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Abstract

Previously, we reported that electroporation-mediated (EP) delivery of the FER gene improved
survival in a combined trauma-pneumonia model. The mechanism of this protective effect is
unknown. In this paper, we performed a pneumonia model in C57/BL6 mice with 500 CFU of
Kilebsiella pneumoniae. After inoculation, a plasmid encoding human FER was delivered by EP
into the lung (PNA/pFER-EP). Survival of FER-treated vs. controls (PNA; PNA/EP-pcDNA) was
recorded. In parallel cohorts, bronchial alveolar lavage (BAL) and lung were harvested at 24 and
72 h with markers of infection measured. FER-EP-treated animals reduced bacterial counts and
had better 5-day survival compared to controls (80 vs 20 vs 25%; p<0.05). Pre-treatment resulted
in 100% survival. With FER, inflammatory monocytes were quickly recruited into BAL. These
cells had increased surface expression for Toll-receptor 2 and 4, and increased phagocytic and
myeloperoxidase activity at 24 h. Samples from FER electroporated animals had increased
phosphorylation of STAT transcription factors, varied gene expression of IL1f, TNFa, Nrf2,
NIrp3, Cxcl2, HSP90 and increased cytokine production of TNF-a, CCL-2, KC, IFN-y and
IL-1RA. In a follow-up experiment, using Methicillin-Resistant Staphy/lococcus aureus (MRSA)
similar bacterial reduction effects were obtained with FER gene delivery. We conclude that FER
overexpression improves survival through STAT activation enhancing innate immunity and
accelerating bacterial clearance in the lung. This constitutes a novel mechanism of inflammatory
regulation with therapeutic potential in the setting of hospital-acquired pneumonia.
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INTRODUCTION

National Vital Statistic Reporting shows that overall mortality rates in the United States are
in steady decline. However, death related to trauma and severe infection (pneumonia and
sepsis) is increasing in prevalence(1-3). Patients in these categories are highly likely to have
encountered a Hospital-associated infection (HAI). Methicillin-resistant Staphylococcus
aureus (MRSA) and Klebsiella pneumonia and other Gram-negative bacteria are the most
common organisms involved in HAI pneumonia (PNA)(4). Concern about potentially
preventable sepsis related deaths from HAIs has prompt different health organizations to
declare them as threats to public health and a global priority to be addressed(5).

Complicating the problem of increasing HAIs is the growing multidrug antibiotic resistance
within this group, making them harder to treat and contributing to more virulent

infections(4, 6-8). To counter, alternative pharmacologic compounds to existing antibiotic
classes have been deployed. However, recent clinical reports show bacteria are also
developing resistance to these agents, such as in the case of Colistin-resistant £scherchia coli
and Carbapenem-resistant K/ebsiella pneumoniae(9, 10). This warrants the investigation of
new strategies to fight infectious diseases.

A novel and different approach is the use of transient short-term gene therapy to mobilize an
immunological response against infection(11). Genomic inference and high through put
analyses are currently identifying potential therapeutic targets. A recent Genome-wide
association study (GWAS) published by Rautanen ef a{12) found that FER, an evolutionary
conserved non-receptor cytosolic tyrosine kinase, was associated with increased survival in
patients with pneumonia and sepsis, regardless of age of subjects. In a proof of concept
experiment, our laboratory using electroporation-mediated delivery of human FER gene
(EP-AFER), found that its overexpression was protective and improved survival (80% vs
20%, p < 0.001) in a murine model of combined lung contusion and. pneumonia(13).
However, neither of these studies was designed to understand the mechanisms by which
FER conferred this protective immune response.

Based on our prior work, we found that transient FER overexpression was able to accelerate
Gram-negative bacteria clearance from contused lungs. Thus, we hypothesize that this effect
is related to an enhancement of the lung’s local immune response. In the following study we
examine the role of FER gene overexpression through a model of primary Klebsiella
pneumonia. Our data shows active involvement of FER in the recruitment and activation of
inflammatory monocytes and macrophages, with corresponding modifications of known
signaling transduction pathways that enhance bacterial clearance and therefore improve
survival. Additionally, we show the presence of FER in human lungs with gross
inflammation. These findings indicate a novel mechanism of inflammatory modulation
within the lung. FER gene up regulation represents a promising avenue of research and
therapeutic potential towards the resolution of severe bacterial pneumonia, complementary
to traditional antibiotic therapy.
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MATERIALS AND METHODS

Mouse model of Klebsiella pneumoniae Bacterial Pneumonia (PNA)

Female C57BL/6 wild-type mice, 18-20 g weight (Charles River Laboratories, Wilmington,
MA, USA) were used for Klebsiellabacterial infection experiments. Mice were housed
under specific pathogen-free conditions and were allowed a 1-week acclimation period to
their new surroundings prior to use. All experiments were performed in accordance with
National Institutes of Health guidelines for care and use of animals. Approval for all
experimental work was obtained from the University of Michigan Committee on Use and
Care of Animals (UCUCA) Protocol PRO00006392 and the Institutional Biosafety
Committee (IBC) Protocol IBCA00000315.

To induce bacterial pneumonia, we administered K/ebsiella pneumoniae, strain 43816,
serotype 2 (American Type Culture Collection, Manassas, VA, USA) at 1h before or after
electroporation. We followed our previously reported methodology of PNA, which produces
consistent and significant mortality (80% at 7 days)(13-16). A concentration of 500 CFUs of
bacteria, achieved by serial dilution in a 30 pl of inoculum corresponding to LD50 for this
particular strain of K/ebsiellain C57/BI6 mice, was used. The administration of the bacterial
suspension was performed via deep oral hypopharynx injection under isoflurane anesthesia.
Animals were allowed to recover spontaneously and transported back to Biosafety Level-2
(BSL2) housing where animal health and survival data were recorded every 8 h.

Recombinant plasmid DNA

PSG5-FER (human FER tyrosine kinase) plasmid was purchased from Addgene
(Cambridge, MA, USA) and propagated in E. coli. Plasmids were harvested using QIAGEN
Giga-prep kits (Valencia, CA, USA) as per manufacturer’s instructions. The original pSG5-
FER plasmid was a gift from Nora Heisterkamp deposited in Addgene DNA repository
(Addgene plasmid # 30191). The expression cassette encodes human FER (hFER), which is
a non-receptor tyrosine kinase located on human chromosome 5g21 (Gene ID 2241; HPRD
01491; NM_005246). An empty plasmid -pcDNA3.1 (Promega, Madison, WI, USA)
containing similar backbone structure without the FER expression open reading frame was
used as a control. All plasmids of DNA were stored in 10 mM Tris—=1 mM EDTA buffer (pH
8.0) at — 20 °C until the day of gene delivery. Luciferase plasmid PGL-4 (Promega,
Madison, WI, USA) with expression being driven by SV40 promoter as in pSG5-FER
plasmid was used for reporter gene assays. Protocols for the use of recombinant DNA
technology required prior approval from the University of Michigan Institutional Biosafety
Committee (IBC) Protocol IBCA00000315.

EP-mediated delivery of genes into mouse lungs

EP-mediate transfer of FER gene was performed as described by Dolgachev et al(13).
Briefly, 150 ug of DNA suspended in 100 mM NaCl was delivered to the lungs via
hypopharyngeal drop in anesthetized animals. After several regular breaths, metal plated
caliper electrodes were placed under each forelimb assuring contact with an electro-
conductive gel. Using a BTX Harvard Apparatus ECM 830 generator (Holliston, MA,
USA), eight square wave EP 200 V cm™1 pulses of 10 ms duration and 1 s apart were given.

Gene Ther. Author manuscript; available in PMC 2018 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dolgachev et al.

Page 4

The electroporation of pcDNA 3.1 empty vector was used as a control for the effects from
non-specific activation due to exposure to DNA and electroporation. Animals were allowed
to recover and then kept under BSL2 containment. For survival curve experiments two
groups received treatment, 1 h before and 1 h after bacterial challenge. Aside from survival
curves, all other experiments were performed with animals receiving plasmid DNA
electroporation only after bacterial challenge. For the analysis of gene transfer efficiency a
parallel cohort of electroporation experiments was performed using luciferase reporter gene
in the presence or absence of K/ebsiellapneumonia, at a 6 h time line if insult was present.
Animals were sacrificed at 24 h and harvested lungs were processed as in Dean et al(17) to
assess for luciferase activity.

Time point selection

Based on our observed survival curves, we found that mortality occurs usually after 72 h
from bacterial inoculation. Thus in order to better-characterized markers of gene expression,
infection and inflammation, we selected an early (24 h) and late (72 h) time points
throughout our experiments.

Quantitative bacterial culture assessments

At specific time points as defined above, animals were euthanized by anesthetic overdose
and blood sample was obtained via cardiac puncture using a sterile 18-gauge needle. To
measure bacteremia, 100 pl of undiluted blood was plated onto 5% sheep blood agar plates
(Thermo Fisher Scientific, Remel Products, Lenexa, KS, USA). Plates were incubated
overnight at 37 °C and CFUs per ml of blood were counted after 16 h. All lung lobes, from
these same animals, were harvested via mid-line thoracotomy and homogenized in room
temperature in 1 ml of phosphate-buffered saline (PBS). A 100 pl aliquot of this homogenate
was used and counted in a similar process similar to that described for bacterial blood
quantification, normalized to the total lung homogenate.

Bronchial Alveolar Lavage (BAL) fluid collection

In separate experiments, right after euthanasia, the trachea was dissected and canulated with
a blunt 18-ga needle. Lungs were lavage with ice cold 1.5 ml of sterile phosphate buffered
saline (PBS) using several 1 ml syringes. BAL fluid was centrifuged at 400 g for 8 min at

4 °C. Following centrifugation, supernatant was separated from precipitated cells, and stored
frozen at — 80 °C until use. Spun down cells were re-suspended in appropriate buffer for
further assays.

Cytospins BAL cell staining

Cytospins were performed by loading 100 pl from spun down BAL into each cuvette and
spinning against glass slides at 350 g for 5 min. Slides were fixed with Diff-Quik (Baxter,
Detroit, MI, USA) based on Wright - Giemsa stain for microscopic examination.

Flow cytometry

Flow-cytometric analysis of at least 10° cells per sample was performed using a BD LSR 11
Flow Cytometer (BD Biosciences) following protocol as described in Dolgachev et a/
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(2012)17 and using the following antibodies Gr-1-PE,CD11c-APC-Cy7, F4/80-AF488,
CD11b-PE-Cy7, CD206-APC, phospho-STAT1 and phospho-STAT6 (BioLegend and BD
Biosciences, San Jose, CA, USA). Obtained data were plotted and analyzed using the
FlowJo software (Tree Star, Inc., Ashland, OR, USA).

Western blot analysis

Whole-lung extracts and nuclear fractions were run on 12.5% SDS-polyacrylamide gels,
with detailed protocol for sample processing as described in our previous publications(18,
19). Polyvinylidene difluoride membranes were probed sequentially with rabbit anti-STAT3
or anti-phospho-STAT3 (1:2000); followed by horseradish peroxidase-conjugated anti-rabbit
IgG antibodies (1:3000) (AbCAM, Cambridge, MA, USA). We detected actin as a loading
control using mouse anti-actin (1:2000) (AbCAM) followed by secondary as described
above. Proteins were visualized by chemiluminiscense (Super Signal West Pico
chemiluminescent substrate, Pierce, Rockford, IL, USA) using a Kodak photo imager. In our
previous report(13) we found that the peak of transgene expression of FER by EP delivery
was at 24 h weaning off by 72 h, thus we performed lung sample collection using these time
points for our Western Blot analysis.

In Vitro Phagocytosis Assay

Phagocytosis assays were performed as described elsewhere(18). Briefly, BAL alveolar
macrophages (AM¢) were isolated from BAL and plated at a concentration of 2x10° cells/
well and cultured overnight in Dulbecco’s Modified Eagle Medium. Wells were aspirated
and replaced with 50 pL serum-free medium. AM¢ were then incubated with fluorescein
isothiocyanate (FITC)-labeled, heat-killed K/ebsiella pneumoniae. Phagocytosis of FITC-
labeled bacteria was measured after quenching of extracellular non-ingested bacteria with
trypan blue.

Quantification of Soluble Mediators by Enzyme-Linked Immunosorbent Assay (ELISA)

Saved BAL fluid was centrifuged at 400g for 5 min at 4°C. Supernatants were used for
ELISA. Samples were stored at —80°C until use. IL-1RA (IL-1 receptor antagonist), TNF-
[alpha], CCL2 (C-C Motif Chemokine Ligand 2), C-X-C motif chemokine 10 (CXCL10)
also known as Interferon gamma-induced protein 10 (IP-10), RAGE, the receptor for
advanced glycation end products, and keratinocyte-derived chemokine (KC) were measured
in BAL supernatant using commercially available ELISA (R&D Systems, Inc, Minneapolis,
Minn). These cytokines and chemokines reflect markers of inflammation found to be altered
in our previous studies of pneumonia. Myeloperoxidase (MPO) levels were determined
using an ELISA kit following manufacturer’s instructions (Hycult Biotech, Plymouth
Meeting, PA) using previously collected BAL cells pellets homogenized in 1 ml of sterile
phosphate buffered saline (1x), in the presence of protease inhibitors cocktail (Roche). All
plates were read using a microplate reader (Biotek Instruments, Winooski, VT) at 450-and
540-nm with concentrations calculated using a 6-point standard curve performed in
duplicate.
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Real-time PCR (TagMan)

In parallel experiments, from control and experimental group animals under same injury
conditions, treatments and time points as described above, after euthanasia the chest cavity
was opened. After cannulating the heart, lung circulation was perfused blood free with ice-
cold PBS before their removal from chest cavity. RNA was isolated from the upper right
lobes of lung using TRIzol (Ambion, Invitrogen, Carlsbad, CA, USA) and from BAL cells
using Qiashredder columns (QIAGEN) as per manufacturer’s instructions. Levels of mMRNA
for IL1b, NLRP3, TINF alpha, Cxcl2, Nrf2 Hsp90transcripts were assessed using
quantitative PCR analysis (TagMan) with pre-developed primers and probe sets (Applied
Biosystems, Carlsbad, CA, USA). Quantification of the genes of interest was normalized to
GAPDH and expressed as fold increases over the naive control for each treatment at each
time point.

Mouse model of Methicillin-resistant Staphylococcus aureus (MRSA) Bacterial Pneumonia

(PNA)

Female A/J mice with reported susceptibility to MRSA, 18 to 20 g weight, (Charles River
Laboratories, Wilmington, MA, USA) were used for MRSA bacterial infection experiment.
A non-lethal concentration of 10’ CFU of MRSA (ATCC catalog number 4012) was used to
induce pneumonia. Procedures for inoculation and electroporation were performed in similar
fashion as preceding Kl/ebsiella experiments. After recovery, animals were house in a BSL2
facility. Animals were sacrificed at 24 h post-infection; BAL was collected to perform flow
cytometry on cell populations as described above. Lung parenchyma was divided for
quantitative culture, TRIzol (Ambion, Invitrogen, Carlsbad, CA, USA) RNA extraction and
finally collagenase tissue digest (Sigma, St. Louis, MO) to perform additional flow
cytometry following methods as described in Taddonio et a(20).

Human Lungs

Human lungs were obtained during multi-organ procurement for transplant donation, under
an experimental protocol from Gift of Life of Michigan. These lungs had been rejected for
transplant due to suspected infection. After all allocated organs had been removed:; a 1-cm?3
sample of tissue was excised from best and worst areas of the explanted lungs. These
samples were further divided and placed in separate containers to be preserved in 10% PBS-
formalin, OCT-media and liquid nitrogen for further analysis. A portion of frozen tissues
was later processed in TRIzol for RNA isolation and subject to RT-PCR as above.

Histopathological examination and staining

OCT-embedded human lungs were processed at the University of Michigan histopathology
core. Fixed 4-um thick frozen sections were stained using a-FER (Abcam, cat#AB191060)
and secondary a-rabbit- Alexa-594 (Invitrogen-Molecular Probes) following manufacturer
instructions. Representative pictures were taken at x 600 magnification using Tx2 Nikon
microscope (Nikon Instruments Inc., Melville, NY, USA).
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Statistical methods

RESULTS

Electroporat

A priori sample size for each experimental survival curve group (N=10) was calculated
based on observed results in our previous publication(13) using G*power 3.1 (Franz Faul,
Edgar Erdfelder, Albert-Georg Lang, and Axel Buchner) where observed survival was 85%
for experimental group and 20% for control group, accepting a probability of a error of 0.05
and a power of 0.8. Electroporation experiments were performed three times assigning
littermates under same condition and output measurement as per institutional guidelines. No
samples were excluded for output measures analysis. All statistical analysis and graphs were
performed using GraphPad Prism 7.0 software (GraphPad Software, La Jolla, CA, USA).
Results are presented as mean values + the SEM unless otherwise noted. Continuous
variables were analyzed using an unpaired two-tailed Student’s t-test for samples less than 5.
Groups greater than 5 samples and multiple groups were compared by one-way ANOVA
with Tukey’s multiple comparison test used for post hoc analysis or two-way ANOVA with
Tukey’s posttests, when two time points were assessed. Survival curves were generated
using the Kaplan—Meier method. The log-rank (Mantel-Cox) Test was used to compare the
survival data between experimental groups. Statistical significance was defined as a p-value
of 0.05.

ion-mediated delivery of human FER (pFER) gene was associated with

increased survival following Klebsiella pneumoniae pneumonia (PNA) challenge.

Report gene

FER gene th
in the lungs.

Our baseline model of primary PNA induced by Klebsiella pneumoniae had a very high
mortality rate, with a median survival of 3.5 days and resulted 5-day-survival of 20%. Using
electroporation-mediated delivery of FER gene prior to PNA we were able to achieve a
protective effect with 100% survival of infected animals (Figure 1). In a more clinically
relevant model in which electroporation was conducted after bacteria inoculation (PNA/EP-
PFER) we were able to obtain a significant (80%, p < 0.05) survival rate. Negligible benefit
was found with the electroporation of the empty vector plasmid (o/cDNA 3.1) or
electroporation alone (EP-saline) which had survival rates of < 25% by day 5.

transgene expression in the lung is not inhibited by established PNA

We asked if electroporation mediated delivery could be affected by the presence of diffuse
inflammation in the lung caused by Klebsiella pneumoniae infection (Figure 2). A plasmid
containing luciferase reporter gene was electroporated in the presence or absence of
infection (EP after PNA). In this particular model, the presence of diffuse inflammation
increased transgene expression 4 fold over the naive uninjured electroporated control (p <
0.001). As with inflammation there are more cellular infiltrates, the availability of targets to
express delivered genes is increased, thus contributing with the increased efficiency.

erapy significantly reduces Klebsiella bacterial counts in circulating blood and

Whole blood and lung tissue were assayed for quantification of colony forming units (CFUs)
of Klebsiella pneumoniae normalized to 1 ml of blood and to the total lysate of lung tissue,
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respectively. FER gene electroporation was better at reducing bacteria counts in circulating
blood by 24 h, and maintained this efficiency for the next 72 h (Figure 3). At the later time
point, we found that only two of ten animals with FER-EP showed any evidence of
bacteremia; whereas in all other groups (PNA only and PNA/EP-empty vector),
representative animals were positive for bacteremia and had impaired clearance as measured
by CFUs. The separate analysis of homogenized lung tissue revealed that FER treatment was
able to significantly decreased CFU’s within the lung, and effectively showed total bacteria
clearance without the use of antibiotics from lungs in 4 out of 10 animals by 72 h. The
electroporation of the empty plasmid pcDNA3.1 had minimal effect on inhibiting the growth
of bacteria in blood or lung tissue, and exhibited no difference when compared to the
pneumonia only group (PNA). This indicates that the contributions to bacterial clearance due
to non-specific inflammation from electroporation itself or by Toll-like Receptor-9 (TLR-9)
activation(21, 22) stimulated by CpG bacterial plasmid DNA exposure were negligible.
Timing the increasing bacteremia and lack of bacterial clearance from the lung to the demise
of animals in parallel survival curve experiments, it would be apparent that the cause of
death is related to sepsis and associated organ failures.

EP-FER enhances early recruitment of inflammatory monocytes and macrophages in
Bronchial Alveolar Lavage (BAL) Fluid after Klebsiella sp. Pneumonia

Electroporation mediated delivery of the FER gene resulted in increased numbers of
inflammatory cells in the alveolar space upon higher number of total cells in BAL at 24 h
post pneumonia induction (Figure 4 — Top Row). The principal leukocyte responsible for
this increase is the inflammatory monocyte. We found that these monocytes presented with a
predominantly TLR-2*/TLR-4* phenotype with broad responsiveness capacity (Figure 4 —
Middle Row). Other Monocyte phenotypes were also elevated (TLR-2*/TLR-4~ and
TLR-27/TLR-4%) but at smaller proportions. Analysis of BAL macrophages after FER
electroporation did not reveal major differences in their total numbers; yet did cause relative
increases in the TLR-2*/TLR-4* and TLR-2*/TLR-4~ subphenotypes (Figure 4 — Bottom
Row). Finally, flow cytometric analysis of neutrophils in FER electroporated animals did not
reveal any major differences when comparing treatment and control groups (data not
shown). Modified Giemsa stained thick blot Cytospin slides from these BAL specimens
revealed leukocytes engulfing bacteria (as indicated by arrows) at higher numbers per high
power field (Figure 5). Additionally, PNA and sham electroporation showed a relative
increase of necrotic cells, ghost cells and erythrocyte destruction per high power field.

Electroporation mediated delivery of FER gene increases phagocytosis activity and
Myeloperoxidase (MPO) in lung inflammatory cells.

Using an /n vitro quantitative fluorescence-based phagocytosis assay we found that EP
mediated gene transfer of FER gene confirmed our observations of Giemsa stain Cytospins
of BAL cells, in which much larger numbers of macrophage-like cells engulfing bacteria
were found. Better phagocytic activity per field was present within the treatment group
(Figure 6A). This proportional difference in activity was independent from the presence of
antibodies (opsonins) in the buffer solution. Additionally, total lung lysates from FER
treated animals showed an increased concentration of MPO inferring an increased bacterial
clearance capacity from newly recruited cells in the lung (Figure 6B). By 72 h this increased
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MPO activity was able to wean down to basal levels. Minimal MPO concentrations were
found in non-FER-EP groups. This is a surprising find, as neutrophils can be observed in
thick blot Cytospins from PNA-only animals, yet there was no significant increase of MPO
concentration. This indicates in this model, that bacterial clearance is a predominantly
dependent on the relative abundance of activated macrophage and monocytes.

Electroporation-mediated delivery of FER gene increases phosphorylation of STAT
proteins, with active translocation of STAT-3 into the nucleus in Klebsiella pneumonia.

STAT proteins are important transcription factors that regulate the inflammatory response
and are essential to fight bacterial infection(23). In total lung lysates, at the 24 h time point,
we found that the electroporation of FER gene had induced higher phosphorylation of
STAT-3 levels than the PNA-only control (Figure 7A). Additionally, we found a higher
proportion of activated protein transported into the nucleus (its primary site of action) in the
FER-electroporation treated group (Figure 7B). From these groups, we asked the question if
newly recruited BAL cells had STAT protein activation. Using flow cytometry and cell
gating for Ly6C expressing monocytes and macrophages recovered from BAL at 24 h we
found significant increases of phosphorylated isoforms of STAT-1 and STAT-6 proteins only
within the FER-electroporated group after pneumonia (Figure 7C and 7D, dark line-

group).

Electroporation-mediated delivery of FER gene induces both pro and anti-inflammatory
cytokines during Klebsiella pneumonia

We analyzed the production of several inflammatory mediators in BAL by ELISA. As
anticipated several important pro-inflammatory mediators had increased levels (TNF-a, KC,
CCL-2, CXCL-10) in the FER-treated animals over control mostly at the 24 h time point
(Figure 8A). More importantly, we found that INF-y, critical for bacterial clearance, was
indeed significantly elevated (~ 4 fold) in FER-electroporated animals over the PNA-only
group (Figure 8B). Surprisingly, EP mediated gene transfer of FER treatment also showed
significant elevations of anti-inflammatory cytokines IL-1 receptor antagonist (IL-1RA) and
RAGE (Figure 8C) at 24 h counterbalancing the effects of inflammatory mediators.

Electroporation-mediated delivery of FER gene induces changes in gene programming in
lung tissue and BAL cells during Klebsiella pneumonia

We next asked if effects of FER were mediated at transcriptional level. Previously
recognized genes for mediators of bacterial clearance and the lung’s inflammatory response
were selected and assessed by real time PCR (TagMan) from total lung and BAL cells RNA
extracts. Each compartment (cells from alveolar space vs. cells from lung parenchyma)
exhibited a unique gene program after FER stimulation. As for TagMan transcripts, the use
of an empty vector or saline only electroporation in the presence of pneumonia was not
much different from the untreated control. In the lung parenchyma (Figure 9A), we found
very significant elevations of transcription for several pro-inflammatory signaling
transcription factors mediators and end-product cytokines (/L-18, Tnf-a, NrfZ and Nrip3),
over naive animals and much higher than their pneumonia-only counter parts. Interestingly,
in the earlier time point Hsp90 a STAT-3 chaperone protein, showed subdued expression in
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lung extracts, yet its expression was significantly higher in FER-stimulated BAL cells
(Figure 9B) within this same time frame, thus indicating a possible genetic counter
regulation control, specific for these cells. In the lung, all major effects in transcription
appear to taper off at 72 h, same time in which EP-mediated human FER overexpression
disappears. However that of Hsp90 continues to increase in FER treated animals while
opposite effect is seen in PNA only untreated animals. As for BAL cells, the effects on
transcription were modest as compared to lung parenchymal lysates. However we did
observe that pro-inflammatory Cxc/2, Ifn-y, Nrip3and Nrf2transcription had increases at
several order of magnitude superior to their pneumonia only counter parts in the assessed
time point (24 h) (Figure 9B).

EP of FER reduces bacterial counts in the lung and increases recruitment of inflammatory
cells after Methicillin-Resistant Staphylococcus aureus (MRSA) inoculation

In order to ascertain if the effects of EP of FER gene were exclusive to Klebsiella
pneumoniae or could be other clinically relevant organisms, we performed a parallel
experiment with an inoculation of 107 CFU of MRSA in AJ strain mice with known
susceptibility to Gram-positive infections (Figure 10). We found a significant 3-order
magnitude decrease in the number of organisms at 24 h in lung homogenates. There was an
increased recruitment of inflammatory cells both in BAL as well as in total lung, thus
suggesting that, as in Klebsiella, reductions in MRSA counts are related to an enhanced
innate immune response. Tagman transcripts at 24 h resulted in a very similar pattern to
those obtained during FER treatment in K/ebsiellapneumonia (Figure 11) indicating that
responsive effects on FER inducible transcriptional program are not unique to a single
organism.

High expression of FER in grossly inflamed human lung.

Samples of human lung tissue obtained from discarded lungs deemed as unsuitable for
transplantion were obtained during multi-organ procurements. Grossly abnormal lung
(atelectatic and inflamed) as well as “normal-looking” areas of lungs was excised for
comparison. These lungs had been rejected to proceed for transplant due to pneumonia per
procurement team, but no further clinical information was provided (specific admission
diagnoses, clinical course, unknown time frame from moment of diagnosis, specific
radiological/bronchoscopic findings, microbiology and cause of death). Frozen sections
were cut in OCT-media and stained with antibody against human FER. We found that the
more severe grossly abnormal looking areas of lung parenchyma had a higher expression of
FER compared to better-inflated lung (Figure 12 A-C). Furthermore, TagMan for several
transcripts was performed showing spatial correlation of FERwith Cxcl2, IL-1B, IL-6, NosZ2
and 7nf-a. Taken together these findings suggest a possible role of FER in the human lung
inflammatory response (Figure 12D).

DISCUSSION

FER is a cytosolic non-receptor, non-transmembrane member of the fps/fes (feline sarcoma)
family(24, 25). It is ubiquitously distributed among diverse cells in the body and
evolutionary conserved. It plays a significant role as downstream up regulator of cell surface
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receptors for growth factors (EGFR(26, 27), KIT(28, 29), PDGFR(30)), thus presumed by
some as a proto-oncogene and associated with cell transformation, oncogenesis and
metastatic potential for Acute Myleoid Leukemia(31-33), Breast(27), Lung(26, 34) and
Prostate(23) cancers. However and in contrast to these negative attributes, FER activation
has been considered essential in chemotaxis(35-37), myeloid differentiation(38, 39),
cytoskeleton (actin and microtubule) assembly(40-42), cell adhesion(41, 43) and cell
migration(35, 36, 44, 45), all which are important aspects of adequate immune cell function.
In transgenic mice, expressing a kinase defective variant of FER, significant inflammation
after lipopolysaccharide challenge (LPS) in gut epithelia can be seen producing significant
barrier function disruption. Considering the similarities of gut and lung epithelia,
dysfunction of FER may have implications in the physiopathology of acute lung injury. Thus
it is possible that its biological significance is time, space, dose and stimulus-type,
dependent, rather than its sole presence or absence within a cell(46).

FER is a challenging molecule to study, as it does not have any known ligand or specific
inhibitor. We have adopted the use electroporation gene delivery as a method to induce its
overexpression. Our laboratory and others has been able to reproducibly achieve high levels
of transgene expression using electroporation in the lung that are comparable to best of
viruses, regardless of the underlying insult (lipopolysaccharide-LPS, lung contusion,
pneumonia or its combination), targeting multiple cells within the electrical field and with
minimal side effects(17, 47-50). In sterile models of LPS and LC injury, while
electroporation was able to induce transgene reporter expression in damaged targeted areas,
it was significantly dampened as compared to un-injured control(17, 48, 50). In the present
study, however, we found that in the live organism K/ebsiella pneumonia model was
associated with increased electroporation expression of luciferase in infected animals. Given
that the inflammatory cell infiltration (monocytes and macrophages) is provoked by live
bacteria a plausible explanation is provision of increased number of targets for plasmids to
express. An alternative mechanism could be the increased lung permeability and therefore
movement of DNA or induction of the transcriptional machinery in epithelial cells and other
targets within the lung(51). While these observations are encouraging for therapeutic use of
electroporation, the specific mechanisms require further investigation to avoid potential side
effects and should be subject of future studies.

In our previous publication(13), we demonstrated that the transient overexpression of FER
using electroporation (EP) mediated gene delivery was beneficial in improving survival in a
murine model of combined lung contusion (LC) and pneumonia (PNA) thus confirming
observational findings from a GWAS trial performed on public bio repositories obtained
from diverse sepsis trials (GenOSept; VASST, PROWESS, GAins)(12). To gain a better
understanding of FER’s participation in lung inflammation, we decided to perform this
present complementary study in a more simplified model of primary bacterial (Gram
negative) pneumonia. LC introduces several physiologic (permeability injury, alteration of
surfactant, loss of compliance, hypoxia) and immunologic derangements (neutrophilia and
macrophage depletion) in the lung(18, 52-55). It was unclear from our prior pilot study
whether mechanisms of benefit seen from EP-induced FER overexpression are related to
infection control or lung physiologic restoration. Based on our current findings it appears to
be the former. As in our previous model of trauma-related secondary pneumonia, our results
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show that FER gene delivery improved survival. A single application of FER was able to
eradicate Kl/ebsiella sp infection in the lung and avoids bacteremia. Additionally EP-
mediated delivery of human FER gene in mouse lungs resulted in early recruitment and
mobilization of inflammatory monocytes in bronchial alveolar lavage fluid. Bacterial
clearance is correlated to the presence of these newly recruited inflammatory monocytes in
the lung. These cells had high levels of expression of Toll-like receptor proteins 2 and 4
(TLR-2/TLR-4), part of pattern recognition molecular inflammatory pathways important for
bacterial clearance. Notably, we found that these cells had higher phagocytic capacity and
higher levels of bactericidal myeloperoxidase (MPO). FER induces an early inflammatory
milieu that favors bacterial killing shown by increases in pro-inflammatory cytokines (IFN-
v, TNF-a, KC) and several chemotactic chemokines (KC, CCL2, CXCL10) resulting in
improved recruitment. At the same time we found that FER stimulated IL-1RA and RAGE
suggesting that this particular inflammatory response is tightly regulated.

In our model, FER appears to be working via activation of Signal Transducer and Activator
of Transcription (STAT) transcription factors (1,3 and 6). The translocation of these
transcription factors into the nucleus is extremely important as it induces a transcription
program that favors the production and maintenance of a bactericidal inflammatory milieu.
In the FER treated group, the transcription and expression of some participants of the
inflammatory response was tremendously stimulated (up to 4 orders of magnitude). These
changes in gene transcription are transient and only persist while FER is being
overexpressed (~24-48 h as it is being driven by short live SV40 promoter)(13). FER-
induced STAT proteins seem to operate in tandem with other transcription factors such
NRF2. The inflammasome molecule NRLP3, which participates in the maturation and
release of pre-formed cytokines, was also stimulated by FER and could be an additional
benefit in improving responsiveness of cells to bacterial pneumonia. Interestingly, Heat
Shock Protein 90 (Hsp90) the chaperone molecule for STAT proteins had dual expression.
While its expression was being inhibited in the lung, it had higher expression in BAL cells
thus possibly avoiding the expansion of exaggerated inflammatory response, and suggesting
a controlling feedback mechanism at cytosolic level. Future experiments will assess if
targeting Hsp90 with direct pharmacologic inhibition in combination with FER
overexpression will be summative and improve the inflammatory response; or on the
contrary, will be deleterious by annulling the controlling effects of FER exerted on
inflammatory cells, especially at later stages when Hsp90 levels are noticeably high(56-58).

The resultant reduction of bacterial counts, coupled with early inflammatory cell recruitment
and repeated transcriptional program obtained in our preliminary experiments with MRSA
pneumonia indicate that FER related effects are not unique to K/ebsiella, but are could be
generalized to all bacterial infections within the lung and provides a very promising avenue
of inquiry.

This study is not without limitations. First and foremost, the lack of a known ligand for FER
impedes its direct pharmacological activation or blockade for a cleaner experimental
approach. Second, although the majority of beneficial effects seem to be related to FER’s
modulation on BAL leukocytes, our previous publication showed that EP delivery of FER
also targeted alveolar epithelial cells, whose function could also be influenced by FER
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overexpression and are important for lung homeostasis. Specifically, FER is known to
interact with signaling pathways that regulate cytoskeleton assembly and cell adhesion,
which are critical components of epithelial barrier function integrity. Indeed, further
experimental analysis and labeling approaches are required to identify FER’s true cellular
target and cascading pathways, and for such purpose, conditional knockouts are being
developed to answer mechanistically some of these questions. Finally, Nrf2, Nrlp3, Tnf-a,
and Hsp90 may not be the only transcripts that are regulated by FER, indicating the need of
a wider throughput analysis (using DNAseq or RNAseq platforms) of individual lung cells.
We also recognize the caveats of extrapolating our murine model of pneumonia to serve as a
recapitulation of human clinical disease(59), nevertheless observing FER in inflamed areas
of human lungs with a similar transcriptional expression as seen in our murine model
suggests evolutionary conserved function across species in lung inflammation and are worth
studying. Indeed, observations from previously mentioned GWAS study have been recently
complemented by a report from Hinz et al(60) in which the low-expressor form FER
rs4957796 T/T small nucleotide polymorphism (SNP) allele was associated with
unfavorable survival in patients with severe Adult Respiratory Distress Syndrome (ARDS)
due to pneumonia.

In summary, EP-mediated FER gene delivery improves survival after bacterial pneumonia,
through activation of STAT pathways leading to early transcriptional up-regulation of Nrf2,
Nrlp3, Tnf-a. Consequently, elevated levels of CCL-2, CXCL2, KC and IFN+y found in the
BAL result in robust recruitment of inflammatory monocytes contribution to the
containment and elimination of bacterial organisms from the lung, thus avoiding bacteremia.
This inflammatory response was counter-regulated by Hsp90at the cellular level and
IL-1RA and RAGE at the tissue level. Our observations of the effects of FER’s
overexpression potentiating competent inflammatory responses during infection are novel to
the lung and could constitute a promising therapeutic strategy against severe pneumonia.
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Figure 1. Electroporation-mediated (EP) delivery of FER gene was associated with increased
survival following Klebsiella pneumonia (PNA) challenge.

500 CFU of Klebsiella pneumoniae was given to C57/BI6 female mice. 150 pg of plasmid
DNA containing gene encoding human tyrosine kinase FER was given either one hour prior
(solid triangle) or after (solid square) insult and animals were electroporated using a BTX
ECM 830 generator receiving eight 200 V cm~1square wave pulses,10 ms duration and 1
second apart. Sham electroporated with saline solution (EP-saline) and EP of empty vector
(ocDNA 3.1) served as controls. Both protective and therapeutic strategies of EP-mediated
FER gene transfer showed improved survival over controls. N=10 mice per group.
Significance placed in graph. Log-rank (Mantel-Cox) test.
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Figure 2. Electrogene transfer after pneumonia infection has increase expression of reporter
gene.
Electroporation-mediated delivery of a plasmid containing luciferase reporter gene (PGL4)

driven by SV40 was performed in the presence or absence of pneumonia 6 h after inoculum.
Lungs were harvest at 24 h and homogenates were assessed for luciferase activity. N=4.
Significance placed in graph. One-way ANOVA with Tukey’s multiple comparison test (***
p<0.001).
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Figure 3. Quantitative bacterial culture from blood and lungs after
with EP-mediated delivery of FER gene.

Number of CFUs of bacteria were counted 16 h after processing
normalized to 1 ml of blood and to mass of total lung tissue resp

PNA challenge and treatment

on blood agar plates and
ectively. EP of FER gene

was able to contain and avoid systemic dissemination in blood and eliminate infection by 72
h. in the lung. N=10 animals per group per time point. Significance placed in graph. One-
way ANOVA with Tukey’s multiple comparison tests (* p< 0.05; ** p< 0.01; *** p<

0.001).
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Figure 4. Flow cytometry analysis of bronchial alveolar lavage fluid (BAL) shows robust
recruitment of inflammatory monocytes and modest recruitment of macrophages after FER
electroporation treatment.

BAL fluid was recovered and cells were stained for Gr-1, F4/80, CD11b and CD206. Top
Row Total number of BAL cells were higher in the FER treated group compared to controls
(PNA-only, PNA EP-saline) being the inflammatory monocytes the main driver in this
difference. Middle Row. Cell sorting of macrophages showing with concomitant TLR-2 and
TLR-4 staining incremented by FER treatment showed increased proportion of TLR2*/
TLR4* and TLR2*/TLR4" cells. Bottom Row Cell sorting of inflammatory monocytes with

Gene Ther. Author manuscript; available in PMC 2018 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Dolgachev et al.

Page 22

further staining for Toll-like receptors 2 and 4 showed a very significant increase of TLR2*/
TLR4* as compared to other phenotypes. N=10. One-way ANOVA with Tukey’s multiple
comparison tests (* p< 0.05; ** p< 0.01; *** p< 0.001).
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Figure 5. Representative Cytospin slides with modified Giemsa staining from BAL samples
obtained as in Figure 4.

Significant more numbers of leukocytes are seen in the PNA FER-treated group compared to
Pneumonia only (PNA) or sham (PNA + EP-saline). Relatively more bacteria are seen
engulfed in the FER electroporated group, whereas increased foamy cells and ghost cells are
seen in control groups, respectively.
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Figure 6. Phagocytosis and Myeloperoxidase (MPO) Assay of BAL recovered leukocytes after
PNA and electroporation treatment.

A.. In vitro opsonized and non-opsonized bacterial phagocytosis of FITC-labeled heat killed
Klebsiella pneumoniae was superior in the FER treated group. B. Higher activity of MPO
was detected in the FER group only at early time point, suggesting an intense but short lived
oxidative burst in which bacterial removal is occurring. N=6. Two-way ANOVA with
Tukey’s multiple comparison tests (comparison among treatment groups: * p< 0.05; ** p<
0.01; *** p< 0.001 -- comparison among time points: # p< 0.05; ## p< 0.01; ## p<
0.001).
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Figure 7. FER electroporation accelerates STAT transcription factor phosphorylation and

translocation into the nucleus during pneumonia.

A. FER induces amore robust phosphorylation of STAT-3 at earlier stages (24 h). B. FER
treated animals had a higher rate of translocation of phosphor-STAT-3 into the nucleus, its
site of action compared to PNA-only group. C-D. Flow cytometry, showing cell gating
strategy and D levels anti-phospho-STAT-1 and anti-phospho-STAT-6 stained of cell sorted
Ly6C+ cells from BAL after pneumonia insult and treated with FER electroporation.
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Figure 8. ELISA of pro-inflammatory and anti-inflammatory cytokines in BAL.
A. Increases of important pro-inflammatory cytokines were detected mostly at 24 h. B. IFN-

v a cytokine critical in bacterial removal remained at higher levels at both assessed time
points (24 h, 72 h). C. IL-1RA and RAGE anti-inflammatory cytokines were also increased
suggesting a counter-regulatory mechanism of control of FER induced inflammation. N=8.
Two-way ANOVA with Tukey’s multiple comparison tests (comparison among treatment
groups: * p< 0.05; ** p<0.01; *** p<0.001 -- comparison among time points: # p < 0.05;
## p<0.01; ### p< 0.001)
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Figure 9. Real-time PCR of pro and anti-inflammatory genes after EP-mediated delivery of FER
gene post Klebsiella pneumonia challenge.

A. Total lung lysate expression. Significant effects in genetic expression for several pro-
inflammatory and chemotactic genes were seen at 24 h, tapering off at 72 h. B. RT-PCR in
BAL cells at 24 h, showing a pro-inflammatory genetic program for some transcripts after
FER electroporation. Heat Shock Protein 90 (Hsp90) gene, an important chaperone for
STAT proteins, was also increased suggesting a regulatory feedback mechanism after FER
stimulation. N=8. For lung parenchyma two-way ANOVA with Tukey’s multiple
comparison tests (comparison among treatment groups: * p< 0.05; ** p< 0.01; p< 0.001 --
comparison among time points: # p < 0.05; ## p < 0.01; ### p < 0.001) was performed. For
BAL cells an unpaired T-test (* p< 0.05; ** p< 0.01; *** p< 0.001) was performed.

Gene Ther. Author manuscript; available in PMC 2018 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dolgachev et al.

Page 28

A AJ mice - Whole Lung Tissue B

MRSA-only MRSA+pFER/EP
1015 4 . :‘3 " '-":IP“ . = — o
p =0.049 Ly b I 7
1014 4 I—l
1013 4
g1o12 o
E‘IO‘“ "
=] 0 [}
51070 4 3 5
2 D) C W@ e
109 3 — . o o0 [T
8 " -_9.0“6 545% 16,3%
108 4 o .
o v
107 T >
s g 10"
10° - A 3
F & 2, i
& é‘é“’ _Ep ol o o,
X @ T T N T
(D 5 10
\‘g‘i’v 3 F4/80
~ (Macrophages)
BAL .
C Total Cells Lungs Digest
2.5 *k*%
20, . s 2.0, *
2.0 x
-
§5 ——1 ! g 15
= Z15 @
3 1] 3 z 10
o o 1.0 °
_— @o L]
3 = ®
F 5 05 T 05
0.0
0 0.0
\'es Q -
ol g & g o 2
Q.
§ & & & & &&
x® "o?? R
ol ¥
« « &

B BAL B Lung Digest Il Neutrophil [l Monocyte Bl Macrophage

Figure 10. FER lung gene delivery can inhibit Methicillin Resistant Staphylococcus aureus
growth in the lung and is also associated with fast recruitment of innate immune cells in the lung.

A. Lungs harvested at 24 h. FER mediated gene delivery reduced bacterial load by several
orders of magnitude compared to pneumonia control. N=4. Unpaired T-test was performed.
B. Flow cytometry at 24 h, stained for Gr-1, F4/80, CD11b and CD206, examples of gates
utilized for Neutrophils and Macrophages. C. Flow cytometry results showing enhanced
recruitment of innate immune cells after MRSA challenge. N=4. Two-way ANOVA with
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Tukey’s multiple comparison tests (comparison among treatment groups: * p< 0.05; ** p<
0.01; *** p< 0.001).
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Figure 11. Real-time PCR after EP-mediate delivery of FER gene post Methicillin-resistant

Staphylococcus aureus challenge.

Animals received an inoculum of 107 MRSA followed by electrogene transfer of FER
plasmid. Lungs were harvest at 24 h and RNA extraction from total lung lysates was
performed after bronchial alveolar lavage. Similar transcriptional effects to those obtain in
Klebsiella experiments, suggesting a universal pathway, non-dependent on type bacteria.

N=4 Unpaired T-test (* p< 0.05)
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Figure 12. FER is present in inflamed areas of human lung.
A-C. Immunohistochemistry staining with antibodies against human FER (TRITC-red

stain) from better appearing to grossly inflamed looking areas of lung discarded for
transplant due to reported pneumonia (DAPI nuclear blue counter stain). D. RT-PCR
analysis of transcripts obtained from these same contrasting areas. FER was highly present
inflamed areas of lung, confirmed with RT-PCR. Additionally, several transcripts showed
similar levels of up-regulation as in the murine model after FER overexpression. (N=3)
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