-
dix, Fig. S4D), while proliferation of other three cell populations was
not significantly different between the miR-302b/c and Ctrl groups
(SI Appendix, Figs. S4F, S4H, and S4J). Moreover, no differences
were found in lung fibrotic lesion formation and resolution at 7, 14,
and 21 dpi between the miR-302b/c and Ctrl groups (SI Appendix,
Fig. S2B). These data indicate that miR-302 mimics treatment had a
minimal effect on proliferation of cell types other than bronchiolar
and alveolar epithelial cells in the lung.

Discussion
Our results show that bacterial pneumonia causes extensive
damage to AEC in lung parenchyma and induces transient ex-
pression of miRNA-302 in the lung epithelium. Administration
of miR-302 mimics to SpT4-infected mice improves AEC re-
generation and lung function and enhances mouse recovery and
survival. These results provide an example of a signaling pathway
important in embryogenesis that can be reactivated and exploi-
ted for regenerative lung therapy following microbial infection.
miRNA mimics are double-stranded RNA molecules intended

to “mimic” native miRNAs; they have been used successfully to
augment the function of endogenous miRNA in mouse models
and are being tested in clinical trials for cancer treatment (30,
31). We show in this study that a miRNA mimics approach can

Fig. 4. AEC proliferation following miR-302b/c mimics treatment of SpT4-
infected mice. (A) Schematic of experimental design. (B and C) Confocal
images of lung sections at 7 dpi by Click-iT EdU Alexa Fluor 488 imaging and
coimmunostaining with antibodies to SPC (AECII, B) and to Hopx (AECI, C),
and quantification of EdU+SPC+ and EdU+Hopx+ cells as percentage of total
SPC+ and Hopx+ cells, respectively. Arrowheads in B and C point to nucleus of
proliferating (EdU+) cells. Quantitative analyses represent counting of mul-
tiple fields from five independent samples per group (∼2,200 SPC+ cells and
∼765 Hopx+ cell per sample). Data are means ± SEM (n = 5–6 per group). (D)
Expression of indicated genes of interest by qRT-PCR analysis of the mRNA of
isolated lung epithelial cells at 7, 14, and 21 dpi. Data are means ± SEM (n =
3 per group and time point). *P < 0.05; **P < 0.01; ***P < 0.001 (Student’s
t test). (Scale bars: 10 μm.)

Fig. 3. Effects of miR-302b/c mimics treatment on SpT4-infected mice. (A)
Schematic of experimental design. Mice were infected with SpT4 on day
0 and then treated with either miR-302b/c or Ctrl mimics at 5 and 6 dpi and
monitored daily for survival (B), gain of body weight (C), and blood oxygen
levels (F). Total protein levels (D) and LDH activities (E) in BALF at indicated
dpi. Pulmonary functions (G) were analyzed at 21 dpi for compliance, forced
expiratory volume in 0.1 s (FEV0.1), and forced vital capacity (FVC). (H)
Immunostaining of lung sections with antibodies to T1α and to SPC. (Scale
bars: 50 μm.) (I) qRT-PCR of T1α and SPCmRNA in lung tissues. Normal: uninfected/
untreated control. Data in B were analyzed using the Gehan–Breslow–Wilcoxon
test of cumulative data (n = 14 for miR-302b/c; n = 16 for Ctrl mimics). Data
shown are means ± SEM (C–G, n = 4 per group; I, n = 10 per group). *P <
0.05; **P < 0.01; ***P < 0.001.
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be used as a treatment of microbial infection by accelerating the
proliferation of lung progenitor cells and regeneration of AEC to
repair lung injury following bacterial pneumonia. These results
suggest that the adult lung is capable of initiating a regenerative
response after microbial infection to repair tissue injury by utilizing
pathways typically expressed during embryogenesis and fetal lung
development. However, the natural regenerative process is slow (not
fully recovered after 30 d), leaving the host vulnerable to external
insults and infections. Our results also showed transient expression
of miR-302 in alveolar epithelium following bacterial pneumonia
that is concomitant with regeneration of AEC and recovery of lung
functions, suggesting that up-regulation of miR-302 may play a role
in the regenerative process. Given the slow process of natural re-
generation, we reasoned that addition of exogenous miR-302 by
miRNA mimics can increase proliferation of lung progenitor cells
and accelerate the repair of lung injury and functions during bac-
terial pneumonia. Like other miRNAs, members of the miR-302
family engage a broad collection of mRNA targets, and the major
targets of the miR-302 family are genes involved in the cell cycle and
proliferation. Indeed, our results showed that miR-302 mimics
resulted in up-regulation of genes associated with promoting cell
proliferation, which likely contributed to enhanced proliferation of
AECI and AECII observed in miR-302 mimics-treated mice. AECI
and AECII are known local progenitor cells in lung alveoli. Injury
models using either chemical or mechanical insults show that AECII
and AECI increased their proliferation to replace the lost alveolar
epithelial cells and contribute to the repair/regeneration of alveolar
epithelium (12, 13). Our previous work has shown that miR-302
targets the cell-cycle inhibitor Cdkn1a and that expression of miR-
302 is essential for the proliferation of lung epithelial progenitor
cells during embryonic development (11, 32). In this study, miR-
302b/c mimics treatment led to decreased expression of Cdkn1a in
lung epithelium (Fig. 4D). Together, these data suggest that the
mechanism by which miR-302b/c mimics promoted mouse lung
repair/regeneration and host recovery from bacterial pneumonia
was through regulating expression of genes that promote the pro-
liferation of AECI and AECII.
Efficient in vivo delivery of miRNA mimics to targeted cells is

the key to the success of this approach. We selected intravenous
administration as our first choice because our previous studies
with i.v. delivery had shown accumulation of miR-302b/c mimics
in the lung (32). In fact, intravenous delivery has proven to be an
efficient means to deliver drugs to the lung because the entire
right side of the heart is dedicated to pump blood exclusively into
the lung. More importantly for our purpose, bacterial pneumonia
causes substantial damage to the integrity of lung epithelium,
which allows efficient penetration of intravenously delivered drug
into lung epithelial cells (33). Systematic administration of
miRNA mimics resulted in a rapid therapeutic effect shortly after
the second dose, including increased proliferation of AECI and
AECII and improved lung functions (Figs. 3 and 4). One down-
side of this systematic delivery approach is accumulation and
possible off-site effects in other organs. Our previous studies have
shown that miR-302 mimics delivered by i.v. injection did not
cause an adverse effect in other organs including heart, liver, and
intestine (32). Furthermore, bacterial pneumonia is an acute in-
fection mostly limited to the lung. In our model, no bacteria or
tissue injuries are detected in other organs, and the resulting
immune responses are localized to the lung mucosa with minimal
responses in the spleen (16). Thus, we expect that miR-302b/c
mimics have the most effect in the lungs of SpT4-infected mice
and minimal adverse effects in other organs. Additionally, the
studies reported here are focused on more targeted approaches,
including intranasal delivery and specific targeting of AEC.
In conclusion, our results open up a frontier in developing

therapies for treating microbial infection by regenerative medicine.
Although this regenerative approach does not curtail microbial
growth per se, it reduces suffering and shortens recovery time by

fostering tissue repair and thus could be used in conjunction with
antimicrobial therapy to improve patient outcomes from serious
infections. In addition to treating acute pneumonia, this approach
may provide a long-term benefit of reducing severe chronic
pathological conditions, such as COPD, as repeated lung infec-
tions/injuries and defects in tissue regeneration/repair have been
implicated in these devastating conditions.

Materials and Methods
Animals. C57BL/6 mice (8–10-wk old) were purchased from Charles River
Laboratories and were housed in a specific pathogen-free environment at
the animal facilities of the University of Pennsylvania and Temple University.
All animal experiments were performed in accordance with protocols ap-
proved by the Institutional Animal Care and Use Committee at University of
Pennsylvania and Temple University.

Pathogens and Infections. Sp strain TIGR4 (serotype 4) (16) was propagated in
tryptic soy broth (Difco) at 37 °C and 5% CO2 without shaking until cultures
reached log phase, OD620 between 0.8 and 1.0 as determined by Spectronic200
spectrophotometer (Thermo). For lung infection, ∼5 × 106 cfu of TIGR4 in 30 μL
PBS was inoculated i.n. in mice that were anesthetized by i.p. injection with
100 μL Ketamine/Xylazine (100 mg/3.8 mg/kg). The dose was confirmed by
viable counting via plating of inoculum after infections. This infection resulted
in an acute pneumonia with ∼40% mortality rate; mice either succumbed to
the infection or cleared bacteria within days. Typically, each experimental
group started with 50%more mice than needed, and surviving mice were used
for analysis at later time points (n > 3 per time point per group) for injury and
repair. Mice were observed for clinical signs of morbidity by monitoring body
weights and survival daily. Lung homogenates and BALF were prepared as
described (16), and bacterial titers were determined by serial dilutions and
plating in triplicate. The limit of detection was 4 cfu/mL of lung homogenates.

RNA Purification and RT-PCR Analysis. For qRT-PCR of miR-302–367 cluster
concentration in epithelial cells, RNA was extracted from isolated epithelial
cells using a mirVana miRNA isolation kit (Ambion). For gene expression of
targeted genes in lung, total RNA was isolated from lung lobes or lung
epithelial cells at the indicated days post infection using TRIzol reagent and
reverse-transcribed using High-Capacity cDNA Reverse Transcription Kits
(Applied Biosystems). qRT-PCR was performed with primers as described in SI
Appendix, Table S1. miRNA qRT-PCR was performed by using the miR-302
LNA PCR primer sets (Exiqon). SYBR green detection of amplification was
performed using the StepOne Plus cycler (Applied Biosystems). Transcript
expression values were generated with the comparative threshold cycle
(Delta CT) method by normalizing to the expression of the GAPDH gene.

Histology. Lung tissues were inflated and fixed in 4% paraformaldehyde, em-
bedded in paraffin wax, and sectioned at 7-μm intervals. H&E staining was
performed using standard procedures. Immunohistochemistry was performed
using the following antibodies: type 4 pneumococcal capsular polysaccharides
(1: 500; Staten Serum Institut), proSurfactant protein c (1:200; Millipore), CC10
(T-18, 1:500; Santa Cruz), T1α (8.1.1, 1:100; Hybridoma Bank at University of
Iowa), Hopx (E-1, 1:200; Santa Cruz), p63 (D2K8X, 1:200; Cell Signaling Tech-
nology), β-Tubulin IV (ONS1A6, 1:100; BioGenex), αSMA (1A4, 1:500; Sigma),
PECAM1 (MEC13.3, 1:100; BD Pharmingen), F4/80 (BM8, 1:250; eBioscience),
and cleaved caspase-3 (Asp175, 5A1E, 1:400; Cell Signaling). Slides were
mounted with Vectashield mounting medium containing DAPI (Vector Labo-
ratories). Apoptosis was measured using an In Situ Cell Death Detection Kit
(Roche). Cell proliferation was measured using a Click-iT EdU Alexa Fluor 488
Imaging Kit (Thermo). The slides were imaged and subjected to an in-
dependent blinded analysis, using a Zeiss LSM 710 confocal microscope and
ImageJ software. Images shown are representative views of multiple fields
from at least five independent samples per group. Quantitation of cell numbers
was done using images acquired on confocal microscopy and the ImageJ with
the “Cell Counter” plug-in, counting multiple fields from five independent
samples per group and ∼2,200 SPC+ cells and ∼765 Hopx+ cells per sample.

Preparation of miRNA Mimics and in Vivo Treatment. miR-302b/c mimics and
negative controlmimicswere custom-ordered fromDharmacon (GE healthcare),
formulatedwith neutral lipid emulsion (NLE) (BIOO Scientific). To determine the
effect of miRNA mimics on respiratory repair after Sp infection, 10 μg of NLE-
formulated miR-302b/c mimics or control mimics were administered twice by
tail-vein injection at 5 and 6 dpi.
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Measurement of Pulse Oximetry. The MouseOx Pulse-oximeter (Starr Life Sci-
ences) was used tomeasure blood oxygen saturation (SpO2) in Sp-infectedmice.
Micewere anesthetized, and neck hairs were removed using an electric trimmer
before infection. For readings, the oximeter clip was placed on the neck and the
percentage of SpO2 was measured each second over several minutes; data
shown are the average of SpO2 readings recorded over 3–5 min per mouse.

Pulmonary Function Testing. Mice were anesthetized (4% isofluorane), trache-
ostomized (18 g), placed on the flexiVent system (SCIREQ), and ventilated with a
tidal volume (7 mL/kg) at a frequency of 150 breaths/min and a positive end
expiratory pressure of 3 cm H2O. Anesthesia was titrated between 2 and 4%
isofluorane to prevent spontaneous breathing; then, all pulmonary function
measurements were performed at the same level of anesthesia and repeated in
triplicate. After each measurement, the lung was conditioned to total lung ca-
pacity (i.e., 30 cm H2O). Whole-lung dynamic respiratory mechanics were mea-
sured including pulmonary compliance, and resistance was determined by
fitting the linear single-compartment model using a multiple linear regression,
followed by the forced oscillation technique. In addition, negative-pressure–
forced expirations were performed using the forced expiration extension for
mice of the flexivent system to measure FEV at specific time points during ex-
piration (i.e., FEV 0.1 s), forced vital capacity (FVC), and subsequent for calcu-
lations of the ratio of forced expiratory volumes to forced vital capacity (i.e., FEV
0.1 s/FVC), as previously described (34). Total time of measurement was <15 min.
All data were analyzed using FlexiVent software (version 7.5, service pack 4).

Quantification of Total Proteins and LDH Activity in BALF. BALF was collected
and centrifuged at 1,650 × g for 5 min at 4 °C, and supernatant was stored at
−80 °C until detection. Total protein concentration was measured using a
Bradford protein assay kit (Bio-Rad), and LDH activity was assessed using the
enzymatic detection of the CytoTox 96 nonradioactive cytotoxicity assay
(Promega) according to the manufacturer’s protocol and read on a PerkinElmer
plate reader. Three to five individual mice were measured and pooled together
at each time point.

Epithelial Cell Isolation and Flow Cytometry. Lung epithelial cells were isolated as
previously described (35). For FACS analysis, single-cell preparations were in-
cubated for 30–45 min at 4 °C with the following primary antibodies: EpCAM

(G8.8; eBioscience) and Streptavidin, R-Phycoerythrin Conjugate (SAPE), CD31
(1:500, 390; eBioscience), and CD45 (1:500, 30-F11; BioLegend). Cleaved Caspase-3
(1:400, 5A1E; Cell Signaling Technology) and allophycocyanin-conjugated sec-
ondary antibody. Incubations were done in PBS (without phenol red) plus 2% FBS,
and samples were collected on a BD FACSCanto Flow Cytometer and analyzed
using FlowJo.

miRNA in Situ Hybridization. In situ hybridizations were performed on 6-μm
paraffin-embedded lung sections. Sections were deparaffinized, rehydrated in
graded ethanols, and pretreated with 10 μg/mL of proteinase K (Roche) for 10
min at room temperature. After protease digestion, the digoxigenin-labeled
Locked Nucleic Acid (LNA) miR-302c antisense probe or LNA-scrambled control
probe (Exiqon) was hybridized to the slides in a humidified chamber at 60 °C
overnight at a concentration of 20 nM in the hybridization buffer of 5× SSC,
50% formamide, 0.1% Tween-20, 500 μg/mL yeast RNA, and 9.2 mM citric acid.
Posthybridization washes were performed three times for 30 min each at 60 °C
in 2× SSC 2× SSC, 50% formamide; five times for 5 min each at 25 °C in PBS
with 0.05% Tween-20 (PBST). Slides were blocked with 2% normal goat serum
and 2 mg/mL BSA in PBST for 1 h at 25 °C and incubated with anti-digoxigenin
alkaline phosphatase-conjugated antibody (Roche). Slides were rinsed in PBST
and developed with nitro blue tetrazolium/5-bromo-4-chloro-3- indolyl-
phosphate (NBT/BCIP) (Roche) to yield a blue-purple precipitate. Sections
were mounted for viewing.

Statistical Analyses. Data are presented as mean ± SEM. Unpaired, one-tailed,
Student’s t test was used to calculate statistical significance between two
groups, and a one-way ANOVA was used for multiple group comparison fol-
lowed by Bonferroni correction unless stated otherwise. All statistical tests
were performed using Prism software (GraphPad Software). Data shown are
means ± SEM. P values are depicted as follows: *P < 0.05, **P < 0.01, and
***P < 0.001. Results with P > 0.05 were considered not significant (n.s.).
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