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The Journal of Immunology

lincRNA-Cox2 Functions to Regulate Inflammation in Alveolar
Macrophages during Acute Lung Injury

Elektra Kantzari Robinson,* Atesh Worthington,*' Donna Poscablo,* " Barbara Shapleigh,*
Mays Mohammed Salih,* Haley Halasz,* Lucas Seninge," Benny Mosqueira,*
Valeriya Smaliy,* E. Camilla Forsberg,‘L’i and Susan Carpenter®

Our respiratory system is vital to protect us from the surrounding nonsterile environment; therefore, it is critical for a state of
homeostasis to be maintained through a balance of inflammatory cues. Recent studies have shown that actively transcribed
noncoding regions of the genome are emerging as key regulators of biological processes, including inflammation. lincRNA-Cox2 is
one such example of an inflammatory inducible long intergenic noncoding RNA functioning to fine-tune immune gene expression.
Using bulk and single-cell RNA sequencing, in addition to FACS, we find that /incRNA-Cox2 is most highly expressed in the lung
and is most upregulated after LPS-induced lung injury (acute lung injury [ALI]) within alveolar macrophages, where it functions
to regulate inflammation. We previously reported that lincRNA-Cox2 functions to regulate its neighboring protein Ptgs2 in cis,
and in this study, we use genetic mouse models to confirm its role in regulating gene expression more broadly in trans during ALI.
116, Ccl3, and Ccl5 are dysregulated in the lincRNA-Cox2—deficient mice and can be rescued to wild type levels by crossing the
deficient mice with our newly generated lincRNA-Cox2 transgenic mice, confirming that this gene functions in frans. Many genes
are specifically regulated by lincRNA-Cox2 within alveolar macrophages originating from the bone marrow because the
phenotype can be reversed by transplantation of wild type bone marrow into the lincRNA-Cox2—deficient mice. In conclusion, we
show that lincRNA-Cox2 is a trans-acting long noncoding RNA that functions to regulate immune responses and maintain

homeostasis within the lung at baseline and on LPS-induced ALI.

cute lung injury (ALI) and its more severe form, known as

acute respiratory distress syndrome, are caused by dysregu-

lated inflammatory responses resulting from conditions
such as sepsis and trauma (1-5). Fundamentally, the characteristics
of ALI include neutrophilic alveolitis, dysfunction of barrier proper-
ties, microvascular thrombosis, the formation of hyaline membrane,
alveolar macrophage (AM) dysfunction, as well as indirect systemic
inflammatory responses (6—9). Although a variety of anti-inflamma-
tory pharmacotherapies are available, the morbidity and outcome of
ALl/acute respiratory distress syndrome patients remain poor
(10-13). Therefore, obtaining a more complete understanding of the
molecular mechanisms that drive ALI inflammatory dysfunction is
of great importance to improving both the diagnosis and the treat-
ment of the condition.

The Journal of Immunology, 2022, 208: 1886—1900.

Long noncoding RNAs (IncRNAs) are a class of noncoding
RNAs that include 18,000 in the human and nearly 14,000 in the
mouse genome (14, 15). Since their discovery, IncRNAs have been
shown to be key regulators of inflammation both in vitro and in vivo
(16, 17). Moreover, IncRNAs have also been characterized to be sta-
ble and detectable in body fluids (18), and therefore have enormous
potential for biomarker discovery in both diagnosis and prognosis
applications (19-21). Broadly, IncRNAs have been defined to func-
tion in cis to regulate their neighboring genes, as well as in frans to
regulate genes on different chromosomes (16). A number of studies
have been conducted to better understand the gene regulatory net-
work between IncRNAs and mRNAs during ALI to identify novel
biomarkers (22, 23). In addition to searching for biomarkers for ALI,
there have been studies performed to try to understand the functional
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mechanisms for IncRNAs during ALI (24). LPS-induced ALI is a
commonly used animal model of ALI because it mimics the inflam-
matory induction and polymorphonuclear cell infiltration observed
during clinical ALI (25). One study showed that knocking down
MALATI, a well-studied IncRNA, exerts a protective role in the
LPS-induced ALI rat models and inhibited LPS-induced inflamma-
tory response in murine alveolar epithelial cells and murine AMs
cells through sponging miR-146a (26). In addition, Xist has been
shown to attenuate LPS-induced ALI by functioning as a sponge for
miR-146a-5p to mediate STAT3 signaling (27).

Previous work, by ourselves and others, identifies long intergenic
noncoding RNA Cox2 (lincRNA-Cox2) as a regulator of immune
cell signaling in macrophages (28-34). We have previously charac-
terized multiple mouse models to show that /incRNA-Cox2 functions
in vivo to regulate the immune response. We showed that /incRNA-
Cox2 knockout (KO) mice (35) have profound defects in the neigh-
boring protein coding gene Ptgs2. We went on to show that
lincRNA-Cox2 regulates Ptgs2 in cis through an enhancer RNA
mechanism requiring locus-specific transcription of the IncRNA
(Supplemental Fig. 1) (36). To study the function of /incRNA-Cox2
independently of its role in regulating Ptgs2 in cis, we generated a
deficient in /incRNA-Cox2 (Mut) mouse using CRISPR to target the
splice sites, resulting in significant loss of the RNA and allowing us
to study the role for the RNA in frans (Supplemental Fig. 1). We
performed an LPS-induced endotoxic shock model and confirmed
that lincRNA-Cox2 is an important positive and negative regulator
of immune genes in trans. We previously showed that lincRNA-
Cox2 is most highly expressed at steady state in the lung; in this
study (Supplemental Fig. 1), we use our mutant model to determine
whether lincRNA-Cox2 can function in frans to regulate gene
expression in the lung (36). In addition, we characterize a transgenic
(Tg) overexpressing mouse model of /incRNA-Cox2 (Supplemental
Fig. 1) and show that the defects in immune gene expression caused
by removal of /incRNA-Cox2 can be rescued by the overexpression
of lincRNA-Cox2 in an LPS-induced ALI model. On a cellular level,
we show that /incRNA-Cox2 is most highly induced after inflamma-
tion in AMs, where it functions to regulate signaling. Finally, we
show through bone marrow (BM) chimeric studies that /incRNA-
Cox2 expression is coming from BM-derived cells to regulate genes
within the lung. Collectively, we show that /incRNA-Cox2 is a
trans-acting IncRNA that functions to regulate immune responses
and maintain homeostasis within the lung at baseline and on LPS-in-
duced ALL

Materials and Methods
Mice

Wild type (WT) C57BL/6 mice were purchased from the Jackson Laboratory
(Bar Harbor, ME) and bred at the University of California Santa Cruz
(UCSC). All mouse strains, including /incRNA-Cox2 mutant (mice deficient
in lincRNA-Cox2 [Mut]), transgenic mice overexpressing /incRNA-Cox2 (Tg)
and the mutant/transgenic cross (MutxTg) mice, were maintained under spe-
cific pathogen-free conditions in the animal facilities of UCSC, and protocols
were performed in accordance with the guidelines set forth by UCSC and
the Institutional Animal Care and Use Committee.

Generation of lincRNA-Cox2 Tg and MutxTg mice

lincRNA-Cox2 Tg mice were generated by using a site-specific integrase-medi-
ated approach described previously (37). In brief, TARGATT mice in the
C57/B6 background contain a CAGG promoter within the Hipp11 (H11) locus
expressing the full-length /incRNA-Cox2 (variant 1) as previously cloned (28)
generated at the Gladstone (UCSF). These mice were then genotyped using
the same TARGATT approach of PCR7/8 (PR432: 5'-GATATCCTTACG-
GAATACCACTTGCCACCTATCACC-3’, SH176: 5'-TGGAGGAGGACA-
AACTGGTCAC-3', SH178: 5'-TTCCCTTTCTGCTTCATCTTGC-3"). The
lincRNA-Cox2 Tg mice were then crossed with the lincRNA-Cox2 mutant
mice and bred to homozygosity to generate the mutant/transgenic mice
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(MutxTg). For genotyping to assess homozygosity of mutant, we used the
primer sets of Mut forward (F): 5'-ATGCCCAGAGACAAAAAGGA-3" and
Mut reverse (R): 5'-GATGGCTGGATTCCTTTGAA-3', as well as the three-
primer set stated earlier.

ALI model

Age- and sex-matched WT, Mut, and /incRNA-Cox2 MutxTG mice were
treated with 3.5 mg/kg LPS using the oropharyngeal intratracheal administra-
tion technique. The model of LPS insult via oropharyngeal administration
into the lung was previously described in detail (38—40). In brief, mice were
sedated using an isoflurane chamber (3% for induction, 1-2% for mainte-
nance), then 60-75 wl of 3.5 mg/kg LPS (from strain O111:B4) or PBS
(control) was administered using a pipette intratracheally. Twenty-four hours
after LPS treatment, mice were sacrificed using CO, and serum, and bron-
choalveolar lavage fluid (BALF) and lung were harvested for either cellular
assessment by flow cytometry or RNA expression, or sent to Eve Technolo-
gies for cytokine/chemokine protein analysis.

LPS shock model

Age- and sex-matched WT, lincRNA-Cox2 mutant, lincRNA-Cox2 TG, and
lincRNA-Cox2 MutxTG mice (36) (8—12 wk of age) were injected ip. with
20 mg/kg LPS (O111:B4). For gene expression analysis and cytokine analysis,
mice were euthanized 6 h postinjection. Blood was taken immediately postmor-
tem by cardiac puncture. Statistics were performed using GraphPad Prism.

Transplantation reconstitution assays

Reconstitution assays were performed as previously stated by Poscablo et al.
(41), by transplanting double-sorted hematopoietic stem cells (3 million cells
per recipient) from Ubiquitin C (Ubc)-GFP™ whole BM and transplanting
into congenic C57BL/6 WT and /incRNA-Cox2—deficient mice via retro-
orbital i.v. transplant generating WT—WT and WT—Mut. Hosts were pre-
conditioned with lethal radiation (~1050 rad) using a Faxitron CP160 x-ray
instrument (Precision Instruments).

Harvesting bronchiolar lavage fluid

BALF was harvested as previously stated by Cloonan et al. (42). Forty mice
were euthanized by CO, narcosis, the tracheas cannulated, and the lungs lav-
aged with 0.5-ml increments of ice-cold PBS eight times (4 ml total); samples
were combined in 50-ml conical tubes. BALF was centrifuged at 500 X g for
5 min. A total of 1 ml RBC lysis buffer (Sigma-Aldrich) was added to the
cell pellet and left on ice for 5 min followed by centrifugation at 500 X g for
5 min. The cell pellet was resuspended in 500 wl PBS, and leukocytes were
counted using a hemocytometer. Specifically, 10 pl was removed for cell
counting (performed in triplicate) using a hemocytometer. Cells were plated in
sterile 12-well plates at Se5/well (total of 8 wells) and used complete DMEM
with 25 ng/ml GM-CSF harvested from our recently generated cell line that
produces GM-CSF termed supernatant GM-CSF or supCM-CSF (43).

Lung tissue harvesting for cytokine measurement

Mice were humanely sacrificed, and their lungs were excised. The whole
lungs were snap frozen and homogenized, and the resulting homogenates
were incubated on ice for 30 min and then centrifuged at 300 X g for
20 min. The supernatants were harvested, passed through a 0.45-pm pore
size filter, and used immediately or stored at —70°C, then sent to Eve Tech-
nologies for measurements of cytokines/chemokines.

Cell culture of primary AMs

BALF isolation was performed on 10 WT and 10 /incRNA-Cox2 mutant
mice; then cells were pooled, counted, and plated. At 24 h post-BALF isola-
tion, medium was removed, and fresh complete DMEM with 25 ng/ml
supGM-CSF was added (43). All cells that adhere to the surface of the plate
are considered AMs as previously determined by Chen et al. (44). After new
medium was added, AMs were stimulated with 200 ng/ml LPS (L2630-
10MG; Sigma). Harvest of supernatant was 6 h poststimulation. Harvested
supernatant was sent to Eve Technologies for cytokine analysis. The experi-
ment was performed twice, using a total of 40 mice. Statistics were per-
formed using GraphPad Prism.

RNA isolation, cDNA synthesis, and real-time quantitative PCR

Total RNA was purified from cells or tissues using Direct-zol RNA Mini-
Prep Kit (R2072; Zymo Research) and TRIzol reagent (T9424; Ambion)
according to the manufacturer’s instructions. RNA was quantified and
assessed for purity using a NanoDrop spectrometer (Thermo Fisher). Equal
amounts of RNA (500-1000 ng) were reverse transcribed using iScript
Reverse Transcription Supermix (1708841; Bio-Rad), followed by qPCR
using iQ SYBR Green Supermix reagent (1725122; Bio-Rad) with the
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following parameters: 50°C for 2 min and 95°C for 2 min, followed by
40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 45 s, followed by
melt-curve analysis to control for nonspecific PCR amplifications. Oligos
used in qPCR analysis were designed using Primer3 Input version 0.4.0
(https://bioinfo.ut.ee/primer3-0.4.0/).

Gene expression levels were normalized to Gapdh or Hprt as housekeep-
ing genes. Primers used were: Gapdh F, 5'-CCAATGTGTCCGTCGTG-
GATC-3'; Gapdh R, 5'-GTTGAAGTCGCAGGAGACAAC-3'; Hprt F, 5'-
TGCTCGAGATGTCATGAAGG-3'; Hprt R, 5'-ATGTCCCCCGTTGACT-
GAT-3’; lincRNACox2 F, 5'-AAGGAAGCTTGGCGTTGTGA-3'; and
lincRNACox2 R, 5'-GAGAGGTGAGGAGTCTTATG-3'.

ELISA

The concentration of 116 and Ccl5 levels in the serum and BAL of WT, Mut,
lincRNA-Cox2 Tg, and lincRNA-Cox2 MutxTg mice were determined using
the DuoSet ELISA kits (DY 1829 and DY478; R&D) according to the man-
ufacturer’s instructions.

Lung tissue harvesting for cellular analysis

Mice were humanely sacrificed, and their lungs were excised. Lung was
inflated with a digestion solution containing 1.5 mg/ml Collagenase A
(Roche) and 0.4 mg/ml DNasel (Roche) in HBSS plus 5% FBS and 10 mM
HEPES. Trachea was tied off with 2.0 sutures. The heart and mediastinal tis-
sues were carefully removed, and the lung parenchyma was placed in 5 ml
of digestion solution and incubated at 37°C for 30 min with gentle vortexing
every 8—10 min. On completion of digestion, 25 ml of PBS was added, and
the samples were vortexed at maximal speed for 30 s. The resulting cell sus-
pensions were strained through a 70-pum cell strainer and treated with ACK
RBC lysis solution. Then the cells were stained using the previously pub-
lished immune (45) and epithelial (46) cellular panels.

Flow cytometry analysis and sorting

After cells were isolated and counted, ~2 x 10° cells per sample were incu-
bated in blocking solution containing 5% normal mouse serum, 5% normal
rat serum, and 1% FcBlock (eBioscience) in PBS and then stained with a
standard panel of immunophenotyping Abs (see Supplemental Table II for a
list of Abs, clones, fluorochromes, and manufacturers) for 30 min at room
temperature (45). Data were acquired, and compensation was performed on
the BD Aria II and Attune NxT (Thermo Fisher) flow cytometer at the
beginning of each experiment. Data were analyzed using FlowJo v10. Cell
sorting was performed on a BD Aria II. The collected cells were harvested
for RNA, and RT-qPCR was performed to measure /incRNA-Cox2. Analysis
was performed using FlowJo analysis software (BD Biosciences).

RNA sequencing analysis

Generation of the RNA sequencing (RNA-seq) data (accession num-
bers GSE117379 [https://www.ncbi.nlm.nih.gov/gds/?term=GSE117379]
and GSE94749 [https://www.ncbi.nlm.nih.gov/gds/?term=GSE94749])
and analysis of differential gene expression have been described previ-
ously (36, 47). RNA-seq 50- or 30-bp reads, respectively, were aligned
to the mouse genome (assembly GRCm38/mm10) using TopHat. The
Gencode M13 gtf was used as the input annotation. Differential gene
expression specific analyses were conducted with the DESeq2 R pack-
age. Specifically, DESeq2 was used to normalize gene counts, calculate
fold change in gene expression, estimate p values and adjusted p values
for change in gene expression values, and perform a variance stabilized
transformation on read counts to make them amenable to plotting.

Single-cell RNA-seq analysis

Generation of the single-cell RNA sequencing data (Gene Expression Omni-
bus accession numbers GSE120000 [https://www.ncbi.nlm.nih.gov/gds/?
term=GSE120000] and GSE113049 [https://www.ncbi.nlm.nih.gov/gds/?
term=GSE113049]) and analysis of gene expression have been described
previously (48, 49). All analysis was performed using the Scanpy package
(50). Unless specified, default parameters were used.

For GSM3391587 (https://www.ncbi.nlm.nih.gov/gds/?term=GSM3391587),
count matrix was processed according to the original study. In brief, the count
matrix was normalized to log(10K+1) transcripts, and highly variable genes
were selected with the following parameters: minimum dispersion = 0.2, mini-
mum mean = 0.15. Those genes were used to compute principal components,
out of which the top 6 were selected for clustering and visualization. The #-dis-
tributed stochastic neighbor embedding coordinates were computed using the
top six principal components, and Louvain clustering was performed based on
the k-nearest neighbor graph (k = 30) derived from the principal components.

For GSE113049 (https://www.ncbi.nlm.nih.gov/gds/?term=GSE113049),
the count matrix was processed as follows: cells with <200 detected genes

lincRNA-Cox2 REGULATES IMMUNE GENES IN THE LUNG

were removed, and genes detected in <3 cells were removed. Cells with
>5% of mitochondrial content were further excluded from the analysis.
Counts were normalized to log(10K+1) transcripts. The #-distributed
stochastic neighbor embedding coordinates and cell-type labels were
obtained from public files made available by the authors of the original
study.

Results
Immune gene expression is altered in the lungs of lincRNA-Cox2—
deficient mice

To determine the role for lincRNA-Cox2 in the lung, we first
examined RNA-seq data of WT versus Mut mice treated with
PBS to compare gene expression profiles (36) (Fig. 1A). We
found 85 genes downregulated and 41 genes upregulated in the
Mut lungs compared with WT (Fig. 1B, Supplemental Table I).
Gene Ontology analysis showed that both the downregulated and
upregulated genes were associated with the immune system,
metabolism, and response to stimulus (Fig. 1C, 1D), which are
similar to pathways that /incRNA-Cox2 has previously been asso-
ciated with in BM-derived macrophages (28). To determine
whether loss of /incRNA-Cox2 impacts protein expression, we
performed ELISAs on lung homogenates from WT and /lincR-
NA-Cox2—deficient (Mut) mice (Fig. 1E). Although many genes
remained unchanged at baseline (PBS) between the WT and
lincRNA-Cox2 Mut lungs (Supplemental Fig. 2A-H), we did find
that I1-12p40, Cxcl10, Ccl3, Ccl4, Cxcl2, Ccl5, and Ccl19 are all
significantly upregulated in the Mut lungs (Fig. 1F-L). Interest-
ingly, none of these cytokines are upregulated at the RNA level
in our whole-lung tissue RNA-seq, suggesting that they might be
regulated posttranscriptionally or that they are regulated in only a
small subset of cells that cannot be easily captured from the
whole-lung lysate RNA-seq data (Supplemental Fig. 2I-P).

Finally, we measured the immune cell repertoire in the bronchio-
lar lavage fluid (BAL) of WT and lincRNA-Cox2—deficient (Mut)
mice and found that B cells and dendritic cells (DCs), although at
very low expression levels in both strains, are significantly lower at
baseline in the mutant mice (Fig. 1M). These findings indicate that
lincRNA-Cox2 functions as both a positive and a negative regulator
of immune gene expression that can impact the cellular milieu
within the lung at steady state in mice.

lincRNA-Cox2 regulates the proinflammatory response during ALI

Our data suggest that lincRNA-Cox2 plays a role in regulating
immune gene expression at steady state; therefore, we wanted to
determine whether loss of /incRNA-Cox2 could impact the immune
response during ALL. We used a 24-h LPS-induced ALI model,
because /incRNA-Cox2 is highly expressed at this time point (Fig.
2A, 2B). We assessed the immune cell repertoire within the BAL by
flow cytometry in WT and lincRNA-Cox2 mutant mice after LPS
challenge and found that the most abundant and critical cell type, neu-
trophils, was significantly reduced when lincRNA-Cox2 was removed
(Fig. 2C). We also assessed the cytokine and chemokine response
both in the BAL and in the serum of WT and /incRNA-Cox2 Mut
mice by ELISA. We found that 116, Ccl3, and Ccl4 were downregu-
lated in the serum and BAL of lincRNA-Cox2 Mut mice (Fig. 2D-F).
In addition, several proteins were specifically affected either in the
serum or BAL, such as Ccl5 and Ccl22, which were upregulated in
the serum (Fig. 2G, 2H), while Ifnbl was upregulated only in the
BAL of the Mut mice (Fig. 2I). Consistent with our previous work,
Tnfa remains unchanged between WT and lincRNA-Cox2 Mut mice
(Fig. 2J). These data suggest that l/incRNA-Cox2 exerts different
effects within the lung compared with the periphery, and that
lincRNA-Cox2 can impact acute inflammation at the protein and cellu-
lar levels within the lung.
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lincRNA-Cox2 positively regulates the proinflammatory response during ALI (A) Six WT mice were treated with either PBS or 3.5 mg/kg LPS

via the oropharyngeal route. After 6 and 24 h, BALs were harvested, and RNA was isolated. /incRNA-Cox2 was measured by RT-qPCR in pooled BAL cells.
(B) ALI schematic depicting the oropharyngeal route of 3.5 mg/kg LPS administration in WT and mutant. Mice were sacrificed after 24 h, followed by harvest-
ing serum and BAL. (C) BAL cells were analyzed by flow cytometry to assess recruitment of immune cells in WT and immune cells gated off CD45 ™. Multiplex
cytokine analysis was performed on serum and BAL for (D) 116, (E) CclS, (F) Ccl3, (G) Ccl4, (H) Ccl22, (I) Ifnb-1, and (J) Tnf. The Student ¢ test used to deter-
mine the significance between WT and mutant mice. Asterisks indicate statistical significance (*p > 0.05).

Generation and characterization of a Tg mouse model
overexpressing lincRNA-Cox2

We have determined that lincRNA-Cox2 is critical in regulating
inflammation at baseline during a septic shock model (36) and in this
study during an ALI model. To confirm that /incRNA-Cox2 is func-
tioning in trans, we generated a Tg lincRNA-Cox2 mouse line using
the TARGATT system, which allows for stable integration of
lincRNA-Cox2 into the H11 locus (37) (Fig. 3A). The inserted cas-
sette is carrying a CAG promoter, lincRNA-Cox2, and an SV40
polyA stop cassette. Mice were bred to homozygosity (Supplemental
Fig. 3A-D), and lincRNA-Cox2 levels were measured in WT and Tg
BM-derived macrophages (Fig. 3B). As expected, /incRNA-Cox2 is
highly expressed in the Tg macrophages with no difference in expres-
sion after LPS stimulation (Fig. 3B).

Next, we performed a septic shock model of WT and Tg mice to
determine whether overexpression of /incRNA-Cox2 can impact the
immune response (Fig. 3C). As expected, lincRNA-Cox2 is highly

expressed in the lung tissue of the Tg mice and, interestingly, we
observe increased levels of 116, while other lincRNA-Cox2 target
genes, such as Ccl5, are not affected. This suggests that overexpres-
sion of /incRNA-Cox2 can have the opposite phenotype to knocking
out the gene to regulate 116 within the lung (Fig. 3D, Supplemental
Fig. 3E-G). We harvested serum from the mice and found higher
levels of Csfl and lower levels of 1110 (Fig. 3E, 3F) in the mice
overexpressing lincRNA-Cox2. Other inflammatory cytokines,
including 116, Ccl5, Ccl3, and Ccl4, were unaltered in /incRNA-Cox2
Tg mouse serum (Fig. 3G-J, Supplemental Fig. 3H-K). These data
suggest that overexpression of /incRNA-Cox2 does not have broad
impacts on gene expression during acute systemic inflammation.
Next, we assessed whether overexpression of /incRNA-Cox2 dys-
regulated the inflammatory responses within the lung by using the
LPS-induced ALI model (Fig. 4A). First, we performed RT-qPCR
and confirmed that the overexpression of /incRNA-Cox2 did not alter
the expression of Ptgs2 in the BAL, consistent with our previous
findings that it is regulated in cis and not in trans (Fig. 4B, 4C)
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FIGURE 3. Characterization of /incRNA-Cox2 Tg mouse. (A) We have generated a Tg /incRNA-Cox2 mouse line using the TARGATT system. This
approach allows for stable integration of /incRNA-Cox2 into the H11 locus. Our inserted cassette is carrying a CAG promoter, /incRNA-Cox2, and an SV40
polyA stop cassette. (B) /incRNA-Cox2 levels measured in WT and Tg BM-derived macrophages with and without LPS for 6 h, normalized to GAPDH. (C)
Schematic of 20 mg/kg LPS septic shock model of WT and Tg mice. (D) lincRNA-Cox2 measured by RT-qPCR in lung tissue. Serum was harvested and
ELISAs were performed to measure (E) Csfl, (F) 1110, (@) 116, (H) CclS, (I) Ccl3, and (J) Ccl4. The Student # test was used to determine the significance
between WT and TG mice. Asterisks indicate statistical significance (**p = 0.01, ***p > 0.005, ****p > 0.001).

(36). To assess the function of /incRNA-Cox2 in the lung, we then
measured the immune cell repertoire within the BAL by flow
cytometry in WT and lincRNA-Cox2 TG mice after LPS challenge
and found no significant difference in cell numbers (Fig. 4D).
Finally, using both BAL and serum, we measured the cytokine and
chemokine profiles of WT and /incRNA-Cox2 TG mice by ELISA.
Interestingly, we found that overexpression of lincRNA-Cox2
resulted in an upregulation of 116 and Ccl3 (Fig. 4E, 4F) in the BAL
after ALI, which is the opposite phenotype to the deficient mice
(Fig. 2). Ccl4 levels trend upward but do not reach significance
(Fig. 4G). The lincRNA-Cox2 Tg mice also showed a specific down-
regulation in Timp!l in the BAL during ALI (Fig. 4H) and an upre-
gulation of 1110 (Fig. 4I) in the serum. Consistent with knocking
down lincRNA-Cox2, overexpressing this gene did not alter the reg-
ulation of Tnf in either the BAL or the serum (Fig. 4J). These data
suggest that lincRNA-Cox2 functions in trans to regulate immune
genes during acute inflammation.

lincRNA-Cox2 functions in trans to regulate acute inflammation

To confirm that /incRNA-Cox2 is regulating genes in frans after
in vivo challenge with LPS, we crossed the Mut mice with the Tg
mice overexpressing /incRNA-Cox2 (TG), generating mice labeled
throughout as MutxTG (Fig. 5A, Supplemental Fig. 4A, 4B). We first
performed an ip. endotoxic shock model to determine whether we
could rescue the /incRNA-Cox2 phenotype identified in our previous
study (36) (Fig. 5B). As expected, lincRNA-Cox2 expression is signif-
icantly reduced in the lung tissue and BAL of the deficient (Mut)
mice and highly expressed in the MutxTG mouse (Fig. 5C, 5D). We
found that Ccl5 and CxcllO are expressed at higher levels in the
BAL and serum of /incRNA-Cox2 mutant mice (Fig. SE-H), and the
expression levels can be rescued by frans expression of /incRNA-
Cox2 in the MutxTG mice returning to WT levels.

Next, we wanted to determine whether Tg overexpression of
lincRNA-Cox2 can reverse the phenotype observed in the deficient
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FIGURE 5.

lincRNA-Cox2 functions in frans to regulate the innate immune system in a septic shock model. (A) Schematic depicting i.p. route of LPS

infection in WT, Mut, and MutxTg mice. (B) WT, Mut, and TgxMut mice were challenged with 20 mg/kg LPS, and body temperatures were measured. Mice
were sacrificed after 6 h; then BAL, lungs, and cardiac punctures were performed. BAL and lungs were harvested for gene expression analysis by RT-qPCR
for lincRNA-Cox2 (C and D) and Ccl5 (E and F). BAL and isolated serum were sent for multiplex cytokine analysis (G and H). Each dot represents an indi-
vidual animal. Student ¢ tests were performed using GraphPad Prism7. Asterisks indicate statistically significant differences between mouse lines
(**p > 0.01). One-way ANOVA was used to determine significance between WT, Mut, and MutxTG mice (“p > 0.05).

mice during ALI (Fig. 6A). We assessed immune cell recruitment in
both the BAL and lung tissue by flow cytometry in WT, Mut, and
MutxTG mice. Again, we found that neutrophils are the only immune
cell that was significantly lower in lincRNA-Cox2 mutant mice, while
neutrophil recruitment in MutxTG mice was rescued and returned to
WT levels (Fig. 6B, 6C). Next, we performed ELISAs on harvested
lung tissue, BAL, and serum to measure the protein concentration of
cytokines and chemokines. We found that 116, Ccl5, Ccl3, Ccl4, Ccl22,
and Ifnbl are consistently significantly dysregulated in the /incRNA-
Cox2 mutant mice, and again this phenotype could be rescued back

to WT levels by the Tg overexpression of /incRNA-Cox2 (MutxTG)
(Fig. 6D-I). Interestingly, 116, Ccl3, Ccl4, and Ifnb1 are all signifi-
cantly different in the BAL, while Ccl5 and Ccl22 are significantly
dysregulated only in the lung tissue, suggesting that /incRNA-Cox2
can impact proteins in a cell-specific manner. These cytokines are
not significantly altered at the transcript level (Supplemental Fig.
4C-E). We found that Tnf is consistently unaltered between all gen-
otypes (Fig. 6J). From these data we conclude that /incRNA-Cox2
functions in trans to regulate the lung immune response during
acute inflammation.
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lincRNA-Cox2 regulates the proinflammatory response in the lung in trans. (A) Generation of /incRNA-Cox2 MutxTG homozygous mouse.

(B) ALI schematic depicting the oropharyngeal route of 3.5 mg/kg LPS administration in WT, Mut, and MutxTG. Mice were sacrificed after 24 h, followed
by harvesting lung tissue, serum, and BAL. (C and D) BAL (C) and lung (D) cells were analyzed by flow cytometry to assess recruitment of immune cells in
WT and immune cells gated off CD45". Multiplex cytokine analysis was performed on serum, BAL, and lung tissue for (D) 116, (E) Ccl3, (F) Ccl4, (G)
Ccl5, (H), Ccl22, (1) Ifnb1, (J) Tnf. Student ¢ test was used to determine significance between WT and Mut mice (*p > 0.05). One-way ANOVA was used to

determine significance between WT, Mut, and MutxTG mice (*p > 0.05).

lincRNA-Cox2 positively and negatively regulates immune genes in
primary AMs

To understand how /lincRNA-Cox2 could be regulating acute inflam-
mation, we first wanted to determine in which cell types /incRNA-
Cox2 is most highly expressed within the lung. First, we used publicly
available single-cell RNA sequencing (scRNA-seq) data from two
LPS-induced lung injury studies (48, 49). Overall, lincRNA-Cox2

expression was very low in these datasets (Supplemental Fig. SA-E).
There was a slight increase in expression in all alveolar epithelial type
II cellular populations (Supplemental Fig. 5D, 5E). Due to the expres-
sion level limitations of publicly available scRNA-seq datasets, we
next performed FACS to isolate all cell types of interest in the lung at
baseline and after LPS-induced lung injury (36). Using RT-qPCR, we
found that /incRNA-Cox2 was most highly expressed in neutrophils at
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both baseline and after LPS stimulation when normalized to cell count
(Supplemental Fig. 5F, 5G). Interestingly, AMs were identified as the
cell type with the highest induction of lincRNA-Cox2 after LPS stimu-
lation (Fig. 7A).

Because /incRNA-Cox2 is most highly induced in AMs, we
wanted to determine whether this was the cell type contributing to
the cytokine and chemokine changes in Mut mice after inflammatory
challenge. To do this, we harvested BAL from WT and /incRNA-
Cox2 mutant mice to culture primary AMs and treated them with
LPS for 24 h (Fig. 7B). First, lincRNA-Cox2 induction was validated
using RT-qPCR with in vitro LPS-stimulated WT AMs, while
expression as expected is diminished in the /incRNA-Cox2—deficient
AMs (Fig. 7B, 7C). Finally, we assessed the level of cytokine and
chemokine expression from primary AMs by ELISA. We confirmed
significant dysregulation of 116, Ccl5, Ccl3, Ccl4, and Ccl22 in pri-
mary AMs, which are consistent with the in vivo data (Fig. 7D-L).
Performing RT-qPCR on primary AMs, we found that these cyto-
kines are not significantly dysregulated at the level of transcription
(Supplemental Fig. SH-K). In addition, we found novel dysregula-
tion of Cxcl2, Cxcll, and Cxcll0 specific to AMs from the lincR-
NA-Cox2—deficient mice not detected in our ALI model. Tnf
remains consistently unchanged between WT and Mut in AMs and
in vivo studies (Fig. 7M). These data indicate that mechanistically
lincRNA-Cox?2 is functioning to regulate protein expression primarily
within primary AMs.

Peripheral immune cells drive the regulatory role of lincRNA-Cox2
during ALI

From our in vivo mouse models, we can conclude that /incRNA-
Cox2 functions in trans to regulate immune genes and cellular
milieu within the lung during ALI Using previously generated data
of sorted resident and recruited AMs from mice exposed to LPS-
induced ALI (Supplemental Fig. 6A) from Mould et al. (47), we
found that lincRNA-Cox2 is expressed in both cell types. When
comparing the AM subsets, we found that lincRNA-Cox2 was more
highly expressed in recruited AMs at day 3 of ALI (Supplemental
Fig. 6B).

To determine whether /lincRNA-Cox2 functions through BM-
derived immune cells, we performed BM transplantation experiments
using Ubc-GFP WT BM to enable us to easily track chimerism
through measurement of GFP. Ubc-GFP WT BM was transplanted
into /incRNA-Cox2 mutant mice and WT mice generating WT—WT
and WT—Mut mice (Fig. 8A). First, we determined the reconstitu-
tion of hematopoietic stem cells by measuring donor chimerism
(GFP%) in the peripheral blood (PB) for the duration of the 8 wk.
We found that both the WT—WT and WT—Mut mice have 100%
donor reconstitution of granulocytes/myelomonocytes (GMs) and B
cells and ~75% donor T cells in PB (Fig. 8B-D). Although there
was a small but significant decrease in T cell reconstitution in
WT—Mut mice, we found there was no significant reconstitution dif-
ference of GMs or B cells between WT—WT and WT—Mut mice.

After 8 wk when the immune system was fully reconstituted, we
performed the LPS ALI model on the chimera WT—WT and
WT—Mut mice. We found that the percentage of donor reconstitu-
tion within PB was 100%, indicating a successful BM transplanta-
tion (Fig. 8B-D, Supplemental Fig. 6C-K) (51). We found that the
decrease in neutrophil recruitment that we identified in the /incR-
NA-Cox2 mutant mice (Figs. 2B, 6B, 6C, 7E, Supplemental
Fig. 6L) was rescued in the WT—Mut model back to similar levels
to the WT—WT mice (Fig. 8E). Furthermore, the altered expres-
sions of 116, Ccl3, and Ccl4 found in the /incRNA-Cox2 mutant
mice were also returned to WT levels in the WT—Mut mice
(Figs. 2C-E, 6D-F, 8F-H). As expected, Tnf acts as a control cyto-
kine showing no difference across genotypes (Fig. 8I). These data
suggest that lincRNA-Cox2 is functioning through an immune cell
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from the BM, most likely AMs, to regulate acute inflammatory
responses within the lung.

Discussion

IncRNAs are rapidly emerging as critical regulators of biological
responses, and in recent years there have been several studies show-
ing that these genes play key roles in regulating the immune system
(16). However, very few studies have functionally characterized
IncRNAs using mouse models in vivo. We and others have studied
the role for /incRNA-Cox2 in the context of macrophages and shown
that it can act as both a positive and a negative regulator of immune
genes (28-34). We previously characterized two mouse models of
lincRNA-Cox2, a KO and an intronless splicing Mut. We identified
lincRNA-Cox2 as a cis-acting regulator of its neighboring protein
coding gene Ptgs2 using the KO mouse model. To study the role
for lincRNA-Cox2 independent of its cis role regulating Ptgs2, we
generated the splicing Mut mouse model (Supplemental Fig. 1).
This model enabled us to show that knocking down /incRNA-Cox2
impacts a number of immune genes, including 116 and Ccl5, in an
LPS-induced endotoxic shock model (36). In this study, we make
use of the mutant mouse model to study the role for /incRNA-Cox2
in regulating immune responses in the lung, where /incRNA-Cox2 is
most highly expressed, both at steady state and after LPS-induced
ALI Both neutrophil recruitment and chemokine/cytokine induction
are hallmarks of ALI (38, 52, 53), and in this study, we provide
in vivo and in vitro evidence that lincRNA-Cox2 plays an important
role in these processes.

We found that loss of /incRNA-Cox2 at baseline resulted in the
upregulation and downregulation of a number of genes that regulate
the immune system and metabolism (Fig. 1A-D), indicating that
lincRNA-Cox2 is a key transcriptional regulator of gene expression
within lung tissue. In addition, we measured immune cells and
found that at baseline DCs and B cells were lower in the lincRNA-
Cox2 mutant mice. Lung DCs serve as functional signaling/sensing
units to maintain lung homeostasis by orchestrating host responses
to benign and harmful foreign substances, while B cells are crucial
for Ab production, Ag presentation, and cytokine secretion (23, 54).
Having fewer DCs and B cells at steady state could lead to an
increased risk for inflammatory diseases (55, 56). This indicates that
lincRNA-Cox2 plays an important role in maintaining lung homeo-
stasis because gene expression and cellular abundance are altered by
the loss of lincRNA-Cox2.

Although we identify lincRNA-Cox2 as a crucial element for
maintaining lung homeostasis, we next performed LPS-induced ALI
to assess the importance of lincRNA-Cox2 during active inflamma-
tion. Using a 24-h time point, which shows the maximum influx of
polymorphonuclear cells and cytokine/chemokine expression and
the highest expression of lincRNA-Cox2 (Fig. 2A) (52), we found
that loss of /incRNA-Cox2 led to a decrease in neutrophil recruit-
ment and altered cytokine/chemokine expression in both the BAL
and serum (Fig. 2). In ALIL neutrophils are crucial for bacterial
clearance during live infection, repair, and tissue remodeling after
ALI (57, 58). Our data suggest that lincRNA-Cox2 plays an impor-
tant role in neutrophil recruitment and therefore could also play
roles in clearance of live bacteria and repair of tissue after resolution
of infection. We found that 116 levels were reduced, while Ccl5 lev-
els were increased, after ALI in the /incRNA-Cox2 mutant mice.
These findings are consistent with our previous in vitro and in vivo
studies (28, 36). In addition, we found that Ccl3 and Ccl4 are posi-
tively regulated, while Ccl22 and Ifnbl are negatively regulated, by
lincRNA-Cox2 in the lung during ALIL Interestingly, Lee et al. (59)
and others (60-63) have reported that the chemokines, CCL3 and
CCLA4, promote the local influx of neutrophils. Therefore, the
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FIGURE 7.

lincRNA-Cox2 is inducible and regulates immune genes both positively and negatively in primary AMs. (A) /lincRNA-Cox2 was measured in
whole-lung tissue and several sorted immune and epithelial cells from mice treated with PBS and LPS via an oropharyngeal route. Expression was normal-
ized to PBS. Performed in biological triplicates, and Student ¢ test was performed between whole-lung tissue and each sorted cell. (B) The experimental
design is depicted. BALs harvested from 40 WT and 40 Mut mice and 10 WT or Mut mice were pooled per well. Cells were (Figure legend continues)
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decreased expression of Ccl3 and Ccl4 in vivo in the /incRNA-Cox2
mutant mice could explain the significant decrease of neutrophil
recruitment seen in the BAL (Fig. 2B).

To date, there remains only a small number of IncRNAs that
have been functionally and mechanistically characterized in vivo. In
fact, Pnky, Tugl, and Firre are the only other IncRNA studies that
show that their phenotype can be rescued in frans in vivo (64—66).

Irradiation and
WT BM Transplantation

From our previous in vivo studies, we had concluded that lincRNA-
Cox2 functions in cis to regulate Ptgs2 in an enhancer RNA manner,
while it functions in trans to regulate genes such as 116 and Ccl5
(36). To prove that indeed /incRNA-Cox2 can function in trans to
regulate immune genes, we generated a Tg mouse overexpressing
lincRNA-Cox2 from the HI1 locus using the TARGATT system
(37) (Fig. 3A, Supplemental Fig. 1). Simply overexpressing

treated with LPS for 24 h. (C) /incRNA-Cox2 was measured by RT-qPCR in primary AMs. Multiplex cytokine analysis was performed for the supernatant
from primary AMs for (D) 116, (E) Ccl3, (F) Ccl4, (G) Ccl5, (H) Ccl22, (I) Cxcl2, (J) Cxcll0, (K) Cxcll, (L) Csf3, (M) Tnf. Student 7 test used to determine
significance, and asterisks indicate statistical significance (*p > 0.05, **p = 0.01).
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lincRNA-Cox2 minimally impacts the immune response after an
LPS septic shock model, but widely impacts genes using an LPS-in-
duced ALI model, suggesting that /incRNA-Cox2 is an important
regulator of immune genes within the lung (Figs. 3, 4). Using the
septic shock model, we do note that Csfl and 1110 are lower in
serum after endotoxic shock in the lincRNA-Cox2 Tg mouse.
However, in the ALI model, overexpression of /incRNA-Cox2
resulted in an increase in 116 and Ccl3 production within the BAL
(Fig. 4), which is the opposite phenotype to that observed when
lincRNA-Cox2 is removed (Fig. 2). Unique to the overexpression
of lincRNA-Cox2 was the decreased levels of Timpl, and previous
work indicates that dysregulation of Timp1 in the lungs is critical to
resolution of lung injury, as well as evading live pathogen infec-
tion (38, 67—69). These data suggest that overexpression of
lincRNA-Cox2 in vivo could be in important model to study specific
aspects of lung immune regulation.

Our primary goal for generating the Tg mouse line overexpressing
lincRNA-Cox2 was to determine whether crossing it to our /incRNA-
Cox2 mutant (deficient) mouse generating a MutxTG line (Fig. 5A)
would rescue the phenotypes observed in the mutant line after LPS
challenge using either an i.p. delivery or via oropharyngeal delivery.
Interestingly, we found that our MutxTG mice do rescue the pheno-
type found in both the endotoxic shock model (Fig. 5) and LPS-
induced ALI model (Fig. 6), showing definitively that /incRNA-Cox2
regulates specific genes, as well as neutrophil recruitment in frans.
Further work will need to be conducted to determine whether
lincRNA-Cox?2 is functioning directly to regulate specific genes or
whether it is indirect.

To delve more deeply into exactly how lincRNA-Cox2 functions to
regulate immune genes in the lung, we focused on determining in
which cell type lincRNA-Cox2 is most highly expressed. Analysis of
scRNA-seq indicated that /incRNA-Cox2 was highly expressed in
naive and injured alveolar epithelial type II cells (Supplemental Fig.
SA-E); however, overall, /incRNA-Cox2 was difficult to detect in sin-
gle-cell data probably because of a combination of low expression
levels and low read depth. Using FACS and qRT-PCR, we measured
the expression of /incRNA-Cox2 in eight immune cell populations and
four epithelial/endothelial cell populations and found that /incRNA-
Cox2 was most highly expressed in neutrophils (Supplemental
Fig. 5F, 5G). However, when assessing induction of lincRNA-Cox2
after LPS and normalizing to PBS controls, we found it to be most
highly expressed in AMs with some significant induction also
observed in monocytes (Fig. 7A). We know AMs are critical effector
cells in initiating and maintaining pulmonary inflammation, as well as
termination and resolution of pulmonary inflammation during ALI
(70, 71). Therefore, to determine whether the altered gene expression
profiles we observed within the BAL after ALI were due to /incR-
NA-Cox2 expression in AMs, we cultured primary AMs using previ-
ously published methods (43, 72, 73) from our WT and lincRNA-
Cox2 mutant mice and measured cytokine and chemokine expression.
Excitingly, we found decreased expression of 116, Ccl3, and Ccl4 and
increased expression of Ccl5 in the /incRNA-Cox2 mutant AMs
(Fig. 7D-G), consistent with our in vivo findings from the BAL after
ALIL Several other chemokines, such as Ccl3, Ccl4, Csf3, Cxcll, and
Cxcl2, were significantly lower in the lincRNA-Cox2—deficient AMs,
and these all are known to play roles in neutrophil influx (59, 61, 74).
These data suggest that /incRNA-Cox2 functions within AMs to regu-
late gene expression, including key chemokines that can impact neu-
trophil infiltration during ALIL

During ALL many of the immune cells that infiltrate the lung,
including some classes of AMs, originate from the BM. Analysis of
resident and recruited AMs during ALI showed lincRNA-Cox2 is more
highly expressed in recruited (BM-derived) AMs (Supplemental
Fig. 6A, 6B). Therefore, to assess whether /incRNA-Cox?2 is functioning

lincRNA-Cox2 REGULATES IMMUNE GENES IN THE LUNG

through BM-derived immune cells, we performed BM transplantation
chimera experiments in WT and /incRNA-Cox2 mutant mice (Fig. 7A).
We found that WT—Mut BM transplantations completely rescued the
neutrophil and cytokine/chemokine phenotype in the BAL (Fig. 8B-H,
Supplemental Fig. 6L). Although we aimed to determine whether
lincRNA-Cox2 functions either through resident (SiglecF™) or recruited
(SiglecF~) AMs, we found that both populations were composed of
>70% donor BM (Supplemental Fig. 6J, 6K), indicating that radiation
obliterated resident SiglecF™ alveolar cells, which become repopulated
with donor cells from the BM (51, 75-78). These experiments enabled
us to conclude that /incRNA-Cox2 expression originating from the BM
can function to control immune responses in the lung, because BM-der-
ived immune cells transplanted into /incRNA-Cox2 mutant mice are
able to rescue the phenotype driven by loss of /incRNA-Cox2 in the
lung. Although these data do rule out epithelial cells as a source of the
lincRNA-Cox2-mediated phenotype, we did not examine any role for
lincRNA-Cox2 in other immune-infiltrating cells, such as neutrophils,
and therefore cannot definitively rule them out as playing some role in
addition to the AMs.

In conclusion, in this study, we show, through multiple mouse
models, that /incRNA-Cox2 is functioning in trans in AMs to regu-
late immune responses within the lung. This study provides an addi-
tional layer of mechanistic understanding highlighting that IncRNAs
can contribute to the delicate balance between maintenance of
homeostasis and induction of transient inflammation within the lung
microenvironment.
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