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Influenza A virus (IAV) remains a major worldwide health
threat, especially to high-risk populations, including the
young and elderly. There is an unmet clinical need for ther-
apy that will protect the lungs from damage caused by
lower respiratory infection. Here, we analyzed the role of
EMAPII, a stress- and virus-induced pro-inflammatory and
pro-apoptotic factor, in IAV-induced lung injury. First, we
demonstrated that IAV induces EMAPII surface transloca-
tion, release, and apoptosis in cultured endothelial and
epithelial cells. Next, we showed that IAV induces EMAPII
surface translocation and release to bronchoalveolar lavage
fluid (BALF) in mouse lungs, concomitant with increases
in caspase 3 activity. Injection of monoclonal antibody
(mAb) against EMAPII attenuated IAV-induced EMAPII
levels, weight loss, reduction of blood oxygenation, lung
edema, and increase of the pro-inflammatory cytokine
TNF alpha. In accordance with the pro-apoptotic properties
of EMAPII, levels of caspase 3 activity in BALF were
also decreased by mAb treatment. Moreover, we detected
EMAPII mAb-induced increase in lung levels of M2-like
macrophage markers YM1 and CD206. All together, these
data strongly suggest that EMAPII mAb ameliorates IAV-
induced lung injury by limiting lung cell apoptosis and
shifting the host inflammatory setting toward resolution of
inflammation.

INTRODUCTION
Influenza infections are associated with the risk of development of
lower respiratory tract infections, pneumonia, and lung injury.1,2

Current treatment of influenza infection relies primarily on neur-
aminidase inhibitors, which are most effective when given within
the first 48 hr,3 a narrow window missed by the majority of patients
admitted to ERs with pulmonary complications. Importantly, the lat-
est meta-analysis shows that even early administration of antivirals
does not decrease the likelihood of influenza-related pneumonia,
although it lowers mortality and the need for ventilator support.4

Moreover, presently used antivirals may lose their therapeutic po-
tency in the future due to mutations of the virus.5,6 Given the current
paucity of therapeutic choices, there is an unmet medical need for a
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therapy that will not be virus specific, but rather protect the infected
lung by modulating detrimental host responses regardless of the type
of viral infection.

In the past decade, suppression of many pro-inflammatory responses
was successfully attained by a new class of therapeutic agents, mono-
clonal antibodies targeting host pro-inflammatory molecules.7

Whereas this approach is now widely used for the treatment of dis-
eases such as rheumatoid arthritis and multiple sclerosis, only limited
therapeutic monoclonal antibodies are available to treat lung dis-
eases.8 Here, we study the ability of monoclonal antibody toward
AIMP1/EMAPII to treat lung injury in mice. AIMP1 encodes non-
catalytic component of tRNA synthetase complex, which, upon stress
stimuli and apoptosis, can be translocated to the membrane and
released as pro-apoptotic and pro-inflammatory product EMAPII.9

EMAPII emerged as a novel target for treating lung diseases due to
the fact that it is released by lung endothelial cells.10–13 EMAPII levels
increase in chronic lung inflammatory conditions such as chronic
obstructive pulmonary disease (COPD)14 and developmental lung
disorders such as bronchopulmonary dysplasia.15 EMAPII mono-
clonal antibody (mAb) was shown to abrogate progression of emphy-
sema in mice exposed to cigarette smoke.14

Here, we analyze whether EMAPII mAb can limit an acute patholog-
ical condition of the lung, namely influenza A virus (IAV)-induced
lung injury. We show that EMAPII is translocated to the surface
and released in response to IAV in vitro and in vivo, and EMAPII
translocation and/or release potentiates IAV-induced endothelial
and epithelial apoptosis and barrier dysfunction. Importantly, we
demonstrate that EMAPII ablation with mAb attenuates IAV-
induced lung injury in mice and promotes a shift toward resolution
of inflammation.
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Figure 1. IAV Induces Apoptosis and EMAPII

Release in Pulmonary Endothelium and Epithelium

(A–C and E) Human pulmonary artery endothelial

cells (HPAEC), normal human bronchial epithelial cells

(NHBEC), human lung microvascular endothelial cells

(HLMVEC), and human alveolar epithelial line A549 were

stimulated with 1 pfu/cell IAV and then analyzed for (A and

B) caspase 3 cleavage, caspase 3 (A) and EMAPII (B)

expression, (C) surface annexin V staining, (D) released

EMAPII levels, (E) surface EMAPII staining, or (F)

concomitant caspase 3 cleavage and surface EMAPII

staining. *p < 0.05 by t test when compared to control

values. n = 3–6, data are shown as mean ± SEM.
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RESULTS
IAV Induces EMAPII-Dependent Apoptosis in Pulmonary

Endothelium and Epithelium

We have previously demonstrated that EMAPII mediates HIV pro-
tein gp120-induced apoptosis in endothelial cells.11 To elucidate
whether EMAPII plays a similar role in IAV-infected cells, we first
tested whether IAV evokes caspase 3 cleavage in pulmonary endo-
thelium and epithelium. Caspase 3 was chosen due to the conver-
gence of both extrinsic and intrinsic apoptotic pathways on this
important player in the terminal execution pathway.16 Our results
showed that normal human bronchial epithelial cells (NHBECs)
and alveolar epithelial cells (A549), as well as human pulmonary ar-
tery endothelial cells (HPAECs) and human lung microvascular
endothelial cells (HLMVECs) responded to IAV with caspase 3
cleavage observed as early as 4 hr after infection (Figures 1A
Molec
and 1B). Accordingly, surface annexin V stain-
ing, an alternative readout for apoptosis, was
increased in IAV-exposed epithelium and
endothelium (Figure 1C). IAV-induced
apoptosis was accompanied by a release
of extracellular EMAPII (detected as early as
2–6 hr after infection; Figure 1D) and increase
in EMAPII cell surface expression (Figure 1E).
These events were not accompanied by the in-
crease in AIMP1/EMAPII intracellular expres-
sion (Figure 1B) or AIMP1/EMAPII mRNA
levels (data not shown).

To assess the role of EMAPII surface transloca-
tion, we evaluated surface EMAPII fluorescence
levels in cleaved caspase 3-positive and -nega-
tive populations. In both endothelial and epithe-
lial cells, surface EMAPII mean fluorescence
levels were significantly higher in populations
positive for cleaved caspase 3 (Figure 1F), link-
ing IAV-induced EMAPII surface translocation
to the activation of pro-apoptotic pathways.

To show that EMAPII release potentiates IAV-
induced apoptosis, we compared caspase
3 cleavage in cells treated with IAV in the presence and absence of
recombinant EMAPII. EMAPII enhanced IAV-induced caspase
3 cleavage in endothelial (Figure 2A) and epithelial (data not shown)
cells, potentiating IAV effect. To demonstrate that IAV-induced
apoptosis is mediated by EMAPII, we applied EMAPII neutralizing
antibody to IAV-stimulated cells. The mAb dose previously described
to limit EMAPII-induced apoptosis in endothelial cells17 was also able
to limit IAV-induced apoptosis in A549 bronchial epithelium
(Figure 2B).

IAV and EMAPII Induce Barrier Dysfunction in Pulmonary

Endothelium and Epithelium

To further analyze the role of EMAPII in IAV-induced lung injury,
we assessed the effects of IAV and EMAPII on transendothelial
permeability. Endothelial monolayers challenged with 0.2–1 MOI
ular Therapy Vol. 26 No 8 August 2018 2061
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Figure 2. IAV-Induced Apoptosis Is Potentiated by EMAPII and Suppressed

by EMAPII mAb

HLMVECs (A) and A549 (B) were stimulated with 1 pfu/cell IAV (A) in the presence of

30 mg/mL recombinant EMAPII (E) or (B) 10 mg/mL control IgG or EMAPII mAb, then

analyzed for cleaved and total caspase 3 levels. n = 3–5, data are presented as

mean ± SEM; *p < 0.05 by one-way ANOVA with Tukey post-hoc.
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of IAV responded with transient decreases of transendothelial
resistance (Figure 3A). Control treatment with heat-inactivated vi-
rus did not induce endothelial hyperpermeability, suggesting that
active virus is required for barrier dysfunction. However, EMAPII
mAb failed to attenuate this short-term IAV-induced barrier
dysfunction in endothelial cells (Figure 3B), suggesting EMAPII-in-
dependent mechanism of the observed immediate loss of barrier in
response to IAV. On the contrary, alveolar epithelium responded to
IAV with delayed barrier disruption, evident 72 hr–96 hr after
2062 Molecular Therapy Vol. 26 No 8 August 2018
initial challenge (Figures 3C and 3E). Notably, recombinant
EMAPII was also able to induce delayed barrier dysfunction and
enhance IAV-induced effect, potentiating hyperpermeability (Fig-
ure 3C). In concert with pro-apoptotic effect of EMAPII,
EMAPII-induced decrease in transepithelial resistance (TER) was
attenuated with cell-permeable pan-caspase inhibitor QVD-OPh
hydrate (Figure 3D). To demonstrate that IAV-induced barrier
dysfunction is mediated by EMAPII, we applied EMAPII-neutral-
izing antibody to IAV-stimulated cells. EMAPII mAb significantly
attenuated IAV-induced decrease in TER, indicative of EMAPII
role in barrier-disruptive effects of IAV.

IAV Lung Injury Is Associated with EMAPII Translocation/

Release and Apoptosis in Lung

To assess the kinetics of IAV-induced lung injury development
and to identify the optimal time window for therapeutic interven-
tion with EMAPII-neutralizing antibody, we analyzed lung infec-
tion in mice following oropharyngeal aspiration of IAV. Delivery
of 750 pfu (particle forming units) of IAV to mouse lung caused
a self-limiting infection in mice, characterized by an initial
decrease in body weight reaching 78% of the original weight at
day 7 and followed by a spontaneous restoration to 95% of the
original weight at day 10–14 (Figure 4A). Consistent with the
course of malaise, conscious blood oxygenation decreased from
95% at day 0 to 82% at day 7, recovering to 90% by day 14 (Fig-
ure 4B). Assessment of lung injury indices showed that lung edema
peaked at day 7 (Figure 4C), whereas inflammatory cell and pro-
tein extravasation in bronchoalveolar lavage fluid (BALF) were
greater at day 10 (Figures 4D and 4E). Majority of inflammatory
cells recruited to lung in this model of IAV infection were macro-
phages (Figure 4E).

Analysis of EMAPII levels in IAV-infected lungs has shown that
EMAPII release to BALF occurs relatively late in the course of lung
injury and is concomitant with an increase in EMAPII expression
in total lung (Figures 5A and 5C). No increase in EMAPII plasma
concentration was noted (data not shown). Consistently, IAV-
induced increase in caspase 3 activity in BALF and total lung tissue
was not significant until day 10 post-infection (Figures 5B and 5D).
To increase sensitivity of detection and further analyze cellular sub-
sets affected by apoptosis in IAV-damaged lung, we performed
flow cytometric assessment of endothelial (CD31+), epithelial
(CD326+), and hematopoietic (CD45+) populations in lung digests.18

We observed significant increases in the amount of cleaved caspase
3-positive cells in endothelial and hematopoietic lineages as early as
days 5–7 post-infection (Figures 6B and 6D). Increases in the amount
of surface EMAPII+ cells were observed at days 5–7 in the same pop-
ulations (Figures 6A and 6C).

EMAPII mAb Attenuates EMAPII Release, Lung Injury, and

Apoptosis

To increase the clinical relevance of the tested treatment protocol, we
chose to start administration of EMAPII mAb 4 days after infection
(Figure 7A). Day 9 post-infection was chosen for terminal analyses.



Figure 3. IAV and EMAPII Induce Hyperpermeability

in Endothelial and/or Epithelial Monolayers

(A) HLMVECs grown to confluence were stimulated with

0.2 and 1 pfu/cell of IAV or 1 pfu/cell of heat-inactivated

IAV. (B) HPAECs were stimulated with 0.75 pfu/cell IAV in

the presence of 10 mg/mL control IgG or EMAPII mAb. (C)

A549 were stimulated with 2 pfu/cell IAV, 40 mg/mL re-

combinant EMAPII, or their combination. (D) A549 were

stimulated with 40 mg/mL recombinant EMAPII (E) in the

presence/absence of 9 mM QVD (Q). (E) A549 were

stimulated with 2 pfu/cell IAV in the presence of 15 mg/mL

control IgG or EMAPII mAb. Shown aremean ±SE of three

parallel recordings; resistance is normalized to the

moment of stimulation with IAV/EMAPII (shown with an

arrow in A and B). *p < 0.05 by t test.
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Repeated subcutaneous injections of EMAPII mAb attenuated the
levels of EMAPII released to BALF (Figure 7B). Importantly, EMAPII
mAb ameliorated IAV-induced loss of body weight (Figure 7C),
decreased blood oxygenation (Figure 6D), lung edema, and protein
extravasation into BALF (Figure 7E) in mice. Furthermore, EMAPII
ablation with mAb significantly attenuated IAV-induced caspase 3
activity in BALF (Figure 7F). However, EMAPII mAb therapy did
not reduce the total amount of inflammatory cell in BALF or corre-
sponding amounts of macrophages, lymphocytes, or neutrophils
(Figure 8A).

EMAPII mAb Shifts the Balance between Pro- and Anti-

inflammtory Markers in IAV-Infected Lungs

To assess the balance of pro-inflammatory and anti-inflammatory
players in mice responding to therapy with EMAPII neutralizing anti-
body, we analyzed markers of M1/M2 macrophages.

Analysis of BALF level of tumor necrosis factor alpha (TNF-a)
revealed significant attenuation of this M1 macrophage marker
in EMAPII mAb-treated mice (Figure 8B). Next, we analyzed
Molec
lung levels of M2 markers YM1 and CD206.
Western blot analysis revealed that both
YM1 and CD206 levels were increased at
days 7–10 post-infection with IAV (Fig-
ure 8C), suggesting natural resolution of
inflammation in our model of infection. Inter-
estingly, EMAPII neutralizing antibody
further increased lung levels of YM1 and
CD206, reaching significant differences with
YM1 and CD206 levels detected in control
mice (Figures 8D and 8E).

DISCUSSION
With the realization that influenza complica-
tions are often associated with excessive host
response,19 several host-directed therapies
were tested recently in an attempt to mitigate
IAV-induced lung injury. Some of them,
such as the nuclear factor kB (NF-kB) inhibiting derivative of
acetylsalicylic acid, already reached clinical trials (www.
clinicalregister.eu, EudraCT number: 2012-004072-19); others,
such as epithelium-restoring granulocyte-macrophage colony-
stimulating factor (GM-CSF), showed promising preliminary re-
sults.20 Surprisingly, immunomodulatory and lung-regenerative
bone marrow-derived mesenchymal stromal cells failed to atten-
uate lung injury in animal models of seasonal influenza,21,22

although mitigation of avian influenza-induced lung injury was
demonstrated.23,24 Interestingly, the key mechanism proposed
was the protection of alveolar epithelium from avian influenza-
induced damage.23 Our study investigates the ability of EMAPII-
neutralizing antibody to protect endothelium and epithelium
from IAV H1N1-induced apoptosis and is first to show that this
antibody can ameliorate IAV-induced lung injury in mice. Previ-
ously, pro-apoptotic activity of EMAPII was proven to be a key
pathological factor in chronic lung inflammatory condition, such
as COPD.14 Here, we show that pro-apoptotic EMAPII contributes
to the pathogenesis of acute inflammatory condition such as viral
lung injury.
ular Therapy Vol. 26 No 8 August 2018 2063
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Figure 4. Self-Limiting IAV Infection in Mice Is

Accompanied by Lung Injury

Mice were administered 750 pfu/mouse IAV to lung and

analyzed for (A) weight loss, (B) conscious blood

oxygenation, (C) lung edema, (D) BALF protein extrava-

sation, and (E) BALF white blood cell (WBC) count

including total WBC (t), macrophages (m), lymphocytes (l),

and neutrophils (n). (A and B) n = 5, (C and D) n = 7 for

control group and 3 or 4 for all other groups; data are

presented as mean ± SEM. *p < 0.05 by ANOVA with

Tukey post-hoc when compared to control values.
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IAV is known to induce host cell apoptosis by increasing
activity of pro-apoptotic factors Bax and Bad via interruption of
clusterin and Bax association25 or Bad phosphorylation and
cleavage.26 In addition, accumulation of pro-apoptotic proteins
such as TRAIL, death receptor Fas, and its ligand FasL in response
to IAV was also shown.27 Here, we show that IAV causes surface
translocation and release of pro-apoptotic EMAPII from endothe-
lial and epithelial cells. Our data indicate that both surface
translocation and challenge with extracellular EMAPII increase
caspase 3 cleavage in endothelium and epithelium, inferring both
autocrine and paracrine roles of translocated and/or released
EMAPII. Earlier, epithelial-released interferon a (IFNa) was
shown to relay epithelial damage from cells infected with IAV
H1N1 to the adjacent non-infected cells.28 Similarly, epithelial
damage by avian influenza was attributed to the release of soluble
mediators rather than direct cytopathic effects of virus.23 Our data
suggest that EMAPII is likely to play a similar role as the propa-
gator of the initial injury caused by IAV in endothelium and
epithelium.
2064 Molecular Therapy Vol. 26 No 8 August 2018
We have shown here for the first time that
EMAPII directly induces barrier dysfunction
in epithelial cells, and this dysfunction is
apoptosis dependent. Acting as an edemagenic
agent, translocated and/or released EMAPII is
likely to contribute to the pathogenesis of IAV-
induced lung edema, prompting the investiga-
tion of EMAPII ablation effects in in vivo lung
injury model.

To assess the effect of EMAPII neutralization
in vivo and establish the basis for possible ther-
apeutic intervention, we have tested the effect
of repeated subcutaneous administration of
EMAPII mAb on IAV-induced lung injury.
As of now, therapeutic monoclonal antibodies
are administered via parenteral route in the
form of injections;29 no technological platform
is currently available for inhaled administra-
tion of this type of biologic. Subcutaneous
route of administration was chosen here since
this route gives a patient an easy opportunity
for self-administration as opposed to intravenous administration in
the acute care setting. We have shown that subcutaneously delivered
EMAPII mAb, first administered at day 4 post-infection, effectively
limits IAV-induced body weight loss and lung injury indices
including decreased blood oxygenation, lung edema, and levels of
the pro-inflammatory cytokine TNF-a. Importantly, this therapeutic
window exceeds 48 hr post-infection period currently recommended
for the standard-of-care antivirals such as oseltamivir. This advantage
can be strongly appreciated by the at-risk patients who tested positive
for influenza outside of the 48-hr window of the first symptom
manifestation.

Interestingly, although significant increases in surface EMAPII-
positive cells in lung were observed at day 7 post-infection,
increases in levels of released EMAPII were not detected in BALF
until day 9 or 10 of IAV infection. These data suggest that the
time course of EMAPII release to BALF is delayed when compared
to the changes in lung injury indices, making changes in surface
EMAPII expression a better clinical indicator of lung injury.



Figure 5. IAV-Induced Lung Injury Is Accompanied

by EMAPII Release and Induction of Pulmonary

Apoptosis

Mice were administered 750 pfu/mouse IAV to lung and

analyzed for (A) BALF level of EMAPII, (B) BALF level o

caspase 3/7 activity, (C) lung levels of EMAPII, (D

lung levels of cleaved caspase 3. n = 7 for control group

and 3–4 for all other groups; data are presented as

mean ± SEM. *p < 0.05 by ANOVA with Tukey post-hoc

when compared to control values.
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Furthermore, data of literature suggest that EMAPII-mediated
apoptosis is induced more efficiently via contact with EMAPII-pre-
senting cells rather than via soluble mediator signaling.30 The fact
that administration of EMAPII mAb on day 4 allowed us to see
improvement in body weight as early as day 6 post-infection
strongly suggests that early EMAPII surface translocation and
rise in local EMAPII levels (in vicinity of leukocyte-endothelial
interface) is of clinical significance.

In accordance with the pro-apoptotic role of EMAPII,13,14 we de-
tected strong attenuation of caspase 3/7 activity in BALF of
EMAPII mAb-treated mice. While our in vitro data strongly sug-
gested that the reduction of EMAPII-induced lung cell apoptosis
and barrier hyperpermeability are the main mechanisms leading
to lung edema attenuation by EMAPII mAb, we also explored mod-
ulation of inflammation as an additional mechanism of lung injury
mitigation. To our surprise, initial assessment revealed no suppres-
sion of IAV-induced extravasation of inflammatory cell by EMAPII
mAb. However, a reduced level of the M1 macrophage marker
TNF-a in BALF prompted further investigation of the shift be-
tween the pro-inflammatory M1 and anti-inflammatory M2-like
macrophage phenotype in EMAPII mAb-treated animals. Analysis
of the M2-like macrophage markers CD206 and YM1 revealed that
their expression is increased between day 7 and day 10 in the self-
limiting model of IAV infection analyzed here. Importantly, CD206
Molecular Therapy Vol. 26 No 8 August 2018 2065
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and YM1 levels were further increased in mice
receiving EMAPII mAb therapy. These results
are in concert with the recent findings23

demonstrating that therapy with mesenchyma
stem cells, protecting epithelium, also shifts
M1/M2 balance of infiltrating macrophages
without changing the total amount of inflam-
matory cells in BALF. These data sugges
that attenuation of lung cell damage is likely
to affect macrophage machinery via paracrine
factor cross-talk facilitating resolution o
inflammation. With EMAPII mAb therapy
EMAPII ablation can also have a direct effec
on macrophage polarization, since macro-
phages express EMAPII receptor CXCR3,31

and CXCR3 deficiency is known to promote
M2 phenotype.32 M2-like macrophages were
recently shown to play important roles in the resolution of lung
injury.33 All together, our data demonstrate that EMAPII mAb
therapy exerts its beneficial effects via several mechanisms
involving suppression of lung cell apoptosis and/or barrier dysfunc-
tion as well as promotion of the resolution of inflammation.

In conclusion, this study has clearly shown that EMAPII mAb effec-
tively attenuates IAV-induced lung injury in mice. This therapy tar-
gets a novel component of endothelial and/or epithelial injury34,35

along with more conventional components of host inflammatory
milieu. In contrast to existing anti-viral therapies19 and prospective
therapies with virus-specific monoclonal antibodies,36 this therapy
will not be compromised by development of resistance in viruses
and can be possibly extended to treat lung injury from other viruses
frequently causing pulmonary complications, such as adenovirus.
Another important conclusion from our study is that careful investi-
gation of the EMAPII role in clinical disorders where endothelium
and/or epithelium are exposed to noxious stimuli may reveal yet-un-
discovered involvement of EMAPII in pathogenesis. For these disor-
ders, EMAPII mAb therapy may be of clinical relevance.

MATERIALS AND METHODS
Cell Culture-Based Assays

HPAECs, HLMVECs, NHBECs (Lonza, Walkerville, MD),
and A549 (ATCC, Manassas, VA) were stimulated with H1N1
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Figure 6. IAV-Induced Lung Injury Is Accompanied

by Surface EMAPII Translocation and Caspase 3

Cleavage in Cells of Hematopoietic and Endothelial

Lineage

Mice infected with 750 pfu/mouse IAV were sacrificed at

day 5 (A and B) or day 7 (C and D). Lungs were digested

and subjected to concomitant staining for surface CD31/

CD326/CD45 and EMAPII (A and C) or permeabilized and

subjected to concomitant staining for CD31/CD326/

CD45 and cleaved caspase 3 (B and D). n = 3–5; data are

presented as mean ± SEM. *p < 0.05 by t test with Welch

correction when compared to control values.
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A/PR/8/34 (ATCC, #VR-1469) in the absence or presence of rat
immunoglobulin G (IgG) (Abcam, Cambridge, UK, ab#37361) or
rat anti-human EMAPII M7/1 mAb.14 Media was analyzed with
human AIMP1 competitive ELISA kit (MyBioSource, San Diego,
CA). Cells were stained for surface proteins with anti-EMAPII
mAb14 or annexin V antibody (Abcam, #ab14085) and subjected
to flow cytometry using a fluorescence-activated cell sorting
(FACS) Calibur flow cytometer and Cell-Quest Pro software (BD
Biosciences, San Jose CA) or analyzed for cell fluorescence using
FlexStation II (Molecular Devices, Sunnyvale, CA). Mean fluores-
cence was assessed for EMAPII; percentage of positive cells was as-
sessed for annexin V. For EMAPII mRNA level analysis, qRT-PCR
was performed with EMAPII primers from Sino Biological
(Beijing, China), using b-actin as the housekeeping gene. Alterna-
tively, cells were digested with 1% SDS-containing PBS and
analyzed by western blot with anti-cleaved caspase 3, anti-caspase
3 (Cell Signaling, Danvers, MA, #49662 and #96625, respectively),
rabbit anti-EMAPII17 and anti-b-actin antibodies (Sigma, St. Louis,
MO, #A5441).

Measurement of Transendothelial Permeability

Transendothelial electrical resistance (TER) was measured using the
highly sensitive biophysical assay with an electrical cell-substrate
impedance sensor as described previously.37 In brief, HPAECs,
HLMVECs, and A549 grown to confluence in recommended growth
media were stimulated with IAV, EMAPII, or their combination.
When indicated, EMAPII mAb M7/1 mAb,14 control rat IgG
(#400533, Biolegend, San Diego CA), or pan-caspase inhibitor
QVD-OPh hydrate (ApexBio, Houston, TX) was applied.
2066 Molecular Therapy Vol. 26 No 8 August 2018
Infection of Mice with IAV

All animal procedures were approved by Indiana
University Institutional Animal Care and Use
Committee and conformed to the requirements
of Animal Welfare Act.

To induce lung injury, 750 pfu/mouse of IAV
were delivered to 12-week-old female C57BL/6
mice by oropharyngeal aspiration.38 Two and a
half milligrams per kilogram rat anti-human
EMAPII mAb14 were administered subcutane-
ously on days 4, 6, and 8 post-infection. Blood oxygenation levels
were measured in alert animals using MouseOx Plus neck sensor
(Starr Life Sciences, Oakmont, PA). At sacrifice, lungs were collected
and/or used to extract BALF.

BALF and Lung Collection and Analyses

BALF was obtained from anesthetized animals by flushing the right
lung with three portions of ice-cold PBS (0.8 mL). The left lung was
excised and used for wet to dry weight ratio analysis; the right lung
was snap-frozen and used for western blot analyses. BALF was
centrifuged at 600 � g to sediment cells; the pellet was subjected
to red blood cell lysis; the supernatant was frozen for future ana-
lyses. BALF supernatants were analyzed with Apo-one caspase 3/7
activity assay (Promega, Madison, WI), mouse AIMP1 competitive
ELISA (myBioSource) and TNF-a ELISA (R&D Systems, Minneap-
olis, MN). For western blotting, lung tissue was digested with 1%
SDS (in PBS containing anti-protease cocktail) using beads homog-
enizer (1 mm, Biospec products, Bartlesville, OK). Extracts were
analyzed with anti-YM1 (R&D Systems #AF2446), CD206 (Abcam
#ab64693), and vinculin (Abcam, #ab18058) antibodies. For flow
cytometry, lung tissue was digested with collagenase and DNase
(1 mg/mL and 0.12 mg/mL, respectively) mixture for 60 min at
37�C. Homogenates were stained with CD31/CD326/CD45/EMAPII
antibody mixture, or permeabilized (FoxP3 staining kit, eBioscience,
San Diego, CA) and stained with CD31/CD326/CD45/cleaved cas-
pase 3 mixture. Fluorescent CD31 and CD326 antibodies were
from Biolegend (#102409 and #118219, respectively); CD4 and
CD45 antibodies were from BD Biosciences (#553729 and
#553080, respectively). Fluorescent cleaved caspase 3 antibodies



Figure 7. EMAPII mAb Subcutaneous Injections

Reduce Levels of Released EMAPII, Weight Loss,

and Indices of Lung Injury in IAV-Infected Mice

(A) Mice received 750 pfu/mouse IAV or equal volume of

saline (cntr). Half of IAV-infected mice were treated with

EMAPII mAb (2.5 mg/kg) on days 4, 6, and 8 post-infec-

tion. Mice were analyzed for (B) EMAPII levels in BALF, (C)

IAV-induced weight loss, (D) conscious blood oxygena-

tion, (E) lung edema and protein in BALF (day 9), and (F)

BALF caspase 3/7 activity (day 9). n = 5 for all groups; data

are presented as mean ± SEM. *p < 0.05 by ANOVA with

Tukey post-hoc (B and D–F) or repeated-measurements

ANOVA (C).
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were purchased from both BD Biosciences (#560901) and R&D
systems (IC835G025). Cells were FACS sorted using BD Fortessa;
5 � 105 events were obtained per sample and analyzed using FlowJo
V10 software. For each panel of staining, fluorescence minus one
(FMO) was done using corresponding IgG. We adapted the
following gating strategy:18 epithelial cells were defined as
CD326+CD31�CD45�, endothelial as CD326�CD31+CD45�, and
hematopoietic lineage as CD326�CD31�CD45+ (Figure S1).

Statistical Analysis

Quantitative data are presented as mean ± SEM. Statistical
analysis was performed by t test, t test with Welch correction
(unequal variance), one-way ANOVA with Tukey post-hoc, or
repeated-measurements ANOVA using Origin 8.0 or GraphPad
Prism6 software. A p value of <0.05 was considered statistically
significant.

SUPPLEMENTAL INFORMATION
Supplemental Information includes one figure and can be found with
this article online at https://doi.org/10.1016/j.ymthe.2018.05.017.
AUTHOR CONTRIBUTIONS
H.L. carried out the majority of experiments. S.C. performed flow cy-
tometry analyses. C.P. and J.S. performed in vivo experiments. K.L.M.
and M.C. assisted in experimental design and critically reviewed the
manuscript. N.V.B. conceived and carried out experiments, analyzed
data, and wrote the manuscript. All authors were involved in manu-
script revision and granted final approval of the submitted version.
CONFLICTS OF INTEREST
N.V.B., M.C., and K.L.M. have a provisional patent for the treatment
of influenza-induced lung injury with EMAPII antibody. M.C. is a co-
founder of Allinaire Therapeutics, which aims to find a cure for pul-
monary diseases with EMAPII being a major target.
ACKNOWLEDGMENTS
This publication was supported by an Indiana Clinical and Transla-
tional Sciences Institute grant (UL1TR001108) CECARE (to
N.V.B.), the Project Development Team (to N.V.B.), a Fisch-Knoebel
Cardiovascular Research Award (to N.V.B.), NIH/NHLBI funding
Molecular Therapy Vol. 26 No 8 August 2018 2067

https://doi.org/10.1016/j.ymthe.2018.05.017
http://www.moleculartherapy.org


Figure 8. EMAPII mAb Subcutaneous Injections

Reduce BALF Levels of TNF-a and Increase Levels

of M2 Markers in the Lung of IAV-Infected Mice

At day 9, mice from Figure 6 were analyzed for (A) WBC

count in BALF including total WBC (t), macrophages (m),

lymphocytes (l), and neutrophils (n), (B) TNF-a levels

in BALF, (D) YM1 levels in lung, (E) CD206 levels in lung.

n = 5 for all groups; data are presented as mean ± SEM.

*p < 0.05 by ANOVA with Tukey post-hoc; shown are

differences between IAV and control, and IAV and IAV +

ab groups. (C) Mice from Figures 4 and 5 were analyzed

for YM1, and CD206 levels in lung; vinculin was used as a

loading control.
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