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SUMMARY

Pandemic influenza viruses modulate pro-inflammatory responses that can lead to 

immunopathogenesis. We present an extensive and systematic profiling of lipids, metabolites and 

proteins in respiratory compartments of ferrets infected with either 1918 or 2009 human pandemic 

H1N1 influenza viruses. Integrative analysis of high-throughput omics data with virologic and 

histopathologic data uncovered relationships between host responses and phenotypic outcomes of 

viral infection. Pro-inflammatory lipid precursors in the trachea following 1918 infection 

correlated with severe tracheal lesions. Using an algorithm to infer cell quantity changes from 

gene expression data, we found enrichment of distinct T cell subpopulations in the trachea. There 

was also a predicted increase in inflammatory monocytes in the lung of 1918 virus-infected 

animals that was sustained throughout infection. This study presents a unique resource to the 

influenza research community and demonstrates the utility of an integrative systems approach for 

characterization of lipid metabolism alterations underlying respiratory responses to viruses.

INTRODUCTION

Highly pathogenic influenza viruses cause robust and sustained pro-inflammatory responses 

that enhance immunopathology in the lung. Significant progress has been made in 

elucidating innate immune responses contributing to the pathogenesis of these medically 

important viral pathogens, yet important questions remain. Chief among these is how 

alterations in the host metabolic state during influenza virus infection impacts respiratory 

disease severity and progression. The domestic ferret (Mustela putorius furo) is highly 

utilized as a model of influenza pathogenesis and transmission. Ferrets are naturally 

susceptible to human influenza virus and present clinical symptoms akin to humans. Cellular 

sialyllactose receptors promoting viral entry are similarly distributed within the respiratory 

tract between ferrets and humans. This was recently reinforced by the discovery of a deletion 

in the ferret CMAH gene resulting in the exclusive expression of N-acetylneuramininic acid 

(Neu5Ac) on cell surfaces, as seen with humans (Ng et al., 2014).

With the sequencing of the ferret genome (Peng et al., 2014), it is now possible to perform 

systems-level analyses. We previously evaluated the global transcriptional response induced 

in the trachea and lung of ferrets infected with either 1918 or 2009 human pandemic H1N1 

influenza viruses and found an enrichment of genes associated with lipid receptor signaling 

in the trachea (Peng et al., 2014). Lipids are important modulators of inflammation and their 

role in influenza virus infection is the subject of increasing investigation. Tam et al. recently 

found that the ratio of specific pro-inflammatory and anti-inflammatory lipids may be 

markers of influenza virus pathogenicity in mice (Tam et al., 2013). In a separate study, 

treatment of ferrets with an agonist of sphingosine-1-phosphate (S1P) 1 receptor was found 

to suppress cytokine and chemokine production during pandemic influenza H1N1 virus 

infection (Teijaro et al., 2014). These studies indicate a role for lipid signaling pathways in 

the regulation of inflammation during influenza virus infection. Moreover, lipids and the 

pathways that they regulate may provide a therapeutic strategy for ameliorating disease by 

dampening inflammatory responses attending viral infection.
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Here, we present a systematic profiling of lipids, metabolites and proteins in upper and 

lower respiratory compartments of ferrets infected with either 1918 or 2009 human 

pandemic H1N1 influenza viruses. Through an integrative network analysis we identified 

relationships between groups of different molecular species in the host response during 

influenza virus infection. We also examined relationships in independent virus and tissue 

networks that were correlated with viral replication and respiratory disease. We found 

groups of lipids and metabolites positively correlated with genes enriched for cell 

differentiation and adhesion processes. We also found enrichment of T cell genes late in 

infection that was enhanced in the trachea compared to the lung and corroborated using 

Digital Cell Quantifier (DCQ), a computational method to infer distinct immune cell 

subpopulations. Correlation analysis found tissue damage was associated with phospholipids 

containing arachidonic acid (20:4) and DHA (22:6) that may act as reservoirs for lipid 

mediators regulating inflammatory responses to pandemic H1N1 influenza virus infection.

RESULTS

Lipidomic and metabolomic analysis of lung and trachea from ferrets infected with 
pandemic H1N1 influenza viruses

Ferrets were inoculated intranasally with either influenza A/California/04/2009 (CA04) 

virus or influenza A/Brevig Mission/1/1918 (1918) virus. On days 1, 3 and 8 post-

inoculation (p.i.), lung and trachea samples were collected to analyze lipids by LC-MS/MS 

and metabolites by GC-MS. We identified 488 unique lipids in the lung and 191 in the 

trachea. Fifteen different lipid subclasses were represented, with triacylglycerol (TG) and 

diacylglycerophosphocholine (PC) subclasses having the greatest relative abundances in the 

two tissues (Figure 1A and 1B). There was a larger relative percentage of 

diacylglycerophosphoglycerol (PG) in the lung compared to the trachea. We also identified 

91 metabolites in the lung and 86 metabolites in the trachea. Overall, there was a greater 

number of differentially abundant (DA) metabolites with decreased abundance in the two 

tissues for 1918 and CA04 infections (Figure 1C) that included essential amino acids.

We next inferred a co-expression network based on log2FC abundances for 50 DA lipids and 

33 DA metabolites. The network was composed of nodes, corresponding to lipids and 

metabolites, and edges between nodes that show co-abundance patterns for 1918 and CA04 

infections in the two tissues. The nodes were organized into modules arbitrarily assigned 

numbers (1 to 19) concatenated with the prefix “lm”. The modules represent groups of 

coexpressed molecular species that often share similar biological functions. There were 

modules that exhibited tissue-specific patterns in lipid and metabolite abundance profiles, 

such as module lm18 containing ethanolamine, glyceric acid, and uracil (Figure 1D and 

Table S1). These metabolites showed increased abundance in the trachea compared to the 

lung and were co-expressed with sphingomyelin specie, SM(d18:1/24:1), and PC(0:0/18:1) 

and PC(0:0/16:0) lipid species. Within this same module, referred to as the ‘sphingomyelin 

module’, were two unknown metabolites that may be functionally related to the trachea 

metabolic response to influenza virus infection. This network analysis identified groups of 

co-expressed lipids and metabolites, known and unknown, capturing the dynamic changes in 
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the ferret lipidome and metabolome during pandemic H1N1 influenza virus infection in 

ferrets.

Histological differences in severity, distribution, and progression of lung and tracheal 
lesions in CA04- versus 1918-infected ferrets

To determine tissue-level responses, we performed a histopathologic assessment of paired 

tissue sections from each ferret. No significant histologic findings were observed in the lung 

on day 1 p.i. At day 3 p.i., multifocal submucosal gland necrosis was the most prominent 

and consistent lesion in both the 1918 (Figures 2A and 2C) and CA04 groups (Figures 2B 

and 2D). Compared to the 1918 group (Figure 2E), a severe bronchiolitis was present in the 

CA04 group only (Figure 2F), with necrotic debris, macrophages, eosinophils, and 

neutrophils obstructing the airways (see the inset in Figure 2F). Acute alveolar damage and 

effusion were widespread in the peripheral lungs of 1918-infected animals and generally not 

associated with airways (Figure 2G). In CA04-infected animals, alveolar damage tended to 

localize around affected bronchioles, which were lined by variably hypertrophic and 

hyperplastic type-II pneumocytes (see the left inset in Figure 2H). Foamy macrophages were 

common in regions of effusion in the CA04 group (see the right inset in Figure 2H), while 

neutrophils were frequent in lung infected with 1918. At day 8 p.i., the bronchiolitis 

observed with CA04 infection was largely replaced by mixed mesenchymal and epithelial 

proliferations (Figure S1). These proliferations partially obstructed bronchioles 

(bronchiolitis obliterans) and widely extended into the adjacent parenchyma (organizing 

pneumonia), and have been previously reported (Memoli et al., 2011). Though less severe 

compared to CA04 infection, bronchiolitis in 1918-infected animals was accompanied by 

neutrophilic and eosinophilic infiltrates in areas with concurrent glandular necrosis.

In tracheal sections from mock-infected ferrets, there were infrequent intraepithelial 

lymphocytes in most sections, and sporadic individual or small clusters of intraepithelial 

eosinophils (Figure 3A). At day 1 p.i., there was extensive inflammatory infiltrate that was 

accompanied by epithelial changes in 1918-infected trachea (Figure 3B), whereas CA04 

infection resulted in mildly increased submucosal lymphocytic infiltrate (Figure 3C). Two of 

3 ferrets in the 1918 group exhibited multiple dense nodular aggregates of eosinophils that 

locally expanded and disrupted the epithelium (see the inset in Figure 3B). The most 

prominent change from day 1 to day 3 p.i. was multifocal necrosis of the tracheal 

submucosal glands with glandular and periglandular infiltration of eosinophils, neutrophils, 

histiocytes, and lymphocytes. Necrosis was most prominent in 1918 virus-infected animals, 

in which 40% (12 of 30 lobules) of the glands were affected (Figure 3D). In contrast, only 

9% (5 of 38 lobules) of the glands were affected following CA04 infection (Figure 3E). Viral 

antigens were mainly detected in the epithelial cells of submucosal glands (see insets in 

Figure 3D and 3E). By day 8 p.i., submucosal glandular lesions extended to 75% (24 of 32) 

of the lobules in the 1918 group (Figure 3F) and 41% (18 of 44) of the lobules in the CA04 

group (Figure 3G). Moderately dense aggregates of lymphocytes infiltrated the epithelium in 

the areas overlying affected glands. In summary, 1918 and CA04 infections differed in the 

severity and progression of histologic lesions in the lung and trachea, with ferrets infected 

with CA04 virus presenting more severe bronchiolitis compared to the enhanced tracheitis 

and tracheoadenitis resulting from 1918 infection.
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Metabolic changes correlate with viral replication and disease phenotypes

Relationships between lipid metabolite network modules and virologic (Table S2) and 

histopathologic phenotypes (File S1) were assessed to identify lipid metabolism changes 

correlated with viral replication and disease. Both viruses replicated in the trachea on days 1 

and 3 p.i. and while 1918 replicated in the lung on days 1 and 3 p.i., CA04 was only 

recovered on day 3 p.i. from ferret #295 that displayed the most striking necrotizing 

bronchiolitis. No infectious viruses were recovered from either tissue on day 8 p.i. We found 

the sphingomyelin module (lm18) was positively correlated with both viral titer and viral 

mRNA, while module lm14 containing L-threonine and L-valine was strongly anti-

correlated with viral titer (r = −0.75, p-val<1e-05) (Figure 4A). Several modules were 

correlated with histopathologic changes in the tissues. Modules lm1, lm8 and lm15 were 

positively correlated with bronchitis/iolitis, bronchoadenitis, and alveolitis. Module lm8 was 

also highly correlated with tracheoadenitis (r = 0.83, p-val<4e-06), while lm13 and lm17 

were negatively correlated with tracheitis. The ‘disease’ modules consisted mostly of 

diacylglycerophosphoethanolamine (PE), PE(P–, and PC lipid species containing either 22:6 

or 20:4, the precursor of docosahexaenoic acid (DHA) and arachidonic acid (AA), 

respectively (Table S1). In particular, we found PC(18:1/20:4) and PC(16:0/22:6) species 

from lm1 had earlier increased abundance in both the lung and trachea in response to 1918 

virus compared to CA04 virus (Figure 1D). Multinomial ordered logistic regression analysis 

of histologic lesions scores found a more significant contribution by 1918 toward disease 

severity in the trachea relative to CA04 (odds ratio of 0.352) (Table S3). Thus, an increase in 

pro-inflammatory lipids in the trachea may be enhancing necrosis and inflammation 

associated with 1918 influenza virus infection.

We complemented the lipidomic and metabolomics analysis by assessing the proteome in 

paired tissue sections. LC/MS analysis identified 4,811 proteins in the lung and 4,060 

proteins in the trachea. We then inferred a co-expression network based on log2FC 

abundances for 810 DA proteins and identified tissue-specific protein profiles in response to 

influenza virus infection (Figure 4B); these differences were also visualized by 

multidimensional scaling (Figure 4C). In addition, a gene co-expression network was 

constructed using a transcriptional signature enriched with putative intergenic non-coding 

RNAs that was derived from a tissue-by-virus comparison of ferret RNA-Seq data (Peng et 

al., 2014) (Figure S2A and S2B). Modules were arbitrarily assigned numbers concatenated 

with prefixes “p” and “g” for protein and gene networks, respectively. The protein network 

was enriched for hematological system development and function, glycolysis, and cellular 

oxidative stress processes (Table S4). We also found proteins related to innate immune and 

antiviral responses including Trim25, Stat1, Mx1, as well as p120-catenin (encoded by 

CTNND1 gene) known to protect alveolar epithelial barrier integrity (Chignalia et al., 2015). 

In relation to lipid metabolism, protein module p2 contained apolipoproteins, Apoh and 

Apoa4, and gene module g5 contained fatty acid metabolism genes, FABP3 and SCD, as 

well as PTGER3, encoding a receptor of PGE2 known to inhibit alveolar macrophage type I 

interferon responses during influenza virus infection (Coulombe et al., 2014) (Table S5). 

This comprehensive analysis implicates a shift toward increased lipid metabolism that may 

be integral in antiviral responses toward pandemic H1N1 influenza virus infection.

Tisoncik-Go et al. Page 5

Cell Host Microbe. Author manuscript; available in PMC 2017 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Integrated omics analysis shows temporal and regional dynamics of the host response to 
pandemic H1N1 influenza virus infection

To examine relationships between lipids, metabolites, proteins and genes in toto, we 

constructed an integrated omics network by calculating the pairwise correlations between 

module eigengenes (MEs)—the representative expression profile of each module 

characterized by its first principal component—from each independent network and between 

MEs and phenotypic traits (Figure S3). A primary goal of this integrative analysis was to 

characterize host responses in a unified model of influenza pathogenesis, as well as 

previously unidentified molecular species associated with known innate and adaptive 

immune responses important in the control of viral infection. Gene modules g2 and g10, 

which were enriched for host defense genes relevant to influenza virus infection, strongly 

correlated with viral titer and mRNA (Figure 5A and Figure S2D). There was positive 

correlation of the sphingomyelin module (lm18) with these innate immune gene modules, 

and by association the lipid metabolism p2 module, suggesting these lipids and lipid-related 

proteins are involved in innate immune responses controlling influenza virus replication. In 

examining module relationships with disease phenotypes, we found positive correlations 

between tracheitis, tracheoadenitis, and bronchitis/iolitis with gene module g3, enriched for 

T cell genes, and g6 enriched for genes associated with calcium signaling (Figure 5B and 

Figure S2C). In particular, module g6 contained ATP2B4, CAMK2G, and CAMKK1 genes, 

as well as ORAI1, transcribing a subunit of the calcium-release-activated calcium (CRAC) 

channel known to regulate intracellular Ca2+ concentrations essential for the activation of 

cytokine gene expression in T cells.

The richness of the datasets comprising the integrated network is further exemplified by the 

presence of relationships between modules of different molecular species (e.g., lipid 

metabolites and genes, proteins and genes, and lipid metabolites and proteins) (Figure 5C). 

In comparing the two tissues, the dynamics of the host response were largely different; the 

trachea showed greater variability in changes in gene expression and lipid, metabolite and 

protein abundance during 1918 and CA04 infections compared to the lung responses that 

were more consistent across time-points and viruses (Figure 5D). Taken together, this 

integrative analysis demonstrates highly interrelated relationships among diverse molecular 

species of the host response that regulate the progression and severity of respiratory disease 

associated with pandemic H1N1 influenza virus infection and control viral replication.

Increased lymphocyte responses in the trachea at later stages of infection is associated 
with inflammation

The interrelationships of this complex integrated network were computationally elucidated 

by recalculating the ME for each module of the integrated network considering trachea, 

lung, 1918 and CA04 samples independently, and then computing pairwise bicor between 

MEs within the four separate networks. Here, we show examples of relationships that are 

conserved between tissues and viruses (abs Δbicor<0.7) and report previously unidentified 

molecular species likely playing a role in the immune response against influenza virus. In 

the lung and trachea networks, we found several similarly correlated relationships, such as 

the relationship between the innate immune g4 module and viral titer (abs Δbicor = −0.08), 

indicating comparable innate immune responses represented in the two tissues that are 
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correlated with viral replication (File S3). There were also several relationships with 

apparent differences (abs Δbicor>0.7) between tissues, such as g10:lm12 and p2:p4 (Figure 

6A and 6B), suggesting cellular processes involving lipids, genes and proteins specific to a 

particular respiratory compartment. For example, the g1:g7 relationship was positively 

correlated in the lung (bicor = 0.71) and anticorrelated in the trachea (bicor = −0.67) (Figure 

6A). The g7 module is enriched for downregulated genes related to signal transduction and 

neurological stimuli responses, including the NPY2R gene encoding neuropeptide Y2 

receptor known to play a critical role in allergic airway inflammation. This relationship may 

signify neurologic peptide responses modulating influenza virus infection in the lung and 

independent of the trachea.

Another example of a host response relationship largely different between the two tissues is 

the g13:g3 relationship, which shows a strong positive correlation in the trachea (bicor = 

0.81) that is opposite from the lung (bicor = −0.51) (Figure 6B). Topological analysis of 

module g3, enriched for genes associated with T cell receptor signaling, identified several 

intergenic transcripts as intramodular hubs (Figure 6C). These central nodes and their highly 

connected nodes representing lymphocyte genes had increased expression in the trachea at 

day 8 p.i. in response to both 1918 and CA04 infections (Figure 6D). To further explore 

these findings, we analyzed the transcriptomic data using Digital Cell Quantifier (DCQ) to 

predict relative immune cell quantities in the trachea. This computational method combines 

genome-wide gene expression data with a mouse immune cell compendium that has been 

used to infer changes in distinct dendritic cell (DC) subpopulations in mouse lung infected 

with influenza virus (Altboum et al., 2014). In ferrets, we found influenza virus infection 

elicited temporal differences in specific T cell subpopulations and resident monocytes that 

were most apparent at day 8 p.i. (Figure 6E). In particular, there were predicted increases in 

CD8+ memory and effector T cells and Ly6C- ‘resident’ monocyte subtypes 

(MO.Ly6C−MHCII− and MO.Ly6C−MHCIIINT) (Table S6). There was also a DC population 

(CD11c+MHCIIhiCD103−CD11b+) that was initially larger in ferrets infected with 1918 

virus that progressively declined by day 8 p.i. Thus, investigation of network variation 

uncovered putative intergenic non-coding RNAs induced late in infection that may be central 

to the resolution of viral infection by regulating lymphocyte responses in upper respiratory 

tissues where human H1N1 influenza viruses predominantly replicate.

In the 1918 and CA04 networks, we found several conserved (abs Δbicor<0.7) relationships, 

such as the g10:lm13 relationship (bicor = −0.05), with g10 enriched for genes associated 

with IFN-β and TNF cellular defense responses and lm13 containing palmitic acid and 

unknown metabolites (File S4). Several relationships had marked differences (abs 

Δbicor>0.7) between viruses, including g8:g9 and g18:lm3 (Figure 7A and 7B), suggesting 

these relationships may be specific to either CA04 or 1918 infections. For example, lm3 was 

positively correlated with g18 for the 1918 group, and it was negatively correlated with 1918 

virus-associated alveolitis (bicor = −0.80) (Figure 7B). The lm3 module was enriched for 

TGs with decreased abundance in the lung and to a greater extent for 1918 compared to 

CA04, particularly at day 8 p.i. (Figure 7C). Application of DCQ to the lung transcriptomic 

data showed the presence of Ly6C+ ‘inflammatory’ monocytes for both 1918 and CA04 

infections (Figure 7D). Notably, there was one monocyte subpopulation (MO.6C+II−.BM) 

that was enriched specifically in ferret lung infected with 1918 virus throughout infection. 
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1918 virus is known to cause massive recruitment of monocytes into mouse lung (Perrone et 

al., 2008). These analyses indicate pathogenic processes in CA04 and 1918 infections are 

mediated in a particular context (i.e., respiratory compartment and lipid specie) or by the 

presence of specific immune cells that can depend on the viral strain.

DISCUSSION

We took advantage of the recent sequencing of the ferret genome to study host responses 

correlated with the pathogenesis of pandemic influenza virus. Through an integrative 

network analysis we examined relationships among different molecular species in the 

trachea and lung of ferrets infected with either 1918 or CA04 viruses. We found significant 

abundance changes for phospholipids (PC and PE species) that are major constituents of 

pulmonary surfactant known to suppress influenza infection in bronchial epithelial cells 

(Numata et al., 2012). In addition, several phospholipids contained 20:4 that can be cleaved 

to form arachidonic acid, the precursor to eicosanoids converted by cyclooxygenase-2 

(COX-2), including prostaglandins (e.g., PGE2 and PGI2) and leukotrienes (e.g., LTB4). In 

particular, PC(18:1/20:4) and PE(18:0/22:4) species were correlated with histologic lesions 

in the lung and trachea and had increased abundance that was greater in response to 1918 

compared to CA04. Thus, tissue damage during pandemic H1N1 influenza virus infection 

may be the result of lipid mediators derived from phospholipid arachidonic acid (20:4) 

reservoirs that serve to enhance inflammatory responses.

In a mouse model, arachidonic acid has been implicated in the pathogenesis of avian H5N1 

influenza virus (Morita et al., 2013). High viral load and excessive inflammation caused by 

hypercytokinemia (referred to as a cytokine storm) contribute to H5N1 pathogenesis and a 

fatal outcome in humans (de Jong et al., 2006; Tisoncik et al., 2012). Lung tissue from 

patients with fatal outcomes of H5N1 infection shows extensive COX-2 induction in 

epithelial cells that mediates a pro-inflammatory cascade resulting in increased chemotaxis 

and vascular permeability (Lee et al., 2008). Therefore, an effective therapy may be one that 

targets both the virus and pro-inflammatory responses contributing to disease severity 

through the combination of antivirals and immunomodulatory agents. This was 

demonstrated using a combination therapy consisting of the anti-influenza neuraminidase 

inhibitor, zanamivir, together with the anti-inflammatory COX-2 inhibitors celecoxib and 

mesalazine, which increased survival rate of mice infected with H5N1 virus (Zheng et al., 

2008). In targeting the COX pathway, proinflammatory cytokines and eicosanoids can be 

alleviated, thereby decreasing the activation of inflammatory macrophages and neutrophils.

We previously reported that the presence of foamy macrophages in CA04 virus-infected 

airways is associated with nuclear activation of heterodimer liver X receptor (LXR) and 

retinoic acid receptor (RXR) leading to altered lipid metabolism (Go et al., 2012). In the 

current study, foamy macrophages were found in regions of effusion following infection 

with CA04 but not 1918. Foams cells are known to accumulate triacyglycerols (TGs) that 

are stored in cytosolic lipid droplets observed with mycobacterium tuberculosis infection 

(Mehrotra et al., 2014). The TG abundance changes in ferrets infected with pandemic 

influenza virus correlated with respiratory disease and may signify metabolic fluctuations 

leading to formation of foamy macrophages as a pathogenic mechanism of CA04 infection. 
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Thus, the lipidomic alterations in response to pandemic H1N1 influenza virus infection 

partially reflect the differential distribution and presumed etiopathogenesis of the alveolar 

effusion and associated histologic lesions in ferrets. It also suggests that the role of lipid 

signaling pathways in the inflammatory response varies by site and types of insult.

To identify potential cellular sources of immunopathogenesis, we applied the Digital Cell 

Quantifier (DCQ) algorithm that infers changes in cell quantities from gene expression data 

obtained from a complex tissue. There was evidence of a DC subpopulation in the trachea 

early in infection that was followed by the emergence of a prominent population of CD8 T 

cells with effector and memory phenotypes at day 8 p.i., possibly suggesting initial DCs 

playing a proinflammatory role by producing cytokines, such as IL-12, IL-23 and TNF, that 

drive differentiation of IFN-γ-producing T cells at a later stage. This may also contribute to 

more rapid viral clearance in the trachea of CA04-infected animals that is supported by 

fewer lesions in CA04-infected trachea and increased glandular necrosis in the 1918-

infected trachea. In the lung, there was a virus-specific differential immune cell population, 

though most enriched cell types did not change between 1918 and CA04 over the course of 

the infection. The notable difference was a certain monocytic cell type (MO.Ly6C+MHCII-) 

in the 1918 group compared to the CA04 group. In mice, Ly6C+ monocytes are 

preferentially recruited into inflamed tissue through their interaction with chemokine 

receptor CCR2 (Audoy-Remus et al., 2008) and mature to inflammatory macrophages, 

which secrete TNF and type I IFN in response to viral ligands (Barbalat et al., 2009), 

contributing to tissue degradation and T cell activation. Targeting inflammatory monocytes 

by siRNA-mediated silencing of CCR2 attenuates inflammatory disease in mouse models of 

atherosclerosis and myocardial infarction (Leuschner et al., 2011). These innate immune 

cells may play a role in enhancing the immunopathology of 1918 infection in the lung of 

ferrets and thus, potentially serve as therapeutic targets to alleviate inflammation associated 

with pandemic influenza virus infection.

The extensive amount of high-throughput data generated by this study are of value to the 

scientific community, particularly to those interested in extracting information about innate 

immune responses during acute viral infection. For example, the TRIM superfamily has 

many IFN-inducible members, some known to regulate viral RNA sensing pathways, such as 

TRIM25-mediated activation of RIG-I (Gack et al., 2009), and others known to function as 

host restriction factors. Most TRIM members have yet to be described. Within the integrated 

network, there are 31 TRIM genes primarily grouped into modules enriched for genes 

associated with innate immune responses (TRIM25 was found in g2). Considering that these 

groups of co-expressed molecular species often share similar biological functions; the 

network can be mined to elucidate potential functions of previously uncharacterized TRIM 

members during influenza virus infection. In summary, respiratory responses to pandemic 

H1N1 influenza virus infection encompass highly interrelated cellular processes regulating 

inflammation, cellular immunity, and tissue repair and regeneration. By examining these 

processes and their relationships in an integrative network analysis, we have captured 

dynamic changes of important lipids involved in inflammatory processes associated with 

influenza virus infection.
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EXPERIMENTAL PROCEDURES

Lipidomics, metabolomics, and proteomics analyses

Sample extracts from dissected lung and trachea tissues (n = 42) were prepared for global 

lipidomics, metabolomics, and proteomics analyses. Lipid extracts were analyzed by liquid 

chromatography tandem mass spectrometry (LC-MS/MS) in both positive and negative 

ionization using HCD (higher-energy collision dissociation) and CID (collision-induced 

dissociation). Metabolite extracts were analyzed by gas chromatography–mass spectrometry 

(GC-MS), and protein extracts were analyzed by LC-MS analysis. Datasets were processed 

in a series of steps using MatLab® R2013b that included filtering lipids, metabolites and 

peptides with inadequate information, sample outlier detection, and normalization. 

Proteomics .raw files are available at MassIVE corresponding to accession number 

MSV000079114. Metabolite and lipid .raw files are available at MetaboLights 

corresponding to Study Identifier MTBLS196. Ferret RNA-Seq data derived from the same 

infected ferrets was previously reported (Peng et al., 2014) and are publicly available in the 

NCBI Short Read Archive (SRA) corresponding to BioProject PRJNA78317 and SRA 

accession SRX389385.

Integrative network analysis of ferret respiratory responses

Signed weighted coexpression networks were constructed using 50 differentially abundant 

(DA) lipids and 33 DA metabolites, 810 DA proteins, and 12,918 differentially expressed 

(DE) genes after exclusion of entries with more than 50% missing values. Pairwise 

correlations between all pairs of molecular species using log2FC values was calculated 

based on the biweight midcorrelation (bicor) method (Langfelder and Horvath, 2012). 

Molecular species with highly similar co-expression relationships were clustered into 

modules arbitrarily assigned numbers concatenated with prefixes “lm”, “p”, and “g” for the 

respective lipid metabolite, protein and gene networks. The representative expression profile 

of each module is characterized by its first principal component (referred to as module 

eigengene, ME). Pairwise bicor (using maxPOutliers = 0.02) were calculated between MEs 

representative of all lipid metabolite, protein, and gene modules from the independent 

networks. Significant correlations between MEs and between MEs and phenotypic data (p-

value < 0.05) were visualized in a network using the igraph R package. To evaluate variation 

in the relationships of the integrated network, we recalculated four different conditions 

separately: 1) using CA04 (and PBS) samples, 2) 1918 (and PBS) samples, 3) trachea 

samples and 4) lung samples. Pairwise correlation between ME within each network were 

calculated using bicor and the difference in coefficients were calculated as Δbicorsite = 

bicorlung − bicortrachea and Δbicorvirus = bicor1918 − bicorCA04.

Pathologic examination

At necropsy, representative tissues were collected from the same lung lobe or 1.5 cm long 

tracheal segment in each ferret, and preserved by immersion in 10% phosphate-buffered 

formalin. Following fixation, transverse serial sectioning of each sample at 1.5 to 2 mm 

intervals yielded 5–8 subsections per tissue. These subsections were then paraffin-embedded 

and processed for routine histopathology. At least two replicates of 5-µ–thick sections 

stained with standard hematoxylin and eosin were examined by light microscopy per tissue. 
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For virus antigen immunohistochemical (IHC) analysis, sections were stained with an 

inhouse rabbit anti-influenza virus polyclonal antibody (R309) raised against influenza 

A/WSN/1933 (H1N1) virus (Watanabe et al., 2009). Blinded scoring of histologic lesions in 

lung and tracheal tissues was performed using an ordinal scale from 0–3, with 0 indicating 

no lesion, and numbers 1–3 indicating the presence of a lesion and its severity and extent; 1 

= mild, 2 = moderate, 3 = severe. For lung sections, separate scoring was performed for 

three anatomic divisions: 1) large airways (bronchi and bronchioles), 2) terminal airways 

and alveoli, and 3) submucosal glands. Within each division, separate scores were assigned 

for the degree of epithelial degeneration, necrosis, regeneration, inflammatory cell 

infiltration, exudates or effusion, and perivascular lymphocytic cuffing or nodule formation. 

Tracheal tissues were sectioned transversely, divided into quadrants for scoring, and scored 

using the same grading system as bronchi and bronchioles, with submucosal glands scored 

independently. The number and severity of lung tissues per section or tracheal lesions per 

quadrant were compared between groups. Regionally extensive tracheal cartilage 

mineralization was present in some cases, and decalcified replicate slides were created by 

subjecting the original faced-in paraffin blocks to surface decalcification for 10 minutes in 

Surgipath Decalcifier II (Leica Biosystems) prior to microtomy. A moderate decrease in the 

staining intensity of cytoplasmic granules in eosinophils was observed in some decalcified 

replicates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lipidomic and metabolomic analysis of ferret lung and trachea infected with 1918 and 
CA04 viruses
A) Lipid subclasses identified in the lung. B) Lipid subclasses identified in the trachea. 

Stacked bar graphs represent the relative percentages of lipid subclasses from individual 

animals. The lipid subclass annotations are according to the LIPID MAPS structure database 

(LMSD). C) Bar graph showing total number of differentially abundant (DA) metabolites in 

the lung and trachea of 1918 and CA04 virus-infected ferrets. Comparative statistical 

analyses of mock with 1918 and CA04 at each time point were performed using a Dunnett 
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adjusted t-test (P < 0.05). Red depicts metabolites with increased abundance relative to mock 

and blue depicts metabolites with decreased abundance relative to mock. D) Heatmap of 

average log2FC abundances of 50 DA lipids and 33 DA metabolites from the lipid 

metabolite network inferred for 42 samples corresponding to all time points and both lung 

and trachea compartments. Modules assignments (1 to 19) are shown on the left-hand side of 

the heatmap. Missing values in 2 or more replicates were treated as a missing value when 

averaging the replicates and are depicted as grey. Rows are lipids and metabolites and 

columns are experimental conditions. See also Table S1 and File S2, first tab.
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Figure 2. Histologic lesions in ferret lung 3 days after infection with pandemic H1N1 influenza 
viruses
Histopathological assessment of ferret lung infected with 1918 (left column) or CA04 (right 

column) viruses. A) 1918 virus infection. There is patchy atelectasis and thickening of 

alveolar walls. “Br” indicates unaffected medium and large bronchioles, and arrows indicate 

small caliber bronchioles and terminal airways. Stars indicate foci of bronchiolar 

submucosal gland necrosis and inflammation. B) CA04 infection. “Br” indicates large 

bronchiole containing a crescent of fibrinocellular exudate. Arrows indicate numerous small 
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caliber bronchioles and terminal airways that have been effaced by necrosis and mixed 

inflammatory exudates. Adjacent alveolar tissue is consolidated and there is loss of alveolar 

architectural definition. Stars indicate foci of bronchiolar submucosal gland necrosis and 

inflammation. C) 1918 infection and D) CA04 infection. Bronchiolar submucosal gland 

necrosis. Arrows indicate affected glandular acini in which the epithelium is largely absent 

and lumena are filled with cellular debris, neutrophils, macrophages and eosinophils. Star 

indicates periglandular infiltrates of lymphocytes, plasma cells, and eosinophils. E) 1918 

infection and F) CA04 infection. Small bronchioles and terminal airways, higher 

magnification of micrographs A and B, respectively. Arrows indicate similarly sized 

transitional and terminal airways. The airway in E is minimally affected. Dashes in F 

demark the approximate location of the small airway wall. The indicated airway and 

adjacent alveoli in F exhibit segmental necrosis and ulceration, and the airway lumen is 

filled with exudate composed of cellular debris and mixed inflammatory cells (inset F) 

including numerous eosinophils, fewer macrophages, lymphocytes and neutrophils. G) 1918 

infection and H) CA04 infection. Regional atelectasis with effusion (asterisks). Arrows 

indicate bronchioles, the lumen of the bronchiole in G contains effusion (pink material). H, 
left inset) a central C-shaped crescent of Type II pneumocyte hyperplasia and adjacent intra-

alvoeolar eosinophils, macrophage, and lymphocytes (left and bottom). H, right inset) a 

cluster of foamy macrophages in an affected alveolus. See also Figure S1.
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Figure 3. Histologic lesions in ferret trachea infected with pandemic H1N1 influenza viruses, and 
transcriptomic analysis of host responses
Histopathological assessment of ferret trachea infected with 1918 (left column) or CA04 

(right column) viruses. A) Mock-infected tracheal mucosa 1 day after infection. Arrow 

indicates scattered individual eosinophils, and rare neutrophils and lymphocytes within the 

respiratory epithelium. B) Day 1 1918 infection. Arrow indicates nodular expansion of the 

respiratory epithelium by a predominately eosinophilic infiltrate (inset). Adjacent epithelial 

cells are disorganized and exhibit moderate variability in cell and nuclear size, and are 
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occasionally necrotic. C) Day 1 CA04 infection. Arrow indicates perivascular aggregate of 

lymphocytes adjacent to submucosal glands. Scattered lymphocytes are also present in the 

submucosa and basal regions of the epithelium. There is mild variability in the cell and 

nuclear size and shape of the respiratory epithelium. D) Day 3 1918 infection. Star indicates 

submucosal gland degeneration and necrosis. Arrow indicates respiratory epithelial cells 

with cytoplasmic clearing and enlarged irregular nuclei. Affected respiratory and glandular 

epithelial cells were strongly immunoreactive for polyclonal anti-influenza antibodies (inset, 

brown staining). E) Day 3 CA04 infection. Arrows indicate lymphocytes in respiratory 

epithelium. Adjacent epithelial cells are mildly disorganized and exhibit mild variability in 

their cell and nuclear size and shape. Affected respiratory epithelial cells were moderately 

immunoreactive for polyclonal anti-influenza antibodies (inset, brown staining). Submucosal 

glands were largely unaffected; however, some reserve cells exhibited positive 

immunoreactivity. F) Day 8 1918 infection and G) Day 8 CA04 infection. Remnant 

submucosal glands are lined by hypertrophic and hyperplastic epithelium (arrowheads). 

Necrotic glands observed on day 3 (panel D) have been replaced by densely cellular 

infiltrates of macrophages and lymphocytes (star). Numerous lymphocytes and cellular 

debris are present in the overlying respiratory epithelium (arrows).
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Figure 4. Correlation analysis of lipids and metabolites with phenotypes and protein network 
analysis
A) Correlation of phenotypic traits (i.e., virologic and histopathologic phenotypes) with lipid 

metabolite module eigengenes (MEs) using the biweight midcorrelation (bicor) method. 

Pairwise bicor were calculated between MEs and viral mRNA, viral titer, and 

histopathologic scores averaged across all subcategories from tracheal, bronchial and 

alveolar compartments. See also File S1. Listed in each cell of the ME-phenotype matrix is 

the bicor coefficient and corresponding p-value. Relationships with a P<0.05 were 

considered significant. For example, for the lm1:bronchoadenitis relationship, the bicor 

Tisoncik-Go et al. Page 20

Cell Host Microbe. Author manuscript; available in PMC 2017 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



value is 0.72 and the p-value is 2e-04, indicating a significant positive correlation between 

lm1 and bronchoadenitis. B) Heatmap of average log2 FC abundance of 810 DA proteins 

from the protein network inferred for 37 samples corresponding to all time points and both 

lung and trachea compartments. Modules assignments (1 to 9) are shown on the left-hand 

side of the heatmap. Missing values in 2 or more replicates were treated as a missing value 

when averaging the replicates and are depicted as grey. Rows are proteins and columns are 

experimental conditions. See also File S2, second tab. C) Multidimensional scaling (MDS) 

representation of the distances among samples based protein log2 abundances (Kruskal's 

stress = 13.57). The Kruskal stress signifies the amount of information lost due to the 

dimensionality reduction as a fraction of total information. Points coded as per legend and 

denote individual animals. Convex hulls link points belonging to the same experimental 

condition and time point. See also Table S4.
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Figure 5. Integrated co-expression network analysis of ferret host responses to pandemic H1N1 
influenza virus infection
The integrated omics network related to A) influenza virus replication, B) respiratory 

disease, and C) relationships among different molecular species. The integrated omics 

network was constructed by calculating pairwise correlations between modules from 

independent lipid and metabolite, protein, and gene networks and between all modules and 

phenotypic data. Nodes represent each module as a single point colored according to data 

type. Gene (g) modules are symbolized by pink squares. Lipid metabolite (lm) modules are 
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symbolized by green circles. Protein (p) modules are symbolized by purple diamonds. 

Phenotype modules are symbolized by blue triangles. Edges between nodes signify biweight 

midcorrelation (bicor) coefficients between the representative expression profiles (module 

eigengenes, MEs) of all lipid and metabolite, gene, and protein module pairs with 

histopathologic and virologic phenotypes. Only significant correlations are shown (P<0.05). 

Positive bicor coefficients are represented by a solid line. Negative bicor coefficients are 

represented by a dashed line. The line thickness corresponds to the strength of the bicor 

coefficient (bicor 0.4–0.9). B) Dynamics of module expression levels in different respiratory 

compartments (lung and trachea) and at different time points following infection with either 

1918 or CA04 viruses. The heatmap depicts median log2FC values for each module across 

the experimental dataset. Rows are modules and columns are experimental conditions. See 

also Figure S3.
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Figure 6. Variation in network information exchange between tissue compartments
For each module of the integrated network, MEs were recalculated considering lung and 

trachea samples separately. Pairwise correlations between MEs (ME:ME) and between ME 

and phenotypes (ME:traits) were calculated using the bicor method and separate lung and 

trachea networks were inferred. A) The scatterplot shows the relationships between trachea 

and lung bicor coefficients. Each point represents an ME:ME comparison and the points are 

colored according to the p-value of the bicor coefficient. Dark red depicts significant 

(p<0.05) correlations in both lung and trachea networks. Light red depicts significant 
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(p<0.05) correlations in either the lung or the trachea network. Grey depicts neither trachea 

nor lung bicor are significant (N.S.). Star points represent the largest changes in 

relationships between MEs (absolute Δbicor>0.7). All points in the scatterplot are also 

represented in the integrated network. B) The heatmap shows bicor coefficients in lung and 

trachea networks for the largest correlation difference between the two tissues. Purple 

represents positive bicor coefficients and green represents negative bicor coefficients. The 

difference in correlation between lung and trachea is represented in the column depicting 

Δbicor values. Edges with an absolute Δbicor value > 0.7 are shown. C) Transcriptionally 

active regions (TARs) hubs, arbitrarily named (i.e., TAR1, TAR2, etc.), from gene module 

g3 enriched for T cell receptor signaling genes, with the top 15 most correlated entries for 

each TAR hub shown. Darkgreen nodes = module g3 and blue nodes = module g1. Circles 

depict coding genes and unannotated genes. Squares with red outline depict TAR hubs. 

TAR1: tu_XLOC_159227; TAR2: muXLOC_025170; TAR3: mu_XLOC_164742; TAR4: 

tu_XLOC_232027; TAR5: mu_XLOC_063539; TAR6: mu_XLOC_236016; TAR7: 

tu_XLOC_232026. D) Expression of 45 DE ferret genes and TARs shown in C). The 

average log2FC values for each virus condition relative to day 1 mock at each time point 

(days 1, 3 and 8 post-inoculation) in the lung and trachea are shown in the heatmap. Red is 

increased expression relative to mock and blue is decreased expression relative to mock. 

White depicts no change in expression. Associated gene names were used for annotation. 

TARs are in bold. E) Predicted immune cell types in the trachea were inferred using Digital 

Cell Quantifier (DCQ). Cell populations with relative cell quantities > 0.03 in at least 1 of 6 

conditions are shown for each virus condition and time-point. The y-axis shows the relative 

cell quantity measure for inferred cells. The x-axis shows the inferred cells at each time-

point and condition. See also Table S6.
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Figure 7. Variation in network information exchange between 1918 and CA04 viruses
For each module of the integrated network, MEs were recalculated considering 1918 and 

CA04 samples separately. Pairwise correlations between MEs (ME:ME) and between ME 

and phenotypes (ME:traits) were calculated using the bicor method and separate 1918 and 

CA04 networks were inferred. A) The scatterplot shows the relationships between 1918 and 

CA04 bicor coefficients. Each point represents an ME:ME comparison and the points are 

colored according to the p-value of the bicor coefficient. Dark red depicts significant 

(p<0.05) correlations in both 1918 and CA04 networks. Light red depicts significant 
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(p<0.05) correlations in either the 1918 or the CA04 network. Grey depicts neither 1918 nor 

CA04 bicor are significant (N.S.). Star points represent the largest changes in relationships 

between MEs (absolute Δbicor>0.7). All points in the scatterplot are also represented in the 

integrated network. B) The heatmap shows bicor coefficients in 1918 and CA04 networks 

for the largest correlation difference between the two viruses. Purple represents positive 

bicor coefficients and green represents negative bicor coefficients. The difference in 

correlation between 1918 and CA04 is represented in the column depicting Δbicor values. 

Edges with an absolute Δbicor value > 0.7 are shown. C) Lipid metabolite module lm3 

differentially correlated with alveolitis between 1918 and CA04. The ave alveolits score is 

shown for each condition; 1918 (pink); CA04 (green); PBS (blue). Heatmap of log2FC 

abundance for lipids and metabolites grouped into lm3 are shown. D) Predicted immune cell 

types in the lung were inferred using DCQ. Cell populations with relative cell quantities > 

0.02 in at least 3 of 6 conditions are shown. The y-axis shows the relative cell quantity 

measure for the inferred cells. The x-axis shows the inferred cells at each time-point and 

condition. See also Table S6.
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