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Common and species-specific molecular signatures, 
networks, and regulators of influenza virus infection 
in mice, ferrets, and humans
Christian V. Forst1,2,3,4†, Laura Martin-Sancho5†, Shashank Tripathi6†, Guojun Wang7,  
Luiz Gustavo Dos Anjos Borges4, Minghui Wang1,2,3, Adam Geber8, Lauren Lashua8, Tao Ding8, 
Xianxiao Zhou1,2,3, Chalise E. Carter9, Giorgi Metreveli4, Ariel Rodriguez-Frandsen5,  
Matthew D. Urbanowski4, Kris M. White4,10, David A. Stein11, Hong Moulton11,  
Sumit K. Chanda5, Lars Pache5, Megan L. Shaw4‡, Ted M. Ross9, Elodie Ghedin8,12*,  
Adolfo García-Sastre4,10,13,14,15*, Bin Zhang1,2,3*

Molecular responses to influenza A virus (IAV) infections vary between mammalian species. To identify conserved 
and species-specific molecular responses, we perform a comparative study of transcriptomic data derived from 
blood cells, primary epithelial cells, and lung tissues collected from IAV-infected humans, ferrets, and mice. The 
molecular responses in the human host have unique functions such as antigen processing that are not observed 
in mice or ferrets. Highly conserved gene coexpression modules across the three species are enriched for IAV 
infection–induced pathways including cell cycle and interferon (IFN) signaling. TDRD7 is predicted as an IFN- 
inducible host factor that is up-regulated upon IAV infection in the three species. TDRD7 is required for antiviral 
IFN response, potentially modulating IFN signaling via the JAK/STAT/IRF9 pathway. Identification of the common 
and species-specific molecular signatures, networks, and regulators of IAV infection provides insights into host- 
defense mechanisms and will facilitate the development of novel therapeutic interventions against IAV infection.

INTRODUCTION
Influenza A virus (IAV), a member of the Orthomyxoviridae family, 
is the causative agent of acute respiratory tract infections that affect 
5 to 20% of the human population and cause 250,000 to 500,000 
deaths per year worldwide (1). In pandemic years, IAV infection can 
lead to higher mortality rates; the 1918 Spanish influenza pandemic 

was the most severe pandemic recorded to date (2). Although 
waterfowl are the natural hosts of IAV, the virus is capable of infecting 
a wide range of mammals, including humans and swine, in which 
several strains are well adapted. The common symptoms of influenza—
the so-called “flu-like symptoms”—are likely mediated at least 
in part by the interferon (IFN) response triggered by the innate 
immune system’s detection of viral RNA (3). IAV RNA is sensed 
by the ubiquitous cytosolic DExD/H box RNA helicase RIG-I (or 
DDX58). This innate sensor recognizes the 5-triphosphate moiety at 
the end of double-stranded RNA, characteristic of the viral genome 
in many RNA viruses, including IAV (4, 5). Stimulation of RIG-I 
(retinoic acid-inducible gene I) results in its conformational change 
and binding to the signaling adaptor MAVS (mitochondrial antiviral- 
signaling protein), which leads to the activation of nuclear factor B 
(NF-B) and IFN regulatory factor 3 (IRF3) transcription factors 
and transcriptional induction of type I and type III IFN. Both types 
of IFN stimulate the Janus kinase/signal transducer and activator of 
transcription (JAK/STAT) pathway that ultimately results in the 
expression of IFN-stimulated genes (ISGs), many of which have 
antiviral activities (6, 7). To counteract these activities, viruses encode 
multiple IFN antagonists that shortcut the sensing and IFN- induced 
pathways at multiple levels. Specifically, IAV proteins NS1, PA-x, 
PB1-F2, and PB2, among others, have been shown to down- regulate 
IFN responses in infected cells.

Physiological and genetic differences between species contribute 
to different host responses to pathogen infection (8, 9). For exam-
ple, species variations in the innate immune responses to ligands 
can be nicely highlighted by three diverse innate immune receptors: 
Toll-like receptor 4 (TLR4), the NLRC4:NAIP (NLR family CARD 
domain-containing protein 4:NLR family of apoptosis inhibitory 
proteins) inflammasome, and nucleotide-binding oligomerization 
domain-containing protein 1 (NOD1). In the case of TLR4, which, 
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in conjunction with myeloid differentiation factor 2 (MD-2), re-
sponds to lipopolysaccharide (LPS), fascinating observations have been 
made regarding the different agonistic and antagonistic behaviors 
of ligands when recognized by the human, mouse, and horse orthologs 
of the receptor. LPS from Rhodobacter sphaeroides is an agonist in 
horses and an antagonist in humans and mice. Similarly, LPS from 
Escherichia coli functions as an agonist in horses and mice, but as an 
antagonist to human TLR4:MD-2 activation (10). Another example 
is the poor correlation between human and murine inflammatory 
transcriptomic responses (11), or the species specificity of many 
viral IFN antagonistic mechanisms (12). However, the cornerstone 
of modern biomedical research still relies on the use of animal models 
to explore basic pathophysiological mechanisms, evaluate new ther-
apeutic approaches, and make go or no-go decisions to carry new drug 
candidates forward into clinical trials. A better understanding of 
IAV-host responses in different mammalian species, including multiple 
animal models widely used in influenza research, would provide 
insights into the commonalities and differences of the host immune 
responses to IAV infection, as well as the common and specific host 
factors that contribute to enhanced disease severity or resilience.

Here, we carry out a comprehensive comparative study of RNA 
sequencing (RNA-seq) data derived from blood, primary epithelial 
cells, and lung tissues collected from IAV-infected humans, ferrets, 
and mice to identify conserved and species-specific molecular re-
sponses to IAV infection. Deciphering species-specific host factors, 
pathways, and host defense processes triggered by different viral 
strains are critical for understanding the pathophysiology of IAV 
infection. The key host-defense processes and the host factors iden-
tified in this study pave the way to developing more effective thera-
peutic interventions. Furthermore, the information derived from 
this study can be leveraged to assess the relevance of animal models 
to humans in IAV infection.

RESULTS
To identify key molecular processes shared by and specific to humans, 
ferrets, or mice infected with IAV, we analyzed a large amount of 

mRNA-seq data from human whole blood, human tracheobronchial 
epithelial (HTBE) cells, human monocyte-derived macrophages 
(MDMs), ferret blood, ferret lung, and mouse lung, infected with 
influenza A/California/07/2009(H1N1) virus. Time series data were 
collected over a period of 24 hours in the case of cell culture infec-
tion, 4 days for mice, and 14 days for ferrets (see Table 1). Figure 1 
provides an overview of the analytical framework (see also fig. S1). 
The goals of this study were to identify conserved and species-specific 
molecular responses triggered by IAV and to further determine 
pan-tissue and tissue-specific responses to IAV infection across 
different hosts (for an overview of species, tissues, and systems, see 
table S1). We hypothesize that immune and host defense responses 
to IAV infection have both commonalities and differences between 
different species. IAV not only primarily infects the respiratory tissue 
but also induces a systemic response in the blood. IAV infection is 
likely to trigger similar pathways (induction of ISGs by secreted IFN) 
and distinct unique pathways (due to local responses) in both tissues.

IFN-related signaling and host defense are commonly 
up-regulated processes by IAV across species
Given eight different systems as combinations of three tissues 
(including cell culture, blood, and lung tissue) and three species 
(Table 1), we performed comparative analyses at multiple levels (see 
Materials and Methods). In particular, we were interested in the 
temporal response of gene expression patterns. For this purpose, we 
used two measures, a generalized linear model across time series to 
identify differentially expressed genes (DEGs) across the time series 
termed significantly expressed response genes (SRGs) and Jonckheere 
trend analysis (JTA) to identify significantly up- or down-regulated 
genes [Jonckheere trend genes (JTGs)] across the early measured time 
points (see Materials and Methods for both). The numbers of SRGs 
and JTGs are shown in Table 2, and their intersections are shown in 
the Venn diagrams in figs. S2 and S3.

Up-regulated processes in the lung are predominantly respon-
sible for IFN-related signaling and response to cytokines and host 
defense. Other up-regulated processes involve the cell cycle and cell 
division required for the viral life cycle. The lung shared 30 up-regulated 

Table 1. Description of datasets used in this study.  

Reference Organism Tissue # Samples Time points Dim Comments

gn40 GSE40012 
subset Human Whole blood 75 1, 2, 3, 4, and 5 Days Uninfected patients 

days 1 and 5

HTBE Human Tracheobronchial 
epithelial cells 10 3, 6, 12, 18, and 24 Hours Mock infection data 

at every time point

MDM Human Monocyte-derived 
macrophages 8 3, 6, 12, and 18 Hours Mock infection data 

at every time point

ferretBs Ferrets Blood, serial 24 3, 5, and 8 Days Mock infection at 
day −2

ferretBl Ferrets Blood, longitudinal 24 1, 3, 5, 8, and 14 Days Mock infection at 
days −2 and 8

ferretLB Ferrets Upper lung 24 1, 3, 5, 8, and 14 Days Mock infection at 
days −2 and 8

ferretLE Ferrets Lower lung 24 1, 3, 5, 8, and 14 Days Mock infection at 
days −2 and 8

Mouse Mice Lung 21 0.5, 1, 2, 3, and 4 Days Mock infection at 
day 0
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JTGs across all three species, including ISGs such as ISG20, MX1, 
and OASL (Fig. 2, A and B, and fig. S4). Up-regulated processes in the 
blood involve the immune system, particularly neutrophil activation, 
as well as intracellular, cytosolic vesicles (Fig. 3, A and B, and fig. 
S6) with 59 up-regulated JTGs common to all three species. While 
the down-regulated genes in the lung are involved in apoptosis and 
processes that might be inhibited by the virus to prevent inter-
ference with viral replication (Fig. 2, C and D, and fig. S5), the 
down-regulated genes in the blood were moderately enriched for 

known pathways such as T cell receptor signaling and splicing and 
mRNA processing (Fig. 3, C and D, and fig. S7). Table S2 lists the 
commonly up- and down-regulated genes in the lung and the blood.

Cross-regulated genes, which are up-regulated in one species but 
down-regulated in another species, are complementary to commonly 
up- or down-regulated. With three species and two directions (up 
and down), there are 57 combinations of intersections; 12 combi-
nations yielded meaningful sets, with nonempty intersections. An 
interesting cross-regulated process between mice and human is the 
antigen-dependent B cell activation/allograft rejection pathway, which 
was up-regulated in mice and down-regulated in humans. On the 
other hand, the complementary cross-regulated scenario identified 
respiratory chain and oxidoreductase activity, which was up-regulated 
in humans and down-regulated in mice (see fig. S8).

The response in similar tissues across species is 
well preserved
We then carried out a side-by-side cross-species comparison analysis 
at the level of individual species (see Supplementary Text and figs. S9 
to S11). Figure S12 shows the comparison of SRG signatures from 
eight model systems using the SuperExact Test (tables S3 and S4) (13). 
The lungs and blood in the ferret shared most SRGs [Fisher’s exact 
test (FET) P < 1 × 10−308 10.4 fold enrichment (FE)]. SRGs had stronger 
tissue specificity than species specificity. For example, although the 
most significant intersections between the mouse and ferret involved 
both ferret blood and lung SRGs, the overlap between the SRG sig-
natures in mouse and ferret lungs was more significant than that 
between the mouse and ferret blood. Similarly, the SRG signature in 
the MDM cells overlapped that from ferret blood more significantly 
than the one from the HTBE cells, while the signature from the 
HTBE cells had a more significant overlap with those from the fer-
ret and mouse lung than the one from the MDM cells. Such a trend 
was further supported by tissue-specific clustering analysis of the eight 
systems. Gene ontology (GO) analysis of individual signatures and 
their intersections revealed typical biological processes involved 
during IAV replication including type I IFN response/signaling, cell 
cycle, viral (transcription) process, intracellular location, and anti-
gen processing/presentation. In summary, the analysis of common 
DEGs across all species shows a well-known picture of up-regulated 
IFN response and cell cycle control along with down-regulated apop-
totic processes.

Fig. 1. Flowchart of the cross-species analyses. (A) Transcriptomic data from mouse 
lungs, human blood, MDM, and HBTE cells as well as ferret blood and lungs. 
(B) Differential expression analyses to identify differentially expressed genes 
(DEGs), significantly expressed response genes (SRGs), and Jonckheere trend 
genes (JTGs). (C) Network analysis to identify and prioritize network modules. 
(D) Predicted targets are validated by knockdown (KD) experiments and induced 
phenotypic response.

Table 2. Differentially expressed genes [see also figs. S1 (A, C, and D) 
and S2 (A, C, and D)].  

Species/tissues SRGs JTGs up JTGs down

Ferret 12,896 5177 6263

Human 6200 2904 3539

Mouse 3298 1533 3931

Common 957 200 244

Blood 13,831 5940 6911

Lung 8118 3457 6408

Common 5979 1551 1937

Total 15,970 7846 11,382
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TDRD7 is an IFN-induced common defense factor and key 
regulator against influenza infection
Multiscale embedded gene coexpression network analysis (MEGENA) 
(14) was performed to identify modules of highly coexpressed 
genes in influenza infection in each of the eight systems including 
human blood, human MDMs, the HBTE cells, ferret blood, ferret 
upper lung, ferret lower lung, and mouse lung (Table 1). We used 
two distinct but complementary approaches to identify key regula-
tors of host biological processes during influenza infection, in-
cluding a module-based local approach and a whole network–based 

global approach. In the local approach, MEGENA modules were first 
ranked by enrichment of the respective JTG and SRG signatures, 
and then key regulators in each module were identified on the basis 
of intramodule connectivity (14). In the global approach, each gene 
in a given MEGENA network was ranked by the enrichment of its 
network neighborhoods for the respective JTG and SRG signatures 
(the details can be found in Materials and Methods). The top-ranked 
modules were typically enriched for IFN response and signaling 
(IFN- and IFN-), cell cycle, ribosome/translation, proteasome, and 
phagosome/lysosome pathways (tables S5 and S6). Key regulators 

A B

C D

E F

Fig. 2. Intersections of the JTG signatures in HTBE cells, ferret, and mouse lung tissues. (A) Venn diagram of the up-regulated JTG signatures in the three systems. 
(B) Enriched gene ontology (GO) pathways in the up-regulated JTGs specific to each system or shared by two or three systems. (C) Venn diagram of the down-regulated 
JTG signatures in the three systems. (D) Enriched GO pathways in the down-regulated JTGs specific to each system or shared by two or three systems. In both (B) and (D), 
a maximum of three most significant GO terms for each system, ranked by P values, were selected. The color scale indicates −log10(adjusted FET P value) after differential 
gene correlation analysis (DGCA) (62). (E) Example of a mouse module (M8: IFN- signaling) enriched by commonly up-regulated genes [intersection between all three 
species in (A), FET P = 4.4 × 10−7, 3.6-fold]. (F) Example of a mouse module (M289: monocarboxylic acid catabolic process) enriched by commonly down-regulated genes 
[intersection between all three species in (C), FET P = 8.1 × 10−12, 10.2-fold].
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conserved across the systems in the top-ranked modules include well- 
known immune host factors (e.g., IRF7, MX1, MX2, and OAS3), cell 
cycle genes (e.g., BUB1 and CDK1), apoptosis/proteasome genes (e.g., 
PSMA5), and translation genes (e.g., EIF3 and RPL18). Figure 4 shows 
the top-ranked modules along with their enrichment for the respec-
tive SRG signatures and their mutual overlaps.

We expanded the analysis of module conservation beyond pair-
wise comparisons. As the evaluation of all possible combinations of 
4811 unique modules in the eight networks is not feasible (24811 to 
101016 combinations), we opted for a more practical approach. Instead 

of performing all possible comparisons to identify conserved mod-
ules across different systems, we examined the enrichment of these 
modules for the signature sets from the 255 intersections of the SRG 
(JTG) signatures from all eight systems (table S7). Conserved mod-
ules were defined as those that were significantly enriched for these 
signatures from intersections but not for any other (unique) sig-
natures. Thus, depending on the type of signature of interest, e.g., 
specific for a particular system or common across different systems, 
unique or common modules would be identified. For the SRG sig-
natures, 148 system-wide signature sets were generated with five or 

A B

DC

E F

Fig. 3. Intersections of JTG signatures in human MDM cells, human blood, and ferret blood. (A) Venn diagram of the up-regulated JTG signatures in the three 
systems. (B) Enriched GO pathways in the up-regulated JTGs specific to each system or shared by two or three systems. (C) Venn diagram of the down-regulated JTG 
signatures in the three systems. (D) Enriched GO pathways in the down-regulated JTGs specific to each system or shared by two or three systems. In both (B) and (D), a 
maximum of three most significant GO terms for each system, ranked by P values, were selected. The color scale indicates −log10(adjusted FET P value). (E) The human 
blood module M12 is associated with cytokine signaling/regulation of innate immunity and enriched for commonly up-regulated genes [intersection between all three 
species in (A), FET P = 5.0 × 10−6, 2.8-fold]. (F) The human blood module M36 is enriched for commonly down-regulated genes [intersection between all three species in 
(C), FET P = 1.6 × 10−4, 4.2-fold].
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Fig. 4. Enrichment of DEG signatures in the top 10 gene modules from each of the eight systems including mouse lung, ferret serial blood, ferret longi-
tudinal blood, ferret lower lung, ferret upper lung, HTBE cells, human MDM, and human blood. The leftmost labeled color bar refers to a particular system. 
The left heatmap shows significance levels of enrichment for the DEG signatures in HTBE and MDM cells combined, HTBE, MDM, mouse, ferret blood serial, ferret 
blood longitudinal, ferret lung combined, ferret upper lung, ferret lower lung, and human. The right heatmap shows the enrichment of several known influenza 
signatures [Chandra (59), Watanabe (58), the Flu and Flu2 signatures derived from Ward et al. (64), inflammatome, and ISGs; see table S23] in the top modules of 
the eight systems.
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more genes (of 255 possible). As expected and consistent with the 
findings discussed above, cell cycle and IFN signaling were process-
es common to the top-ranked modules in the eight systems. Two 
examples of the modules enriched for commonly up-regulated 
genes are a mouse lung module M8 associated with IFN- signal-
ing (Fig. 2E) and a human blood module M12 involved in cytokine 
signaling/regulation of innate immunity (Fig. 3E). Examples of the 
modules enriched for commonly down-regulated genes include a 
mouse module M289 involved in the monocarboxylic acid catabolic 
process (Fig. 2F) and a human blood module M36 involved in graft 

versus host response (Fig. 3F). Most of these modules were enriched 
for ISGs and inflammation signatures. As an example, Fig.  5 
shows three lung (ferret, mouse, and HTBE) modules and one ferret 
blood–based module. All of these modules were highly ranked (fifth 
or higher), and they shared DDX48 and Tudor Domain Containing 
7 (TDRD7). TDRD7 is an ISG that has recently been found to inhibit 
adenosine monophosphate–activated protein kinase (AMPK), re-
quired for herpes simplex virus replication (15), and, successively, 
autophagy, a process that is essential for paramyxovirus replication 
(16). The most conserved interactions in the lung networks include 

A B

D

C

Fig. 5. TDRD7-centered modules in three systems, ferret (blood and lung), mouse lung, and HTBE. Modules with TDRD7-centered MEGENA networks are shown 
involving IFN signaling. Red nodes denote up-regulation, and blue nodes are down-regulated. Diamond-shaped nodes are key regulators. (A) The number two ranked 
ferret blood module M382, responsible for defense response to virus/IFN signaling, consists of 204 nodes and 595 edges. Prominently displayed are the key regulators 
CMPK2, DTX3L, IFIH1, IL27, IRF7, OAS3, TDRD7, and ZNFX1. (B) Another example is the number five ranked mouse module M148 (response to biotic stimulus/IFN- signal-
ing), with 223 nodes and 644 edges. Key drivers are PML, TRAFD1, and ZNFX1. (C) The number two ranked ferret lung module M347 (type I IFN signaling) with 193 nodes 
and 554 edges involve key regulators APO5, CDKN2AIP, DTX3L, ENSMPUG00000020197 (putative IFIT1), SP100, SPATS2L, TDRD7, TRANK1, and ZNFX1. Overall, common 
nodes between modules (A to C) are ATP10A, BST2, CMPK2, DDX58, EIF2AK2, ISG15, MX1, OASL, PARP12, STAT2, TDRD7, and ZNFX1. (D) The smaller, number five ranked HTBE 
module with 34 nodes and 95 edges is responsible for response to virus/IFN signaling. Key regulators in this module are COL6A1 and DDX60L. Common nodes among all 
four modules include DDX58 and TDRD7.
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ISGs such as IFI16, ZNFX1, and ATAD1. ATAD1 (AAA adenosine 
triphosphatase) is responsible for mitochondrial quality control by 
extraction of mislocalized proteins from the mitochondrial mem-
brane and indirectly preventing autophagy (17).

To investigate the biological relevance of key regulatory elements, 
we used both local (i.e., key regulators) and global (network) ap-
proaches. As described above, we first identified module-based key 
regulators (e.g., key genes and their corresponding proteins) from 
the top-ranked MEGENA modules. Thirty-one key regulators that 
are common between the three species were identified (fig. S2B and 
table S8). However, the ranks of these common key regulators varied 
significantly between species. Only CDK1, CHD3, CLSPN, CSF1R, 
FCGRT, GMPPB, IRF7, OAS3, PSAP, STAU1, and TGFBI were key 
regulators in the modules with ranks between 1 and 21 for all three 
species. Both IRF7 and OAS3 are the only two genes that were key 
regulators in the top-ranked modules across all three species. Both 
genes were significantly up-regulated (and later returned to base-
line) in all the species and tissues, except for the human blood (figs. 
S14 and S15). Intersections of the key regulators from different sce-
narios are shown in figs. S2B to S6B. We further used a global network 
enrichment analysis to identify key regulators, termed network- 
enriched (NWE) regulators, whose network neighborhoods were 
significantly enriched for SRGs and JTGs. For each system, the net-
work neighborhood of a candidate regulator in the respective global 
MEGENA network was intersected with the corresponding system- 
specific SRGs and JTGs, and the significance level was assessed by 
FET. Table S9 lists the network enrichment information together 
with the module assignment for 30,490 genes or probes. On the 
basis of a strict FET P value cutoff of 1 × 10−100, TDRD7 and SP100 
are the only NWE regulators across all the systems, while TDRD7 is 
the top-ranked NWE regulator according to the cumulative score 
[Σ−log10(P)  =  3663.1; table S10 and fig. S16]. Both TDRD7 and 
SP100 were up-regulated in all the systems (figs. S17 and S18). Other 
top-ranked NWE regulators were antiviral genes including DDX58, 
OAS3, and IFIH1 among other ISGs (table S11). All the NWE regu-
lators except DDX58 are also module-based key regulators in the 
respective MEGENA modules (see table S12).

We further analyzed the genes in the imminent network neigh-
borhoods of TDRD7 using the MEGENA networks from all eight sys-
tems. The intersections between TDRD7’s network neighborhoods 
in all the species were significant (table S13). Functional enrichment of 
the intersection indicates ISG-enriched IFN signaling, suggesting 
that the functional response of TDRD7 upon influenza infection is 
triggered by IFN. An additional indication of the antiviral property 
of TDRD7 and the processes potentially modulated by this factor 
were obtained from published protein-protein interactions based 
on experimental evidence (18). The TDRD7 protein has been shown to 
function in a protein complex, together with TACC1, microtubule- 
associated chTOG (colonic and hepatic tumor over-expressed 
protein), Aurora A serine/threonine kinase, and the mRNA regulator 
LSM7 (Like-Sm protein 7). Expressed RNAs of these proteins are 
colocated in coexpression modules of all the three species studied. The 
TDRD7–TACC1–chTOG–Aurora A complex is instrumental in 
the regulation of microtubule dynamics, particularly with respect to 
mitotic spindle organization and cell division (19). TDRD7 inhibits 
autophagy as an antiviral response (16). Another potential antiviral 
process regulated by TDRD7 may originate from its association 
with mRNA regulatory LSMs (19). TDRD7 interacts with LSM7 
in a complex with other LSMs. Both LSMs (20) and TDRD7 (21) are 

known to be members of RNA degrading cytosolic foci (such as RNA 
granules), particularly processing bodies (PBs) (22) that are respon-
sible for the decay of unwanted mRNAs as an antiviral response. In 
conclusion, TDRD7 is an up-regulated host factor across different 
species and tissues upon IAV challenge, potentially through IFN 
signaling and a putative key regulator of antiviral processes.

Species-specific processes are diverse and could explain 
unique responses during viral infections
Different species have different genetic and regulatory repertoires 
and, thus, may respond differently to a biological threat, such as a 
viral infection. Specific pathways in one species may contribute to 
its resilience and provide insight to develop novel therapeutic strat-
egies for human. To identify species-specific processes in host-viral 
interactions at the gene, module, and pathway levels, we performed 
a multiscale comparative analysis between the different systems.

At the gene level, we considered two different scenarios: sequence- 
based unique genes (SUGs) and function-based unique genes (FUGs). 
For a given species x, SUGs are the genes in x that have no ortholog 
in any other species investigated in this study, while FUGs are those 
that have orthologs in other species but are functionally specific to 
x regarding responses to IAV infections. Function refers to differ-
ential expression and a prominent role in gene subnetworks associ-
ated with physiology and phenotypes induced by IAV infections. 
Orthologs have been assessed using the National Center for Bio-
technology Information (NCBI) ortholog information.

The majority (97) of sequence-specific SRGs in human sam-
ples were found in the human blood data and predominantly up- 
regulated (Fig. 5). These genes, involved in the regulation of apoptosis 
and leukocyte activation, include ArfGAP and other ankyrin repeat 
genes (ANKRD36 and ANKRD36B), CARD16 and CARD17, golgins 
(GOLGA8CP and GOLGA8EP), HLA-DRB3, HLA-DRB4, HLA-DRB6, 
hnRNPA1L2, hnRNPA1P10, heat shock proteins, long intergenic 
nonprotein coding RNA (LINC), and ribosomal protein and other 
pseudogenes. Sequence-specific SRGs in MDM include antiviral 
apolipoprotein B mRNA-editing enzymes (APOBEC: 3C, 3D, and 3F), 
leukocyte immunoglobulin receptors (LILR: A3, B1, B2, and P2), 
LINCs, neutrophil cytosolic factors (NCF1B, NCF1C), ribosomal pro-
tein pseudogenes, small nucleolar RNA host genes (SNHG: 10, 12, 15, 
and 16), and zinc finger proteins (ZNF). LILRs have no homologs in 
mice. Another human SUG is IL37, which was exclusively up-regulated 
in HTBE cells. Its expression increased by 38.7-fold at 6 hours (P = 0.028) 
and then dropped to the baseline level at 12 hours. The SRG signature 
in MDM is associated with the regulation of transcription and gene 
expression. The SRGs in HTBE have 12 SUGs including up-regulated 
APOBEC3F, DDX60L, HCG4, HCP5, LINC00324, RARRES3, and 
SAMD9 and down-regulated DANCR and DNM1P46, as well as 
RPSAP52, SLC35E2, and ZSCAN12P1 with a variable expression (i.e., 
mixture of up- and down-regulations during temporal response). 
The SRGs in the ferret data have no functional annotation, and they 
include about 350 SUGs in the ferret blood. Similarly, the SUGs in 
the mouse were also largely poorly annotated but included well-
known mouse genes (Ifi27l2a, Ifi47, Ifitm6, Ly6a/i, Trem3, Tlr11, 
and Tlr13) and SRGs. However, the specific TLRs (Tlr11 and Tlr13) 
are not the primary receptors to recognize the influenza virus.

Species-specific responses complement the conserved responses 
against influenza (fig. S19B). Notably, human-specific SRGs in the 
blood are prominently enriched for olfactory reception stimulus and 
signaling pathways, human leukocyte alleles (HLA-DM and HLA-DR), 
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and killer cell immunoglobulin-like receptors (KIR2DL1/3). The 
ferret FUGs in the ferret SRGs are enriched for cell adhesion mole-
cules (L1CAMs) involved in signal transduction by L1. The mouse 
FUGs in the mouse SRGs are associated with drug/xenobiotic metab-
olism by cytochrome P450 and glutathione metabolism (table S14).

Note that this study does not include RNA-seq data from the mouse 
blood. The FUGs of the up-regulated JTGs in the ferret blood were 
associated with vesicle transport, while those in human blood were 
enriched for structural constituents of ribosomal genes (table S15). 
The up-regulated JTGs in the blood shared by the human and 
ferrets are listed in table S16). The down-regulated JTGs in blood 
common to ferret and human were involved in the regulation of 
ribosomal RNA processing and T cell activation (fig. S7 and table 
S17). The ferret FUGs of the down-regulated JTGs in the ferret blood 
were involved in noncoding RNA metabolic processes, while the 
human FUGs of the down-regulated JTGs in the human blood were 
related to the positive regulation of response to stimulus (table S18). 
The up-regulated JTGs in both the ferret and the mouse lung were 
involved in the immune response, particularly IFN signaling, CCR1/4 
chemokine receptor binding, and cell cycle processes (fig. S4). The 
up-regulated JTGs at early time points during IAV infection observed 
in the human and mouse lung tissues were specifically involved in 
the innate immune response [TLR and IFN signaling and natural killer 
(NK) cell activation], consistent with the expected host responses 
during infection (table S19). The FUGs in the up-regulated JTGs in 
the mouse lung were involved in the defense response (table S20). 
Molecular processes involved in the down-regulated JTGs include 
apoptotic signaling (i.e., regulation of programmed cell death; fig. S4 
and table S21). The FUGs of the down-regulated JTGs in the mouse 
lung were involved in sensory perception of smell, while those in 
the ferret lung were related to T cell activation (table S22).

In addition to the different genetic repertoire between the spe-
cies (i.e., SUGs), functionally unique SRGs (i.e., FUGs) shape the 
species-specific response against IAV infection. However, the common 
molecular responses, e.g., orchestrated by the innate and adaptive 
immune system, still dominate the biological processes in response 
to IAV infection in the different hosts.

Species-specific coexpression networks are involved in host 
defense and the viral life cycle
We then performed module conservation analysis to identify mod-
ules specific to each system and network enrichment analysis to identi-
fy common and species-specific network regulators (for details, see 
Methods and Materials). A gene whose network neighborhoods are 
significantly enriched for the respective DEGs or JTGs in one 
species but not in any other species is termed a uniquely network- 
enriched (UNWE) regulator. Compared to network modules com-
mon to all the systems, the modules specific to a system are smaller 
and less enriched for the respective DEG signatures and, thus, have 
lower ranks (table S24), indicating that the corresponding pro-
cesses may be secondary to viral infection. Noteworthy is the human 
MDM-specific functional complex assembling the negative regula-
tion of leukocyte activation and ESCRT I (endosomal sorting 
complex required for transport) complex/virus process regulation 
(Fig. 6A). Complement C3b/C4b receptor-like (CR1L), major histo-
compatibility complex (MHC) class I molecule HLA-G, RNA bind-
ing motif protein RBM34, and myeloid cell nuclear differentiation 
antigen (MNDA) are key regulators. All of these regulators and 
most of the genes in the module were up-regulated. Another module 

unique to human lung cells (i.e., HTBE) is M103, the endocannabi-
noid signaling pathway (and the regulation thereof) with a nucleoti-
dase activity function (Fig. 6B), and one particular member gene is 
5′-nucleotidase, cytosolic II (NT5C2), which itself was up-regulated, 
but its network neighborhood was significantly enriched for the down- 
regulated genes in HTBE (FET P = 1.6 × 10−31, 13.9-fold). Figure 
S20C shows the network enrichment scores for NT5C2 in the ferret, 
the human, and the mouse. NT5C2 is a key regulator in this particular 
module and is the second-highest connected gene after up-regulated 
ZCCHC8, another human UNWE regulator (HTBE: FET P = 1.6 × 
10−48, 17.4-fold; fig. S20D) and a member of the nuclear exosome 
targeting (NEXT) complex (23), and down-regulated human UNWE 
regulator VAT1 (HTBE: FET P = 9.2 × 10−42, 9.5-fold). The NEXT- 
Exosome promotes viral ribogenesis and infectivity (24) and is re-
quired for the influenza virus life cycle (25).

Modules unique to the mouse are involved in cyanate metabolic 
processes, sphingolipid signaling pathways, and the positive regula-
tion of T cell cytokine production (Fig. 6C). Key regulators in the 
module involved in the down-regulated cyanate metabolic process 
are the dicarbonyl and l-xylulose reductase (Dcxr), mercaptopyruvate 
sulfurtransferase (Mpst), and transmembrane protein Tmem106c. 
Down-regulation of the module would indicate the attenuation of 
such a putative antiviral response potentially orchestrated by the 
detoxification enzyme Mpst (26). A key regulator in the down- 
regulated sphingolipid signaling pathway module is annexin A11 
(Anxa11), a member of calcium-dependent phospholipid-binding 
proteins. Anxa11 is essential to the cell cycle, apoptosis, vesicle traf-
ficking, and signal transduction (27).

A “unique” ferret lung module is significantly enriched for the 
cell cycle and cytokinesis function (Fig. 6D). Key regulators in this up- 
regulated module include predominantly mitochondrial maintenance 
complex members, such as MCM4 and MCM10, cell cycle regulatory 
maternal embryonic leucine zipper kinase (Melk), RhoGEF (Rho 
GTPase guanine nucleotide exchange factor) epithelial cell transform-
ing 2 factor (ECT2), and marker of proliferation (MKI67). In the case 
of the H5N1 influenza virus, it has been shown that MCM3, MCM4, 
MCM5, and MCM6 have close interactions with the viral polymerase 
(PA) protein, indicating the conserved function of PA-MCM interac-
tions in the process of virus infection and replication (28). Thus, this 
particular ferret lung module is relevant for the influenza virus life cycle.

Similar to the investigation of key network regulators affecting 
common processes, we were interested in system-specific regulators. 
For this purpose, we investigated regulators whose network neigh-
borhood is uniquely enriched by DEGs (fig. S21). One prominent 
example is SPARC (osteonectin), cwcv- and kazal-like domains pro-
teoglycan 2 (SPOCK2). Induced in HTBEs and mouse lungs as well 
as ferret and human blood, this particular gene is highly and exclu-
sively enriched in the human blood network (FET P = 1.8 × 10−267). 
As a member of the antigen receptor–mediated signaling pathway, 
SPOCK2 is a key regulator in the human blood together with three 
other human blood key regulators butyrophilin-like 3 (BTNL3; FET 
P = 2.4 × 10−298), interleukin-2 receptor subunit  (IL2RB; FET 
P = 6.9 × 10−271), and megakaryocyte-associated tyrosine kinase 
(MATK; FET P = 1.5 × 10−305). The latter two regulators are also 
NWE regulators in the ferret, while BTNL3 is not present in the 
ferret and mouse datasets. SPOCK2 seems to be a binding partner of 
DDX58. Knockdown (KD) of SPOCK2 was shown to enhance viral HA 
expression, suggesting its antiviral role (29). SPOCK2 was recently 
shown to protect lung epithelial cells against virus infections (30).



Forst et al., Sci. Adv. 8, eabm5859 (2022)     5 October 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

10 of 20

TDRD7 KD increases IAV replication in vitro and in vivo
To confirm the role of TDRD7 against IAV, we conducted a more 
comprehensive assessment of the effect of TDRD7 during infection. 
After validating that efficient TDRD7 KD (Fig. 7A) did not induce 
small interfering RNA (siRNA)–mediated toxicity in human cells 
(Fig. 7B), we tested the impact of TDRD7 KD on influenza virus 
growth. Depletion of TDRD7 increased the number of viral particles 

released into the supernatant by 5- to 10-fold (Fig. 7C). Next, we 
assessed whether TDRD7 is stimulated upon type I IFN treatment, 
as previously reported (16). TDRD7 mRNA levels increased in a 
dose-dependent manner in a variety of human cell types, includ-
ing HTBE cells (Fig. 7D). Last, we used peptide-conjugated phos-
phorodiamidate morpholino oligomers (PPMOs) to investigate 
the impact of TDRD7 depletion in vivo. Treatment of mice with 

A

C

E

B

D

Fig. 6. Species unique MEGENA modules. Unique network modules in (A) human MDM cells, (B) HTBE cells, (C and D) mouse lung, and (E) ferret lower lung are shown. 
Red nodes denote up-regulation, and blue nodes denote down-regulation. Diamond-shaped nodes are key regulators. Species unique MEGENA modules were identified 
by enrichment for SRG (JTG) intersection signatures from all eight systems. Modules with significant enrichment in one species but not in any other were deemed unique. 
(A) The human (MDM) M104 unique module with 30 nodes and 78 edges is ranked number 75 and is responsible for the negative regulation of leukocyte activation. CR1L, 
HLA-G, MNDA, and RBM34 are key regulators in this module. Most of the genes in this pathway are up-regulated. (B) The number 67 ranked regulation of endocannabinoid 
signaling/endosomal vacuolar pathway with 114 nodes, 326 edges, and key regulators HDGFRP2, PDGFC, SMPDT, TIPARP, TJAP1, and U2AF2 is shown. (C) The number 136 
ranked and predominantly down-regulated mouse module M473 relevant for sphingolipid signaling has 27 nodes and 67 edges. The sole key regulator is ANXA11. (D) 
M631 is a number 49 ranked and up-regulated mouse module responsible for positive regulation of T cell cytokine production with CTSS as a single key regulator. M631 
has 23 nodes and 57 edges. (E) The number 170 ranked ferret lower lung module M14 with 202 nodes and 565 edges shows minichromosome maintenance (MCM) and 
cell cycle functionality. Key regulators are ARHGAP21, ARPC1B, ATP6V0C, CD3D, CD3E, CD3G, CDC42BPG, CFL1, DPP3, ECT2, ENO1, ENSMPUG00000006004 (putative MELK), 
ENSMPUG00000008504 (putative TRBC2), IFT81, MCM10, MCM4, MKI67, TPPP3, TRAC, TRADD, UBE2V1, and UNC93B1.
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Fig. 7. TDRD7 KD increases IAV replication in vitro and in vivo. A549 cells were transfected with four individual siRNAs targeting TDRD7, the negative control scram-
bled or the cytotoxic siRNA Allstars. At 48 hours after transfection, (A) RNA was isolated and analyzed by quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) using primers specific for TDRD7 and TBP. (B) Cell viability was assessed using CellTiter-Glow. (C) A549 cells were transfected with indicated siRNAs. At 48 hours 
after transfection, cells were infected with WSN virus at a multiplicity of infection of 0.01. Supernatants were collected at 48 hours postinfection (hpi) and analyzed by 
plaque assay using MDCK cells. (D) A549, 293T, and HTBE cells were seeded overnight and then treated with increasing doses of universal IFN- (0, 10, 100, and 1000 IU/ml) 
for 24 hours. RNA was then isolated and analyzed by qRT-PCR using primers specific for TDRD7 and TBP. (A to D) Data represent means ± SD of at least two independent 
experiments run in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by one-way analysis of variance (ANOVA) with Dunnett’s post hoc test. Five-week-old 
female BALB/c mice were administered phosphate-buffered saline (PBS), nontargeting control (NTC), or TDRD7 PPMOs (100 g in 40 l of PBS; the equivalent of 
approximately 5 mg/kg) intranasally for two consecutive days before infection. On day 0, mice were infected with A/Puerto Rico/8/34 [40 plaque-forming units (PFU)] 
intranasally. On days 3 and 6 after infection, five mice per condition were euthanized to harvest the lungs and determine virus titer. The graph shows the mean lung virus 
titer ± SD on day 3 (E) and day 6 (F) after infection. Data shown are from two independent experiments with five mice per condition. ns, not significant.
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TDRD7-specific PPMOs resulted in a modest increase in morbidity 
as compared with phosphate-buffered saline (PBS) or nontargeting 
PPMO controls (fig. S22A), with no change in body weight (fig. S22B). 
Viral load in lungs from TDRD7 PPMO-treated mice was signifi-
cantly higher compared to control mice challenged with either PBS 
or nontargeting PPMO, both at day 3 and day 6 after infection 
(Fig. 7, E and F). Overall, these data show that TDRD7 is an IFN- 
inducible factor whose depletion results in increased influenza virus 
growth both in vitro and in vivo.

We have further investigated the gene-regulatory program that 
is modulated by TDRD7. For this purpose, we compared the tran-
scriptional response between wild type (WT; scrambled) and siTDRD7 
KD (TDRD7KD) HTBE cells under mock, 12 hours, and 24 hours 
post influenza infection (hpi) (see Materials and Methods). Overall, 
333 genes significantly change their expression pattern between mock 
and 24 hpi when comparing WT and TDRD7KD cells (i.e., differen-
tial expression between 24 hpiKD versus MockKD and 24 hpiWT 
versus MockWT). Two hundred seventy-three genes show a larger 
(positive) expression change between infected and mock in TDRD7KD 
cells than WT cells (TDRD7-restricted or T− genes), whereas 
60 genes display larger expression change between infected and mock 
in WT cells compared to TDRD7KD cells (TDRD7-enhanced or 
T+ genes). The largest siTDRD7 effect was experienced by T− gene 
neurotensin [NTS; log2 fold change (log2FC) = 15.6, false discovery 
rate (FDR) = 0.039; fig. S23A], aldehyde dehydrogenase ALDH1A1 
(log2FC = 14.0, FDR = 0.035; fig. S23B), and G protein–coupled re-
ceptor 4 (GPR4; log2FC = 4.1, FDR = 0.015; fig. S23C). On the other 
hand, most responsive T+ genes include myosin heavy chains MYH6 
and MYH7 (log2FC = −8.6 and −6.5, FDR = 0.017 and 0.027, respec-
tively; fig. S23, D and E) and tumor protein TP73 (log2FC = −3.0, 
FDR = 0.015; fig. S23F). No significant change in expression pattern 
was observed when comparing KD and WT expression between 
12 days postinfection (dpi) and mock. T+ genes are enriched for the 
epidermal growth factor receptor (EGFR1) pathway (fig. S24A), 
tumor necrosis factor– (TNF-) signaling via NF-B, and response 
to metal ions, whereas T− genes are enriched for IL signaling (IL-2 
and IL-18), TNF- effect on cytokine activity, cell motility, and 
apoptosis (fig. S24B).

We were further interested in the specific transcriptional pro-
gram that is modulated by TDRD7. For this purpose, we investigat-
ed the MEGENA network neighborhood of TDRD7 for enrichment 
with T+ and T− genes. As the individual system neighborhood was 
poorly enriched for T+/T− genes, we used consensus networks 
across all systems, as well as combining blood and lung systems 
separately. Overall, we considered network neighborhood up to 
layer 4 from the origin “TDRD7.” However, with high connectivity, 
outer layers tend to cover the complete network. Thus, we restrict 
ourselves to maximum layers of two only for all systems and two and 
three for consensus networks in blood and lung systems. The network 
neighborhoods are chosen to control the number of included genes 
(half of the total number of genes at maximum). The TDRD7 network 
neighborhood is mainly enriched for (RIG-I–mediated induction of) 
IFN signaling. However, we have identified other immune response 
pathways, such as JAK/STAT3 signaling or IL-2/IL-6 signaling.

To identify processes that are potentially directly mediated by 
TDRD7, we investigated the intersection between TDRD7 network 
neighborhoods and T+/T− genes. Figure 8A shows multiple intersections 
between network layer 2 and T+/T− genes after SuperExact Test. 
Overall, the functional assessment of the network intersections with 

T+ genes is somewhat elusive because of the small number of genes 
(13 in the combined and 38 in the blood and lung network intersec-
tions). However, nonsignificant gene set enrichment indicates IFN- 
induced signaling and EGFR1 pathway functions (Fig. 8B). Network 
overlap with T− genes show a larger overlap with 50 genes in the 
combined, 159  in blood, and 168  in lung intersection, involving 
TNF- signaling via NF-B, IL-2/STAT5 signaling, IL-5 regulation of 
apoptosis, IL-6/JAK/STAT3, and unfolded protein response (Fig. 8C).

Key targets, i.e., targets that are a member of the network and 
T+/T− gene intersection and that themselves have a network neigh-
borhood for enriched DEGs (see Materials and Methods), are as follows. 
TDRD7-enhanced (T+) key targets involve arrestin domain containing 3 
(ARRDC3), as well as guanylate binding protein family member 1 and 6 
(GBP1 and GBP6). ARRDC3 regulates G protein–mediated signal-
ing. ARRDC3 is a novel ISG and is up-regulated during SARS-CoV-2 
(severe acute respiratory syndrome coronavirus 2) infection (31). It is 
known to suppress breast and prostate carcinoma by negatively regulat-
ing integrin 4 (32, 33). ARRDC3 further mediates G protein–coupled 
receptor lysosomal sorting and apoptosis-linked gene 2–interacting 
protein X [ALIX; or programmed cell death 6 interacting protein 
(PDCD6IP)]. ALIX is a Lys63-specific polyubiquitin binding protein 
that functions in retrovirus budding and dengue virus propagation 
(34, 35). However, ARRDC3’s expression, although differently ex-
pressed in WT compared to TDRD7KD cells, is significantly up-regulated 
during infection in both cell genotypes (fig. S25A). Thus, the effect 
of TDRD7 via ARRDC3 on the viral life cycle may only be moderate.

Other key targets are GBP1 (fig. S25B) and GBP6 (Fig. 8D). Both 
belong to the gene family of IFN-inducible guanosine triphospha-
tases (GTPases), which are involved in host resistance to pathogens 
among other well-known members, such as MX1 (fig. S25C) and 
MX2 (36). As transcriptomic GBP6 response against influenza in-
fection is almost eliminated in TDRD7KD cells at 24 hpi (except for 
a weak up-regulation at 12 hpi), an independent response of TDRD7 
and GBP6 induced by IFN is rather unlikely. Thus, we conclude that 
TDRD7 causative controls GBP6 transcription. This control may 
potentially originate via modulation of the mRNA stability of IRFs. 
Although not a key target, we have identified another potential can-
didate of a T+ gene in the network neighborhood of TDRD7, decap-
ping mRNA 2 (DCP2); DCP2 is a member of the mRNA degradation 
pathway in P-bodies together with cellular 5′-3′ exoribonuclease 1 
(XRN1) (37).

TDRD7 potentially controls IFN levels via the mRNA degrada-
tion pathway, particularly involving DCP2 expression during influ-
enza infection. DCP2 modulates the mRNA stability of IRF7 to regulate 
type I IFN response in antiviral innate immunity. Reduced levels of 
DCP2 result in greater stability of IRF7 mRNA corresponding to 
higher levels of IRF7 protein (38). Under WT conditions, DCP2 ex-
pression increases at 24 hpi from low expression levels at 0 and 
12 hpi. However, in TDRD7KD cells, DCP2 maintains a high expres-
sion level independent of the infection condition (fig. S25D). We do 
not see such an effect of DCP2 on IRF7 expression (Fig. S25E). In 
addition, the expression of type I IFN, such as IFNB1, is only mod-
erately affected by TDRD7 (fig. S25F). However, we see a decrease 
of IRF9 in TDRD7KD cells compared to WT cells (fig. S25G). The 
effect of TDRD7 on the IFN pathway via potential DCP2 regulation 
and mRNA decay control may then function via the JAK/STAT/IRF9 
pathway. This effect is most pronounced at 24 hpi. For example, 
ISGs, such as GBP6 and MX1, show significant up-regulation at this 
time point in WT cells. Under TDRD7KD conditions, IFN response 
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Fig. 8. TDRD7 modulates IFN response. The transcriptional response and induced biological processes during influenza infection in WT and TDRD7KD HTBE cells are 
shown. (A) The multiset intersections between the TDRD7 network neighborhood (up to layer 2) and significantly responding TDRD7 enhanced (T+) or restricted genes 
(T−) by SuperExact Test are depicted. The networks of all eight systems have been used to construct the consensus network. The layer 2 network neighborhood includes 
all next and second next neighboring genes of TDRD7. The heights of the bars indicate set size, and colors refer to FET P values (see scale). Green-filled circles below the 
bars denote corresponding intersected sets (left). The size of the network layer 2 ∩ T+ intersection is 13 genes (red rectangle), whereas the network layer 2 ∩ T− intersection 
includes 50 members (blue rectangle). Both intersections are significant after FET (layer 2 ∩ T+: 2.28-fold enrichment (FE), P = 3.63 × 10−3; layer 2 ∩ T−: 1.93-FE, P = 4.70 × 
10−6). The biological functions of the intersections have been assessed by functional enrichment for BioPlanet (2019) pathways. (B) The functional enrichment of 
TDRD7-enhanced genes in the network neighborhood (layer 2 ∩ T+) is shown involving IFN signaling. (C) The layer 2 ∩ T− intersection has TNF/NF-B and IL signaling 
functionality. Two examples, one each of a T+ and T− gene in the layer 2 neighborhood, are depicted. (D) Antiviral GBP6 is an IFN-inducible guanosine triphosphatase 
(GTPase) that requires the IFN modulation by TDRD7 for significant up-regulation at 24 hpi. (E) PIM1 is responsible for cell survival and may benefit the viral life cycle. 
(F) The expression of TDRD7 in WT and TDRD7KD HTBE cells is shown. Significance between WT and TDRD7KD expression at 24 hpi is indicated as follows:  ***P < 0.001 and 
****P < 0.0001, which was assessed using edgeR’s generalized linear models together with a quasi-likelihood F test.
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may be quenched by continuous depletion of IFN mRNA. We ob-
served a change in expression between WT and TDRD7KD cells 
at 24 hpi of 2.99 FC (FDR = 3.30 × 10−5) for GBP6 and of 1.57 FC 
(FDR = 5.9 e-4) for MX1. However, ISG expression may also be 
decreased via inhibition of JAK/STAT signaling. Although not signif-
icant, both IRF9 and STAT1 (fig. S25H) show reduced expression at 
24 hpi in TDRD7KD cells compared to WT cells (IRF9: 1.46 FC, 
FDR = 0.16; STAT1: 1.37 FC, FDR = 0.010).

TDRD7-restricted key targets involve ADAM metallopeptidase 
domain 19 (ADAM19), B-cell lymphoma 2 (BCL2)-related protein A1 
(BCL2A1), DLG (discs-large)-associated protein 4 (DLGAP4), EH 
domain containing 1 (EHD1), hexokinase 2 (HK2), and Pim-1 proto- 
oncogene (PIM1). ADAM19 is a metallopeptidase that plays a role in 
cell-cell and cell-matrix interactions. BCL2A1 has antiapoptotic activ-
ity and is directly controlled by NF-B. EHD1 regulates intracellular 
EGFR trafficking (39), a process hijacked by viruses for intracellular 
transport. HK2 is another direct target of NF-B. PIM1 promotes 
cell survival by modulating the JAK/STAT and NF-B activity 
[e.g., in primary mediastinal large B cell lymphoma PMBL cells (40)]. 
Down-regulated PIM1 yields down-regulation of NF-B– and STAT- 
dependent transcription of prosurvival factors, such as key target 
BCL2A1 (40). Thus, we have identified a rather similar expression 
pattern of BCL2A1 and PIM1 in WT and TDRD7KD cells during 
influenza infection. Both BCL2A1 (fig. S25I) and PIM1 (Fig. 8E) 
show rather similar expression levels between WT and TDRD7KD 
cells, particularly at 12 hpi, with distinct higher expression under 
TDRD7KD conditions compared to WT at 24 hpi (BCL2A1: 3.0 FC, 
FDR = 0.040; PIM1: 1.69 FC, FDR = 0.29). Although we are restricted 
to transcriptomic response, of further interest with this respect is the 
indication of reduced virus production induced by inhibition of the 
PIM1 kinase (41). This finding may indicate that PIM1 abundance 
may support viral growth.

We have assessed the effect of TDRD7KD on TDRD7 expression 
as a transcriptomic validation of our siRNA experiments. Figure 8F 
shows the temporal response in WT and TDRD7KD HTBE cells. Al-
though TDRD7 is expressed in TDRD7KD cells, we have observed 
a five- to eightfold change of TDRD7 expression between WT and 
TDRD7KD cells (0 hpi: 7.8 FC, FDR = 0.019; 12 hpi: 7.0 FC, FDR = 
0.0045; 24 hpi: 5.4 FC, FDR = 0.0088).

In conclusion, TDRD7 co-modulates the IFN response, via either 
IRF mRNA control via DCP2 or modulation of the JAK/STAT/IRF9 
signaling pathway. This modulation is selective. It only affects IFN- 
inducible GTPases, such as GBP1, GBP6, MX1, or MX2. It also 
affects 2’-5’-oligoadenylate synthetases (OASs) or Viperin (RSAD2; 
fig. S25J). However, we have not observed a significant effect of TDRD7 
on other ISGs, such as IFIH1 (interferon induced with helicase C 
domain 1) (fig. S25K), IFI16 (fig. S25L), or the IFITMs. We have identi-
fied a second route for TDRD7 as a novel antiviral factor. TDRD7 may 
modulate cell survival factors, such as PIM1 and BCL2A1, affecting 
the viral life cycle. This effect may be associated with the AMPK 
inhibition by TDRD7, identified by Subramanian et  al. (15,  16). 
PIM1 has been identified to block AMPK activation (42).

DISCUSSION
In this study, we analyzed a large amount of transcriptomic data from 
influenza-infected humans, ferrets, and mice to profile their unique 
and conserved responses to IAV infection. We performed comparative 
analyses at multiple levels, ranging from differential expression, 

multiscale gene coexpression networks, and key regulators. The 
most represented molecular response against IAV infection across 
all levels of complexity includes IFN signaling and the cell cycle. 
The cell cycle and its control by the virus are essential for viral rep-
lication. However, stimulation of the cell cycle may also be caused 
by the activation of the proliferation of immune cells. The IFN re-
sponse and downstream signaling are the first lines of defense by 
the host against viral infections. ISGs and cell cycle genes are typi-
cally up-regulated in all the systems. Down-regulated genes and the 
corresponding processes involve apoptosis and adaptive immune 
response. Noticeable is the strong conservation of the DEGs and 
molecular processes in the same tissue across different species in 
contrast with the relatively weak conservation across different tis-
sues within each species. For example, the overlap between the DEG 
signatures in human lung cells and ferret lung tissue is far more 
significant than the overlap between the DEG signatures from the 
different tissues in ferrets. A potential reason for the similarity ob-
served between ferret blood and lung tissue is the sampling tech-
nique. At the time of the sacrifice of ferrets, blood was collected 
from the vein near the lungs. One exception is with human blood 
and MDM cells. The DEGs from the human blood highly signifi-
cantly overlap those from ferret blood and lung SRGs (FET P < 1 × 
10−308, 9.9-fold) as well as the human blood-based primary cells 
MDM (FET P = 4.6 × 10−306, 47.6-fold). Tissue-biased “preferences” 
were also observed in the case of key targets. The top-ranked NWE 
regulators, such as ISG SP100 and the antiviral factor TDRD7, were 
expressed in all the systems. We validated the antiviral effect of 
TDRD7 on influenza replication both in vivo and in vitro. siRNA- 
mediated KD of TDRD7 in human lung A549 cells showed signifi-
cantly increased release of IAV particles. These are robust results 
based on the commonly accepted criteria such as P value and effect 
size thresholds (see Materials and Methods) for all the datasets ana-
lyzed in this study.

Similarly, TDRD7 KD in mice resulted in increased viral load in 
mouse lungs and increased morbidity. TDRD7 is prominently placed 
in modules with IFN signaling functions together with other anti-
viral ISGs (Fig. 5), potentially orchestrating the response against 
influenza. TDRD7 functions in a protein complex with TACC1, ch-
TOG, Aurora A, and LSM7. Expressed RNAs of these proteins are 
colocated in coexpression modules of all three species studied. The 
TDRD7–TACC1–chTOG–Aurora A complex orchestrates the reg-
ulation of microtubule dynamics, e.g., mitotic spindle organization 
and cell division (19). TDRD7 has been identified to inhibit AMPK, 
which is essential for herpes simplex virus replication (15), and, 
successively, autophagy, a process that is required for paramyxovi-
rus replication (16). However, IAV subverts autophagy to maintain 
virion stability for its life cycle (43). Thus, during IAV infections, 
the antiviral function of TDRD7 may originate through the media-
tion of IFN replication and signaling. We have analyzed the consensus 
network neighborhood of TDRD7 and have identified key targets that 
are affected by TDRD7 KD (TDRD7KD). Among the TDRD7-enhanced 
(T+) targets are IFN-inducible GTPases GBP1 and GBP6. The ex-
pression of GBP6 in TDRD7KD cells at 24 hpi is at preinfection level, 
revoking the antiviral effect of this particular gene. Other IFN- 
inducible GTPases, such as MX1 or GBP1, are similarly but less affected 
by TDRD7KD. Another (T+) target is DPC2. DCP2 is known to mod-
ulate IRF7 mRNA stability. However, we have not noticed a dif-
ference in IRF7 expression between WT and TDRD7KD conditions. 
However, IRF9 is affected, as well as STAT1. Thus, we presume that 
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TDRD7 plays a role in the activation of ISG via the JAK/STAT/IRF9 
pathway but does not affect IFN expression per se. Neither IRF7 nor 
IFNB1 is impaired by TDRD7KD. TDRD7 may further modulate 
cell survival factors, such as PIM1 and BCL2A1. PIM1 then inhibits 
AMPK, affecting the viral life cycle.

The cross-species analysis further confirms the expected pro-
cesses triggered during influenza infection. Early host defenses, 
particularly the innate immune response (TLR and IFN signaling and 
NK cell activation), are dominant and up-regulated in lung tissue. 
Down-regulated processes in the lung involve apoptotic signaling 
pathways, protein phosphorylation, or microtubule-based movement 
(see table S21 for a complete list of enriched GO terms). Blood-based 
neutrophil activation and vesicle transport were predominantly found 
up-regulated in blood. Nucleoplastic genes and T cell activation 
processes were down-regulated in blood. Thus, the early host-defense 
mechanisms, such as apoptosis, and their inhibition by the virus take 
place at the location of the infection, the lungs. Conversely, the late 
state processes, such as the adaptive immune response, affect sec-
ondary “tissues,” such as blood. The comparative analysis between 
transcriptional response after IAV infection in lung and blood 
further shows that the early innate immune response is reacting and 
IFN response is up-regulated, while the host defense is quenched 
by the virus early in lung and late, as a secondary/systemic effect, 
in blood.

To identify species-specific molecular responses, we distinguish 
between sequence-based unique SRGs, i.e., SRGs with no homolog 
in other species, and function-based unique SRGs, i.e., genes that 
are present in more than one species but significantly expressed 
only in one species. Sequence-based unique SRGs constitute only 
5 to 10% of all unique SRGs. Sequence-based human-specific SRGs 
include MHC class II DR genes, long intergenic and small nucleolar 
RNA, and other pseudogenes. Overall, sequence-based unique hu-
man DEGs contribute to the regulation of apoptosis and leukocyte 
activation. Determining what the sequence-based ferret-specific SRGs 
are is difficult because they are exclusive without annotations, while 
sequence-based mouse-specific SRGs are well-known ISGs and TLRs 
that are expressed in response to influenza infections, as in the case of 
Tlr11 and Tlr13. Tlr11 was shown to interact with flagellin (44) and 
respond against Toxoplasma infections (45). Tlr13, a receptor for bac-
terial RNA (46), was shown to recognize vesicular stomatitis virus 
(47) with further indications that it could identify influenza HA (48).

Network analysis provides further insights, particularly con-
cerning unique processes across different systems. Unique human 
processes and corresponding network modules are predominantly 
involved in the regulation of the adaptive immune response, as 
indicated in the expression of truly unique MHC class II molecules 
such as HLA-DRB. For example, one unique human network is as-
sociated with negative regulation of leukocyte activation with immune 
response–suppressing MHC class I HLA-G, and another unique 
human network is involved in 5′-nucleotidase functionality and 
viral infectivity that promote NEXT-Exosome and endocannabinoid 
signaling function. The modulation of the airway response, increase 
of viral load, and attenuation of macrophages and CD4/CD8 T cells 
by 9-tetrahydrocannabinol have been well studied (49, 50). It seems 
that influenza may also attenuate the host immune response via this 
particular signaling pathway. This particular module is uniquely en-
riched for down-regulated genes during IAV infection. One particular 
target is up-regulated NT5C2 with a network neighborhood signifi-
cantly enriched for down-regulated genes in HTBE (FET P = 1.6 × 

10−31, 13.9-fold). Another example of a human unique NWE 
regulator is the potential host defense gene SPOCK2, which is down- 
regulated with the significant down-regulated network neighbor-
hood. Overall, these human unique processes tend to attenuate host 
defense and facilitate viral replication. Unique ferret processes 
assume a proviral role similar to the unique human processes. For 
example, one ferret’s unique cell cycle network module includes 
mitochondrial maintenance complex genes with known proviral 
functions. Furthermore, unique ferret NWE regulators have been 
identified that are responsible for virus trafficking (CLIP1) and cy-
tokine receptor and viral host factor OSMR. The mouse’s unique 
processes potentially facilitate host defense. Mouse-specific mod-
ules are associated with down-regulated sphingolipid signaling 
pathway (including genes such as Anxa11, which is essential to viral 
processes), up-regulated positive regulation of T cell cytokine pro-
duction, and up-regulated immune response network-enriched tar-
gets (e.g., Slamf9 and Pla2g7), and they play an antiviral role during 
virus infection. Anxa11 is essential to the cell cycle, apoptosis, vesi-
cle trafficking, and signal transduction (27). Another mouse-specific 
module is associated with a down-regulated cyanate metabolic 
process composed of key genes such as Dcxr, Mpst, and Tmem106c. 
Dcxr plays an important role in sugar metabolism and detoxification 
and cell adhesion (51).

Our comprehensive cross-species comparative study provides 
novel insights into common and species-specific processes underlying 
influenza infection in three different mammalian species. We iden-
tified TDRD7 as a prominent key regulator shared by the three 
species and experimentally validated it as an IFN-inducible host 
defense factor, whose depletion resulted in increased influenza 
virus growth in vitro and in vivo. We have presented evidence that 
TDRD7 is required for IFN signaling and that TDRD7 potentially 
modulates IFN response via the JAK/STAT/IRF9 pathway. The identi-
fication of key defense processes in mice, the revelation of human 
defense mechanisms, and the discovery of unique proviral host factors 
will facilitate the development of novel therapeutic interventions 
against influenza virus infection.

MATERIALS AND METHODS
Datasets
In this study, human whole blood, primary HTBE cells [NCBI Gene 
Expression Omnibus (GEO), accession number GSE89008], prima-
ry human MDM (NCBI GEO, accession number GSE97672), ferret 
blood, ferret upper and lower lung, and mouse lung (NCBI GEO, 
accession number GSE98527) were used.
Human whole blood
Transcriptomic data were obtained from the NCBI GEO database 
using the influenza A–only subset of GSE40012. Whole blood samples 
were collected from critically ill individuals, suffering from H1N1 influenza 
A pneumonia, and assayed on Illumina HT-12 gene expression bead arrays.
Ferrets
Tissues from two different lung quadrants (including one upper 
and one lower lung lobe) as well as blood were sampled from a total 
of 48 adult female ferrets, as part of the FluDyNeMo project (www.
synapse.org/fludynemo).

Viral plaque assay
Plaque assays were performed to determine the viral burden in lung 
tissue (52). Lung tissue supernatants were obtained from frozen 

http://www.synapse.org/fludynemo
http://www.synapse.org/fludynemo
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lung pieces that were gently thawed on ice, forced through a cell 
strainer (70 m) and syringe plunger in PBS, and then spun down 
(2500 rpm, 5 min, 4°C) to collect the supernatant. Lung superna-
tants were diluted in Iscove’s modified Dulbecco’s minimum essen-
tial medium.

Madin-Darby canine kidney cells were plated (5 × 105) in each 
well of a six-well plate. Samples were diluted (final dilution factors 
of 100 to 10−6) and overlaid onto the cells in 100 l of Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with penicillin- 
streptomycin and incubated for 1 hour. Samples were removed, cells 
were washed twice, and the medium was replaced with 2 ml of L15 
medium plus 0.8% agarose (Cambrex, East Rutherford, NJ, USA) 
and incubated for 72 hours at 37°C with 5% carbon dioxide. Agarose 
was removed and discarded. The cells were fixed with 10% buffered 
formalin and then stained with 1% crystal violet for 15 min. After 
thorough washing in distilled water to remove excess crystal violet, 
the plates were dried, the number of plaques was counted, and the 
number of plaque-forming units (PFU) per milliliter was calculated.

RNA-seq experiments
HTBE, MDM, and mouse lung
Cells were lysed in TRIzol (Thermo Fisher Scientific), and RNA was 
extracted either by adding chloroform, phase separation, and isolating 
RNA from the upper phase using RNeasy columns with on-column 
deoxyribonuclease (DNase) treatment (QIAGEN) or by using 
Direct-zol kits (Zymo Research) with on-column DNase treatment, 
following the manufacturer’s instructions.
Ferret samples
RNA was extracted from ferret blood using the Mouse RiboPure- 
Blood RNA Isolation Kit (Ambion) and from ferret lungs using the 
RNeasy Mini Kit (QIAGEN). Both extraction methods followed 
the manufacturer’s protocols and incorporated a DNase treatment 
(QIAGEN) after passing the sample through the filter cartridge. 
Strand-specific total RNA-seq libraries from ribosomal RNA-depleted 
RNA were prepared using the TruSeq Stranded Total RNA Library 
Prep Kit (Illumina) according to the manufacturer-supplied proto-
col. Libraries were sequenced 100 base pairs paired-end to a depth 
of approximately 40 million host genome reads on Illumina HiSeq 
2500 instruments.

Cells and viruses
HTBE cells were purchased from Lonza and passaged twice to gen-
erate a stock of cells stored in liquid nitrogen. Fully differentiated 
HTBE cells were used for viral infections. For differentiation, cells 
were amplified once in standard cell culture flasks and then seeded 
onto 12-mm-diameter Transwell filters (Corning) coated with col-
lagen from human placenta (Sigma-Aldrich). Once confluent mono-
layers were formed on the filters, the medium was removed from 
the apical chamber, and cells were fed fresh medium only through 
the basolateral surface. At this time, retinoic acid (Sigma-Aldrich) 
at a final concentration of 50 nM was added to the medium. Cells 
were maintained in this way, with medium changed on Monday, 
Wednesday, and Friday for at least 4 weeks to allow differentiation. 
For the initial amplification of HTBE cells, bronchial epithelial growth 
medium, trypsin-EDTA, and Hepes-buffered saline solution from 
Lonza were used, according to the manufacturer’s instructions. Upon 
seeding onto Transwell filters, cells were maintained in Gray’s medi-
um, a 1:1 mixture of bronchial epithelial basal medium and DMEM 
(Gibco), supplemented with growth factors and antimicrobials 

included in a SingleQuots kit (Lonza). MDMs were prepared from 
buffy coats from anonymous healthy donor blood obtained from the 
New York Blood Center. Peripheral blood mononuclear cells were 
isolated by centrifugation on a Ficoll density gradient (Histopaque; 
Sigma-Aldrich), and CD14+ cells were isolated using Miltenyi liq-
uid separation mini columns and magnetic beads labeled with anti- 
human CD14 antibody (Miltenyi Biotec). For differentiation into 
macrophages, approximately 3 million CD14+ monocytes were cul-
tured for 10 days in RPMI 1640 (CellGro, Corning) containing 10% 
fetal bovine serum (HyClone; Thermo Fisher Scientific), 2 mM 
l-glutamine, 1 mM sodium pyruvate, and penicillin (100 U/ml)–
streptomycin (100 g/ml) (Gibco, Invitrogen) and supplemented 
with human granulocyte-macrophage colony-stimulating factor 
(1000 U/ml) (PeproTech).

A549 [American Type Culture Collection (ATCC), CCL-185], 
Madin-Darby canine kidney (MDCK) (ATCC CCL-34), HEK293T 
(ATCC, CRL-3216), and HTBE cells were cultured in DMEM sup-
plemented with 10% FBS and penicillin-streptomycin (100 U/ml) at 
37°C in 5% CO2. A/WSN/33 H1N1 virus was generated by re-
verse genetics and propagated in the allantoic cavity of embryonated 
chicken eggs. Titer was determined by plaque assay on MDCK cells 
using agar overlay medium.

siRNA transfection
A549 or HTBE cells were transfected in suspension with siRNAs at 
20 nM (Dharmacon) using the RNAiMAX reagent according to the 
manufacturer’s protocol (Invitrogen). At 48 hours after transfec-
tion, cells were either infected, RNA was isolated and subjected to 
quantitative reverse transcription polymerase chain reaction, or cell 
viability was determined using the CellTiter-Glo assay (Promega).

Virus infection
A549 cells were infected with the virus at the indicated multiplicity 
of infection in PBS supplemented with bovine serum albumin (BSA) 
and Ca2+/Mg2. After 1 hour, viral inoculum was removed and cells 
were washed. For A549 culture, medium containing TPCK-treated 
trypsin (1 g/ml) was added. Cells were then incubated at 37°C, and 
supernatant samples were collected at indicated times. Viral titer in 
supernatants was determined by plaque assay using MDCK cells. For 
HTBE cells, culture medium was added, and cell lysates were col-
lected at indicated times after infection and subjected to RNA-seq.

PPMO design for TDRD7 KD
PPMOs were produced as described before (53). Two PPMOs 
were designed against the TDRD7 gene; PPMO1: TDRD7-AUG 
(GATCTGCCTCCAGCATCTTTGCC) targets the start codon re-
gion of the mRNA and PPMO2: TDRD7-793 e5i5 (CATGCA-
CATCTGGAGAACATACCAT) targets an intron-exon junction of 
the pre-mRNA. A nontargeting PPMO control sequence (Scr PPMO) 
(CCTCTTACCTCAGTTACAATTTATA), having little homology 
to mouse transcripts or influenza viral sequences, was used as con-
trol. PPMO1 and PPMO2 were tested in mouse embryonic fibro-
blast for their efficacy in knocking down TDRD7 protein expression. 
Eventually, for in vivo experiments, an equimolar mix of PPMO1 
and PPMO2 was used.

Animal experiments
Five-week-old female BALB/c mice were purchased from the Jackson 
Laboratory. Mice were anesthetized by intraperitoneal injection of a 
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mixture of ketamine and xylazine (100 and 5 g per gram of body 
weight), before intranasal administration of either PBS or 100 mol 
of PPMO mix (50 mol of PPMO1 and PPMO2 each) in 40 l of 
PBS, on day −2 and day −1. On day 0, mice were challenged intra-
nasally with 40 PFU of PR8 IAV [LD50 (median lethal dose) = 50 
PFU] in 40 l of PBS. Mice were monitored daily for weight loss and 
clinical signs. Mouse lungs were harvested on day 3 and day 6 after 
infection for measuring viral titers (five mice per condition). Lung 
homogenates were prepared using a FastPrep24 system (MP Bio-
medicals). After the addition of 800 l of PBS containing 0.3% BSA, 
the lungs were subjected to two rounds of mechanical treatment for 
10 s each at 6.5 m/s. Tissue debris was removed by low-speed cen-
trifugation, and virus titers in supernatants were determined by 
plaque assay.

Female Fitch ferrets (Mustela putorius furo) were obtained from 
Triple F Farms (Sayre, PA) and were seronegative to circulating in-
fluenza A (H1N1 and H3N2) and influenza B viruses. Adult ferrets 
(n = 48), 6 to 12 months of age, were pair-housed in stainless steel 
cages (Shor-Line, Kansas City, KS) that contained Sani-Chips lab-
oratory animal bedding (P.J. Murphy Forest Products, Montville, 
NJ) and provided with food and fresh water ad libitum. To achieve 
a mean of 20% weight loss no earlier than 8 dpi, adult ferrets were 
infected intranasally with H1N1pdm09 virus A/California/07/2009 
at a dose of 106 PFU. The animals were monitored daily for the se-
verity of clinical disease using weight loss. Disease symptoms, in-
cluding elevated temperature, low activity level, sneezing, and nasal 
discharge, were noted if present. Any animal reaching >20% weight 
loss was humanely euthanized. Ferrets were randomly assigned to 
be removed from the study at 1, 3, 5, and 8, dpi, and lung tissues 
were collected unless their clinical conditions (e.g., loss of >20% 
body weight) required a humane end point. Blood was collected 
from anesthetized ferrets via the anterior vena cava after infection. 
Serum was harvested and frozen at a mean ± SD of −20° ± 5°C. The 
University of Georgia Institutional Animal Care and Use Commit-
tee approved all experiments, which were conducted in accordance 
with the National Institutes of Health’s (NIH’s) Guide for the Care 
and Use of Laboratory Animals (52), the Animal Welfare Act, and 
the Biosafety in Microbiological and Biomedical Laboratories guide 
of the Centers for Disease Control and Prevention and the NIH.

Ethics statement
All research studies involving the use of animals were reviewed and 
approved by the Institutional Animal Care and Use Committees of 
the Icahn School of Medicine at Mount Sinai and the University 
of Georgia. Studies were carried out in strict accordance with the 
recommendations in the Guide for the Care and Use of Laborato-
ry Animals.

RNA-seq analysis
Paired reads of the ferret RNA-seq data were aligned to the ferret 
genome Ensembl version 1.0.80 using tophat (v2.0.13). Reads were 
summarized and assigned to genomic features by featureCounts 
v2.0.1. Raw counts after featureCount as well as from the raw RNA-seq 
datasets obtained from GEO were further processed using the edg-
eR v3.30.0/limma v3.4.4.1 pipeline with R v4.0.0. Counts were fur-
ther normalized, batch-corrected using a robust linear model with 
the confounding factors, and quality-controlled. The edgeR/limma 
pipeline was further used to identify DEGs. Genes were considered 
significantly differentially expressed with FC ≥ 1.5 or FC ≤ 1/1.5 

and adjusted P value ≤ 0.05 (adjusted for multiple testing by Benja-
mini and Hochberg).

Comparative analysis and set algebra
We performed comparative analyses on eight different groups of 
interest, involving two tissues (blood and lung tissue), three species 
(humans, ferrets, and mice), and different model systems (a model 
system refers to the specific compartment of a tissue of a specific 
species, e.g., ferret upper lung, lower lung, MDMs, or human HTBE 
cells) (fig. S1). The set union has been used when referring to overall 
responses, e.g., from lungs, of different organisms, whereas the set 
intersection was used when referring to conserved responses.

Identification of DEGs
Given the time series information for each different dataset, we used 
two distinct methods to identify DEGs. We used a generalized linear 
model together with an analysis of variance (ANOVA)–like quasi- 
likelihood F test as implemented in the edgeR package (54) to iden-
tify DEGs across the time series, termed SRGs. Significance is defined 
based on an FDR of 5% or less and using an effect size calculated after 
variance explained and an 2 ≥ 0.06. In addition, we used a comple-
mentary nonparametric JTA (55) to identify significantly up- or 
down-regulated genes (JTGs) across early measured time points at 
an FDR of 10% or less, which was chosen to yield a significant num-
ber of JTGs in each dataset analyzed. DEGs are used as a generic term 
for differentially expressed genes, including SRGs and JTGs. Early 
in vivo response was determined in the first 2 days. Such a clear defi-
nition was needed to prevent a biased interpretation of directional 
up- or down-regulation due to the return to baseline of expression 
responses after viral clearance at later time points. Time series data 
of signature genes are provided as reference in the Supplementary 
Materials.

Gene coexpression network analysis
MEGENA (14) was performed to identify host modules of highly 
coexpressed genes in influenza infection. The MEGENA workflow 
comprises four major steps: (i) fast planar filtered network construc-
tion, (ii) multiscale clustering analysis, (iii) multiscale hub analysis, 
and (iv) cluster-trait association analysis. The total relevance of each 
consensus module to influenza infection was calculated by summa-
rizing the combined enrichment of the DEG signatures and trait 
correlations:   G  j   =  ∏ i      g  ji   , where gji is the relevance of a consensus j to 
a signature i, and gji is defined as  ( max  j  ( r  ji   ) + 1 −  r  ji   ) /  ∑ j      r  ji   , where rji is 

the ranking order of the significance level of the overlap between 
the consensus module j and the signature i. MEGENA was applied 
to each dataset in each system independently, and all the genes 
profiled in each dataset were used for network construction.

Identification of enriched pathways and hub genes 
in the host modules
To functionally annotate gene signatures and gene modules identified 
in this study, we performed an enrichment analysis of the estab-
lished pathways and signatures—including the GO (56) biological 
processes category and MSigDB (57) canonical pathways (C2.CP)— 
and the subject area–specific gene sets—including influenza host 
factors (58, 59), inflammasome, interferome, and InnateDB. Enrich-
ment analysis was performed using FET (in-house and the hyper-
geometric test from the Category R package). The hub genes in each 
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subnetwork were identified using the adopted Fisher’s inverse 
chi-square approach in MEGENA; Bonferroni-corrected P values 
smaller than 0.05 were set as the threshold to identify signif-
icant hubs.

Key regulator identification (60, 61)
The analysis to identify key regulators takes as input a set of genes 
(G) and a coexpression network. The objective is to identify the key 
regulators for the gene sets with respect to the given network. This 
approach first generates a subnetwork NG, defined as the set of 
nodes in N that are no more than h layers away from the nodes in G, 
and then searches the h layer neighborhood (HLN) (h = 1, …, H) for 
each gene in NG (HLNg,h) for the optimal h*, such that

   ES h  *   = max( ES  h,g   ) ∀ g ∈  N  g  , h ∈ {1, … , H}  

where ESh,g is the computed enrichment statistic for HLNg,h. A node 
becomes a candidate driver if its HLN is significantly enriched for 
the nodes in G. Candidate drivers without any parent node (i.e., 
root nodes in directed networks) are designated as global drivers 
and the rest are local drivers. To identify the system-specific key 
regulators in their coexpression networks, the corresponding SRGs 
have been used as gene set G.

Network enrichment
FET was performed to determine the overlap between network 
neighborhoods of potential key regulators (target) and an input 
DEG signature. For each target in the network in the 95th percentile 
of node strength after MEGENA, the genes in the network neigh-
borhoods between one and four steps away from the target were 
intersected with the DEG signature (e.g., SRG signatures as well as 
up- and down-regulated JTG signatures). MEGENA networks of all 
systems were tested with DEGs of all systems for further analysis 
(see the section “TDRD7 is an IFN Induced Common Defense 
Factor and Key Regulator against Influenza Infection”). Cumula-
tive network enrichment scores s = 1/n ∙ ∑i − log10Pi based on indi-
vidual FET P values for each target and specific scenarios [shown in 
figs. S2 (E and F) to S6 (E and F) and S20] were calculated. n is the 
number of realizations (i.e., the number of different neighborhoods 
and systems used to calculate the particular score). Significantly differ-
ent network scores i = − log10Pi between scenarios for individual 
targets were identified after t test, using an FDR of 5% or less and a 
“fold (score) change” between scores of 2 or more.

Unique genes SUGs and FUGs
To define unique genes between species, we considered two differ-
ent scenarios: SUGs and FUGs. For a given species x, SUGs are the 
genes in x that have no ortholog in any other species investigated in 
this study, while FUGs are those that have orthologs in other species 
but are functionally specific to x regarding responses to IAV infec-
tions. Function refers to differential expression and a prominent role 
in gene subnetworks associated with physiology and phenotypes induced 
by IAV infections. We used one-on-one orthologs available from the 
NCBI ortholog information. Within NCBI, ortholog gene groups 
are calculated by NCBI’s Eukaryotic Genome Annotation pipeline 
for the NCBI gene dataset using a combination of protein se-
quence similarity (including percent coverage) and local synteny 
information.

Graphic data presentation
Heatmaps showing gene set enrichments were produced using the 
moduleGO functions from the R package DGCA (differential gene 
correlation analysis) (62). The circos plot was constructed using 
the NetWeaver R package. Gene coexpression networks were visu-
alized with CytoScape (63).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abm5859

View/request a protocol for this paper from Bio-protocol.
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